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S U M M A R Y  

Genetic variation was estimated among 14 populations of two species of white oaks. Quercirr robur and 
Qitercicr perrneo, distributed over a \vide range in Europe. and clustel-ed in seven geographic pairs. Eleven 
allozymes coding Sor 13 loci were extracted from radicles and analysed using starch gel electrophoresis. Ten 
loci were polymorphic in Q. petroeti and nine in &. robilr. The two species shared the same alleles, and 
exhibited only small difl'crcnces in allelic frequencies. They showed similar levels of diversity at the species 
and population level (the expected heterozygosity bvitliin populations was 0.245 for Q. l ~e tmen  and 0.252 for 
Q. rohirr). Variation among populations within species was low for both species (G, ,  = 0.024 for Q. robur 

and 0.032 Ibr Q. perrtren). Despite the low level of population differentiation. Q. petraeii appeared more 
difScren[iatcd than Q. rohitr in 10 01' the 1 I polymorphic loci. The total gene differentiation between 
populations was 0.061. which could be separated equally into hetween populations differentiation (0.031) and 
between species differentiation (0.033). Comparison of local inter-specific genetic distances among the seven 
different regions indicated that there was no clear geographic pattern o l  species differentiation in this data 
set a l t h o ~ ~ g h  differentiation bctween &. petraen and Q. robttr was higher in the Balkans than in the other 
reglons. 
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I N T R O D U C T I O N  

Q u e r c u . ~  p e t m e n  (MATT.) LIEKL. (sessile oak) and Q. 

r0/711r L. (pedunculate oak) have the widest geo- 
graphic distribution among European white oaks. They 
cover most of the continent except northern 
Scandinavia (Fig.]).  In the Mediterranean regions 
scattered stands are reported (GIL SANCHEZ et trl. 
1 9 9 4 ) ,  whereas in the central part of their natural 
ranges their distribution is continuous. Their natural 
ranges largely overlap, except at their eastern limit. 
Q. I-oDrlr extends to the Ural mountains and Q. 
pet rnea attains only the Polish-Belorussian border. 
Within their common geographic distribution, the two 
species can coexist in mixed stands (RESHTON 1 9 7 9 .  
GRANDJEAN 8r SIGAUD 1987), although they occupy 
different ecological niches. As shown by those au- 
thors, Q. r o 0 ~ 1 r  preferentially grows on rich, humid 
soils whereas Q. petrcien occurs on drier. more acidic 
soils. 

Extensive inter-specific gene flow has been 
reported in mixed stands (BACILIERI et n l .  1 9 9 3 ,  1 9 9 4 ) .  

Quercus pet raen pollinates preferentially Q. r o b u r  

whereas the reciprocal crosses seldom occur. These 
results, obtained by studying the mating system in a 
mixed stand, have been confirmed by artificial inter- 
specific cross pollinations (STEINHOFF 1993).  If no 

other evolutionary force is interfering in the equilibri- 
um between the two species, inter-specific gene flow 
should considerably decrease the genetic differentia- 
tion between the two species and maintain equal 
levels of gene diversity in Q. p e t m e a  and Q. r o b u r .  

The purpose of the present investigation was to 
compare the levels of diversity and population differ- 
entiation in these two inter-fertile species and to 
assess their genetic differentiation in different geo- 
graphic regions. 

Previous studies based on allozymes have shown 
that both species exhibit similar levels of within 
population diversity, whereas Q. pet rnen shows 
slightly higher population differentiation (MULLER- 
STARCK & ZIEHE 1 9 9 1 ;  KREMER et n l .  1 9 9 1 ;  MULLER- 
STARCK et n l .  1 9 9 3 ;  KREMER & PETIT 1 9 9 3 ) .  Due to 
different population sampling strategies. the geograph- 
ic variation of inter-specific differentiation could not 
be addressed these studies. The present allowed a 
comparaison of the local species differentiation from 
one geographic region to another. The proposed 
sampling strategy involved the collection of popula- 
tions in pairs (corresponding to each species) from 
seven geographic regions throughout the sympatric 
distribution of both species (except for the Scandina- 
vian pair). Thus, it will be possible to estimate inter- 
specific differentiation separately in each region. 
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Figure 1 Locations of Querc~~.r  robur and Quercu.~ perraen populations: - Q. perraen, - Q. robur: - - - - natural 
limit of Q. petraen, natural limit of Q. robnr (the eastern limit, the Urals mountains, not shown) 

MATERIAL AND METHODS 

Material 

Seven indigenous populations in pure stands of 
Quercuspetraea and Quercus rohur respectively were 
selected in geographic pairs, from a larger sample of 
populations originating from across the natural range 
(Fig. 1 and Table 1). The populations were clustered 
in pairs according to geographic proximity. Seeds 
were collected in each population either as a bulk 
collection or as open pollinated progenies, in stands 
where at least 50% of the trees were fruiting. In the 
case of bulk collections, seeds were harvested at the 
ground from 50 collecting points distributed over an 
area of 15 to 20 ha. At each point, 100 - 200 seeds 
were collected and bulked into a single lot. A random 
sample of 120 seeds was used for electrophoresis. In 

the case of open pollinated progenies, collections were 
made harvesting 20 seeds from at least 10 (to 30) 
trees. Subsequentely, a random subset of four to 
twelve seeds per family was used for electrophoresis. 
Except for one population, the total sample size used 
was 120. 

Electrophoresis 

Acorns were soaked in water for 24 h and germinated 
on vermiculite in an incubator (20°C/15"C). Enzymes 
were extracted from young radicles (2 to 3 cm long) 
and separated from crude homogenates by standard 
horizontal starch-gel electrophoresis (ZANETTO et a / .  
1993). Eleven enzyme systems were analysed: acid 
phosphatase (ACP, EC 3.1.3.2), alanine amino- 
peptidase (AAP, EC 3.4.11. I), diaphorase (DIA, EC - 
1.6.4.3), glutamate oxaloacetate transaminase (GOT, - 



Table 1 Sampled populations of Quercus robur and Quercus petraea 

Scandinavia 

Southwest 
France 

Serbia 

Bavaria-Austria 

Slovenia 

Southern Alps 

Romania 

Sample 

Population 

Stockholm 
rjore 

Mont de Marsan 
Oloron 

Sremska 
Iriski Venac 

S tamser 
Riedenburg 

Babjilozic 
Kobilje 

La Fagiana 
Nt.Dame du Cruet 

Dumbrava 
Resinari 

- 
Size - 
120 
120 

120 
120 

121 
115 

76 
120 

124 
122 

120 
142 

127 
116 - 

Species 

EC 2.6.1 . I ) ,  isocitrate dehy drogenase (IDH, EC 1.1 .I- 
.42), leucine aminopeptidase (LAP ,  EC 3.4.11 . I ) ,  
menadione reductase (MR, EC l.6.99.2), malate 
dehydrogenase (MDM,  EC 1.1.1.37), phosphoglucoiso- 
merase (PGI, EC 5.3.1.9), phosphoglucomutase 
(PGM, EC 2.7.5.1), 6-phosphogluconate dehydroge- 
nase (6PGD, EC 1.1.1.44). Buffer formulations for 
starch gel electrophoresis and staining of enzymes are 
given elsewhere (ZANETTO e t  al. 1993). 
These enzymes were encoded by 13 loci (Acp-C, Aap- 
A, Din-A, G o t - B ,  Idh-A, Lap-A, M r - A ,  M d h - B ,  M d h - C ,  
Pgi-B, Pgm-A, 6Pgd-A, 6Pgd-B). The alleles were 
labelled with numbers from the cathode to the anode. 

Gene diversity statistics 

The number of alleles, gene diversity and effective 
number of alleles were first calculated at the species 
level (A,,, H e , ,  A,,). Within population gene diversity 
statistics were estimated for each locus (BROWN & 
WEIR 1983). These included the number of alleles per 
locus (A,), the observed heterozygosity (Hop), the 
expected heterozygosity (H,, = 1 - Zpt2, where p, is 
the frequency of allele i) and the effective number of 
alleles [A,  = I 1 ( 1  - H,,)]. Confidence intervals for 
each parameter were calculated empirically by a 
hierarchical bootstrapping across populations and 

Q. robur 
Q. petraea 

Q. robur 
Q. petraen 

Q. robur 
Q. petraea 

Q. robur 
Q. petrnen 

Q. robur 
Q.  petraea 

Q. robur 
Q. petraea 

Q. robur 
Q. petrnea 

Latitude 
N 

Longitude Altitude 
(m) 

individuals (EFRON 1979). One thousand bootstrap 
samples were generated within each species, and gene 
diversity statistics calculated for each sample. Limits 
of the confidence intervals were determined by 
truncating both extremities of the distribution of 
diversity statistics at 2.5% . 

Population differentiation 

The total gene diversity (H,) can be divided into a 
within population component (H,J  and an among 
populations component (D,,,; H, = H ,  + D,,,). Within 
each species, parameters of gene differentiation 
between populations (G,T, = D,yt / H,) were calculated 
using Nei's methods (NEI 1973, 1977). Confidence 
intervals of G,T, were calculated by using the bootstrap 
method (1 000 samples). 

Distribution of gene diversity in the Q. robur - Q. 
petraea complex 

The structure of gene diversity in the complex formed 
by the two inter-fertile oak species was analysed by 
subdividing the total diversity in the complex (Ht)  into 
three components (H,  = H,  + D,, + D,,; NEI  1973, 
1977). H, is the within population diversity within 
species, D,, is the component of diversity due to 
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subdivision into population within species, and D,?, is 
the component of diversity due to species subdivision. 
These components were further calculated as ratios of 
the total diversity (G, = H, I H,; G, = 1 - G,,,; G,, = 

G,,, + G,,; G,,, = D,, 1 Hz; G,, = D,, H,). 

Genetic distances 

Mean Nei's genetic distances were calculated for all 
possible pairwise comparison within and between 
populations and species. Genetic distances between 
populations were computed across all loci (NEI 1976). 
These distances are average distances across loci and 
not multilocus measures per se. Since several loci 
have been shown to form a linkage group (ZANETTO et 
al. in preparation) and in order to take into account 
desequilibrium that may have occurred between loci, 
Mahalanobis distances were computed as follows: 

where pi is the vector of the allelic frequencies in 
population i ,  p, is the vector of the allelic frequencies 
in population j, d,, is the Mahalanobis distance be- 
tween the population i and the population j, W-' is the 
inverted matrix of variance-covariance within popula- 
tions, averaged over populations i and j. Computations 
of W-' were made after transformations of the geno- 
typic data according to the scoring procedure of 
SMOUSE et al. (1982). Mahalanobis distances were 
computed using only the 11 polymorphic loci. 

RESULTS 

Species and population gene diversity 

At the species level, the mean number of alleles per 
population (A,) was 3.692 for Quercus petraea and 
3.538 for Q. robur. Additionally, values for the other 
gene diversity statistics were similar for the two 
species: gene diversity (H,,) and effective number of 
alleles (A,,) were respectively 0.262 and 1.355 for Q. 
petraea and 0.260 and 1.351 for Q. robur. 

Within each species, levels of gene diversity at 
the population level differed markedly among loci. 
These variations were mostly due to differences In 
frequency profiles (Table 2). Four different classes 
could be identified. Class 1 comprised monomorphic 
loci (Mdh-B, Mdh-C, 6Pgd-A and 6Pgd-B in Q. 
robur). Class 2 was characterized by one predominant 
allele (frequency > 0.9) and other rare alleles (Got-B, 
Pgi-A, Pgm-A in Q. petraea). In class 3, the frequency 
of the predominant allele varied between 0.75 and 

0.90 (Mr-A, Idh-A) and finally class 4 gathered loci 
that exhibited several frequent alleles (Aap-A, Acp-C, 
Din-A and Lap-A). Interestingly this classification 
encompassed the metabolic classification of enzymes: 
enzymes of class 1 and 2 were predominantly in- 
volved in the primary metabolism (Group I, BERGMANN 
1991), whereas class 3 and 4 comprised enzymes 
involved in the secondary metabolism (Group 11, 
BERGMANN 1991). In general, enzymes of group I 
exhibited higher heterozygosities than enzymes of 
group 11, whereas differences in number of alleles 
were less pronounced between the two groups. 

Levels of within population gene diversity were 
remarkably similar in both species (Tables 3 and 4), 
when comparisons were made on average values 
across loci. Among the 13 loci, ten were polymorphic 
in Quercus petraea (82%) and nine in Q. robur 
(73%). Other gene diversity parameters were of the 
same amount in both species (A, = 2.703 and 2.725; 
A,, = 1.488 and 1.472; H,, = 0.252 and 0.245. respec- 
tively for Q. robur and Q. petraea) except H,,, which 
was higher in Q. petrnea (0.222) than in Q. robur 
(0.184). Both species shared the same alleles, includ- 
ing rare alleles (Table 2), except for Pgm-A-3 for 
Q. robur and Aap-A-I, 6Pgd-B-I, 6Pgd-B-6 and 
6Pgd-B-8 for Q. petraea. Here extremely rare alleles 
were present in one species and absent in the other. 
However, these latter variations may have been due to 
chance, since extremely rare alleles may be absent in 
the sample only because the size was not large 
enough. Differences between the two species appeared 
at specific loci. For example, expected heterozygosi- 
ties for Pgm-A was 0.502 for Q. robur and 0.150 for 
Q. petraea, whereas corresponding values for Idh-B 
were 0.251 and 0.429, and for Pgi-B 0.104 and 0.238. 
These differences between the two species were 
significant, since there was no overlap between the 
confidence intervals. Within population, inter-specific 
differences in the levels of diversity appeared to be 
more pronounced for enzymes of group I than en- 
zymes of group 11. 

Population differentiation within each species 

Most of the diversity was intrapopulational for both 
species (Table 5), although allelic frequency differenc- 
es between populations were significant in each 
species. Low levels of differentiation were reflected 
by the maintenance of the same frequency profiles 
between the different populations. For most of the 
loci, the most frequent allele was constant across the 
populations, except for Acp-C and Lap-A (in Q. 
petraea). G,, values varied among locl, and consider- 



Table 2 Allelic frequencies in Quercus robur and Quercus petraea 

Regions 

Scandinavia 

SW France 

Serbia 

Bavaria. & 
Austria 
Slovenia 

South. Alps 

Romania 

Regions 

Scandinavia 

SW France 

Serbia 

Bavaria & 
Austria 
Slovenia 

South. Alps 

Romania 

Regions 

Scandinavia 

S W France 

Serbia 

Bavaria & 
Austria 
Slovenia 

South. Alps 

Romania 

Species 

Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. perraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petrnea 
Q. robur 
Q. petraea 

Species 

Q. robur 
Q.  petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraen 
Q.  robur 
Q. petrnea 
Q. robur 
Q. perraen 
Q. robur 
Q.  petraen 
Q. robur 
Q. petraea 

Species 

Q.  robur 
Q. petraea 
Q. robur 
Q ,  petraea 
Q ,  robur 
Q.  petmen 
Q. robur 
Q. petrnen 
Q.  robur 
Q. perraea 
Q. robur 
Q. petrnea 
Q. robiir 
Q. petraen 
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Table 2 (continued) 

Regions 

Scandinavia 

SW France 

Serbia 

Bavaria & 
Austria 
Slovenia 

South. Alps 

Romania 

Regions 

Scandinavia 

SW France 

Serbia 

Bavaria & 
Austria 
Slovenia 

South. Alps 

Romania 

Species 

Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 

Species 

Q. robur 
Q. petraea 
Q. robclr 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 
Q. robur 
Q. petraea 

x2 tests, * p 0.05, ** p 0.01, *** p 0.001, ns - non significant, nc - not calculated 

Lap -A 

2 3 4 5 x 2  

0.462 0.017 0.521 0.000 
0.609 0.000 0.319 0.071 *** 
0.588 0.008 0.404 0.000 
0.313 0.000 0.617 0.071 *** 
0.546 0.000 0.342 0.113 
0.474 0.017 0.435 0.074 ns 
0.553 0.000 0.434 0.013 
0.388 0.000 0.558 0.054 ** 
0.728 0.000 0.252 0.020 
0.329 0.000 0.632 0.038 *** 
0.654 0.000 0.320 0.026 
0.362 0.000 0.580 0.058 *** 
0.449 0.000 0.505 0.046 
0.563 0.000 0.379 0.058 * 

able amount of variation existed for the coefficient of 
population differentiation. However, at this level, no 
systematic trend of variation due to group I or I1 
could be seen for G,,. 6Pgd-B was polymorphic in 
only one population of Q. petraea and showed an 
unusually high value of G,,  (8.2%). Similarly, high 
levels of population differentiation for Acp-C in both 
species (4.4% in Q. robur and 5.5% in Q. petraea)ap- 
peared due to unusual allelic frequencies in one 
population (Serbia) compared to the others (Acp-C in 
Q. petrnea, Table 2). Levels of differentiation at other 
loci were due to minor variations in allelic frequencies 
spread over several populations. 

Mr-A 

1 2  3 4 5 7 x2 
0.008 0.021 0.904 0.000 0.025 0.042 
0.000 0.000 0.912 0.038 0.004 0.046 ns 
0.000 0.004 0.938 0.025 0.013 0.021 
0.000 0.013 0.811 0.000 0.017 0.160 *** 
0.000 0.045 0.893 0.017 0.000 0.045 
0.000 0.039 0.783 0.078 0.000 0.100 *** 
0.000 0.000 0.875 0.026 0.000 0.099 
0.000 0.000 0.853 0.055 0.000 0.092 ns 
0.000 0.081 0.786 0.012 0.020 0,101 
0.000 0.030 0.791 0.068 0.004 0.107 *** 
0.000 0.013 0.904 0.026 0.009 0.048 
0.000 0.004 0.754 0.028 0.011 0.204 *** 
0.008 0.008 0.819 0.079 0.031 0.055 
0.004 0.004 0.822 0.087 0.043 0.039 ns 

Among the ten polymorphic loci, nine showed 
higher levels of population differentiation in Q. pet- 
raea than in Q. robur, Din-A being the only exception 
(Table 5). As a result, multilocus G,, values, calculat- 
ed on the basis of average values of H,  and H,, were 
higher in Q. petraen (3.3%) than in Q. robur (2.4%) 
although their confidence intervals overlap (Table 5). 

Distribution of gene diversity in the Q. robur - Q. 
petraea complex 

The total gene diversity in the Q. petraea - Q. robur 
complex was partitioned into a within-population (G,), 
between species (G,,) and across populations (within- 
species) (G,,) components (Table 6). The total differ- 



Table 3 Gene diversity statistics for Quercus robur at the population level 

Enzyme group 

I 
I 
I 
I 
I 
I 
I 
I 

Locus 

Mean values over all loci 

Enzyme group 

I 
I 
I 
I 
I 
I 
I 
I 

I 

Locus 

Mean values over all loci 

A,: mean number of alleles per population 

A , :  mean effective number of alleles per population 
H,,,: observed heterozygosity 
H e :  expected heterozygosity 
( )  : confidence interval. 

entiation across populations, over the two species, 
amounted to 6.4% (G,, + G,,). The total differentiation 
may be subdivided equally as a species component 
(3.3%) and a population (within-species) component 
(3.1 9%). In other words, intra-specific variation within 
a given species is about as important as inter-specific 
variation. 

However there were important differences among 
loci. Pgnz-A, Acp-C and Idh-B showed important 
species differentiations (respectively 1 1.1 %, 8.9% and 
5.5%). These were the only loci for which species 
differentiation was higher than population differentia- 
tion. Although average values of G,, and G,, were 

simila comparison of levels of species and popula- r, 
tion differentiation might be misleading due to the 
important variation between loci. 

Genetic distances between populations 

Nei's genetic distance 

Mean Nei's genetic distance over 13 loci between 
Quercus petraea and Q. robur in all pairwise combi- 
nations was 0.027 (k0.013) and 0.039 (r0.017), if 
combinations within species were excluded (Table 7). 
When considering all combinations separately, there 
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Table 4 Gene  diversity statistics for Quercrcs petraea at the population level 

Enzyme group I Locus I A,, 

I Idh -A 3.713 (3.004-3.866) 
I Got-B 2.714 (2.275-2.978) 
I Mdh-B 1.000 - 
I Mdh-C 1.000 - 
I Pgi-B 3.571 (2.999-3.725) 
I Pgm-A 2.857 (2.034-3.259) 
I 6Pgd-A 1.000 - 
I 6-Pgd-B 1.429 (0.000-2.071) 

I1 Aa11-A 4.000 (3.555-4.293) 
I1 Acp-C 3.000 (2.291-3.457) 
I1 Din -A 3.571 (3.023-4.028) 
I1 Lop-A 3.143 (3.000-3.441) 
I1 Mr-A 4.429 (3.5644.737) 

Mean values over all loci 2.725 (2.597-2.853) 
- -- 

Enzyme group 

I 
I 
1 
1 
I 
1 
I 
I 

Locus H,,, 

Id11 -A 0.25 1 (0.182-0.3 19) 
Got-B 0.127 (0.079-0.175) 
Mdlz-B 0.000 - 
Mdh-C 0.000 - 
Pgi-B 0.238 (0.142-0.336) 
Pgm-A O.lS0 (0.080-0.214) 
6 Pgd-A 0.000 - 
6-Pgrl-B 0.028 (0.000-0.088) 

Anp-A 0.569 (0.516-0.61 1) 
A c p C  0.490 (0.457-0.514) 
Din -A 0.594 (0.552-0.627) 
Lnp-A 0.530 (0.504-0.55 1) 
Mr-A 0.3 12 (0.250-0.366) 

Mean values over all loci 0.245 (0.236-0.254) 

was a clear overlap between intra- and inter-specific 
distances. For example, the lowest inter-specific 
genetic distance was 0.012 whereas the highest within 
Q. petrnea distance was 0.026 (0.021 for Q. robur) .  
Genetic distances between Q. petrnea populations 
were generally higher than for Q.  r n h ~ l r  (Table 7 and 
Figure 2 ) ,  showing lower population differentiation in 
Q. robur  than in Q, petraea.  

There was no clear geographic pattern for inter- 
specific differentiation (Table ?). In Romania, the 
genetic distance between both species was extremely 
low (0.01 2) .  The greatest values were found in Serbia 
and Slovenia, whereas inter-specific genetic distances 
in other regions (Scandinavia, Southwest France. 
Southern Alps and Bavaria-Austria) were o f  average 
amount. In general, the local (within a given region) 
inter-specific differentiation was lower than the 
between region inter-specific differentiation. However 
this was not the case in Serbia and Slovenia, where 
the genetic distances between Q. robctr and Q. p e t m e n  

2were much higher. as compared to inter-regional 
inter-specific genetic distances. Important local 
differentiation for these regions were due to major 
allelic frequency differences for a few loci (Acp-C and 
Anp-A for Serbia, and Lap-A and Pgm-A for Slove- 
nia). Differentiation between the two species may 
have either been due to divergence o f  one given 
species from the other (being stable), or from com- 
mon divergence. In order to identify the source o f  
differentiation, the mean genetic distance between Q. 
robur  o f  the designate region and the Q, petraen o f  
all other regions ( D , )  and the mean genetic distance 
between Q. petraea o f  the designate region and the 
Q .  robur  o f  all other regions (D,) were calculated 
(Table 8 ) .  The data shown in Table 8 support the 
second hypothesis since D,  and D2 values for Serbia 
and Slovenia are o f  the same amount, e.g. common 
divergence was most likely the source o f  
differentiation. 



Table 5 Components of the total diversity in the two species 

Locus 

A np-A 
Acp-C 
Din -A 
Lnp-A 
Mr-A 
Id11 -A 
Got-B 
Pgi-B 
Pgtn-A 
6Pgrl-B 

Mean values 

Locus 

Mean values 

Quercus robur 

Quercus petrnen 

H,: total gene diversity. 
H,: gene diversity within populations, 
G,,: coefficient of diffe~cnti$on between populations. 
'G,, calculated as (I - H, / H,), where E, and d, are thc mean values over all loci, 
(...) confidence interval 

diversity at the species level was 0.260 for Q. robur 
and 0.262 for Q. petrnen. Although absolute values of 
gene diversity statistics were quite similar between the 
two species, in the three studies published, Q. petraea 
showed slightly higher values. This trend has been 
confirmed in a recent study where comparisons 
between the two species were based on nuclear DNA 
fragments (MOREAU et nl.  1994). 

Levels of diversity in the two European white 
oaks were similar to those found for North American 
species of the same section Lepidobalnnus. The mean 
value of H,, obtained from 8 different species was, in 
that case, 0.257 (GUTTMAN and WEIGHT, 1989). Other 
North American examples showed lower levels of 
variation (H,, = 0.206 and 0.215 for Q. macrocarpa 
and Q. gnnlbelii, in the section E l : \ ~ f l ~ r o b n l a ~ ~ ~ ~ s ,  
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SCHNABEL and HAMRICK, 1990). Levels of diversity in 
the white oaks were systematically higher to those 
found in the red oaks (H,, = 0.178 for the 10 species 
studied by GUTTMAN and WEIGHT 1989; 0.184 for 
Q. lnevis, BERG & HAMRICK 1993). The values found 
in European and North American white oaks were 
amongst the highest in woody plants, when compared 
with data of the reviews made by HAMRICK and GODT 
(1990) and HAMRICK et al .  (1992). Life history traits 
specific to oaks contributed to maintenance of high 
genetic diversities. The two species are almost strictly 
allogamous (BACILIERI et  nl. 1933), they usually grow 
in wide pure stands and their geographic distribution 
is extremely large. Allogamy, large population sizes 
and vast geographic distribution have been shown to 
be statistically related to levels of diversity (HAMRICK- 
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Table 6 Components of the total diversity in the Quercus robur - Quercus petraea complex 

Locus 

H,: total gene diversity 
G,: coefficient of gene differentiation among individuals (within populations) 
G,,: coefficient of gene differentiation among populations (within species) 
G,,: coefficient of gene differentiation between species 
Values are based on polymorphic loci only. 

Table 7 Mean inter- and intra-specific genetic distances 

I I 

1 Nei's distance I Mahalanobis distancc I 

Mean values 0.031 0.033 

DISCUSSION 

0.35 1 

Quercus petraea 

Quercus robur 

Level of genetic diversity 

0.936 

Levels of diversity in Quercus petraea and Q. robur 
were of a similar amount in the two species, whether 
calculations were made at the species or the popula- 
tion level. The values obtained were similary to those 
previously published. In a study comprising five Ger- 
man populations of each species MULLER-STARCK et al. 
(1993) found gene diversities of 0.272 and 0.288 at 
the species level for Q. robur and Q. petraea respec- 
tively (KREMER & PETIT 1993 from data of MULLER- 
STARCK et al. 1993). KREMER et  al. (1991) found 0.264 
for Q.  robur and 0.266 for Q. petraea on a reduced 
sample of French populations. In the present study, 
covering a large part of the natural distribution, the 
diversity at the species level was 0.260 for Q. robur 
and 0.262 for Q. petraea. Although absolute values of 
gene diversity statistics were quite similar between the 
two species, in the three studies published, Q. petraea 
showed slightly higher values. This trend has been 

Values within brackets indicate minimum and maximum genetic distances. 

Quercus petrnen 

0.015 (0.004-0.026) 

0.039 (0.012-0.082) 

confirmed in a recent study where comparisons 
between the two species were based on nuclear DNA 
fragments (MOREAU et al. 1994). 

Levels of diversity in the two European white 
oaks were similar to those found for North American 
species of the same section Lepidobalai~us .  The mean 
value of H,, obtained from 8 different species was, in 
that case, 0.257 (GUTTMAN and WEIGHT, 1989). Other 
North American examples showed lower levels of 
variation (H,,  = 0.206 and 0.215 for Q. macrocarpa 
and Q. gambelii, in the section Erytlzrobalar~us, 
SCHNABEL and HAMRICK, 1990). Levels of diversity in 
the white oaks were systematically higher to those 
found in the red oaks ( H c ,  = 0.178 for the 10 species 
studied by GUTTMAN and WEIGHT 1989; 0.184 for 
Q. laevis, BERG & HAMRICK 1993). The values found 
in European and North American white oaks were 
amongst the highest in woody plants, when compared 
with data of the reviews made by HAMRICK and GODT 
(1990) and HAMRICK et al. (1992). Life history traits 
specific to oaks contributed to maintenance of high 
genetic diversities. The two species are almost strictly 

Quercus robur 

0.01 1 (0.002-0.021) 

Quercus petmen 

2.950 (1.202-5.334) 

5.122 (0.821-8.791) 

Quercu.~ robur 

1.854 (0.441-3.809) 



Table 8 Interspecific Nei's genetic distances 

Regions 

Scandinavia 
Southwest France 
Serbia 
Bavaria-Austria 
Slovenia 
Southern Alps 
Romania 

Local distance 

Table 9 Interspecific Mabalanobis genetic distances 

- 

Inter-regional distance 

Regions 

Scandinavia 
Southwest France 
Serbia 
Bavaria-Austria 
Slovenia 
Southern Alps 
Romania 

Local distance Inter-regional distance 
I 

D,: mean genetic distance between Q. robur of the designated region and Q. petraea of all other regions 
D2: mean genetic distance between Q. petraea of the designated region and Q. robur of all other regions 
Values within brackets indicate minimum and maximum genetic distances. 

allogamous (BACILIERI et al. 1933), they usually grow 
in wide pure stands and their geographic distribution 
is extremely large. Allogamy, large population sizes 
and vast geographic distribution have been shown to 
be statistically related to levels of diversity (HAMRICK- 
et nl. 1992). 

Populat ion differentiation within  species  

Population differentiation within the two species was 
extremely low, even though populations originated 
from a wide geographic range. G,, was 3.2% in Q. 
petraea and 2.4% in Q. robur (Table 5) .  A slightly 
larger differentiation could be observed in Q. petraea 
for all loci except Din-A. These results were also 
apparent from the genetic distances (Nei's or Mahala- 
nobis (Table 7), where intra-specific distances were 
higher in Q. petrnen than in Q. robur. Similar results 
were found in a study based on German populations 
(KREMER & PETIT 1993 from data of MULLER-STARCK et 
a / .  1993). In a set of 32 French populations, the 
differentiation amounted to 1.7% (KREMER et al. 
1991). Our results differed markedly with previous 
data obtained in other oak species ( C,,  = 12% in Q. 
gnmbelii. 8% in Q. macrocarpa, SCHNABEL & HAMRICK 

1990) whereas in Q. lnevis differentiation was of 
similar amount to that in our species (G,, = 3.2%, 
BERG & HAMRICK 1993). 

Important gene flow was generally advocated for 
reduced population differentiation (HAMRICK et al. 
1992); extended gene flow appeared facilitated in oaks 
forming a continuous distribution. Although the 
original distribution has been fragmented by farmers 
since three to five generations, numerous scattered 
stands still exist between larger forests, so that gene 
flow is still favoured. Whereas Q. petraea usually 
forms large stands, Q. robur is widespread throughout 
the natural range with numerous small stands regular- 
ly distributed. These differences might also have 
contributed to maintenance of greater gene flow in Q. 
robur than in Q. petraea. 

Species  differentiation 

Genetic differentiation between the two species was 
extremely low, as shown by several results obtained 
in this study: (i) both species shared all alleles includ- 
ing rare alleles (Table 2), (ii) population differentia- 
tion within a species was of the same amount than 
species differentiation (Table 6), (iii) the range of 
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Figure 2 Diagram of Nei's genetic distances (for identification of populations, see table 1) 

intra-specific genetic distances encompassed the range 
of inter-specific distances, although mean inter-specif- 
ic values were superior to mean intra-specific values 
(Table 7). Major differences between the two species 
were due to their allelic frequency profiles, which 
were generally maintained from one region to another 
(Table 2). These differences appear to be the smallest 
encountered in oak complexes. In other examples 
(KREMER & PETIT 1993), the proportion of loci having 
the same common alleles, in all species forming a 
complex, varied from 44% to 94%. In our case, all 
loci shared alleles in the two species. 

The comparison of local inter-specific distances 
did not indicate any geographic pattern of differentia- 
tion between the two species. In general, inter-regio- 
nal inter-specific distances were of the same amount 
than local inter-specific distances, which indicates that 
the differentiation was maintained in a similar way in 
different geographic regions with the exception of the 
Balkans regions (Slovenia and Serbia). These results 
could be interpreted in two different ways. On the one 
hand, one might advocated an equilibrium between 
intra-specific gene flow (between different populations 

of the same species) and the local inter-specific gene 
flow. This hypothesis would result in similar values 
for intra-specific and inter-specific differentiation for 
all loci (Table 6). On the other hand, intra-specific 
and local inter-specific gene flow might have been 
counterbalanced by selective pressures within each 
species, leading to similar allelic frequency profiles in 
all populations of a given species. The discrepancy of 
G,, and G,y, values between different loci (Table 6) 
could be considered to support of the second hypothe- 
sis. 

As the number of populations studied in this 
paper was no very high and the populations not sprea- 
ded regularly in all the natural range of the species, 
these results have to be confirmed by a larger sam- 
pling. This is a programme running at present in the 
laboratory. 
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