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Mitochondrial DNA Variation
in the European Otter (Lutra
lutra) and the Use of Spatial
Autocorrelation Analysis in
Conservation

I. Cassens, R. Tiedemann, F.
Suchentrunk, and G. B. Hartl

To add genetic information to the interna-
tional conservation efforts on European ot-
ters Lutra lutra, we investigated the ge-
netic population structure in and around a
known ‘‘source’’ population of the otter, the
Oberlausitz (OL) in eastern Germany. This
was complemented by a first survey of ge-
netic variation levels in the Central Euro-
pean otter population. Sequence analysis
of 300bp of the mitochondrial control re-
gion in 76 specimens from the eastern
German study region and 53 individuals
from several other European populations
revealed a low level of genetic variation,
with only 5 haplotypes present and nucle-
otide diversities within populations ranging
from 0.00% to 0.17%. Apart from eastern
Germany, one haplotype was by far the
most abundant one, from which other, only
locally occurring types, could be derived
by a single point mutation. This suggests
a single Pleistocene refugium from which
the analyzed European regions have been
reinvaded after the glaciations. Within
eastern Germany, two abundant haplo-
types were found. Their occurrence dif-
fered significantly among subregions of
eastern Germany. The uneven distribution
of a locally restricted but abundant hap-
lotype could be explained by isolation-by-
distance and might reflect emigration from
the OL source population to surrounding
regions. This suggests that vital local pop-
ulations can indeed serve as ‘‘sources’’ for
the invasion of surrounding areas. Given a
suitable genetic marker, we suggest a
spatial autocorrelation analysis to monitor

the genetic effect of such an emigration
from a source population.

From a formerly contiguous distribution
throughout Europe and temperate Asia,
the European otter (Lutra lutra) has se-
verely decreased in number during this
century because of human activities (Reu-
ther 1993). This involves direct killing
(hunting, entrapment in fishery nets, and
traffic accidents), as well as the destruc-
tion of habitat (Ansorge et al. 1997; Kruuk
1995). Moreover, water pollution (e.g.,
PCBs) heavily impacts the otter, and a cor-
relation between pollution and a popula-
tion decrease has been described in sev-
eral instances (Broekhuizen 1989;
Macdonald and Mason 1988; Sjöåsen
1996).

In recent years, international efforts
have been devoted to the conservation of
this species (e.g., the establishment of the
IUCN otter specialist group; Foster-Turley
et al. 1990). The otter is even acknowl-
edged and supported by the public as a
‘‘flagship’’ species in conservation of
aquatic habitats (White et al. 1997). In sev-
eral regions, where the species had be-
come extinct, either wild-caught or cap-
tive-bred otters have been reintroduced,
for example, in the United Kingdom (Ma-
son 1991), southern Sweden (Sjöåsen
1996), and Switzerland (Weber et al. 1991).
Given the patchy distribution of suitable
habitat in some countries where reintro-
ductions are under consideration, the ex-
pected success of these efforts is doubtful
(Van Ewijk et al. 1997). If effective popu-
lation sizes are too small, populations
might experience a high extinction risk,
both due to stochastic events and to det-
rimental effects of inbreeding and loss of
genetic variation [see O’Brien (1994) for a
review]. In this framework, the monitoring
of genetic exchange among otter popula-
tions is of paramount importance for con-
servation. Although the migration of sin-
gle individuals can be tracked by

radiotelemetry (Durbin 1996), this meth-
od might fail to detect small, but signifi-
cant migration among distant populations.

Molecular genetic analysis of population
structure provides tools to estimate both
the effective population size and gene flow
[see Avise and Hamrick (1996) for review].
Apart from the number of migrants ex-
changed among regions, the direction of
migration might be of considerable inter-
est to conservation, especially when con-
servation efforts concentrate on core ar-
eas (sources), from which animals are
supposed to invade adjacent (sink) areas,
where growth rates are negative. Given
such a source-sink scenario, a correlation
between genetic and geographic distance
from the source can be expected (Berto-
relle and Barbujani 1995; Stone and Sun-
nucks 1993). Such a correlation can be
described by measures of spatial autocor-
relation (Barbujani 1987; Epperson and Li
1996; Sokal and Oden 1978a). Here a con-
tinuous increase of genetic distance with
geographic distance is expected under iso-
lation by distance, leading to a high-order
( long distance) negative spatial autocor-
relation (Sokal and Oden 1978b). Signifi-
cant deviations from this expectation
indicate additional factors to be superim-
posed on the effect of geographic distance
(Bertorelle and Barbujani 1995).

Eastern Germany and Poland harbor a
vital otter population which might serve
as a source for recolonization of adjacent
regions. Eastern Germany, especially the
‘‘pondland’’ area in the Oberlausitz sub-
region, is densely inhabited by otters (Fig-
ure 1B), an area from which otters are
known to emigrate (Stubbe 1989). In our
study, we attempt to apply molecular ge-
netic methods to trace the impact of this
emigration on the genetic structure of ad-
jacent regions. We use the control region
of the mitochondrial DNA as a marker sys-
tem, which has been proved to provide
sufficient resolution within species (Avise
1994). To detect the degree of isolation by
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Figure 1. (A) Sampling regions of the analyzed otter specimens. Numbers indicate sample size for each region.
The square indicates the eastern German main study area. (B) Geographic distribution of mitochondrial haplotypes
in the otter in eastern Germany (v 5 Lut 1, C 5 Lut 3, l 5 Lut 5). Dotted lines separate the subregions; MV 5
Mecklenburg-Vorpommern, BB 5 Brandenburg, NL 5 Niederlausitz, OL 5 Oberlausitz; ||| 5 ‘‘pondland’’ area; B
indicates the city of Berlin.

distance, we perform a spatial autocorre-
lation analysis without prior subpopula-
tion definition (Bertorelle and Barbujani
1995; Sokal and Oden 1978a). Here we im-
plement the so-called Fr function (van Dijk
1987), which investigates spatial genetic
autocorrelation. This function was origi-
nally developed to describe genetic ex-
change in plants. We will discuss the po-
tential applications of this function,
because to our knowledge it has not yet
been used in animal conservation genet-
ics. Finally, as a first assessment of the lev-
el of genetic variation in otters on a Eu-
ropean scale, we complement our eastern
German sample by specimens from sev-
eral regions throughout Europe.

Methods

Sample Collection
The main study region was located in east-
ern Germany, where we collected 76 spec-

imens at various locations (Figure 1). For
comparison, we analyzed otter samples
from the following European regions: Shet-
land Islands/UK (n 5 4), Scotland (n 5 14),
northern Austria (n 5 15), southeastern
Austria/western Hungary (n 5 10), eastern
Poland (n 5 1), Novosibirsk/Russia (n 5 1),
Finland (n 5 3), and the Netherlands (n 5
5). The Dutch specimens comprise the last
known individuals of the presently extinct
Dutch population (Broekhuizen S, personal
communication). From all specimens, liver
tissue was obtained from dead otters, pre-
dominantly killed accidentally on roads or
in fishery nets. Samples were kept frozen
at 2208C prior to analysis.

Molecular Genetic Analysis
From 100 mg of liver tissue, total DNA was
extracted using the Super Quik Gene DNA
extraction kit (Analytical Genetic Testing
Center) according to manufacturer’s in-
structions. The DNA was dissolved in 100

ml Tris pH 8.5. We amplified the 5’ end of
the mitochondrial control region using the
primers ProL and DLH (Tiedemann et al.
1996) in a total volume of 75 ml, containing
0.5 ml sample DNA preparation, 10 mM
Tris–HCl, pH 9.0, 50 mM KCl, 1.5 mM
MgCl2, 0.05 mM of each dNTP, 0.2 mM of
each primer, and 1.5 U Taq polymerase
(Appligene). The reaction profile was as
follows: 1 cycle 968C for 5 min, 888C for 1
min (Taq was added at this step); 39 cy-
cles 948C for 1 min 30 s, 57.88C for 1 min
15 s, 728C for 1 min 30 s; 1 cycle 728C for
2 min 30 s. Reaction products were puri-
fied with a commercial gel extraction kit
(Qiagen) and both strands were se-
quenced with the Thermo-Sequenase Dye
Terminator Cycle Sequencing Kit (Amer-
sham) according to manufacturer’s in-
structions. Sequences were analyzed on
an ABI 373 automated sequencer.

Data Analysis
We defined mitochondrial haplotypes
based on 300 bp of scored sequence. We
calculated nucleotide diversity (p) within
regions according to Quinn and White
(1987) and haplotype diversity (d) accord-
ing to Nei and Tajima (1981). Standard er-
rors of these estimates were obtained by
jackknife resampling (Efron 1982). In a hi-
erarchical analysis of molecular variance
(AMOVA; Excoffier et al. 1992), we as-
signed the genetic variation found to ei-
ther divergence among regions or varia-
tion within regions. The divergence among
localities was characterized by F-statistics
and the significance of these estimates
was determined by comparison to random
permutations, as implemented in the Ar-
lequin program (Schneider et al. 1996).
Poland and Russia were excluded from
these calculations due to limited sample
size.

Within the eastern German main study
region, we assigned specimens to one out
of four subregions (Figure 1b): Mecklen-
burg-Vorpommern (MV, n 5 16), Branden-
burg (BB, n 5 21), Niederlausitz (NL, n 5
18), and Oberlausitz (OL, n 5 21). The ra-
tionale behind this subdivision is potential
barriers to gene flow among these subre-
gions, that is, independent river systems
between MV and BB, the city of Berlin be-
tween BB and NL, and a dry heathland
area between NL and OL. We analyzed ge-
netic variation within and among subre-
gions as described above. In addition,
gene flow among subregions was estimat-
ed based on linearized FST values (Slatkin
1995) and the concordance between geo-
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Table 1. Haplotype definition, haplotype frequency, nucleotide diversity (p, with standard errors SE,
in percent) and haplotypic diversity (d) in the analyzed regions

Type

0
7
2

0
9
5

1
0
1

2
3
7 EG SH SC NE NA SA FI PL RU

Lut 1 G G — T 33 4 12 5 15 9 3 1 1 83
Lut 2 . A — . 1 1
Lut 3 . . — C 42 42
Lut 4 . . C . 2 2
Lut 5 A . — . 1 1
n 76 4 14 5 15 10 3 1 1 129
p 0.17 0.00 0.08 0.00 0.00 0.06 0.00 / / 0.17
SEp 0.00 0.00 0.01 0.00 0.00 0.02 0.00 / / 0.00
d 0.51 0.00 0.27 0.00 0.00 0.20 0.00 / / 0.48
SEd 0.00 0.00 0.01 0.00 0.00 0.02 0.00 / / 0.00

Only polymorphic sites are presented; see GenBank accession numbers AJ006174-AJ006178 for full sequences.
Vertical digits indicate nucleotide position relative to Lut 1. ‘‘-’’ indicates deletion, ‘‘.’’ indicates identity with Lut
1. EG 5 eastern Germany, SH 5 Shetland Islands, SC 5 Scotland, NE 5 Netherlands, NA 5 northern Austria, SA
5 southeastern Austria/western Hungary, FI 5 Finland, PL 5 eastern Poland, RU 5 Novosibirsk/Russia.

Figure 2. Genetic versus geographic distance in the eastern German otter population: values of the Fr function
(l 5 observed values, line gives logistic regression) for 20 distance classes.

graphic and genetic distance was analyzed
with a Mantel’s test (Mantel 1967).

In an alternative calculation, we omitted
the subregion definition. Instead, all pair-
wise comparisons of geographic and ge-
netic distance among the analyzed individ-
uals were used for the definition of the
so-called Fr function (Van Dijk 1987). Sim-
ilar to Moran’s I (e.g., Epperson and Li
1996), this function provides a method for
investigating spatial autocorrelation, that
is, the correlation between genetic and
geographic distance under isolation by
distance. For each individual x, the other
individuals were assigned to distance
classes. For every distance class r, the rel-
ative frequency of individuals with identi-
cal haplotype to x is calculated (Ir(r)).
Then we calculated values of the Fr func-
tion as

2I (r) 2 pOr i
F (r) 5 ,r 21 2 pO i

where pi is the relative frequency of hap-
lotype i in the whole population. A logistic
regression was calculated as a theoretical
expectation for complete correlation be-
tween geographical and genetic distance.
The goodness-of-fit between this regres-
sion and the values obtained from the Fr

function was taken as an indicator of the
influence of isolation by distance on the
genetic structure of the population.

Results

In the scored 300 bp of the mitochondrial
control region, four polymorphic positions
were found, defining five mitochondrial
haplotypes (Table 1; see GenBank acces-

sion numbers AJ006174–AJ006178 for full
sequences). Nucleotide diversity within
regions was very low (0.00–0.17%). The
haplotype Lut 1 was found in all analyzed
regions, while the other four haplotypes
were restricted to only one region. Apart
from eastern Germany, Lut 1 was by far
the most abundant haplotype, often being
the only haplotype found, resulting in low
haplotype diversity (0.00–0.27). Contrary
to this, two haplotypes were abundant in
eastern Germany (Lut 1 and Lut 3), and
haplotype diversity was significantly high-
er (0.51).

The analysis of molecular variance in-
dicated a significant divergence among the
analyzed European regions, accounting for
37.3% of the genetic variation (FST 5 0.373,
P , .001). However, pairwise comparisons
revealed that only the eastern German re-
gion differed significantly from all others
(pairwise FST values from 0.297 to 0.393).
Within eastern Germany, we detected a
significant divergence among subregions
(FST 5 0.324, P , .001). This was caused
by significant differences in the occurence
of the two abundant haplotypes Lut 1 and
Lut 3, respectively (Figure 1B). Pairwise
comparisons among subregions indicated
highly significant genetic divergence be-
tween the Oberlausitz and the other sub-
regions with pairwise FST values from 0.328
(OL versus NL) to 0.748 (OL versus MV)
and gene flow estimates (Nm) ranging
from 0.17 (between OL and MV) to 1.02
(between OL and NL) females per gener-
ation. The Mantel test revealed a signifi-
cant concordance between geographic
and genetic distance among subregions (r
5 0.917, P 5 .02), apparently caused by
the decrease of Lut 3 and the increase of
Lut 1 from south to north (Figure 1B).

The comparison of Fr values to a logistic
regression (Figure 2) indicated a highly
significant percentage of the genetic vari-
ation in eastern Germany to be explained
by isolation by distance (84% with 20 dis-
tance classes).

Discussion

Phylogeography of the European Otter
On four polymorphic positions, only 1–2
base substitutions among the haplotypes
were found and the overall nucleotide di-
versity was 0.17%. Thus the European ot-
ter apparently exhibits very low levels of
genetic variation in the 59 end of the mi-
tochondrial control region, which is oth-
erwise known as a highly polymorphic
marker system in various mammals. In
presumably moderately bottlenecked pop-
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ulations, significantly higher nucleotide di-
versities (p) have been obtained for the
same part of the mitochondrial control re-
gion, for example, p 5 0.37% for the har-
bor porpoise (Phocoena phocoena) in
North and Baltic Seas (Tiedemann et al.
1996) and p 5 0.97% for the Roe deer (Ca-
preolus capreolus) in central Europe
(Wiehler and Tiedemann 1998). In popu-
lations not affected by the Pleistocene gla-
ciations, even higher p values have been
reported, up to 14% in Grant gazelle (Ga-
zella granti; Arctander et al. 1996). Al-
though the low genetic variation makes
the mitochondrial control region an un-
suitable marker system to resolve phylo-
geographic relationships among European
regions, it provides some information
about the population history. Low p and d
values, together with the ubiquitous oc-
curence of the Lut 1 haplotype, suggest a
previous severe population bottleneck.
During the Pleistocene glaciation, Europe-
an otters might have been restricted to a
single refugium, where the haplotype Lut
1 might have been fixed. During recoloni-
zation after the glaciations, otters with
haplotype Lut 1 have spread throughout
mid- and northern Europe. From this ubiq-
uitous, presumably ancestral haplotype,
the other four types have been derived lo-
cally by a single point mutation. Such a
‘‘starlike’’ phylogeny with a central abun-
dant ancestral haplotype and derived rare
locally restricted types is typical for a
population expansion after a bottleneck
(Stanley et al. 1996).

Isolation by Distance in the Eastern
German Population
Around the turn of the century, the otter
was subject to organized hunting cam-
paigns aimed at complete extermination
(Campaign ‘‘Tod dem Otter’’; Pfeifer 1994).
The subsequent decrease in the otter pop-
ulation was especially severe around the
Oberlausitz subregion (cf. OL in Figure
1B), where the otter was almost extinct
around 1920 (Fiedler 1996). The popula-
tion was kept near extinction until 1950
(Kubasch 1996). However, since then the
relict population at a ‘‘pondland’’ area (see
||| in Figure 1B) has been steadily in-
creasing and has served as a source of ot-
ters to adjacent areas, for example, the
Niederlausitz (NL in Figure 1B; Stubbe
1989).

Around the ‘‘pondland’’ area, the fre-
quency of the mitochondrial haplotype
Lut 3 is 100% (Figure 1B). Because this
haplotype is only found in eastern Ger-
many, it might have arisen from the ubiq-

uitous Lut 1-type by a single mutation
somewhere in or near the Oberlausitz sub-
region. A possible scenario to explain its
present high abundance is stochastic gene
drift effects during the severe bottleneck
in the first half of this century, where hap-
lotype frequencies might have been al-
tered by chance in favor of Lut 3. Because
otters from the Oberlausitz subregion
have an exclusive haplotype and emigra-
tion from this subregion into the sur-
rounding areas is well documented (Ku-
basch 1996; Stubbe 1989), this population
might function as a source population.
Consequently it provides a rare opportu-
nity to trace emigration genetically.

All analyses (Mantel test, Fr function) of
the spatial genetic structure of the eastern
German otter population indicate an iso-
lation by distance component, which co-
incides with a decrease in the relative fre-
quency of the haplotype Lut 3 from south
to north (Figure 1B). Given that Lut 1 was
the ancestral haplotype, the present oc-
curence of Lut 3 in the south might reflect
recent emigration from the Oberlausitz
area to the northern parts of eastern Ger-
many.

The logistic regression calculated on the
values of the Fr function indicates that our
definition of subregions—albeit based on
the recognition of possible migration bar-
riers—is apparently arbitrary with regard
to population structure and isolation by
distance is the paramount determinant of
spatial genetic structure, accounting for
more than 80% of the genetic variation
present in the eastern German otter pop-
ulation. Whether the deviations from the
isolation by distance expectation are
caused by additional factors or simply re-
flect stochastic sampling effects still re-
mains to be determined.

Conclusions

As outlined above, the pattern of mito-
chondrial haplotype distribution in east-
ern German otters indicates the ability of
this species to reinvade areas of lower
abundance in regions surrounding vital
source populations. This reinforces the
concept of devoting priority to conserva-
tion efforts in existing vital populations.
Given a connection between areas with
suitable habitat, genetically detectable mi-
gration apparently appears over distances
of several hundred kilometers.

From a methodological point of view, we
demonstrate that under isolation by dis-
tance, significant divergence in genetic
characters by means of FST values among

subregions can occur, even if the subre-
gion definition is arbitrary (Tiedemann et
al. 1998). Here we describe the population
structure by spatial autocorrelation statis-
tics, as the Fr function. Provided that a
suitable genetic marker can be found in a
presumable source population, this ap-
proach can be a useful tool to monitor the
spatial genetic effect of emigration from a
source population.
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Establishing a Captive
Broodstock for the
Endangered Bonytail Chub
(Gila elegans)

P. W. Hedrick, T. E. Dowling,
W. L. Minckley, C. A. Tibbets,
B. D. Demarais, and P. C. Marsh

It is crucial for endangered species to re-
tain as much genetic variation as possible
to enhance recovery. Bonytail chub (Gila
elegans) is one the most imperiled fresh-
water fish species, persisting as a declin-
ing population of large and old individuals
primarily in Lake Mohave on the lower Col-
orado River. Establishment of a new cap-
tive broodstock from the 1981 F1 progeny
of at most 10 wild fish plus any newly cap-
tured wild fish is evaluated and reviewed.
The effective number of founders contrib-
uting to the 1981 F1 progeny appears
quite small, varying from approximately
3.5, based on F1 allozyme data and sup-
ported by mtDNA data, to approximately
8.5, based on the original production rec-
ords. Using a sample of these progeny to
initiate a new broodstock further reduces
the effective number of founders. With
even the most optimistic evaluation of the
amount of genetic variation in F1 progeny,
it is obvious that including wild fish in the
broodstock is essential to increase the
amount of genetic variation. The approach
given here could be applied to retain ge-
netic variation in other endangered spe-
cies in a captive broodstock until they
have stable natural populations of ade-
quate size.

Many species are faced with multiple fac-
tors that threaten them with extinction,
but even when these threats are mitigated,
long-term persistence depends in part on
avoiding genetic deterioration resulting

from inbreeding depression and loss of ge-
netic variation (Hedrick et al. 1996; Shaffer
1981). For example, several recent reports
suggest that the probability of extinction
is negatively associated with the amount
of genetic variation (Saccheri et al. 1998;
Westemeier et al. 1998).

The bonytail chub (Gila elegans) is one
of the most critically imperiled North
American freshwater fishes (Minckley et
al. 1989; Williams et al. 1985). The only
wild bonytail chub known to remain are an
unknown number of large, old adults per-
sisting in Lake Mohave on the lower Col-
orado River and scattered individuals in
the upper Colorado River basin (Marsh
1999). In 1981, because of imperilment of
the species and concern about apparent
lack of recruitment in the wild, F1 progeny
were produced at Willow Beach National
Fish Hatchery (WBNFH) by the U.S. Fish
and Wildlife Service (USFWS) from wild
adults captured in Lake Mohave (original
captive broodstock hereafter). A sample
of these F1 progeny (about 2,300 individu-
als) was retained at Dexter National Fish
Hatchery and Technology Center (DNFH)
as broodstock; approximately 350 still ex-
isted there in late 1997. From these re-
maining F1 progeny, and potentially from
additional wild bonytail chub from Lake
Mohave, the USFWS now plans to estab-
lish and maintain a new broodstock, here-
after termed future captive broodstock.
We evaluate here the status of the remain-
ing original F1 and establish a protocol for
how they, and any wild bonytail chub cap-
tured in the future, should be integrated
into a future captive broodstock.

Materials and Methods

Molecular Genetic Analysis
Genetic analyses were performed on two
groups of fish: F1 progeny from DNFH (N
5 30) and a Lake Mohave sample that ap-
pears to represent a substantial propor-
tion of wild fish but probably includes
some F1 and F2 individuals (Marsh 1997).
Three polymorphic allozyme loci (sAat-A,
Gpi-B, and Pgm-A) were examined in the F1

sample (techniques in Minckley et al.
1989) and mtDNA analysis was performed
on 20 of the 30 F1 progeny used for the
allozyme analysis and 16 fish from the
Lake Mohave sample. MtDNA variants
were identified by analysis of single-
stranded conformational polymorphisms
(SSCPs) (Dowling et al. 1996; Tibbets
1998) from one fragment from the cyto-
chrome b locus and two fragments from
the NADH dehydrogenase locus subunit
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Table 1. Fecundity, fertilization proportion, number of fertilized eggs from each of six pair -mated,
wild-caught female bonytail chub

Female
Fecundity
(number of eggs)

Fertilization
(proportion)

Fecundity 3
fertilization

Proportion of
fertilized eggs (pi)

1 0 0.00 0 0.000
2 27,300 0.97 26,481 0.224
3 22,100 0.94 20,774 0.176
4 32,500 0.95 30,875 0.261
5 37,700 0.91 34,307 0.290
6 5,850 0.98 5,733 0.049
Mean (2–6) 25,090 0.95 23,634 0.200

Table 2. Three-locus genotypes observed in the 30 F1 progeny of bonytail chub and the parental
matings that could have produced them

Geno-
type N sAat-A Gpi-B Pgm-A Mating

1 22 bb bb ab bb bb aa 3 bb bb bb
2 3 bb ab ab bb- a- a- 3 b- b- b-

or
b- a- b- 3 b- b- a-

3 2 bb bb aa b- b- a- 3 b- b- a-
4 1 bb aa aa b- a- a- 3 b- a- a-
5 1 ab bb bb a- b- b- 3 b- b- b-
6 1 bb ab bb b- a- b- 3 b- b- b-
2–6 1 ab, 7 bb 1 aa, 4 ab, 3 bb 3 aa, 3 ab, 2 bb ab ab ab 3 bb ab ab

(primer sequences are available from
T.E.D.). DNA was isolated by phenol:chlo-
roform extraction as in Tibbets and Dowl-
ing (1996).

Theoretical and Simulation Genetic
Analysis
To determine how likely it is to obtain a
sample of F1 individuals with given mtDNA
haplotypes, samples were randomly drawn
using computer simulation. In these sam-
ples, first five (‘‘high’’ estimate) or three
(‘‘low’’ estimate) female parents (see be-
low) were randomly drawn from a popu-
lation with different mtDNA frequencies
(q). Then using proportions of progeny es-
timated in the ‘‘high’’ or ‘‘low’’ estimates,
5,000 samples of 20 individuals were gen-
erated and the proportion of samples that
were monomorphic or polymorphic for
different mtDNA haplotypes was calculat-
ed.

To calculate the effective founder num-
ber, the expected loss of genetic variation
is H1 5 H0[1 2 1/(2Ne)], where Ne is the
effective population size (e.g., Hedrick
1985), H0 is the heterozygosity in the wild
population, and H1 is the Hardy–Weinberg
heterozygosity in F1 progeny. Assuming
that the wild fish are not homozygous by
descent (H0 5 1), then the effective num-
ber of founders (parents) for the original
broodstock becomes Ne.f 5 1/[2(1 2 H1)].
Note that this is the eigenvalue effective
population size (Caballero 1994; see be-
low). If there is a large number of F1 prog-

eny and pair mating of the wild parents,
then H1 5 1 2 (Spi

2)/4), where pi is the
proportion of progeny from the ith pair
mating and the summation is divided by
four because there are four genomes in
each mating. By substitution, Ne.f 5 2/Spi

2.
The expected genetic variation retained

and the consequent estimated effective
number of founders for the future brood-
stock can be determined by computer
simulation for different numbers of F1 par-
ents (twice the number of paired matings).
In this case, Ne.f* 5 1/[2(1 2 H1*)], where
H1* is the gene diversity observed in the
finite number of F1 parents that are going
to be used to produce F2 individuals and
Ne.f* is the estimated effective founder
number.

Results

Reproduction from Wild Fish
Adult female bonytail chub were captured
in the late 1970s from Lake Mohave and
were mated to five adult males captured
in 1981. Eggs from each female were fertil-
ized by milt from one male (Hamman
1982), that is, the females were pair mat-
ed. The number of eggs produced and pro-
portion of fertilization for each female is
in Table 1 (Hamman 1982). Female 1 did
not yield eggs and the number of eggs
from the other five females varied from
5,850 to 37,700, with a mean of 25,090. Pro-
portions of fertilized eggs (pi) produced
by the five females varied from 0.049 to

0.290, with a mean of 0.2. These values
represent the largest number of matings
(and individuals) that could have contrib-
uted progeny and a fairly equal distribu-
tion of progeny from the matings. Below
we assume these values result in a reason-
able upper limit to the retention of genetic
variation possible from the wild fish and a
maximum number of effective founders for
the original broodstock, that is, the ‘‘high’’
estimate below.

Genetic Data from F1 Progeny, F2

Progeny, and Lake Mohave Individuals
Allozyme variation. We examined a sample
of 30 F1 fish from DNFH for loci (sAat-A,
Gpi-B, and Pgm-A). These samples were
not significantly different in allelic fre-
quency from the previous F2 samples of
Minckley et al. (1989) and were consistent
with Hardy–Weinberg expectations except
for locus Pgm-A. In this case, there was a
large and statistically significant excess of
heterozygotes over that expected (3aa,
25ab, and 2bb, where a and b indicate two
different alleles).

There were six different three-locus ge-
notypes for the polymorphic loci ob-
served in the F1 sample (Table 2). Geno-
type 1 was found in 22 of 30 individuals
and was heterozygous only for Pgm-A. The
other five three-locus genotypes were
present in one to three individuals and
were composed of different combinations
of homozygotes and heterozygotes at the
three loci.

The most likely explanation for the high
frequency of genotype 1 is that 22 individ-
uals (or most of them) were produced by
a mating between two individuals of ge-
notypes bb bb aa and bb bb bb, where ge-
notypes for loci sAat-A, Gpi-B, and Pgm-A
are indicated in order. Assuming random
mating and Hardy–Weinberg proportions
in the wild population from which their
parents were drawn, the probability that
such a mating (or its reciprocal) would oc-
cur is 2p2q2, where p and q are the fre-
quencies of the a and b alleles at Pgm-A.
Using binomial probabilities, the maxi-
mum (assuming p 5 q 5 0.5) expected
probability of no such matings out of five
is (0.875)5 5 0.513, the probability of one
such mating is 5(0.875)4(0.125) 5 0.366,
and the probability of two or more such
matings out of five matings is 1 2 0.513 2
0.366 5 0.121. Therefore it is 0.366/0.121
5 3.02 times more likely that there was
only one such mating as compared to
more than one, so it appears that all or
most of the genotype 1 individuals were
from a single mating.
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Even though the other eight progeny
sampled were spread over five different
genotypes, it is possible that all were pro-
duced from a second mating, ab ab ab 3
bb ab ab. The ratios of the remaining eight
F1 progeny for Gpi-B and Pgm-A, although
too small to examine statistically, appear
consistent with this suggestion. If we as-
sume that these eight progeny are spread
equally over two other matings, then p1 5
0.733, p2 5 0.1335, and p3 5 0.1335 for
these three hypothetical matings. These
values will be used below as a second es-
timate of contributions of the different pa-
rental matings and will be indicated as the
‘‘low’’ estimate.

MtDNA variation. All 20 F1 individuals ex-
amined were identical for the mtDNA hap-
lotype a. In the carcasses of the 16 Lake
Mohave fish, 7 (0.438) had haplotype a, 5
(0.312) had a new haplotype b, and 4
(0.25) had a new haplotype c. Haplotype a
differed from b at eight nucleotides, a from
c at one nucleotide, and b from c at two
nucleotides. The large difference between
haplotypes a and b, about 0.7%, suggests
that there are two divergent bonytail lin-
eages, perhaps the result of past isolation
when the species was widespread in the
Colorado River. The substantial frequency
of each of the three haplotypes in the sam-
ple suggests that at least two of these
mtDNA haplotypes in substantial frequen-
cy were not included in the originally cap-
tured fish or their descendants.

How probable is it that the sample of 20
F1 individuals would all have the same
haplotype a, given different constitutions
of the wild population? Assuming the pop-
ulation frequency of mtDNA a was 0.438
(the sample estimate), for the ‘‘high’’ and
‘‘low’’ estimates, from simulation, the pro-
portions of random samples monomor-
phic for haplotype a would be 0.023 and
0.101, respectively. In other words, the
probability of obtaining the observed
monomorphic sample of 20 F1 individuals
is 0.101/0.023 5 4.4 times more likely from
the ‘‘low’’ estimate than from the ‘‘high’’
estimate. Only when the population fre-
quency of mtDNA haplotype a is assumed
to be 0.95 does the probability of a mono-
morphic sample become high (0.791 and
0.986 for the high and low estimates, re-
spectively). Because the sample of 20 F1

were monomorphic for mtDNA haplotype
a, these calculations suggest their ances-
try was more likely a reflection of the
‘‘low’’ estimate.

In the sample from Lake Mohave, 15 in-
dividuals were identified for both mtDNA
and Pgm-A genotypes: the four individuals

with mtDNA haplotype b were ab homo-
zygotes, the five individuals with haploty-
pe c were aa homozygotes, and of the six
individuals with haplotype a, two were aa
and four were ab. The two cytonuclear
combinations observed in the F1 DNFH
sample in nearly equal frequencies, mt-
DNA(a) -Pgm-A-a and -mtDNA(a) and Pgm-
A-b, were both present in the sample of
wild individuals. In the wild sample, the
normalized cytonuclear disequilibria (As-
mussen and Basten 1996) for haplotypes
b and c are the largest possible (1 or 21)
and for haplotype a these values are
20.286 and 0.286 with Pgm-A genotypes aa
and ab. Even though the sample size is
small, for all the statistical tests devel-
oped by Basten and Asmussen (1997), the
cytonuclear association was statistically
significant (P , .05). The evolutionary ba-
sis for the significant association is un-
known but could be due to admixture and/
or selection.

Effective Number of Founders in the
Original Captive Broodstock
Using the approach outlined above and
the proportions of surviving eggs from the
‘‘high’’ estimate, Ne.f 5 8.48. The fact that
the value from the ‘‘high’’ estimate is only
15.2% less than the maximum 10 possible
is due to the relative evenness over mat-
ings of the contribution to the total num-
ber of fertilized eggs. On the other hand,
if the proportional contribution is based
on the ‘‘low’’ estimate from genetic data,
then Ne.f 5 3.48. In this case the effective
number of original founders is very small,
reflecting the fact that only three mating
pairs contributed progeny and that most
were from one of the three mating pairs.

Effective Number of Founders in the
Future Captive Broodstock
Finite number of F1 parents. If a finite num-
ber of F1 individuals is used as parents to
establish the future captive broodstock,
then the effective number of founders con-
tributing to the F2 generation is reduced
further. Using the approach outlined
above, the expected heterozygosity and
estimated effective number of founders for
the ‘‘high’’ and ‘‘low’’ reproductive esti-
mates for different numbers of F1 parents
was calculated. Only when a small number
of individuals are used as parents is the
estimated effective number of founders
significantly less that the maximum effec-
tive number of founders possible (Ne.m),
that is, the number of effective founders
given above for the original broodstock.
For example, with 30 pairs of F1 parents

(60 individuals) and the ‘‘high’’ or ‘‘low’’
estimates, the ratios of the effective num-
ber of founders in the future broodstock
to the maximum possible are 89.3% and
97.1%, respectively. Further increasing the
number of F1 parents above 30 pairs only
slightly increases the effective number of
founders. For example, using 150 pairs re-
sults in values of 97.6% and 99.4%, respec-
tively, only slightly greater than that ex-
pected for 30 pairs (for further data,
contact P.W.H.).

Inclusion of additional wild individuals
into the future broodstock. Inclusion of ad-
ditional wild bonytail chub into the brood-
stock development program would be sig-
nificant and is desirable because even
with the ‘‘high’’ estimate, the effective
number of founders with the original
broodstock is, at maximum, approximate-
ly 8.5. Therefore additional fish would be
genetically important (Ballou and Lacy
1995) and could greatly increase the effec-
tive number of founders. For example, one
additional wild fish would increase the
number of effective founders at a mini-
mum using the ‘‘high’’ estimate from ap-
proximately 8.5 to 9.5 (11.8%) or at a max-
imum using the ‘‘low’’ estimate from
approximately 3.5 to 4.5 (28.7%). As guide-
lines in incorporating any additional foun-
ders into the broodstock, their represen-
tation should be at least 1/(8.5 1 NW) and
not more than 1/(3.5 1 NW), where NW is
the number of additional wild-caught fish.
It would be much easier to incorporate
any additional wild fish into the brood-
stock while the F1 fish are available to pro-
duce the future broodstock rather than af-
ter progeny are produced from F1 parents
and the F1 parents are no longer available.

If there are wild (W) fish and the F1 fish
at DNFH, there are three types of matings
possible for future broodstock initiation:
F1 3 F1, F1 3 W, and W 3 W (W 3 W mat-
ings should probably be avoided because
they would use two sets of valuable ga-
metes in one mating). If we assume that
there are no W 3 W matings, then to in-
corporate one wild fish so that its expect-
ed contribution would be the same as an-
other wild fish caught in 1981 using the
‘‘high’’ estimate (and assuming numbers
of progeny are equal from each pair mat-
ing), then approximately nine matings of
F1 fish to the single wild fish would be nec-
essary. Looking at the relative contribu-
tion to progeny from these matings, then
one would need about 9/39 5 0.231 of the
progeny reproduced from matings of F1 to
the wild fish. If the ‘‘low’’ estimate is used,
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then the number of F1 3 W matings be-
comes far higher.

Discussion

Factors that can influence the long-term
persistence of an endangered species in-
clude the extent of genetic deterioration.
Here we have examined in detail the ge-
netic status and the establishment of a
broodstock for the endangered bonytail
chub in an effort to make recommenda-
tions that would reduce the possibility of
genetic deterioration beyond what has po-
tentially already occurred. This approach
may serve as a model for similar efforts in
other endangered species that may exist
at some point primarily in captivity.

From our examination of allozymes and
mtDNA, even though there are approxi-
mately 350 adult F1 bonytail chub at DNFH,
they appear to contain a relatively low
amount of the genetic variation present in
the remaining wild individuals. Although
some other species of Gila appear to have
low amounts of genetic variation (Demar-
ais 1992), that variation observed in F1

bonytail chub appears to have been fur-
ther reduced by an origin from at most 10
parents and the five matings contributing
somewhat unequally to the F1 progeny. As-
suming that the F1 fish survived in the
same proportions as produced in 1981,
they appear to contain the same amount
of variation as approximately 8.5 wild fish.
Alternately, if the surviving F1 progeny are
descended from fewer than five matings
and as unequally as suggested by the allo-
zyme data and strongly supported by the
mtDNA data, the genetic variation may be
as little as that in approximately 3.5 wild
individuals. Both of these estimates are
quite small and make it essential that ef-
forts be made to incorporate wild fish into
the broodstock to increase the genetic
base.

If a proportion of the F1 fish are used to
initiate a future broodstock, then the
amount of genetic variation is reduced
somewhat more, although this effect ap-
pears small compared to that due to the
originally small number of wild parents
and the variance of their contributions.
For example, if 30 pairs of F1 parents are
used, then the amount of variation re-
tained is approximately 90% of the maxi-
mum possible and using many more than
30 pairs appears unnecessary. A 90% re-
tention of genetic variation has been sug-
gested for other captive endangered spe-
cies (Soule et al. 1986), although over
multiple generations.

When there is a low effective population
size, genetic variation is lost more quickly
due to genetic drift, and the probability of
loss of fitness resulting from inbreeding
depression is increased. We have a defi-
nition of effective population size based
on the loss of heterozygosity called the ei-
genvalue effective size (Caballero 1994). In
this definition of effective founder number,
when there is a uniform distribution of
progeny, then the effective number is
equal to the census number. In this case
and similar ones, this definition seems the
appropriate measure of effective founder
number because the goal for the captive
broodstock is to include and retain as
much of the genetic variation in the wild
population as possible. Pedigreed popula-
tions of endangered species are managed
to retain as much of the gene diversity
contained in the founders as possible
(Ballou et al. 1995), the same goal as con-
ceived here in the development of a cap-
tive broodstock.

Three categories of bonytail chub are
assumed present in Lake Mohave, as a re-
sult, it may be difficult to identify if wild-
caught fish are (1) truly wild (hatched be-
fore stocking was initiated in 1981), (2) F1

fish released in 1981, or (3) F2 fish released
after 1981. Totals of 41,517 F1 and 161,371
F2 bonytail chub were stocked in Lake Mo-
have between 1981 and 1996 (Minckley
WL, personal communication). The F1 fish
were deemed ‘‘surplus’’ of the original
spawning and were all marked with oxy-
tetracycline. The F2 fish were from annual,
‘‘volunteer’’ reproduction by unknown
numbers of F1 individuals in holding
ponds.

Capture of a substantial number of wild
fish, say 5 to 10, is not inconceivable be-
cause in the sample of 17 fish from Lake
Mohave with various capture histories
and levels of documentation (all were
caught between 1989 and 1994), Marsh
(1997) found that ‘‘not less than 10% to
perhaps as many as two-thirds . . . were
wild fish.’’ In this case, establishment of a
broodstock based only on newly caught
wild fish, or primarily based on newly
caught wild fish with some contribution
from the original broodstock, would be ad-
visable. Alternatively, if only one or a few
captured fish are confirmed as truly wild,
incorporation of recaptured F1 or F2 fish
into the future captive broodstock may be
desirable. Such an action may be more
beneficial than using F1 fish which have
lived only under hatchery conditions be-
cause each recaptured F1 fish would con-
tribute the same genes as an F1 parent

held at DNFH, but also would have sur-
vived predators and other environmental
factors in Lake Mohave not present in
hatchery ponds.
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Mitochondrial DNA
Haplotyping of Testudo
graeca on Both Continental
Sides of the Straits of
Gibraltar

Y. Álvarez, J. A. Mateo,
A. C. Andreu, C. Dı́az-Paniagua,
A. Diez, and J. M. Bautista

Testudo graeca is an endangered species
of tortoise that inhabits Mediterranean ar-
eas of Africa, Asia, and Europe. Western
populations are found on both sides of the
Straits of Gibraltar. The effects of geo-
graphical isolation on genetic divergence
were assessed by the sequence analysis
of two mitochondrial DNA regions of the
12S rRNA and cytochrome b genes. Four
different haplotypes were identified. A sin-
gle haplotype was shared by all Spanish
and some east Moroccan specimens. Two
haplotypes were unique to the west Mo-
roccan T. graeca populations and allowed
the clear discrimination between individual
specimens found west of the Moulouya
River. Phylogenetic analysis based on the
estimation of nucleotide sequence dis-
tances of the haplotypes suggests an Af-
rican origin for the Spanish populations
and a subspecies status for the west Mo-
roccan pool.

The terrestrial tortoise Testudo graeca is
found in several countries bordering the
Mediterranean and the Black Sea and ex-
tends into Asia as far as Iran ( Iverson
1992). At least nine subspecies have been
described in this vast geographical area,
although the systematics of this species
complex are far from clear (Bour 1988; Da-
vid 1994; Fritz et al. 1996; Gmira 1993,

1995; Loveridge and Williams 1957; Wer-
muth and Mertens 1961).

Western populations included in the
nominal subspecies T. g. graeca ( Iverson
1992; Schleich et al. 1996) occupy two con-
tinental areas separated by the Straits of
Gibraltar. In Europe, the Iberian popula-
tions are confined to two distinct areas
400 km apart: an Atlantic population at the
Doñana National Park (southwestern Spain)
and a Mediterranean population on the
southeastern coast of Spain (López-Jura-
do et al. 1979). A third, recently intro-
duced population inhabits Majorca, Bale-
aric Islands (Mayol 1985). T. g. graeca are
more abundant in the northwest of Africa
than in Spain and occur through the bio-
climatic Mediterranean region of the Ma-
greb countries (Morocco, Algeria, Tunisia,
and Libya). As in Spain, there is no conti-
nuity in the distribution of this tortoise in
North Africa. Western populations (the Rif,
High and Middle Atlas mountains, and
West Atlas plains) are separated from east-
ern populations by a gap of 150–200 km,
from the Mediterranean coast southward
to the western side of the Moulouya valley
(Bons and Geniez 1996; Lambert 1983).
Several authors have observed morpho-
logical differences among the North Afri-
can populations of tortoises (see Schleich
et al. 1996) and have even suggested the
possibility of taxonomic differentiation
(Highfield 1990).

Two hypotheses have been proposed to
explain the present distribution of T. g.
graeca in southwestern Europe and north-
western Africa. The first suggests a Euro-
pean origin for the North African popula-
tion, involving the colonization of Africa
before the opening of the Straits of Gib-
raltar. Under this scenario the present
Spanish populations are thought to be rel-
ics of an ancient, widely distributed Eu-
ropean population (Bons 1967; Loveridge
and Williams 1957). The second hypothe-
sis proposes an African origin for the
Spanish T. g. graeca whereby these ani-
mals reached the Iberian Peninsula via a
terrestrial bridge in the late Miocene (Sal-
vador 1974). Moreover, during the last
century several naturalists (Boscá 1877;
Lortet 1887) suggested the possibility of a
more recent introduction of the Spanish T.
g. graeca from North Africa.

Today there is a common scientific re-
solve to preserve the genetic integrity of
different populations, since they may be
the result of adaptation to particular hab-
itats and therefore constitute different
evolutionary trajectories (Cronin 1993;
Hedrick and Miller 1992). In the present

investigation, molecular genetic tech-
niques were used to analyze the phyloge-
netic relationship between the Spanish
and northwest African spur-thighed tor-
toise populations in an attempt to shed
light on their evolutionary origins and re-
lationships.

Materials and Methods

Blood samples (30–50 ml) were taken from
19 T. g. graeca specimens from four geo-
graphical locations as follows: southwest-
ern Spain (Doñana: 368599N, 78009W), 2
male and 2 female; southeastern Spain
(Mazarrón, Murcia: 378369N, 18199W), 2
male and 1 female; northwestern Morocco
[Djebel Mussa: 358409N, 58359W (1 male),
Souk Tleta Targent: 358329N, 58409W (1
male and 2 female), Kenitra: 348309N,
68009W (3 female)], and northeastern Mo-
rocco (Ras-el-Ma: 358029N, 28109W), 4
males and 1 female. These sampling loca-
tions corresponding to the four main pop-
ulations are detailed in Figure 1 (Map A).
Three unrelated (T. hermanni) wild ani-
mals from Menorca served as the out-
group for phylogenetic analysis. Blood
samples were obtained by the noninvasive
technique of claw clipping (Reptilia have
capilarized claws) and animals were re-
turned to their natural habitat. Each blood
sample was mixed in a sterile eppendorf
tube containing an anticoagulation-DNA
preserving solution (Tris-HCl 100 mM pH
7.4, EDTA 200 mM, NaCl 200 mM, SDS 2%,
and proteinase K 0.5 g/ml) (1:4). Samples
were stored at room temperature until fur-
ther processing.

After 5 min of boiling, nucleic acids were
isolated from blood samples according to
the previously established protocol of
phenol/chloroform extraction (Sambrook
et al. 1989). The total DNA content of each
30–50 ml blood sample was resuspended
in 80–100 ml distilled deionized water and
stored at 2208C. In each case, high molec-
ular weight DNA was obtained.

Polymerase chain reaction (PCR) ampli-
fications with generic primers of two mi-
tochondrial gene fragments correspond-
ing to cytochrome b and 12S rRNA were
performed in a final reaction volume of 50
ml using standard procedures (Zardoya et
al. 1995). The PCR thermocycler program
involved 35 cycles (dsDNA denaturing, 30
s at 948C; primer annealing, 30 s at 458C
and extension for 1 min at 728C) and a final
stage of extension (5 min at 728C). A 426
bp fragment of cytochrome b was ampli-
fied with the primers H15149 (Kocher et
al. 1989) plus L14722 (59-CGAAGCTTGA-
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Figure 2. Minimum evolution tree including the four haplotypes and the outgroup T. hermanni. The tree is based
on Kimura two-parameter distances obtained through PAUP version 4d64 (Swofford 1998) after a full heuristic
search by TBR (tree bisection reconnection) branch swapping. Minimum evolution score 5 0.09920. Bootstrap
values over the nodes are based on 10,000 pseudoreplicates. The locations where the haplotypes were found are
indicated in brackets: EM 5 eastern Morocco; WM 5 western Morocco; ES 5 eastern Spain; WS 5 western Spain.

Figure 1. (A) The present Straits of Gibraltar showing sampling sites and geographical distribution of T. g. graeca
mtDNA haplotypes. Probably due to the slow evolution of mtDNA, only 9 nucleotides of the 823 analyzed varied
among haplotypes. These corresponded to positions 27, 184, 195, and 217 in the 12S rRNA fragment, and 45, 249,
303, 350, and 373 in the cytochrome b fragment. (B) Paleogeographical reconstruction of the paleocoast and Betic
and Rif Straits (6.7 million years). Striped sea areas indicate a depth of less than 500 m. (Simplified from Benson
et al. 1992).

TATGAAAAACCATCGTTG). A 397 bp frag-
ment of the rRNA 12S gene was obtained
with the primers H1478 plus L1091 (Ko-
cher et al. 1989).

Unincorporated primers, dNTPs and
other small molecules were removed from
PCR products by chromatography in spin
columns (Chroma Spin 100y). Subse-
quently, amplified gene fragments were di-
rectly sequenced by automated thermo-
sequencing in a Perkin-Elmer ABI-377. To
avoid ambiguity, both light and heavy
strands were sequenced in each amplified
fragment. New sequences are deposited in
GenBank (accession numbers AF067497–
AF067510).

Sequence analysis was performed using
Wisconsin Genetic Computer Group soft-
ware versions 8.1 and 9.1 (GCG 1995, 1997)
for UNIX workstations. Sequence align-
ments were carried out with PILEUP (GCG,
1995, 1997) using default parameters. For
each haplotype, the 59 end of the 12S rRNA
sequence was joined to the 39 end of the
cytochrome b sequence and then aligned
as a single sequence with PILEUP (GCG
1995, 1997) using default parameters and
without subsequent alignment modifica-
tions. A minimum evolution tree based on
Kimura two-parameter distances (Kimura
1980) was obtained after a full heuristic
search using the branch-swapping method
of tree bisection reconnection (TBR) per-
formed with PAUP version 4.d64 (Swofford
1998). Consistency of branches was
checked using PAUP version 4d64 with
1,000 bootstrap replicates.

Results and Discussion

The analysis of variation in the cyto-
chrome b and 12S RNA sequences served
to identify four haplotypes in the T. g. grae-

ca populations (Figure 1). Both Spanish
populations contained a single haplotype
(haplotype I). The remaining three hap-
lotypes corresponded exclusively to the
populations found in Morocco (haploty-
pes III and IV in western Morocco and hap-
lotype II in eastern Morocco). Some ani-
mals from Ras-el-Ma (eastern Morocco)
showed the same haplotype as specimens
from Spanish populations.

In our analysis we joined the two frag-
ments sequenced in a single matrix data-
set to align the four different sequences
corresponding to the haplotypes found in
each population plus the outgroup se-
quence of T. hermanni. The minimum evo-
lution tree retained after the full heuristic

search using PAUP version 4.d64 (Swof-
ford 1998) is shown in Figure 2. T. herman-
ni was chosen as an outgroup due to its
close phylogenetic relationship with T.
graeca (Squalli-Houssaini and Blanc 1990).

As shown in the minimum evolution tree
(Figure 2), the west Moroccan populations
of T. graeca are clearly separated from
their east Moroccan and Spanish counter-
parts. Both groups of haplotypes (west
Moroccan and east Moroccan/Spanish)
were reciprocally monophylectic, consis-
tent with 94% and 89% of the bootstrap
pseudoreplicates, respectively. The east
Moroccan populations are closely related
to the western and eastern Spanish pop-
ulations. Haplotype I was common to both
and differed from haplotype II in one nu-
cleotide position of the cytochrome b am-
plicon (Figures 1 and 2). Analogous to the
genetic discontinuity shown by the Mo-
roccan T. g. graeca populations on each
side of the Mouluya river, Mateo et al.
(1996) reported morphological and genet-
ic divergence of western and eastern pop-
ulations of several other reptilian species
such as the three-toed skink.

The definitive opening of the Straits of
Gibraltar took place approximately 5 mil-
lion years ago (Benson et al. 1992; Busack
1986). The relationships among sister spe-
cies in the Iberian Peninsula and North Af-
rica are consistent with a vicariance event
attributable to the opening of the Straits
(Busack 1986). The present herpetological
fauna of the south of Spain and North Af-
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rica appear to be closely related and in-
clude several identical or sister species in-
cluding skinks and water frogs (Arano et
al. 1998; Busack 1986; Mateo et al. 1995,
1996). In most of these species, the genet-
ic distances found between populations
on either side of the Straits were greater
than those found between intracontinen-
tal populations suggesting that the for-
mation of the Straits of Gibraltar was the
major physical barrier causing the isola-
tion and differentiation of populations
(Busack 1986). Since no genetic diver-
gence between the two Iberian and the
east Moroccan T. g. graeca populations
was detected, it would seem that tortoises
from both continental locations shared a
common ancestor in recent evolutionary
history. Given the expected geographical
isolation of the two populations over a pe-
riod of around 5 million years, such a ge-
netic identity is surprising (Figure 1). Raft-
ing or the trade of terrestrial tortoises
between North African and southern Span-
ish civilizations is another possibility that
should be taken into account. Whichever
the case, it may be deduced that one pop-
ulation was introduced from the other in
recent evolutionary time. The present
findings are consistent with the introduc-
tion of Spanish populations of T. g. graeca
from eastern Morocco, a possibility sug-
gested by naturalists in the last century
(Boscá 1877; Lortet 1887). Although it is
not possible to reconstruct the history of
genetic divergence between east and west
Moroccan populations, these two groups
comply with a typical pattern of allopatric
subspeciation where a geographical bar-
rier such as the Moulouya River interrupts
the original continuity of the geographical
distribution.

The findings of the present study may
help to establish management and conser-
vation policies with regard to the intro-
duction of individual T. g. graeca speci-
mens of unknown origin into existing
genetically defined populations. Despite
the ban on the trade of tortoises by the
CITES convention, illegal trade represents
a current threat to Moroccan and Spanish
T. g. graeca populations (Lambert 1984;
Schleich et al. 1996), with hundreds of
spur-thighed tortoises confiscated at Eu-
ropean borders each year. The release of
individual animals in areas other than
those of their origin is not to be recom-
mended if hybridization between different
genetic pools is to be avoided. Moreover,

these transplantations could cause the
loss of adaptive complexes that, given the
slow evolution of mitochondrial DNA in
turtles (Walker and Avise 1998), may have
developed over millions of years.
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Bour R, 1988. Caractères diagnostiques offerts par le
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