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Abstract

The biogeographical distribution of brown trout mitochondrial DNA haplotypes through-
out the Iberian Peninsula was established by polymerase chain reaction-restriction frag-
ment polymorphism analysis. The study of 507 specimens from 58 localities representing
eight widely separated Atlantic-slope (north and west Iberian coasts) and six Mediter-
ranean drainage systems served to identify five main groups of mitochondrial haplotypes:
(i) haplotypes corresponding to non-native, hatchery-reared brown trout that were widely
distributed but also found in wild populations of northern Spain (Cantabrian slope);
(ii) a widespread Atlantic haplotype group; (iii) a haplotype restricted to the Duero Basin;
(iv) a haplotype shown by southern Iberian populations; and (v) a Mediterranean haplotype.
The Iberian distribution of these haplotypes reflects both the current fishery management
policy of introducing non-native brown trout, and Messinian palaeobiogeography. Our
findings complement and extend previous allozyme studies on Iberian brown trout and
improve present knowledge of glacial refugia and postglacial movement of brown trout
lineages.
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Introduction

 

Genetic studies performed on brown trout (

 

Salmo trutta

 

 L.)
strongly suggest that a large proportion of the evolu-
tionary diversity of this widespread species corresponds
to southern European countries bordering the Mediter-
ranean (Giuffra 

 

et al

 

. 1994; Apostolidis 

 

et al

 

. 1996; García-
Marín 

 

et al

 

. 1999). However, the genetic diversity and
phylogeographic structure of these southern forms has
not yet been well-established, and this diversity may be
threatened by the introduction of hatchery reared trout
from western and northern European populations to restock
Spanish populations. Herein, we report the findings of a
general mitochondrial DNA (mtDNA)-based survey of
brown trout in drainage systems throughout the Iberian
Peninsula, aimed at establishing the distribution of native
and non-native mtDNA lineages. The resultant information

was used to assess the impact of short-term restocking,
and the long-term phylogeographic history of the distribu-
tion of brown trout populations in the Iberian Peninsula.

Although one of the most genetically polymorphic fish
species (Ferguson 1989), showing multiple genetic bound-
aries within a broad natural distribution (Behnke 1986),
the brown trout is considered a single species. Moreover,
the phenetic variation of the brown trout constitutes a
complex mosaic, involving geographical morphs and
considerable life history variation (Behnke 1972, 1986),
and has even led some authors to consider 

 

S. trutta

 

 to be
a complex species (revised in Kottelat 1997).

Two regional groups of brown trout have been described
according to the frequency of alleles at an allozyme locus
(

 

LDH-5

 

*): 

 

LDH-5

 

*

 

100

 

 predominates in southern European
specimens, and 

 

LDH-5

 

*

 

90

 

 is found in fish from central
and north-west European regions, where trout populations
have probably only existed since the end of the last glaci-
ation (Ferguson 1989; Hamilton 

 

et al

 

. 1989; Guyomard
1991; Bernatchez & Osinov 1995; García-Marín & Pla
1996). Bernatchez 

 

et al

 

. (1992) sequenced two regions of
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the mitochondrial D-loop representing a large part of the
brown trout found in Europe and described five mtDNA
haplotype groups. Regional associations were indicated
by use of the following names: Atlantic, Mediterranean,
Adriatic-1, Adriatic-2 and Danube. However, these authors
observed no variation between specimens from Atlantic
river basins, whereas extensive variation is suggested
by restriction fragment length polymorphism (RFLP)
analysis of total mtDNA and the ND1, 5 and 6 (NADH
dehydrogenase subunits) and 16S rRNA genes (Hall &
Nawrocki 1995; Hansen & Loeschcke 1996; Hynes 

 

et al

 

.
1996).

The Iberian Peninsula has both Atlantic and Mediter-
ranean draining rivers and can be characterized by: (i) the
possible presence of anadromous trout in the Cantabrian
Sea and Galician region [these are absent southwards from
about latitude 42

 

°

 

N (Hamilton 

 

et al

 

. 1989)]; (ii) allozymic
differentiation between Atlantic and Mediterranean forms
(García-Marín & Pla 1996); and (iii) minor allozymic

differences between specimens of different basins (García-
Marín & Pla 1996; Machordom 

 

et al

 

. 1999). However,
allozyme data do not suggest strong biogeographical
relationships (García-Marín & Pla 1996; Morán 

 

et al

 

. 1996).
The allelle 

 

LDH-5

 

*

 

100

 

 appears to characterize native
Spanish populations, while the presence of 

 

LDH-5

 

*

 

90

 

always corresponds to introduced fish or their descend-
ants (García-Marín 

 

et al

 

. 1991; Martínez 

 

et al

 

. 1993).
In Spain, the reduction or total loss of natural popu-

lations has prompted a restocking programme involving
the introduction of foreign trout mainly from central
(Germany) (Hatcheries’ staff personal communication) or
northern Europe (Denmark). Molecular markers have
shown that hatchery-reared salmonids can interbreed
with wild fish (Taggart & Ferguson 1986; García-Marín

 

et al

 

. 1991; Hindar 

 

et al

 

. 1991; Martínez 

 

et al

 

. 1993; Arias
1996; Machordom 

 

et al

 

. 1999), but the success of wild
reproduction of brown trout strains introduced into the
Iberian Peninsula has not been rigorously assessed.

Fig. 1 Sampling localities (slope, basin, number and name of river): Cantabrian: Sella (1-Dobra), Nalón (2-Pigüeña), Esba (3-Moras),
Navia (4-Moia, 5-Lamas). Atlantic: Duero (6-Pisuerga, 7-Moros, 8-Eresma, 9-Cega, 10-Aguisejo, 11-Abide, 12-Mazo, 13-Duero-Hinojosa,
14-Tera, 15-Duero-Duruelo de la Sierra); Tagus (16-Jerte, 17-Tiétar, 18-Ibor, 19-Del Arenal, 20-Alberche, 21-Garganta de la Iruela,
22-Jarama, 23-Bornova, 24-Dulce, 25-Ablanquejo, 26-Gallo, 27-Tagus-Buenafuente, 28-Tagus-Peralejos, 29-Cabrillas, 30-Arandilla, 31-
Escabas, 32-Guadiela, 33-Tagus-Tres Mojones, 34-Hoz Seca); Guadalquivir (35-Ribera de Hueznar, 36-San Juan, 37-Maitena, 38-Fardes, 39-
Cebollón, 40-Dilar, 41-Genil), Guadalete (42-Bosque); Morocco: 59-Ifni Lake; Mediterranean: Genal (43-Genal), Guadalfeo (44-Lanjarón,
45-Trévelez), Andarax (46-Andarax), Segura (47-Guadalentín, 48-Zumeta, 49-Arroyo Endrinales, 50-Madera, 51-Segura, 52-Tus, 53-
Paterna), Júcar (54-Cabriel, 55-Laguna del Marquesado, 56-Arroyo Almagrero), Ebro (57-Mesa-Mochales, 58-Mesa-Algar de Mesa).
Hatcheries (60–63).
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This paper describes extensive sampling of Iberian
brown trout populations from the main Spanish drainage
systems, and from central Europe (from hatcheries) and
Morocco. Evolutionary lineages were explored by restric-
tion fragment analysis of mtDNA. This technique has
been empirically demonstrated to distinguish between
brown trout of different geographical origins (Hall &
Nawrocki 1995; Hansen & Loeschcke 1996; Hynes 

 

et al

 

.
1996).

The main objectives of the present study were: (i) to
determine whether mtDNA markers may discriminate
foreign from native Iberian brown trout; (ii) to compare
mtDNA lineage distribution to the Iberian biogeographic
structure previously suggested by chorological and alloz-
yme data, and possibly find markers able to distinguish
haplotypes at the basin, river or even population level;
(iii) to test hypotheses regarding glacial refugia and later
recolonizations from southern Europe; and (iv) to apply
these results to management policy in terms of Opera-
tional Conservation Units (OCUs, Doadrio 

 

et al

 

. 1996).

 

Materials and methods

 

Most of the trout specimens were obtained by electro-
fishing methods. Liver or skeletal muscle samples were
dissected and preserved in the field in liquid nitrogen.
Alternative tissue samples were fin clips preserved in
70% ethanol.

We analysed 507 specimens corresponding to 58 popu-
lations of Spanish brown trout. Corresponding areas,
basins and rivers analysed were allocated a sample site
number (see Fig. 1), hereafter shown in square brackets.
Five of the populations sampled represented rivers of
the Cantabrian slope [1–5], 37 to Atlantic rivers [6–42],
and 16 to Mediterranean rivers [43–58] (Fig. 1). We also
examined one population (

 

n

 

 = 10) from Morocco [59]
(Atlantic slope), and four different hatchery stocks
[60–63] (

 

n

 

 = 38) as references for non-native trout. A 

 

Salmo
salar

 

 and a 

 

Oncorhynchus mykiss

 

 specimen were used for
outgroup analysis.

Basin sample sizes were based on the size of the basin
and differences in available habitat, and ranged from
a maximum of 19 populations (

 

n

 

 = 242) taken from the
Tagus basin [16–34] and a minimum of one (

 

n

 

 = 4) from
the Andarax basin [46] (see Table 1).

Total DNA extraction was performed according to
standard phenol–chloroform procedures (Sambrook 

 

et al

 

.
1989). Primers designed for the mtDNA sequencing
of rainbow trout (Zardoya 

 

et al

 

. 1995) were used to
amplify the region between the NADH-5 (‘1920Fw4’:
5

 

′

 

GCAGCTATGCACCCGACTACACT3

 

′

 

) and the cytochrome

 

b

 

 (‘

 

PvuII

 

16Rev’: 5

 

′

 

GGCAAACAGAGGAGAAAGCTGTT3

 

′

 

)
genes. The second primer was used for preliminary
amplifications but was subsequently replaced by a primer

specific for brown trout (‘

 

PvuII

 

16St’: 5

 

′

 

GGCAAACAGA-
GGAAAAGGCTGTT3

 

′

 

).
The PCR mixture contained approximately 50–150 ng

of DNA, 150 ng of each primer, 200 

 

µ

 

m

 

 of each dNTP,
1.5 U 

 

Tth

 

 polymerase (XL, Perkin Elmer) and correspond-
ing buffer, 1.5 m

 

m

 

 MgCl

 

2

 

 and H

 

2

 

0 in a final volume of
50 

 

µ

 

L. Amplification was performed in a thermal cycler
(Perkin Elmer 2400) programmed as follows: 94 

 

°

 

C for
5 min, 40 cycles at 94 

 

°

 

C for 30 s, 55 

 

°

 

C for 1 min, 72 

 

°

 

C
for 1 min 30 s, followed by a final extension at 72 

 

°

 

C for
10 min. PCR amplification yielded a fragment of approxim-
ately 2700 bp, which was visualized by ethidium bromide
in 0.8% agarose gel.

The amplified fragments were subsequently screened
for polymorphism using the restriction endonucleases:

 

Alu

 

I,

 

 Hin

 

cII,

 

 Msp

 

I,

 

 Rsa

 

I and 

 

Sau

 

3AI. All these enzymes
recognize tetranucleotide palindromic sequences except

 

Hin

 

cII which recognizes a hexanucleotide sequence. Seven
or 8 

 

µ

 

L of each PCR product were digested overnight
with 5 U of the restriction enzyme in a final volume of
18–20 

 

µ

 

L. Restriction fragments were visualized under
UV light on 1.5% agarose gels stained with ethidium
bromide. The program ‘Kodak Digital Science 1D 2.0’
was used to calculate the molecular size of the restriction
fragments, based on comparisons with a comigrating
100 bp ladder molecular weight marker.

The RFLP pattern produced by each endonuclease was
assigned a letter so that each composite mtDNA geno-
type was defined by a five letter code.

Non-native haplotypes were established according to
distance and parsimony analysis using hatchery samples
of foreign trout as reference. Where possible, allozyme
(Machordom 

 

et al

 

. 1999 and unpublished data) and mtDNA
data permitted us to corroborate the foreign origin of
specimens. Once the non-native brown trout haplotypes
had been defined, we were able to analyse the biogeo-
graphical distribution of natural populations and their
degree of differentiation based on comparisons between
native mtDNA haplotypes.

The 

 

arlequin

 

 program (Excoffier 

 

et al

 

. 1992; Schneider

 

et al

 

. 1997) was used for F-statistics and to estimate haplo-
type frequencies and molecular variance (

 

amova

 

) in each
population. Distances between haplotypes or nucleotide
sequence divergence (Nei & Li 1979; Nei 1987) were
determined using the 

 

reap

 

 program (McElroy 

 

et al

 

. 1992).
As 

 

O. mykiss

 

 showed no common product following 

 

Hin

 

cII
digestion of the PCR-amplified segment, a hypothetical
common fragment profile was established (Table 2, bold
characters) to permit the calculation of nucleotide diver-
gence (

 

d

 

). This index is computed separately for each
restriction enzyme and an overall weighted estimate
of evolutionary divergence is then generated (McElroy

 

et al

 

. 1992). If two operational taxonomic units (OTUs)
or composite haplotypes do not share a common
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Table 1

 

Percentage of haplotypes detected in each population. The number of the populations are described in Fig. 1. Two basins were abbreviated: Glte = Guadalete and Anax = Andarax. The
population frequency of the foreign allele 

 

LDH-5

 

*

 

90

 

 is indicated when available

Slope Cantabrian Sea Atlantic Ocean …

Basin Sella Nalón Esba Navia Duero Tagus

Pop. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Haplotype

 

n

 

 = 8 8 11 11 11 4 6 10 21 10 6 5 15 5 6 10 9 10 6 8 5 12 19 20 12 10 12 10 20 9 13 20 12 25
AAAAA 25 25 91 45 45

 

— —

 

70

 

— —

 

17

 

— —

 

60

 

— — —

 

20

 

— —

 

20

 

— —

 

35

 

—

 

20 8

 

—

 

5

 

—

 

31

 

— — —

 

AAAEA

 

— — — — — — — — — — — — — — — — — — — — — — —

 

5

 

— — — — — — — — — —

 

ABACA 75 75 9 55 55

 

—

 

17 20 29

 

— — — — —

 

50 40 56 80 67

 

— —

 

33 37 25 100 80 92 100 95 100

 

—

 

95 100 100
ABACC

 

— — — — — — — — — — — — — — —

 

60

 

— — —

 

100 20 67 63

 

— — — — — — — — — — —

 

BAAAA

 

— — — — — — —

 

10

 

— — — — — — — — — — — — — — — — — — — — — — — — — —

 

BBABB

 

— — — — —

 

100 83

 

—

 

71 100 83 100 100 40 50

 

—

 

44

 

—

 

33

 

—

 

60

 

— — — — — — — — — — — — —

 

BBACA

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

46

 

— — —

 

BBBDA

 

— — — — — — — — — — — — — — — — — — — — — — —

 

15

 

— — — — — — — — — —

 

BBCDA

 

— — — — — — — — — — — — — — — — — — — — — — —

 

20

 

— — — — — — — — — —

 

CBBDA

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

23 5

 

— —

 

LDH-5*90

 

0 0 0 0 0 0 4 2.2 2.7 21.1 17 0 0 18 2 0 0 6.1 0 0 15 0 2.9 10 0 7.5 2.5 2.5 8.3 0 27.8 26.4 20 6.2

Slope … Atlantic Ocean Mediterranean Sea Foreign trouts

Basin Guadalquivir Glte Genal Guadalfeo Anax Segura Júcar Ebro Ifni Hatcheries

Pop. 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63

Haplotype

 

n

 

 = 2 4 2 2 3 4 1 2 1 4 3 4 4 4 9 2 4 14 3 12 8 12 11 13 10 17 11 9 1
AAAAA 100

 

— — — — — —

 

100 100 75 33

 

— — — —

 

50

 

— —

 

100 8 50

 

— — — —

 

100 100 67 100
AAAEA

 

— — — — — — — — — — — — — — — — — — — —

 

12

 

— — — — — —

 

33

 

—

 

ABACA

 

— — — — — — — — — — — — — — — — — — — — — — — —

 

100

 

— — — —

 

ABACC

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

BAAAA

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

BBABB

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

BBACA

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

BBBDA

 

— — — — — — — — — — — — — —

 

100

 

— —

 

100

 

—

 

92 37 100 100 100

 

— — — — —

 

BBCDA

 

—

 

100 100 100 100 100 100

 

— —

 

25 67 100 100 100

 

—

 

50 100

 

— — — — — — — — — — — —

 

CBBDA

 

— — — — — — — — — — — — — — — — — — — — — — — — — — — — —

 

LDH-5*90

 

— — — — — — — — — — — — — —

 

0

 

— —

 

2.5

 

—

 

25 81.6 2.6 7.5 7.5

 

—

 

100 100 42.1

 

—
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fragment, the resulting evolutionary distance may be
artificially increased. The error introduced by including
the hypothetical character is most likely far smaller than
the error resulting from a lack of shared characters
(McElroy 

 

et al

 

. 1992). The presence/absence matrices
of each restriction fragment were processed by both
distance and parsimony (Dollo method) analysis using

 

phylip

 

 version 3.5 (Felsenstein 1993) and 

 

paup

 

* version
4.0b2 programs (Swofford 1999). An heuristic search with
tree bisection reconnection (TBR) branchswapping and
10 replicates of random addition of taxa was performed.
The relative robustness of each dichotomy was estab-
lished by bootstrap analysis (1000 replicates). Neighbour-
joining algorithms served to construct trees based on
interhaplotype and interpopulation distances. In the latter
case, the distance matrix included haplotype frequencies
corresponding to each population and the distances
between each haplotype (DA program, 

 

reap

 

 package,
McElroy 

 

et al

 

. 1992).

 

Results

 

Twelve mtDNA haplotypes were identified in the popula-
tions. The outgroups, Oncorhynchus mykiss and Salmo salar
showed the haplotypes DCDFD and EDEGE, respectively.
The different endonucleases recognized one to six restriction
sites. Corresponding RFLP patterns are shown in Fig. 2.
The size of fragments under 100 bp could not be reliably

estimated. RFLP patterns corresponding to the Spanish
samples reflected the gain/loss of a single restriction site.
Only two fragments were shared by all haplotypes. Thirty-
seven fragments were autapomorphic, and 23 represented
phylogenetically informative characters.

Autochthonous vs. allochthonous haplotypes

The four hatchery strains of foreign brown trout showed
the haplotypes AAAAA and AAAEA. The BAAAA pattern
was observed in a single specimen from the river Eresma [8],
a population containing several trout with the non-native
AAAAA haplotype. This suggests that the BAAAA haplo-
type represents a mutation in the hatchery reference
strain. These three haplotypes clustered together in the
parsimony and distance analyses (see below).

Twenty-four of the Spanish populations showed for-
eign haplotypes with frequencies ranging from 5% to
100% (Table 1). Mitochondrial analysis of populations
from the Tagus-Tres Mojones [33], Mesa-Mochales [57]
and Mesa-Algar de Mesa [58] was only performed on
specimens considered to be autochthonous based on
previous allozyme data (unpublished results, Table 1).
The Cantabrian [1–5] populations showed 25% to 90%
AAAAA, suggesting a significant contribution of non-
native trout. Allozyme analysis however, indicates that all
Cantabrian trout are homozygous for the autochthonous
diagnostic allele (LDH-5*100), and there is no indication

Table 2 Matrix of restriction fragments presence/absence for the different patterns found for each endonuclease. For the explanation of
the bold column, see the text

AluI HincII MspI RsaI Sau3A I

A 000100011110010 A 0100001101 A 00110010100 A 010000011001 A 100000000100101
B 100000010110010 B 0101000001 B 00110001101 B 010000011010 B 010000000100111
C 010000010110010 C 1000100011 C 00011110100 C 100000011001 C 000110000100101
D 001100001110110 D 0011010001 D 10010010000 D 000110011001 D 001000011001000
E 000011100011001 E 01010000110 E 010001001001 E 000001101110000

F 010000010100
G 001010100000

Fig. 2 Random fragment length polymorphism patterns yielded by the five restriction enzymes. ‘Ladder 100’ is the molecular weight reference.
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of non-native alleles at other loci (P. Martínez and P. Morán,
personal communications, Table 1). Thus, allozyme data
strongly suggest that the Cantabrian [1–5] populations
sampled here should be considered autochthonous or, at
least, they provide no evidence of recent hybridization
with restocked non-native trout. In subsequent analyses,
the haplotype AAAAA was considered autochthonous
for Cantabrian [1–5] populations. In the remaining popu-
lations, AAAAA, AAAEA and BAAAA were considered
non-native and were excluded from the analysis of genetic
diversity and biogeographic structure.

In general, the number of non-native mtDNA haplo-
types observed in the different Iberian populations is low,
although locally abundant in some areas (Table 1). For
example, of the 10 populations representing the Duero
[6–15] (Atlantic slope), seven (n = 67) only showed the
native mtDNA haplotypes (mainly BBABB followed
by ABACA), but two of the populations (n = 15) were
characterized by 60% or more non-native haplotypes.
Obviously, it is possible that some of these so-called
‘non-native’ haplotypes represent the Cantabrian AAAAA
autochthonous form. However, the absence of the
AAAAA haplotype in as many as seven populations
leads us to speculate that its occurrence in trout from the
Duero [6–15] reflects local stocking with non-native fish.
In the other main Atlantic-draining basin, the Tagus [16–
32, 34], 11 out of 18 populations (n = 140) showed only
native mtDNA haplotypes (mainly ABACA followed by
ABACC), and the proportion of non-native haplotypes
in the remaining seven populations (n = 90) ranged from
5% to 40%. Although samples sizes were considerably
smaller for the Mediterranean slope channels, the best-
sampled river, the Segura [47–53], showed a similar trend.
Five out of seven populations (n = 35) only showed the
native mtDNA haplotypes, BBCDA or BBBDA, and the
remaining two populations had 100% (n = 3) and 50%
(n = 2) AAAAA haplotypes.

It is of interest that samples showing relatively high
proportions of non-native mtDNA haplotypes corres-
ponded to rivers or lakes known to have been stocked
with non-native hatchery fish i.e. the rivers Eresma [8]
(70% non-native haplotypes), Tera [14] (60%), and the

Marquesado lagoon [55] (50%). Allozyme markers con-
firmed the mtDNA diagnosis of non-native trout at these
locations (Machordom et al. 1999 and unpublished data,
Table 1). Although two Atlantic (Ribera de Hueznar [35]
and Bosque [42]) and two Mediterranean (Genal [43] and
Paterna [53]) rivers could only be associated with the
non-native haplotype AAAAA, the corresponding sample
sizes were too small (n = 1–3) to be informative.

Haplotype and population diversity

Nucleon diversity shown by the 51 native populations,
of which we analysed more than one autochthonous
trout, ranged from 0 (40 populations) to 0.7121 (river
Dulce [24]) with an average of 0.1549 ± 0.2365 (s.d.), while
nucleotide diversity values averaged 0.0177 ± 0.0303 (s.d.)
with a maximum of 0.0978 (river Duruelo [15]).

When the Iberian populations were grouped according
to basin of origin (i.e. the 12 basins shown in Table 1 after
exclusion of the Guadalete [42] and Genal [43] basins,
where only three specimens were analysed and found to
bear the AAAAA haplotype), intergroup (interbasin) vari-
ation was 55.90% when FST were calculated from haplo-
type frequencies (P < 0.001), and 70.58% when pairwise
differences (φCT) were considered (P < 0.001) (Table 3).
Populations were also stratified according to geograph-
ical region and shared haplotypes to give the following
regional assemblages: North (Sella [1], Nalón [2], Esba [3]
and Navia [4–5] basins), South (Guadalquivir [35–41],
Guadalfeo [44–45] and Andarax [46] basins), and Mediter-
ranean (Ebro [57–58] and Júcar [54–56] basins). In this case,
intergroup variation showed a slight increase yielding values
of FST = 57.98 (P < 0.001), and φCT = 72.10% (P < 0.001).

Table 4 shows the indices of nucleotide divergence
between haplotypes. The distances from the outgroup
(O. mykiss and S. salar) and remaining haplotypes were
clearly the greatest (D = 0.1012). Minimum divergence was
shown between the haplotypes AAAAA and AAAEA
(d = 0.0037), BBBDA and CBBDA (d = 0.0037), and ABACA
and ABACC/BBACA (d = 0.0058 and 0.0061, respectively).
Remaining values for Spanish native trout ranged from
d = 0.0113–0.0315.

Table 3 Analysis of variance of pairwise differences and haplotype frequencies among native trouts, estimated by amova (Schneider
et al. 1997). P is the probability that the random value was greater than the observed value from 1000 iterations

Pairwise differences Haplotype frequencies

Variance % total Φ P Variance % total F P

Among basins (ΦCT, FST) 2.863 70.58 0.706 < 0.001 0.248 55.90 0.559 < 0.001
Among populations within basins (ΦSC, FIS) 0.592 14.61 0.497 < 0.001 0.105 23.59 0.535 < 0.001
Within populations (ΦST, FIT) 0.601 14.81 0.852 < 0.001 0.091 20.51 0.795 < 0.001
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Distance and parsimony analyses of haplotypes yielded
equivalent clusters, with the exception of BBACA which
clustered with group 2 in the parsimony analysis and
with group 3 in the distance analysis, but with no sup-
porting Bootstrap values (see Fig. 3). Four groups were
established according to the main haplotypes corresponding
to each basin (Fig. 3, and clusters indicated in Table 5).
Thus, group 1 defined the BBABB haplotype, predominant
in trout from the Duero basin [6–15]. Group 2 represented
fish collected from the Cantabrian [1–5] and Atlantic [6–
34] rivers, and group 3 characterized the southern [35–46]
and Mediterranean [47–58] rivers. Group 4 showed the
foreign trout and Cantabrian [1–5] haplotypes.

The distribution and frequency of the main Atlantic
haplotype (ABACA) was: 51% in the Cantabrian slope [1–
5], 15.8% in the Duero [6–15], 72% in the Tagus [16–34],
and 100% in Morocco [59] (Tables 1 and 5). This haplo-

type was absent in fish from one of the Atlantic basins,
the Guadalquivir [35–41], which in the present study was
genetically classed as a southern basin. The main haplo-
type corresponding to the Duero basin [6–15] (BBABB,
84.2%) was only present in 4% of specimens from the
Tagus basin [16–34]. Southern populations (from the
Guadalquivir [35–41] on the Atlantic side, to the Andarax
[46] flowing into the Mediterranean) showed the unique
BBCDA haplotype, while the Mediterranean populations
(Ebro [57–58] and Júcar [54–56] basins) only showed the
BBBDA haplotype. The Segura [47–53] was inhabited by
trout of both southern (36.1%) and Mediterranean (63.9%)
haplotypes. This river would appear to represent the
penetration limit of both haplotypes. However, these
‘non-Atlantic’ haplotypes were also found in specimens
of the Tagus basin (river Dulce [24]) and represented 3.1%
of the native haplotypes observed.

Table 4 Nucleotide divergence (Nei & Li 1979; Nei 1987) between the composite haplotypes found

AAAAA
AAAAA 0.0000 AAAEA
AAAEA 0.0037 0.0000 ABACA
ABACA 0.0113 0.0154 0.0000 ABACC
ABACC 0.0171 0.0215 0.0058 0.0000 BAAAA
BAAAA 0.0058 0.0100 0.0179 0.0245 0.0000 BBABB
BBABB 0.0245 0.0296 0.0228 0.0249 0.0179 0.0000 BBACA
BBACA 0.0179 0.0226 0.0061 0.0126 0.0118 0.0154 0.0000 BBBDA
BBBDA 0.0263 0.0315 0.0195 0.0269 0.0198 0.0249 0.0126 0.0000 BBCDA
BBCDA 0.0263 0.0315 0.0195 0.0269 0.0198 0.0249 0.0126 0.0120 0.0000 CBBDA
CBBDA 0.0263 0.0315 0.0195 0.0269 0.0245 0.0307 0.0175 0.0037 0.0166 0.0000 DCDFD
DCDFD 0.0669 0.0752 0.0726 0.0746 0.0828 0.0824 0.0917 0.1102 0.0962 0.1102 0.0000 EDEGE
EDEGE 0.1287 0.1287 0.1176 0.1202 0.1263 0.1176 0.1149 0.1026 0.1026 0.1026 0.1485 0.0000

Fig. 3 Parsimony and distance trees of the
12 haplotypes detected. (A) Dollo parsimony
analysis with presence/absence of each
fragment. (B) Neighbour-joining tree based
on nucleotidic divergence. In both trees,
numbers on the branches indicate percent-
age support in 1000 bootstrap replications
and the numbers next to the vertical lines
represent the clusters cited in the text.
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Inter-population divergence (DA) indices were used
to construct a population neighbour-joining tree (Fig. 4).
The first dichotomy separates the populations of the
Duero [6–15] basin from remaining populations. The main
groups define the geographical or basin origin of each
population, with the exception of the three populations
from the Tagus basin (rivers Tiétar [17], Del Arenal [19]
and Iruela [21]), that also showed the Duero basin haplo-
type, BBABB. Two populations of the Tagus basin (rivers
Escabas [31] and Dulce [24]), which showed haplotypes
common to or derived from those of the Mediterranean
populations (CBBDA), were also separated from the
Tagus cluster. In addition, one Duero basin population
(river Eresma [8]) was grouped with those of the Tagus
basin. Finally, the Moras river [3] population (Cantabrian
slope) showed slight variation compared to other popu-
lations of the same area, as its main haplotype was
AAAAA.

Discussion

Autochthonous vs. allochthonous haplotypes

The genetic identification of non-native and autochthonous
haplotypes of brown trout throughout the Iberian Peninsula
should help to improve the management of this species.
The AAAAA haplotype was found in 92.1% of foreign
hatchery trout (the AAAEA haplotype completed the total)
and typically identifies brown trout or their descendants,
that have been introduced into the Iberian Peninsula. In
most cases, allozyme data confirmed the AAAAA haplotype
of introduced fish as it was associated with the allozyme
allele LDH-5*90 (Table 1), known to be allochthonous
in the Iberian Peninsula (Machordom et al. 1999 and
unpublished results). This general rule, however, does
not hold true for the Cantabrian [1–5] populations. In
rivers of the north coast of Spain, the AAAAA haplotype

Table 5 Distribution of the presumed native haplotypes in the different basins analysed. n1 = total number of individuals analysed, n2 = number
of individuals not presenting foreign haplotypes. For numbers in square brackets see Fig. 1. Cluster numbers correspond to Fig. 3

Slope Basin (n1, n2) Haplotypes Percentage Cluster

Northern slope Sella [1] ABACA 75.0 2
(8) AAAAA 25.0 4
Nalón [2] ABACA 75.0 2
(8) AAAAA 25.0 4
Esba [3] AAAAA 90.9 4
(11) ABACA 9.1 2
Navia [4, 5] ABACA 54.5 2
(22) AAAAA 45.4 4

Atlantic slope Duero [5–15] BBABB 84.2 1
(88, 76) ABACA 15.8 2
Tagus [16–34] ABACA 72.6 2
(242,223) ABACC 15.7 2

BBABB 4.0 1
BBACA 2.7 2–3
BBCDA 1.8 3
CBBDA 1.8 3
BBBDA 1.3 3

Guadalquivir [35–41] BBCDA 100 3
(18, 16)
«Morocco» [59] ABACA 100 2
(10, 10)

Mediterranean slope Guadalfeo [44, 45] BBCDA 100 3
(7, 3)
Andarax [46] BBCDA 100 3
(4, 4)
Segura [47–53] BBBDA 63.9 3
(40, 36) BBCDA 36.1 3
Júcar [54–56] BBBDA 100 3
(32, 26)
Ebro [57, 58] BBBDA 100 3
(24, 24)
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is very frequent, although the specimens analysed were
classified as native through their association with the
LDH-5*100 allele (the autochthonous form of the LDH-5*
locus corresponding to the Iberian Peninsula) and the
absence of other foreign allozyme markers. Thus, AAAAA,
AAAEA and BAAAA are considered non-native haplo-
types except for the Cantabrian [1–5] populations (where
AAAAA is related to autochthonous forms).

The natural Iberian distribution limit of the AAAAA
haplotype is almost certainly associated with latitude 42°N,
the southern migration limit of anadromous brown trout
(Hamilton et al. 1989) (Fig. 1). Our results suggest that the

north-European mtDNA haplotype (AAAAA) has penet-
rated Iberian brown trout populations to a greater extent
than nuclear markers representing these northern forms
of the species (LDH-5*90). It is proposed that the differen-
tiation of LDH-5* took place around the last glaciation
(Ferguson 1989; Hamilton et al. 1989). Thus, nuclear pen-
etration of LDH-5*90 might have occurred much more
recently than differentiation of the mitochondrial haplo-
types associated with the Iberian Peninsula [see below,
where we date mitochondrial differentiation as 0.4–6.3
million years ago (Ma)], and is probably associated with
trout dispersal following the last glaciation. The fact that

Fig. 4 Neighbour-joining tree of nucleotide
divergence between the populations analysed
according to haplotype frequency distribu-
tions and haplotype nucleotidic divergence
(estimated using reap). The basins or slope
of each group are indicated. The bold char-
acters mark the populations that cluster
outside their geographical area.
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female migration might be greater than that of males
(Campbell 1977; Jonsson 1985) should also be taken into
account as a possible explanation for the increased south-
ward penetration of mitochondrial vs. allozyme genotypes.

Non-native mtDNA haplotypes are widespread across
the Iberian Peninsula but vary greatly in frequency. Many
of the present populations only showed autochthonous
mtDNA haplotypes, while a much smaller number of popu-
lations bore relatively high proportions of non-native mtDNA
haplotypes. The patchy distribution of non-native fish haplo-
types across the Iberian Peninsula is not surprising given
the long but localized tradition of restocking with brown
trout of north and central European origin. Excluding
the Guadalfeo basin [44–45] (57.14%), where only seven
specimens were collected, non-native haplotypes were
observed in under 20% of fish in each basin: Júcar [54–56]
(18.75%), Duero [6–15] (13.64%), Tagus [16–32, 34] (8.26%),
Guadalquivir [35–41] (11.11%) and Segura [47–53] (10%).

Haplotype and population diversity

Divergence values for the autochthonous haplotypes
ranged from 0.37% to 3.07%. These are slightly higher than
values quoted for conspecific salmonids (e.g. Bernatchez
et al. 1992, 0.16–1.92%; Cronin et al. 1993, < 1%; Bembo
et al. 1994, 0.03–0.13%; Bernatchez & Osinov 1995, < 1.43%),
but similar to those reported for Greek brown trout
(Apostolidis et al. 1996, 0.21–3.42%). The mean value
between allochthonous and autochthonous haplotypes
was in the same range (2.25%). Mean divergence between

Salmo trutta and its congener S. salar was 11.62%, higher
than values provided by other authors: 6.18–6.52%
(Gyllensten & Wilson 1987) or 5.44–6.44% (Bernatchez
et al. 1992). These differences are probably attributable
to the fact that here, RFLP was detected using restric-
tion enzymes showing polymorphism, with its inherent
bias. F-statistics analysis yielded higher values for the
mitochondrial marker than those previously reported in
allozymic studies, permitting the more accurate detection
of interbasin population structure differences.

Phylogeography

Nucleotide sequence divergence is often useful for
describing the phylogenetic relationships of haplotypes,
but not necessarily those of populations or species
(Bermingham & Avise 1986; Pamilo & Nei 1988).
Nonetheless, and in contrast with the findings of similar
studies (Hansen & Loeschcke 1996; Morán et al. 1996;
Apostolidis et al. 1997), our results suggest a high level of
congruence between haplotype distribution and Iberian
biogeography. The general pattern did not hold true for a
few populations, although human management strategies
generally served to explain these discrepancies. A strong
geographical component was shown by the phylogenetic
relationships of the autochthonous haplotypes. This
was represented by the five clusters corresponding to
the populations: (1) Cantabrian [1–5], (2) Duero [6–15],
(3) Tagus [16–34], (4) Southern [35–53] (both Atlantic and
Mediterranean), and (5) Mediterranean [47–58] (Fig. 5).

Fig. 5 Biogeographical areas and proposed Operational Conservation Units (OCUs) based on the presence and frequencies of haplotypes
in the populations analysed. The Segura basin shows overlapping because it shares Mediterranean and Southern haplotypes.
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Fish from the Cantabrian [1–5], Duero [6–15] and Tagus
[16–34] basins shared the haplotype ABACA, indicating a
historical relationship between Atlantic rivers (as far
south as the Atlantic Moroccan coast [59]). However, the
main haplotype found in the Duero [6–15] basin (BBABB,
84.2%) is a local haplotype. This differentiation might
be related to the geological features of the Duero Basin,
found at the greatest altitude in the Iberian Peninsula
(around 800 m). Marked changes in slope (Arenillas Parra
& Sáenz Ridruejo 1987) may have led to isolation of the
river headwaters from its lower reaches and thus to popu-
lation isolation. mtDNA haplotypes were also restricted
to populations of the Tagus basin [16–34] (e.g. ABACC,
15.7%).

Different forces appear to have shaped the genetic
structure of Atlantic and Mediterranean drainage systems
after the differentiation of the populations of these regions.
All the Mediterranean populations analysed shared
one haplotype, except those of the Segura basin [47–53],
which showed two haplotypes (Mediterranean and
Southern). The Southern populations also formed a dis-
tinct group because a unique diagnostic haplotype
was present in both Atlantic and Mediterranean
Andalusian slopes. This might be attributable to the exist-
ence of a Betic-Riffian common ancestral genotype as
shown by different fish species (Perdices et al. 1995; Doadrio
et al. 1996; Machordom et al. 1998). This region, which
includes the south Iberian area (from the Guadalquivir
basin) and part of North Africa, was isolated from the
Iberian Peninsula during the Palaeogene and has been
connected since the Miocene/Pliocene (5.5 Ma) (López-
Martínez 1989; Barbadillo et al. 1997). Unfortunately, due
to the scarce presence of trout off the Maghreb Mediter-
ranean coast (we were unable to obtain a single sample)
we could not test this hypothesis. The low diversity of the
Mediterranean populations was nevertheless evident and
might be explained by the recent, rapid recolonization
and/or a drastic reduction in population size. Even
though a certain degree of polymorphism in the Mediter-
ranean populations analysed was suggested by the alloz-
yme markers, it must be remembered that the effective
population size for mtDNA is a quarter of that corres-
ponding to nuclear DNA (assuming equal sex ratios).
The different behaviour of nuclear and mitochondrial
markers is particularly relevant in the study of sal-
monids because, as a result of natal homing in specific
tributaries, the breeding population size may be in the
hundreds. Thus, the difference in effective population
size corresponding to nuclear DNA and mtDNA would
be significant (Ferguson et al. 1995).

The present findings based on mitochondrial haplo-
typing are in general agreement with those of allozymic
studies conducted in the Iberian Peninsula (García-Marín
& Pla 1996; Machordom et al. 1999), although here the sep-

aration between the different areas was clearly apparent.
However, genetic data corresponding to the southern
Iberian Peninsula were insufficient and, to date, no dia-
gnostic or unique alleles have been found in Andalusian
populations (García-Marín & Pla 1996). Hence, the pres-
ent mitochondrial analysis is the first indication of the
singularity of the southern Iberian trout populations.

Correlation between nucleotide diversity and time of
separation of taxa may be high as, given the close nature
of the taxa or populations under study, a similar evolu-
tionary change rate would be expected. According to gen-
eral models (Brown et al. 1982; Moritz et al. 1987; Kocher
et al. 1989; Bembo et al. 1994; Bermingham et al. 1997), this
correlation may be estimated at 1%–2% divergence per
million years (Myr) although a more accurate estimation
for salmonids (also based on RFLP analyses) would be
0.5–0.9% substitutions per Myr (Martin & Palumbi 1993).
Using this last criterion, the time of divergence between
the different haplotypes (d = 0.37–3.15% excluding out-
groups, Table 4) would be 0.41–3.5 Myr (0.9% per Myr),
or 0.74–6.3 Myr (0.5% per Myr). These values are in
agreement with those reported for Greek brown trout
(Apostolidis et al. 1997), whose haplotypes were also estim-
ated to differentiate during Messinian or Early Pliocene
times (2.5–6.0 Ma). Moreover, both Bernatchez et al. (1992)
and Apostolidis et al. (1997) suggested that the different
haplotypes found in their respective study areas appeared
at the same time, due to the short length of the branches
that join them. This is also evident in our analysis. For the
Greek and Iberian populations, the Messinian Crisis, when
contact between the Atlantic Ocean and the Mediter-
ranean Sea was interrupted, might have brought about
the isolation and subsequent differentiation of the different
haplotypes currently shown by brown trout.

The biogeographical history of brown trout has been
explained by several hypotheses. The present findings are
inconsistent with the idea of a lack of differentiation of
populations from different Spanish drainage systems
(Morán et al. 1996), and with the suggestion by the same
authors that all Spanish specimens are of the Mediter-
ranean type (sensu Bernatchez et al. 1992). Nevertheless,
the present relationships between haplotypes indicate the
contemporary appearance of four major groups (plus
derivative or sister haplotypes): the AAAAA haplotype,
the general Iberian Atlantic haplotype, ABACA, the
Duero haplotype BBABB, and the Mediterranean and
southern haplotypes, BBBDA and BBCDA, respectively.

Although our results suggest the probable appearance
of these haplotypes during the Miocene, several authors
relate the current distribution of the different genetic
units of brown trout to a dispersal phenomenon after the
last glaciation, indicating that the ancestral form is that
corresponding to southern and Mediterranean areas
(trout bearing the LDH-5*100 allele shared by species
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such as S. salar). Four major lineages associated with four
possible refugia during the last glaciation in Europe were
proposed by García-Marín et al. (1999) and correspond to:
north Atlantic and Iberian Atlantic drainage systems, the
Mediterranean Sea and the Black-Caspian-Aral seas. This
hypothesis is highly congruent with the data shown here
for the areas under study because the differentiation of
both Atlantic and Mediterranean lineages is clear and the
existence of a different group of haplotypes from the
north or central European area was also observed. More-
over, García-Marín et al. (1999) also indicate the possible
routes of postglacial migration, including north, east and
west routes for an initial lineage of southern British and
adjacent continental brown trout. Consistent with our
mitochondrial results, we could propose two alternative
hypotheses: First, the AAAAA haplotype would be dis-
tributed between the North Atlantic and the Cantabrian
coasts, before the last glaciations; and second, this haplo-
type, from the northern lineage, reached the Cantabrian
drainage system through southward migration from
the putative British refuge. A second lineage associated
with northward migration from Iberian Atlantic and
Cantabrian areas was proposed by García-Marín et al.
(1999), but our results indicate the coexistence of two
haplotypes in the Cantabrian region, probably represent-
ing the limit of mitochondrial marker penetration of the
two lineages proposed for the Atlantic coast. According
to the distribution of the ABACA haplotype (from the
Cantabrian Sea to the Moroccan coasts), we propose that
the second (‘south-Atlantic’) refuge is centred to the south
of that indicated by García-Marín et al. (1999).

Management implications

Given that in some rivers hundreds of thousands of
specimens (several times the native trout population size)
are restocked each year, the number of non-native fish
recorded herein is surprisingly low. We, therefore, propose
that Spain’s restocking policy requires reconsideration,
not only based on the lack of increase in population sizes,
but also in an attempt to avoid genetic contamination and
potential loss of locally adapted genomes.

If Spain is to discontinue restocking with non-native
fish, both biogeographical areas and mtDNA endemism
should be taken into account, and the regional differences
demonstrated for brown trout preserved. The present
authors propose a limit of five OCUs [continuous area
limited by geographical boundaries, and inhabited by one
or more populations sharing the same genetic pattern,
Doadrio et al. 1996) or evolutionarily significant units
(Moritz 1994)] corresponding to: Cantabrian rivers, Duero
basin, Tagus basin, southern rivers, and Mediterranean
rivers (Fig. 5). These biogeographic divisions generally
coincide with those established by chorological studies

on freshwater ichthyofauna of the Iberian Peninsula
(Doadrio 1988). Slight discrepancies are probably due to
the historical anadromous nature of brown trout.
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