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Abstract

Preservation of rare genetic stocks requires continual monitoring of populations to avoid losses of genetic variability. Genetic
variability can be described using genealogical and molecular parameters characterizing variation in allelic frequencies over time
and providing interesting information on differentiation that occurred after the foundation of a conservation program. Here we
analyze the pedigree of the rare Xalda sheep breed (1851 individuals) and the polymorphism of 14 microsatellites in 239 Xalda
individuals. Individuals were assigned to a base population (BP) or 4 different cohorts (from C1 to C4) according to their pedigree
information. Genetic parameters were computed at a genealogical and molecular level, namely inbreeding (F), observed (Ho) and
expected (He) heterozygosity, individual coancestry coefficients (f and fm), average relatedness (AR), mean molecular kinship
(Mk), average number of allele per locus (A), effective number of ancestors (fa), effective population size (Ne and Ne(m)) and
founder genome equivalents (Ng and Ng(m)). In general, the computed parameters increased with pedigree depth from BP to C4,
especially for the genealogical information and molecular coancestry-based parameters (fm, Mk and Ng(m)). However, Ho and He

showed the highest values for C1 and the molecular heterozygote deficiency within population (FIS(m)) showed the lowest value for
C1, thus indicating that loss of genetic variability occurs very soon after the implementation of conservation strategies. Although
no genealogical or molecular parameters are sufficient by themselves for monitoring populations at the beginning of a conservation
program, our data suggests that coancestry-based parameters may be better criteria than those of inbreeding or homozygosity
because of the rapid and strong correlation established between f and f(m). However, the obtaining of molecular information in
well-established conservation programs could not be justified, at least in economic terms.
© 2007 Published by Elsevier B.V.

Keywords: Genetic variability; Inbreeding; Homozygosity; Coancestry; Conservation program; Pedigree depth

1. Introduction

The breeding goal in small populations is the
conservation of genetic diversity. Genetic variability can
be described at the genealogical level using parameters
like inbreeding or kinship coefficients (Caballero and
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Toro, 2000). At the molecular level, highly variable loci
provide a large amount of information on individual
genotypes that is useful for clarifying population structure
(Balloux and Lugon-Moulin, 2002; Álvarez et al., 2004).
Even though genealogical analyses assume that each
individual in the base population has unique alleles on
each locus and molecular data are referred to finite
sampling (thus being more pronouncedly affected by time
forces), both sources of information are based on similar
assumptions (Rochambeau et al., 2001): criteria based on
pedigree information refer to any neutral autosomal locus,
while criteria based on observed genetic polymorphisms
mirror phenomena related to neutral genes or non-coding
regions.

Allelic frequencies vary over time as populations are
of finite size. The degree of temporal genetic differen-
tiation can be assessed over time, thus providing
interesting information on the differentiation that
occurred after founder events or bottlenecks (Hansson
et al., 2000). Preservation of rare genetic stocks requires
continual monitoring of populations (Caballero and
Toro, 2000), especially when pedigree information is
shallow and the management structure leads to losses of
genetic variability by drift or unobserved selection
(Goyache et al., 2003). When the available sample size
is small and genealogies are scarce, the combined use of
pedigree information and molecular markers might be
recommendable. Recent studies have formalized the
computation of coancestry coefficients from molecular
information (Caballero and Toro, 2000, 2002; Eding and
Meuwissen, 2001).With these findings researchers can
use theoretically equivalent parameters at the genealog-
ical and molecular level to monitor small populations
(Toro et al., 2002, 2003; Royo et al., 2007).

This study aims to test the interest of combining
genealogical and molecular information to monitor
genetic variability in small populations. We shall test
this approach on real data from the rare Xalda sheep
breed of Asturias (Álvarez Sevilla et al., 2004; Goyache
et al., 2003), which has recently undergone a conserva-
tion program, providing empirical evidence of interre-
lationship between molecular and genealogical
estimators of genetic diversity.

2. Materials and methods

2.1. Data and sampling

We obtained the information registered in the Xalda
herd book, which includes a total of 1851 animals (217
males), of the breeders’ association (ACOXA). Up to
1505 individuals (130 males) were alive at the moment

of carry out sampling and 1152 animals (107 males)
were considered reproductive individuals (older than
1 year). The Xalda flockbook includes a large number of
very small sized flocks. Although some of these flocks
have a short duration and do not remain within ACOXA
for long the number of actives flocks per year is usually
ranges between 50 and 60. A detailed description of the
main characteristics of the Xalda pedigree can be found
in Goyache et al. (2003). Using the program ENDOG
v3.2 (Gutiérrez and Goyache, 2005), we computed the
equivalent complete generations (ge) for each individual
in the pedigree. The parameter ge is computed as the
sum over all known ancestors of the term of (1 /2)n,
where n is the number of generations separating the
individual from each known ancestor (Boichard et al.,
1997). Notice that, on average for a given reference
population, ge is equivalent to the ‘discrete generation
equivalents’ (T) proposed by Woolliams and Mäntysaari
(1995), thus characterizing the amount of pedigree
information in data sets with overlapping generations.
This parameter was used to assign the Xalda individuals
to a discrete cohort by rounding the individual ge value
in order to obtain cohorts with average pedigree depth of
0 (individuals with no known parents or base popula-
tion), 1, 2, 3 and 4 ge’s. The identified cohorts and total
number of individuals per generation (in brackets) were:
Base population (BP; 325), Cohort 1 (C1; 607), Cohort
2 (C2; 521), Cohort 3 (C3; 336) and Cohort 4 (C4; 62)
(see Table 1).

Blood samples were randomly obtained from a total
of 303 reproductive (or selected for reproduction) Xalda
individuals, kept in a total of 58 different herds, and
assigned to their corresponding cohorts. For further
analyses, the following editing rules were applied: a) no
full sibs were allowed; and b) within a cohort, no half
sibs sampled in the same herd were allowed. After
editing, the number of available samples for the BP, C1,
C2, C3 and C4 were respectively 72, 49, 32, 50 and 36,
altogether totalling 239 samples (38 from male
individuals).

Individuals sampled for the BP are widely repre-
sented in the other cohorts, having links with 25.7%,
63.9%, 74.1% and 66.1% of the individuals in the
pedigree assigned to, respectively, C1, C2, C3 and C4.

2.2. Genealogical analyses

Genealogical information was analyzed using the
program ENDOG v3.2 (Gutiérrez and Goyache, 2005).
Pedigree data were analyzed in order to obtain the full
coancestry (f; Malécot, 1948) matrix of the Xalda
pedigree, the individual coefficient of inbreeding (F)
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(Malécot, 1948), defined as the probability that an
individual has two identical alleles by descent, and the
individual average relatedness coefficient (AR)
(Goyache et al., 2003; Gutiérrez et al., 2003), defined
as the probability that an allele randomly chosen from
the whole population in the pedigree belongs to the
animal. The three parameters were averaged per cohort.

Three additional parameters were computed for each
cohort and for the whole pedigree to characterize losses of
genetic variability across cohorts: a) the effective
population size (Ne), defined as the number of breeding
animals that would lead to the actual increase in
inbreeding if they contributed equally to the next
generation, was computed here as Ne ¼ 1

2DF, ΔF being

here the averageF for the tth cohort as realized inbreeding;
b) the founder genome equivalents (Ng; Lacy, 1989, 1995),
defined as the overall founder representation in a managed
population accounting for the loss of genetic variability
from unequal founder and non-founder contributions, was
obtained as Ng ¼ 1

2Df (Lacy, 1995; Caballero and Toro,
2000), Δf being the average f for each cohort as realized
coancestry. Parameter Ng is usually computed using
complex probability calculations orMonte Carlo pedigree
simulations (Lacy, 1995). The computation ofNg from the
additive relationship matrix (Caballero and Toro, 2000),
has the practical advantage of avoiding the need for gene
dropping methodologies, thus reducing the computational
effort; and c) the effective number of ancestors (fa)

Table 1
Description of the available data and sampling, and average genetic parameters per cohort and for the whole analyzed population

Parameter Base population Cohort 1 Cohort 2 Cohort 3 Cohort 4 Whole population

Number of individuals
In pedigree 325 607 521 336 62 1851
Genotyped 72 49 32 50 36 239

Sampled herds 25 29 24 24 16 58
Equivalent generations(ge)
Whole pedigree 0.0 1.1 2.0 3.0 3.8 1.6
Genotyped individuals a 0.0 1.0 2.0 3.1 3.7 1.7

Genealogical information
Inbreeding (F) – 0.011 0.023 0.061 0.141 0.026
Average relatedness (AR) – 0.024 0.033 0.043 0.048 0.027
Coancestry (f) – 0.013 0.022 0.040 0.066 0.013
FIS

b – −0.003 0.001 0.022 0.081 0.006
Effective number of
ancestors (fa)

– 53 35 20 15 31 c

Effective population size
(Ne)

– 46.0 21.7 8.1 3.5 19.6

Founder genome
equivalents (Ng)

– 39.9 23.0 12.6 7.6 37.8

Molecular information
Average number of alleles
per locus (A(60)

d)
8.1 7.7 7.3 7.6 7.1 7.6

Observed heterozygosity
(Ho)

0.644 0.657 0.594 0.594 0.596 0.617

Expected heterozygosity
(He)

0.728 0.736 0.716 0.711 0.696 0.696

Molecular coancestry f(m) 0.278 0.322 0.349 0.347 0.366 0.324
Mean kinship (Mk) 0.282 0.315 0.317 0.318 0.321 0.304
FIS(m)

a 0.108 0.032 0.090 0.090 0.061 0.080
Effective population size
(Ne(m))

– −32.8 6.6 6.4 6.9 11.8

Founder genome
equivalents (Ng(m))

– 8.1 5.1 5.3 4.1 7.8

Expected f(m) in the base
population (E(f(m)0)

– 0.314 0.335 0.320 0.321 0.315

a The S.E. of the average ge corresponding to C1, C2, C3 and C4 were, respectively, 0.07, 0.04, 0.04 and 0.04.
b Defined as heterozygote deficiency within a population.
c The effective number of ancestors (fa) was computed using each cohort as the reference population, except for the whole population, for which the

reference population included all the individuals in the pedigree with both parents known, as implemented by default in the program ENDOG
(Gutiérrez and Goyache, 2005).
d Average number of alleles per loci rarefacted (Hurlbert, 1971) for 60 copies.
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(Boichard et al., 1997), which accounts for the losses of
genetic variability produced by the unbalanced use of
reproductive individuals also taking into account bottle-
necks in the pedigree and defined as the number of equally
contributing ancestors that would be expected to produce
the same genetic diversity as in the population under study.
The parameter fa was computed as f a ¼ 1Pa

j¼1
q2j
, where qj

is the marginal contribution of an ancestor j; in other
words, the genetic contributionmade by an ancestor that is
not explained by other ancestors chosen before.

From the coancestry information, Wright’s (1969) F-
statistics, FIT, FST, and FIS (defined, respectively, as
heterozygote deficiency in the total population, hetero-
zygote deficiency due to population subdivision and
heterozygote deficiencywithin population) were obtained
as FIT ¼ ~

F� ~
f

1� ~
f
;FST ¼ ~

f� �
f

1��
f
; and FIS ¼

~
F� �

f
1� �

f
(Caballero

and Toro, 2000, 2002), where f̃ , F̃ are respectively the
mean coancestry and the inbreeding coefficient for the
entire population, and f̄ the average coancestry for each
defined subpopulation (here BP, C1, C2, C3 and C4). The
FIS statistic computed from genealogies is equivalent to
the parameter α (Caballero and Toro, 2000; Toro et al.,
2000), which means the departure from randommating as
a deviation from Hardy–Weinberg proportions. Positive
genealogical FIS values mean that the average F within a
population exceeds between-individuals coancestry
(Gutiérrez et al., 2005b) and occurs if matings between
relatives are not avoided (Toro et al., 2000).

2.3. Molecular analyses

Total DNA was isolated from blood samples fol-
lowing standard procedures (Sambrook et al., 1989). A
set of 14 microsatellites (BM8125, BM6526, CP34,
BM757, INRA006, BM6506, BM1818, FCB128,
CSSM31, CSSM66, ILSTS011, McM53, RM006,
ILSTS005) previously used in Álvarez et al. (2004,
2005, 2007) were analyzed in all individuals. The PCR
products were labelled using a fluorescent method (Cy5
labelled primer) and genotyping was performed on an
ALFexpressII automated sequencer (Amersham Bios-
ciences, Barcelona).

Molecular information was analyzed using the
program MolKin v2.0 (Gutiérrez et al., 2005a). The
following parameters were computed from microsatel-
lite information at the cohort and the whole population
level: observed (Ho) and expected (He) heterozygosity
and number of alleles per locus (A) corrected using
Hurlbert’s rarefaction method (1971) as A½g� ¼P

i 1�jg�1
k¼0

N�Ni�k
N�k

h i
, where g is the specified sampled

size, N the number of gene copies examined in a given
locus (NNg), and Ni the number of occurrences of the

ith allele among the N sampled gene copies to account
for sample size. Here, g was fitted to 60, which is twice
the minimum number of individuals within a cohort
with genotype known for all the microsatellites.

Additionally, the molecular coancestry matrix be-
tween the 239 genotyped individuals was computed.
The molecular coancestry (f(m)) between two individuals
i and j is the probability that two randomly sampled
alleles from the same locus in two individuals are
identical by state (Caballero and Toro, 2002). Molecular
coancestry between two individuals i and j at a given
locus can be computed using the following scoring rules
(Caballero and Toro, 2002; Eding and Meuwissen,
2001): fðmÞij;1 ¼ 1

4
½I11 þ I12 þ I21 þ I22�, where Ixy is 1 when

allele x on locus l in individual i and allele y in the same
locus in individual j are identical, and zero otherwise.
Notice that this value can only have four values: 0, 1/4,
1/2 and 1. The molecular coancestry between two
individuals i and j (f(m)ij) can be obtained by simply
averaging over L analyzed loci as fðmÞij ¼

PL
l¼1 fij;l
L

. This
parameter was further averaged within and between
cohorts and for the whole population. The parameter f(m)

has ‘nice’ theoretical properties such as that of the
coincidence of its value in the founder population with
the expected homozygosity (1−He; Nei, 1972, 1987). In
fact, molecular coancestry can be computed from allelic
frequencies as fij ¼ Rijxijyij (Eding and Meuwissen,
2001; Caballero and Toro, 2002), where xij and yij are
the frequencies of the ith allele at the jth locus within the
individuals (or populations) x and y. This term was
previously defined by Nei (1972) as ‘the probability of
identity of a gene from x and gene from y’, further
pointing out that it is equal to the Malécot's (1948)
coefficient of coancestry if there is no selection and each
allele is derived from a single mutation in an ancestral
generation. Nei (1972, 1987) showed that its value in the
founder population would coincide with that of the
expected homozygosity.

The molecular effective population size (Ne(m)) and
the molecular founder genome equivalents (Ng(m)) were
computed from molecular information in a similar way
to that detailed for Ne and Ng using genealogical
information (Caballero and Toro, 2000, 2002) as Ne ¼

1
2DFe

and Ng ¼ 1
2DfðmÞ

respectively, the increments of
expected homozygosity (Fe=1−He) and f(m) being
computed on the corresponding values for the BP as
DFe ¼ FeðtÞ�Feð0Þ

1�Feð0Þ
and DfðmÞ ¼ fðmÞt�fðmÞ0

1�fðmÞ0
, where Fe(t) and

f(m)t are the average molecular expected homozygosity
(1−He) and molecular coancestry at the tth cohort and
Fe(0) and f(m)0 are the average expected homozygosity
and molecular coancestry in BP, respectively. Addition-
ally, molecular mean kinship (Mk; Gutiérrez et al.,
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2005a) was computed as the average molecular
coancestry of each individual with the rest of the
population, and further averaged for each studied
cohort. The lower Mk value the lower representation
of a genotype in the population.

From the above parameters, Wright's (1969) F-
statistics, FIT(m), FST(m), and FIS(m) were computed
from molecular information in the way detailed above
for genealogical information, though using the molec-
ular values of f̃ , F̃ and f̄ (noted as f̃ (m), F̃o and F̄ (m)).

The expected molecular coancestry value in the base
population (Ef0) was computed using each cohort as
reference population and following Toro et al. (2003) as
Ef(m)0= (f(m)t− ft) / (1− ft), where f(m)t and ft are respec-
tively the molecular and the genealogical coancestry for
the generation tth cohort.

2.4. Correlations

Finally, the Pearson correlation coefficients between
genealogical and molecular coancestry values were
computed within- and between-cohorts using the
program SAS/STAT™ (1999).

3. Results

Average values of the parameters characterizing the
genetic variability of the Xalda population assessed
from both genealogical and molecular information using
each defined cohort as reference population are given in
Table 1. The S.E. of the average ge corresponding to the
sampled individuals varied from 0.04 to 0.07 thus being
confident in assignment of individuals to their cohorts.
The computed parameters increased, in general, with
pedigree depth from the BP to C4, especially for the
genealogical parameters. From the molecular informa-
tion, Mk and fm showed a similar increasing pattern with
pedigree depth, though this increase is very slight after
C1. However, Ho and He showed the highest values for
C1 whilst FIS(m) showed the lowest value for C1.

The parameter FIS computed from genealogical
information showed values near 0 (0.6% for the whole
population) except for C3 and C4, for which it reached
values of 2.2% and 8.1%, respectively. The parameter
FIS(m) was 8% for the whole genotyped population,
presenting the highest values in the BP (10.8%) and the
lowest for C1 (3.2%).

Ne and Ne(m) do not follow a comparable pattern: Ne

decreases with pedigree depth following the increase
observed for F, whilst Ne(m) presents a negative value
for C1 due to the decrease in expected homozygosity
assessed from BP to C1 (0.272 and 0.264, respectively)
to be then found to be roughly constant from C2 to C4.
The values obtained for fa, Ng and Ng(m) decreased with
pedigree depth, though the decrease for Ng(m) is less
pronounced (from 8.1 for C1 to 4.1 for C4) than that
observed for Ng (from 39.9 to 7.6).

After rarefaction, the average number of alleles per
locus varied from 8.1 for the BP to 7.1 for C4. No clear

Table 2
Pearson correlation coefficients between genealogical and molecular
coancestry values computed within and between cohorts

Cohort 1 Cohort 2 Cohort 3 Cohort 4

Cohort 1 0.713
Cohort 2 0.226 0.730
Cohort 3 0.136 0.239 0.670
Cohort 4 0.181 0.316 0.411 0.710

All the correlation coefficients were significant for pb0.0001.

Table 3
Between-cohorts coancestry (fij) and FST matrices obtained from genealogical and molecular information

Cohorts Genealogical information Molecular information

Base population Cohort 1 Cohort 2 Cohort 3 Base population Cohort 1 Cohort 2 Cohort 3

f f(m)

Cohort 1 0.001 0.280
Cohort 2 0.001 0.013 0.288 0.316
Cohort 3 0.001 0.016 0.027 0.289 0.313 0.332
Cohort 4 0.001 0.018 0.029 0.043 0.289 0.313 0.336 0.340

FST FST(m)

Cohort 1 0.003 0.014
Cohort 2 0.005 0.002 0.015 0.014
Cohort 3 0.010 0.005 0.002 0.016 0.016 0.011
Cohort 4 0.009 0.004 0.003 0.003 0.021 0.022 0.016 0.012
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pattern of allele losses with pedigree depth was obtained.
With respect to the BP, however, the loss of alleles varied
from 4.50% for C1 to 11.28% for C4.

The expected value of molecular coancestry in the
base population was computed using each of the
analyzed cohorts as the reference population. The
obtained values are always higher than the ‘true’ f(m)

value of the base population (0.278), varying from 0.314
to 0.335 for C1 and C2, respectively.

The within- and between-cohorts Pearson correla-
tions between f and f(m) are given in Table 2. The
within-cohort Pearson correlation coefficients were
similar across cohorts (roughly 0.7). Between-cohorts
Pearson correlation coefficients were similar for each
pair and increased with pedigree depth until reaching a
value of 0.411 for the pair C3–C4.

Between-cohorts gene flow (assessed through coan-
cestry) and differentiation (assessed via FST) were
computed from genealogical and molecular information
and are given in Table 3. The BP had similar genetic
representation across cohorts. This pattern also appeared
for the other cohorts and the gene flow from a cohort to
the subsequent ones is substantially the same for both f
and f(m). The FST and FST(m) values obtained for the
whole population were 0.007 and 0.026, thus highlight-
ing slight overall population differentiation. Between-
cohorts genealogical FST(m)’s were 0.5% or lower,
except for the pairs formed by BP and each C3 and C4,
which reached a value of roughly 1%. A similar pattern
was obtained using molecular FST’s; the highest
differentiations were found between each C3 and C4
and BP (higher than 2).

4. Discussion

At the beginning of in situ conservation programs of
livestock breeds, the homogenization of type character-
istics and the small number of available breeding
individuals leads to losses of genetic variability. In this
study, we analyzed real data from a small, rare
population (the Xalda sheep breed) undergoing a
program for preservation of its genetic variability in
order to ascertain the importance of genealogical and
molecular information on the population’s monitoring
during the early stages of a conservation program. In
contrast with other papers devoted to this task (Toro
el al., 2002), our sampling included the base or founder
population, thus allowing reliable information to be
obtained to achieve our goal. In this respect, two major
aspects may be highlighted: a) losses of genetic
variability are likely to occur very soon after the setting
up of a conservation program, probably because a

significant number of founders do not give progeny to
the following generations; and b) coancestry can be a
better criterion to monitor losses of genetic variability
than other classical parameters (Lacy, 1995; Caballero
and Toro, 2000) such as genealogical inbreeding and its
molecular counterpart, expected homozygosity, at the
beginning of conservation programs.

The number of microsatellites genotyped here is
limited and results should, therefore, be interpreted with
caution. Simulation studies (Eding and Meuwissen,
2001; Baumung and Sölkner, 2003) have shown that a
high number of loci are needed to necessary to obtain
reliable estimates for the relatedness of individuals or
the detection of highly inbred (autozygous) animals.
However, the informativeness of a microsatellite set
depends on other conditions such as the degree of
polymorphism (Baumung and Sölkner, 2003; Fernández
et al., 2005) and the structure of the analysed population
(Carothers et al., 2006; Fernández et al., 2005). The
level of polymorphism of our loci is acceptable with an
actual average number of alleles per locus of 10.5 (7.6
after rarefacted for 60 copies). Moreover, Carothers
et al. (2006), in humans, using genotypes from 410
microsatellite markers and from 10,000 SNPs were not
able to accurately estimate individual inbreeding
coefficients from molecular information. These authors
consider that likely reasons explaining this situation,
were that the number of samples used (50) was not large
enough to provide precise estimates of allele frequen-
cies, that sampling was not drawn from a single
population with a common history and the size of the
population used as reference was too was small and
came from different (sub)populations to those being
studied. Our research is carried out on samples from a
single population, including a wide representation of
founders population, with individuals sharing a com-
mon history allowing the establishment of close
relationships between genealogies and molecular vari-
ation (characterized by f and f(m)) which are needed to
obtain reliable assessments of the variation of the allelic
frequencies over time (Fernández et al., 2005).

When pedigree is shallow (as in a scenario like that
analyzed here) or incomplete, genealogical information
is not always informative as regards the losses of genetic
variability (Goyache et al., 2003) and molecular data can
perform better. In this study, we found that the average
number of alleles per locus decreases at least 4% (from
8.1 to 7.7; see Table 1) in the first generation after
founders. However, we also found, with respect to the
BP, that bothHo andHe increase, with a large decrease in
the FIS value, in the individuals with one generation of
ancestors in their pedigree (C1; see also Table 1). This is
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related to the fact that the BP not only has high values for
both Ho andHe (consistent with its high value for A), but
also the highest value for molecular FIS(m). The Xalda
breed has suffered an intense population bottleneck
during the second half of the 20th century; the number of
pure ewes at the beginning of the 80’s was lower than
800 (Álvarez Sevilla et al., 2004). At the beginning of the
90’s the Xalda founders, analyzed here as the BP, were
recovered at different genetically-isolated locations
(Goyache et al., 2003). The BP individuals have
indubitably suffered local genetic bottlenecks probably
leading to the fixation of different alleles which, as a
whole, capture the genetic variability existing in the
breed before the intense bottleneck suffered by the Xalda
population prior to the implementation of its conserva-
tion program (Álvarez et al., 2004, 2005, 2007). This is
probably a common genetic scenario in populations for
which a program for the preservation of their genetic
variability is being designed and should be taken into
account to carefully conserve the genetic background of
the founder individuals. In the wild, Tempelton and Read
(1994) reported similar behaviour than that we found in
the Xalda sheep. For these authors this can be expected in
finite populations with separate sexes because of random
differences in allele frequency between sexes.

As shown in Table 2, the within-cohort Pearson
correlation coefficients between f(m) and f are high and
comparable to those reported by Toro et al. (2002) for real
datasets formed by populations with deep pedigrees. In
our study, this occurs in a population with a very shallow
pedigree. This was not expected from studies using
simulated datasets, including a base population, in which
correlation coefficients are lower (Toro et al., 2002). In
simulation studies, marker alleles were assigned at
random in the base generation and thus there is no direct
relationship between f and f(m), as the f(m) values tended to
be lower than those of genealogical coancestry, even
when a large number of microsatellites were used
(Fernández et al., 2005). As the number of generations
increased, ‘real’ relationships between f and f(m) are
established in the simulated datasets and therefore
correlation between them increases. In real conditions,
however, the number of alleles per locus in the BP is
probably lower than that implemented in simulated
datasets (Balloux and Lugon-Moulin, 2002) and from
our study it is realistic to think that the establishment of the
relationships between f and f(m) occur very soon, when
most rare alleles carried out by the BP are lost in C1.
Previous non-accounted selection (at least for the
adaptation to the particular environmental characteristics
of the Xalda spreading area) may underlie this rapid,
strong relationship established between f and f(m)

(Bataillon et al., 1996). The within-cohort correlation
coefficients tend to be moderate when there is sufficient
pedigree available (in C3 and C4), thus supporting the
rapid establishment of relationships between f and f(m).

The rapid loss of genetic variability suffered by our
population, highlighted by the decrease in A and the
increase in f(m) values, underlies the overestimation of the
E(f(m)0), computed following Toro et al. (2003) with
respect to the f(m)0 values. Genealogical coancestry
assesses the probability of an individual being identical
by descent to another, assuming that all the alleles in a
given reference founder population are different. The
parameter E(f(m)0) assumes that the present-sampled
population considered in our genealogical study has the
same allele frequencies as the founder population and also
that these frequencies were in both Hardy–Weinberg and
linkage equilibrium (Toro et al., 2002, 2003). As
highlighted by the present study, these assumptions are
not realistic. We cannot actually expect present popula-
tions to have the same allele frequencies as founder
populations, since drift or selective processes occurred
during the formation of the breeding stock to be conserved
(Toro et al., 2000, 2002; Goyache et al., 2003). Moreover,
it is not realistic to consider a number of independent
allelic forms in the base population (virtually infinite,
depending on the founder population size), as is assumed
in genealogical analyseswhen, for instance, perfect alleles
in dinucleotide microsatellites rarely exceed 30 repeats
(Balloux and Lougon-Moulin, 2002). Thus, the assump-
tion of a straightforward relationship between the f(m)
value in the current population and in the founder
population through f (Toro et al., 2003) is unclear; at
least in the practical framework presented in this paper.
Notice that, in our study, E(f(m)0) overestimates f(m)0, thus
underestimating the actual genetic variability maintained
by our founders, but that f(m)0 and the expected
homozygosity (1−He) in the BP are roughly the same
(0.272 and 0.278, respectively). This straightforward
relationship between f(m)0 and expected homozygosity in
the founder population is consistent with the direct
relationship existing at a genealogical level between the
expected heterozygosity and coancestry (see formula 26
in Caballero and Toro, 2000), thus directly relating to the
effective population size.

From our study, the use of both genealogical and
molecular coancestry information to monitor genetic
variability in small populations undergoing conservation
programs can be justified more than the use of other
parameters such as inbreeding and homozygosity. As
shown by Caballero and Toro (2000), the parameter Ng

represents a compound of contributions from the founders
(the effective number of founders,Nef), and from all other
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individuals in the genealogy. Since the expected contri-
bution from a particular ancestor to its descendants will
become constant after a few generations in a pedigree, the
use of Ng allows the genetic drift occurring every
generation in the pedigree to be accounted for. Within a
practical framework such as the one presented here,
genealogies are usually shallow and thus less useful and
He cannot characterize the ‘real’ variability in our
population. Moreover, when computing Ne(m) for C1,
we would obtain a negative, non-realistic value of −32.8.
If, as usual, our population had been sampled across
generations for molecular studies, the genetic variability
obtained would be overestimated by the excess of
heterozygotes produced by the crosses between founder
individuals that have experienced previous particular
genetic bottlenecks, as occurs in our C1.Genealogical and
especially molecular coancestry behave in a more
predictable way; they both tend to increase with pedigree
depth, though the increase of f(m) is less pronounced than
that of f, and Ng and Ng(m) tended to converge in C4.
However, f(m) increases regardless of whether the
expected homozygosity decreases, as reported from the
BP to C1, thus better characterizing the loss of genetic
variability resulting from the BP, and also highlighted by
the parameter A.

Both f and f(m) can be used, in combination with other
parameters such as FIS (Toro et al., 2000), AR (Goyache
et al., 2003; Gutiérrez et al., 2005b) orMk (Gutiérrez et al.,
2005a), to ascertainwhether the genetic representation of a
cohort in the subsequent ones is balanced. Table 3 shows
how the gene flow from the base population to the others is
similar for both f and f(m). However, differentiation seems
to occur rapidly and C3 and C4 present FST values of
roughly 1% and 2%, respectively, for genealogical and
molecular information with the BP, probably indicating
unaccounted losses of alleles and increases of within-
cohort coancestry. The parameter AR may be used as an
index to maintain the initial genetic stock as well as to
predict the long-term inbreeding of a population, thus
suggesting modifications to management practice for
conserving the genetic makeup of a population (Gutiérrez
et al., 2003; Goyache et al., 2003; Gutiérrez et al., 2005b).
AR can be computed for each non-founder individual so
as to know the genetic representation of this individual on
the population. Moreover, the average value of AR in a
random mating population for a given generation would
be twice the F of the following generation. The parameter
Mk is the molecular counterpart of AR and shares its
properties for managing small populations. In our study,
although F greatly exceeds half AR in C3 and C4, at a
molecular level the observed homozygosity (1−Ho) only
exceeds Mk for C2. An unbalanced contribution of the

individuals to the genetic background of the population
occurs andmating policy should bemodified to ensure the
maintenance of the genetic background from the founder
population. The parameter FIS can increase the informa-
tion on the development of the population, characterizing
the mating policy. We have shown that positive values
appear soon (FIS=0.002 for C3; see Table 1) after the
foundation of pedigrees; this is probably due to the
selection for type traits performed by Xalda breeders
(Goyache et al., 2003). Positive values of the parameter
also indicate that most genetic variability in our breed is
between- and not within-individuals (Toro et al., 2000).
Moreover, the genealogical parameter FIS may be a better
indicator than the former in the early stages of a
conservation program for monitoring genetic variability.

5. Conclusions

Here we provide empirical evidence on genetic
variation over time in real populations using data from
the rare Xalda sheep breed as an example. Neither
genealogical nor molecular information by themselves
are sufficient for monitoring small populations when the
pedigree is shallow. A depletion of genetic variability
occurs very soon after the commencement of conserva-
tion program and each available parameter offers partial
information for monitoring populations. In practical
terms, no clear relationship between f(m) in the current
population and in the founder population through f
could be establish. The correlation between f and f(m)

increases rapidly with pedigree depth and obtaining
molecular information in well-established conservation
programs may not be justified, at least in economic
terms further than paternity tests.
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