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Summary

The objective of this study was to test the performance of a recently pro-
posed methodology for the estimation of realized effective size (Ne)
based on individual increase in inbreeding (4F;) on several real pedi-
grees: (a) an experimental mice population; (b) a closed pedigree of
fighting bulls; (c) the Spanish Purebred (SPB, Andalusian) horse pedi-
gree; (d) the Carthusian strain of SPB pedigree; (e) the Spanish Arab
horse pedigree; and (f) the Spanish Anglo-Arab horse pedigree. Several
reference subpopulations were defined on the basis of generation length
in order to consider only animals in the last generation, to assess the
influence of the pedigree content on the estimates of N.. The estimates
of realized N, computed from AF; (N,) tended to be higher than those
obtained from regression on equivalent generations. The new parameter

BN, remained approximately stable when pedigree depth achieved about

Introduction

five equivalent generations. Estimates of N, take into account the
genetic history of the populations, the size of their founder population,
and the mating policy or bottlenecks caused by poor use of reproducing
individuals. The usefulness of the realized N. computed from individual
increase in inbreeding in real pedigrees is also discussed.

However, the theoretical assumptions on which N,
is based only fit with idealized populations (Cabal-

The size of an idealized population, which would give

Brise to the rate of inbreeding, or the rate of change in

variance of gene frequencies observed in the popula-
tion under consideration defines the effective popula-
tion size (N.) (Wright 1969). This concept is a key
parameter widely used as a criterion for characterizing
the risk status of livestock breeds (FAO, 1998; Duchev
et al. 2006). This is basically due to the direct relation-
ship between N, and the rate of inbreeding, fitness
and the amount of genetic variation lost because of
random genetic drift (Falconer & Mackay 1996;
Caballero & Toro 2000), which makes it useful to infer
the future of genetic stock.

© 2008 The Authors

lero 1994), which is extremely important in the
development of methods enabling the computation
of effective size from pedigrees of actual populations
under generation overlapping, selection and non-
random mating. A quick overview of recent litera-
ture shows that the generally accepted methods to
compute N, in real pedigrees are based on regressing
the inbreeding coefficients on birth dates or genera-
tions (Pérez-Enciso 1995; Gutiérrez et al. 2003), even
though they are always dependent on the definition
of a reference population within pedigree and fur-
ther adjustment by the generations interval (L).
Moreover, the methods have not been proven to
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Realized effective size from real pedigrees

ascertain a reliable value when there are variations
in the breeding policy affecting mean inbreeding in
the reference population (Gutiérrez et al. 2008). In
such a scenario where planning matings to minimize
co-ancestry after a period in which mating between
close relatives was preferred, the regression-based
methods to compute effective size can give unrealis-
tic negative N, values (Gutiérrez et al. 2008).

Many attempts have been made to deal with the
different real-world scenarios in order to obtain reli-
able estimates of the effective population size (Cabal-
lero 1994; Caballero & Toro 2000). However, there
is no standard method for general application to
obtain the effective population size. Gutiérrez et al.
(2008) have recently described a method for the esti-
mation of effective size from pedigrees based on the
definition of the individual increase in inbreeding
coefficient (4F; Gonzalez-Recio et al. 2007) using
simulated standard pedigrees and in a unique real
pedigree.

The objective of this study was to test the method-
ology for estimating N. based on AF; in several real
pedigrees of varying depth in pedigree depth, over-
lapping generations, subdivision, migration, unbal-
anced representation of founders, or other unknown
effects affecting the breeding policy, in order to fur-
ther establish the usefulness of this parameter in real
livestock breeding scenarios. To achieve these goals,
data from an experimental mice population, the
Domeq fighting bull herd pedigree, the Spanish
Purebred horse (SPB) pedigree, the Carthusian strain
of SPB pedigree, the Spanish Arab horse pedigree
and the Spanish Anglo-Arab horse pedigree were
used to test the methodology developed by Gutiérrez
et al. (2008). A comparison of the obtained estimates
with other well-known methods for computing N,
will be performed.

Materials and methods

Individual increase in inbreeding

The original idea of the methodology is to assume
for each individual that all the animals in the
referred population are under the same situation
regarding inbreeding and genealogical information;
this is measured over ¢, the discrete equivalent gen-
eration (Maignel et al. 1996; Boichard et al. 1997).
The discrete generation equivalent is computed for
the pedigree of each individual as the sum over all
known ancestors of the term of (¥%)”, where 7 is the
number of generations separating the individual
from each known ancestor.The steady increase in
inbreeding that would have led to the inbreeding
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coefficient of animal i (F;) in ¢ generations should
be:

AF;=1-+1-F (1)

Following Gutiérrez et al. (2008), an overall mean of
this parameter (AF) can be easily computed by aver-
aging the AF; values of the individuals included in a
defined reference subpopulation. From this, as a
‘realized’ effective population size, N, can be
straightforwardly computed as N, = 1/2AF. The real-
ized effective size should be understood as the global
effective size over time which has led to the present
inbreeding level in the reference population from
the founder population.

Moreover, given that an individual increase in
inbreeding exists for each animal in the reference
subpopulation, a standard error of the realized N,
can be further computed from the standard devia-
tion of the individual increase in inbreeding and the
square root of the reference subpopulation size as

—2 ]_

o = 2N OAF —F—.
RERRVIA

This is a modification of the expression reported by

Gutiérrez et al. (2008):

— 1
oN, = 2N oar—
‘ Vi

where n has been changed to N,, given that this
value would be an equivalent number of indepen-
dent individuals instead of n. Note also that this
standard error gives an approximate idea of certainty
but has a limited informative value given that the

distribution of AF; is skewed to the right.

Other methods to estimate N, using pedigree informa-
tion

Several approaches have been used to check esti-
mates of N. obtained from individual increase in
inbreeding:

1 First, N, was estimated from the variances of fam-
ily size as (Hill 1979):

L_i 240> +2 M ( f ) + M ’ 2

N~ 16ML O 7 ) cov(mm,m 7 ) Onf
1 F\?, F )

+IerL 2+(M) ofm—i-Z(M)cov(fm,ﬁ)—i-o‘ff

where M and F are the number of male and female
individuals born or sampled for breeding each time
period, L the average generation interval, ¢2_ and

mm
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o, are the variances of the male and female off-

Realized effective size from real pedigrees

(c) The pedigree of Spanish Purebred horse (SPB,

spring of a male, o)%m and o%( are the variances of the lAndalusian horse) from their foundation in the

male and female offspring of a female, cov(mm, mf)
and cov(fm, ff) the respective covariances. Note that
the family size of a parent (male or female) consists
of sons and daughters kept for reproduction (James
1977). This should be a good method when all the
other conditions are in compliance with the idealized
population but generations are overlapping (Falconer
& Mackay 1996).

2a Moreover, N. was also estimated from AF fol-
lowing Gutiérrez et al. (2003). The increase in
inbreeding between two generations (F,— F,—;) was
obtained from the regression coefficient (b) of the
inbreeding coefficient over the date of birth obtained
in the reference subpopulation, and considering the
average generation interval (L) as F,— F,_; =LXb
with F,_; computed from the mean inbreeding in the
reference subpopulation (F;) as: F,_; = F, — L X b.

2b N, was also computed in a very similar way as in
(2a) but using ¢ directly instead of approaching the gener-
ations through generation intervals. Using this approach,
N. was computed from the regression coefficient (b) of
the individual inbreeding values over the individual
equivalent complete generations ¢. In this case,

Ap = = Fn b ’
1 =F 1= (F—b)

where F, is the average F of the reference subpopu-
lation.

3 Estimation of N. could also be approached by
using 1 — F; = (1 — (1/2N,))"toderive its value from a
log regression of (1 — F) over generation number

B (Pérez-Enciso 1995). Here we computed the log

regression of (1 — F) over birth date and corrected
further by the length of the generation interval
(Pérez-Enciso 1995).

Examples

To assess this methodology it was applied to several
pedigrees in common scenarios in real populations:

(@) An experimental mice population (Moreno
1998; Ibafiez-Escriche et al. 2008) consisting of 18
discrete generations with about 72 males and 144
females per generation structured in nine replicates
of selection. Mating policy was different in three
replicates of each of the selection method: at ran-
dom, weighted selection and minimum coancestry.

(b) The pedigree information available from the
beginning of the 20th century in the Fighting Bull
herd of Juan Pedro Domecq, including a total of
33 330 individuals.

© 2008 The Authors

XIXth century until December 2004 (Ministry of
Defence:  http://www.librogenealogico.com). The
total available records were 140 629. (Cervantes
et al. 2008b).

(d) The pedigree of the Carthusian strain of the
Spanish Purebred horse, which is a subset of the
pedigree listed before having a particular manage-
ment, including those founder individuals classified
as Carthusian because of their particular historical
origin and those individuals resulting from matings
between Carthusian parents (Valera et al. 2005). This
is the example population already used for this pur-
pose by Gutiérrez et al. (2008), but has also been
included here for a quick comparison among the dif-
ferent methodologies and pedigrees.

(e) The pedigree of the Spanish Arab horse recently
analysed by Cervantes et al. (2008a), including a
total of 18 880 individuals.

(f) The pedigree of the Spanish Anglo-Arab horse,
including a total of 10 568 individuals. The data file
was obtained from the Ministry of Defence (website
http://www.librogenealogico.com) (Cervantes et al.
2008b).

The main parameters describing the real pedigrees
analysed are given in Table 1. The examples listed
above are expected to characterize a classical exam-
ple of population with discrete inbred generations
(mice), closed population with overlapping genera-
tions and matings between relatives (SPB, Carthu-
sian strain), closed population with overlapping
generations and matings planned to avoid inbreeding
(Fighting Bull) and, finally, open populations with
different pedigree depths varying from ‘sufficiently’
deep (Spanish Arab horse) to very shallow (Spanish
Anglo-Arab horse) as a consequence of different
rates of migration. The mice data set also included a
strong population subdivision in nine independent
lines from the foundation of the population (Moreno
1998; Ibafiez-Escriche et al. 2008). The Carthusian
population was reported to be managed using mini-
mum co-ancestry mating policies during recent gen-
erations (Valera et al. 2005) and the Fighting Bull
population is a case of a population of constant size
with a mating policy avoiding common ancestors in
the last three generations of each individual.

Several reference subpopulations were defined try-
ing to take into account the last generation interval,
and also trying to assess the influence of the pedi-
gree content on the estimates of N.. For the mice
pedigree the 15-16th and the 18th generations were
used as two reference subpopulations (RS). For the
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Table 1 Number of individuals (N), average

Population N t + SD Max.t F (%) AF (%) Males A Females  As number of equivalent generations and
Mice standard deviation (t + SD), maximum
WP 9152 924525 183 126 127 1395 29  2243° g  number of equivalent generations (Max. ),
RS:s 283 1790 + 146 183 %2 167 average inbreeding (F; in percentage),
RS1s 16 985 157+071 163 240 174  160° 27  239° g  averageindvidual inbreeding rate (AF; in
Fighting Bull percentage) and number of male and female
WP 33330 504320 109 13 129 348 153 3072 19  reproductive individuals and average family
RS1o 5663  9.0+091 109 18 182 247 86 1000 13  Ssize for males (An) and females (A for the
RSos.01 6641 83 +081 103 18 177 512 113 392> 15  Wwhole (WP)and the reference (RS)
SPR populations used as examples in the present
WP 140 629 9.0+ 182 118 82 095 54757 75 14689® 28 analyses
RS10 89324 99+058 11.8 8.4 090 2100 22 738° 1.1
RSg3 03 55737 93 +067 113 88 1.00 1755% 44  5631° 17
Carthusian
WP 6318  6.6+275 109 130 1.89 424° 49 933 23
RS10 1721 9.1 +£068 109 186 225 1710 52 12
RS;5.80 1464 82 +064 98 175 234 97% 41 167° 2.1
Arab
WP 18880 574278 103 70 107 1560° 42  3260° 2.0
RS10 6240 7.9 +128 103 9.8 1.8 227 138 36> 1.1
RSg6_07 5557 71 +£160 9.7 9.7 137 307 27 663° 15
Anglo-Arab
WP 10568 1.7 +151 62 0.8 024 7577 28  1325° 15
RS10 2862 24+159 6.2 0.9 024 2 1.0 52 12
RSs4_o6 2920 1.7 +164 56 09 028 129° 1.8 225 13

RSqg: animals in the 18th generation; RSy5_44: animals in the 14th and 15th generation; RS;o:
animals born in the last decade. Other RS- animals born between the years 19?? and 19??.
“Individuals born in the defined period that acted sequentially as male parents.

PIndividuals born in the defined period that acted sequentially as female parents.

other pedigrees that were analysed various RS were
defined according to three different strategies: (a)
pedigree depth of the individuals; (b) the individuals
born in the last 10 years of the available records;
and (c) individuals born in a given period of years
allowing their use for reproduction. RS included
individuals with four equivalent generations or
more, and eight equivalent generations or more
except for the Spanish Anglo-Arab horse for which
only the first RS was defined, given their extremely
shallow pedigree.

Program used

The analyses were performed using the ENDOG pro-
gram (current version v4.5) (Gutiérrez & Goyache
2005), which can be freely downloaded from the
World Wide Web at http://www.ucm.es/info/proda-
nim/html/JP_Web.htm.

Results

Table 1 gives the main parameters describing the
pedigrees that were analysed. Whole pedigreed set

sizes varied from 6318 (Carthusian) to 140 629
(SPB), while the sizes for the fitted RS varied from
283 individuals for RS;g in mice to 89 324 for RS,
in SPB. The mean equivalent generations ranged
between 1.7 = 1.51 for WP in Spanish Anglo-Arab
horse to 17.9 £+ 1.46 for RS;g in mice. The maxi-
mum values for equivalent generations were
observed in the mice population (from 16.3 to 18.3),
it was over 10-11 for the different RS fitted for
Domeqc’s Fighting Bull, SPB, Carthusian and Span-
ish Arab horses and reached lower values (from 5.6
to 6.2) for the Spanish Anglo-Arab horse. The high-
est average inbreeding values at the WP level were
found in Carthusians (13.0%) and the lowest
(0.8%) in the population with the shallowest pedi-
gree (Spanish Anglo-Arab horse). The lowest
increases in inbreeding were found in the Spanish
Anglo-Arab horse (0.2%) and in the SPB (lower
than 1%), while the highest was found in the
Carthusian subpopulation (around 2%).

Figure 1 shows the plot of the values of individual
increase in inbreeding per number of equivalent
generations in all the pedigrees analysed. Notice that
the trend of the values of AF; tended to stabilize
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EEFigure 1 Plots summarizing the dispersal and the trend line of the individual increase in inbreeding (4F; on the y-axis) per individual number of
equivalent generations (on the x-axis) in the whole analysed pedigrees: (a) mice population; (b) Fighting Bull population; (c) Spanish Purebred
horse; (d) Carthusian strain of the Spanish Purebred horse; (e) Spanish Arab horse; (f) Spanish Anglo-Arab horse.

with the increase in ¢ (about 5) because of the cor-
rection for pedigree depth of the individuals.

Figure 2 shows the evolution of mean inbreeding,
mean individual increase in inbreeding, mean equiv-
alent generations, and realized effective size (N,)
across years of birth (generations in the mice popu-
lation) for all the pedigrees. It is worth pointing out
that the mean individual increase in inbreeding
became approximately stable in the last period of
time, while mean inbreeding increased and mean
equivalent generations linearly increased during this
last period. Furthermore, N, remains approximately
stable when known pedigree reaches about five

© 2008 The Authors

equivalent generations. This effect is not so clear in
the Spanish Anglo-Arab population with lower pedi-
gree knowledge. A decrease in mean individual
increase in inbreeding (and a related increase in N,)
was observed in the SPB population.

Table 2 includes the estimates of N. obtained using
regression of the individual coefficients of inbreeding
on equivalent generations, variance of family size
and individual increase in inbreeding (4F;) in the
different RS analysed here. Furthermore, restrictions
in pedigree depth of the individuals included in the
corresponding RS are included in this table. Regard-
less of the RS being considered, the estimates

Journal compilation © 2008 Blackwell Verlag, Berlin e J. Anim. Breed. Genet. 125 (2008) 1-10 5
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Figure 2 Evolution of the mean inbreeding (-A-, right axis in mice and Carthusian examples and left axis for the others), mean individual increase
in inbreeding (x10, except Carthusian, =, left axis), mean equivalent generations (-, left axis), and N, (-, right axis) across year of birth (across gen-
erations in mice), in the analysed pedigrees: (a) mice population; (b) Fighting Bull population; (c) Spanish Purebred horse; (d) Carthusian strain of
the Spanish Purebred horse; (e) Spanish Arab horse; (f) Spanish Anglo-Arab horse.

obtained using variances in family size are larger
than those obtained using both regression on equiv-
alent generations and using A4F; except for the popu-
lation with shallower pedigree (Spanish Anglo-Arab
horse). In this latter population, the regression coef-
ficients are affected by the existence of a few highly
inbred individuals while most individuals in the
populations have F =0, as about 30% of Spanish

Anglo-Arab horse are founders. In this respect, the
larger estimates for the obtained N, using AF; reflect
more appropriately the genetic situation of such pop-
ulations with shallow pedigrees than those based on
regression of individual values of inbreeding on
equivalent generations. A possible explanation for
this is that the regression of individual wvalues
assumes a quadratic loss function (applying the

© 2008 The Authors

Journal compilation © 2008 Blackwell Verlag, Berlin o J. Anim. Breed. Genet. 125 (2008) 1-10



I. Cervantes et al. Realized effective size from real pedigrees

Table 2 Estimates of N, using the whole pedigrees (WP) and reference subpopulations fitted using the individuals born in the last 10 years (RS;0)
or in a given period of years (RS.y,) obtained using regression of the individual coefficients of inbreeding on equivalent generations [b(t)], vari-
ance of family size (V) and individual increase in inbreeding (N,)

No pedigree depth restriction t>4 t>8
Population Ne [b(t)] Ne (V) N, + SD Ne [b(t)] N, + SD N Ne [b(t)] N, + SD N
Mice
WP 27.1 198.4 39.4 £ 5.66 24.8 342 £ 242 7307 24.2 31.3 £ 1.52 5289
RSqg 12.3 29.9 +1.33 12.3 29.9 +1.33 283 12.3 29.9 +1.33 283
RS15-16 19.7 223.1 28.8 £ 1.21 19.7 28.8 £ 1.21 985 19.7 288 + 1.21 985
Fighting Bull
WP 25.0 222 38.8 £ 6.16 29.0 26.9 +£2.23 20 482 26.1 272 +1.30 7654
RS10 19.0 275 + 1.46 17.8 275 £ 1.43 5648 33.4 269 + 1.20 5300
RSgz-01 17.7 101.1 282 +1.70 16.5 28.1 £ 1.67 6624 241 273 £ 138 4776
SPB
WP 64.0 257.9 52.4 £+ 6.01 147.4 51.2 £ 531 135 813 —533.1 523 £ 4.92 121 371
RS10 146.4 55.4 + 4.96 150.9 55.4 + 4.96 89 318 172.3 55.4 + 494 89 080
RSg3-93 62.9 2570.6 50.1 £ 4.79 67.9 50.0 £ 4.78 55 681 85.0 50.0 £ 4.72 54 722
Carthusian
WP 19.5 325 26.4 + 3.96 20.4 22.4 £+ 2.64 5172 273.5 214 + 154 2518
RS10 33.4 22.2 +1.60 40.0 22.2 +1.59 1719 —142.2 22.0 + 1.53 1.671
RS,7_g9 12.2 88.1 21.4 £1.71 11.6 213 £1.71 1463 21.9 20.3 + 1.49 924
Arab
WP 30.6 121.7 46.6 + 7.04 22.0 37.7 +£3.93 13 624 21.6 33.1 + 2.67 4138
RS10 18.1 39.1 £ 4.19 15.3 38.4 £ 4.00 6093 19.2 33.8 £ 2.80 3495
RSgs-97 22.2 569.9 36.5 + 3.85 16.2 345 +3.13 5095 1.4 30.8 + 2.27 1364
Anglo-Arab
WP 711 142.7 210.0 + 72.30 870.9 61.6 £ 13.81 1022
RS10 80.5 209.8 + 68.20 91.2 84.7 + 19.37 612
RSg4-96 74.1 372.8 175.8 + 59.70 255 96.8 + 20.34 255

Analyses were carried out without pedigree depth restrictions and using only individuals with four equivalent generations or more (t > 4) and eight
equivalent generations or more (t > 8).

RS;7: animals in the 18th generation; RS;5_1¢: animals in the 14th and 15th generation; RSqo: animals born in the last decade. Other RSy, animals
born between the years 19?2 and 19??; N: number of individuals.

largest weight on extreme values), while taking the
mean of individual values assumes a linear loss func-
tion (applying equal weight on all values).

The estimates of realized N. computed from AF;
(N.) tend to be higher than those obtained from
regression on equivalent generations. Moreover,
when RS is analysed, the values of N, are quite sta-
ble regardless of any restriction of the pedigree depth
of the individuals included in the corresponding RS,
while the N. obtained from regression of F on equiv-
alent generations show an undesired behaviour. In

IWihe Carthusian population it is not only possible to

find a noticeable increase of the N. value from 20.4
to 40.0 when RS, includes individuals with four or
more equivalent generations in the pedigree but also
negative values of N, (—142.2) when RS includes
individuals with eight or more equivalent genera-
tions in the pedigree. This was similar to that
assessed in the SPB, where N, ranged between 147.4
and —533.1 for WP. Note that a negative estimate of

© 2008 The Authors

N. can be obtained when the increase in inbreeding
is attained by regression of the inbreeding coefficient
on the year of birth and younger individuals are less
inbred than the older individuals. Thus, the N.
obtained depends partially, on the effect of the
changes in the mating policy. The criterion of mini-
mal coancestry has recently been used to define the
mating policy (Valera et al. 2005) in the Carthusian
and SPB populations. However, N, shows a more
stable value of about 22 for the Carthusian popula-
tion and 52 for the SPB population.

Discussion

The estimation of the realized N. from individual
increase in inbreeding has been shown to perform
reasonably well in simulated examples (Gutiérrez
et al. 2008) from the comparison between expected
and estimated values. Its performance in real popula-
tions is rather complex because the real value of the

Journal compilation © 2008 Blackwell Verlag, Berlin e J. Anim. Breed. Genet. 125 (2008) 1-10 7


https://www.researchgate.net/publication/5298828_Individual_increase_in_inbreeding_allows_estimating_effective_sizes_from_pedigrees?el=1_x_8&enrichId=rgreq-06059cbb82b13a88133d2b5ddc1173a2-XXX&enrichSource=Y292ZXJQYWdlOzIzMjY4ODk5O0FTOjk5NTIwMTQyNjQzMjA3QDE0MDA3Mzg4NTk1Nzc=
https://www.researchgate.net/publication/5298828_Individual_increase_in_inbreeding_allows_estimating_effective_sizes_from_pedigrees?el=1_x_8&enrichId=rgreq-06059cbb82b13a88133d2b5ddc1173a2-XXX&enrichSource=Y292ZXJQYWdlOzIzMjY4ODk5O0FTOjk5NTIwMTQyNjQzMjA3QDE0MDA3Mzg4NTk1Nzc=
https://www.researchgate.net/publication/223833750_Pedigree_analysis_in_the_Andalusian_horse_Population_structure_genetic_variability_and_influence_of_the_Carthusian_strain?el=1_x_8&enrichId=rgreq-06059cbb82b13a88133d2b5ddc1173a2-XXX&enrichSource=Y292ZXJQYWdlOzIzMjY4ODk5O0FTOjk5NTIwMTQyNjQzMjA3QDE0MDA3Mzg4NTk1Nzc=

Realized effective size from real pedigrees

parameter is unknown and no point of comparison
exists. To assess this performance, N. has been com-
puted from individual increase in inbreeding in sev-
eral real populations analysing the influence of the
definition of different RS relating to more or less
recent periods and pedigree knowledge. Some prop-
erties of the realized N. computed from individual
increase in inbreeding were tested in these real pedi-
grees.

This methodology addresses the realized N,
directly from AF that theoretically becomes constant
in an ideal population instead of addressing it from F
that increases from one generation to another in the
idealized population (Falconer & Mackay 1996). By
definition, AF is thus completely independent of
pedigree depth in the idealized population (Falconer
& Mackay 1996). Therefore, the use of AF; contrib-
utes to overcoming the problem of using the F; coef-
ficients because the latter are nonlinearly dependent
on the pedigree depth of each individual. Of course,
AF; are still dependent on the completeness of the
analysed pedigree and need a few generations to
become constant at the population level (Figures 1
and 2). In this respect, the simple plot of AF; over
generations serves as a guide for correctly defining
RS to obtain a reliable estimate of the realized N,
(Figure 1). The definition of RS is still critical to
obtain useful values of N, but this approach makes

Bt possible to assess the confidence of N, from the

standard deviation of AF (Gutiérrez et al. 2008).
Regression of inbreeding values based on time or
generation to compute N. can be useful when the
aim is to know the influence of temporal mating
policies in some reference subpopulations, because
this method provides estimates that are highly
dependent on those policies. This last concern is par-
ticularly noticeable when, after mating of relatives, a
new mating strategy, based on low co-ancestry, is
implemented, which leads to a decrease in the mean
inbreeding, resulting in negative N. values. On the
contrary, when we compare N, obtained from AF
with that obtained using other methods, N, appears
more stable regardless of the particular situation and
depth of the analysed pedigrees (Table 2). In fact, N,
becomes a final measure of the accumulated drift,
originating from the foundation of the population
until the present, because it is unable to accommo-
date the consequences of a recent change in the
mating policy, especially if the pedigree depth is
high. If the aim for estimating the effective popula-
tion size is to ascertain the effect of changes in the
mating policy, it would be recommendable to trun-
cate the pedigree, thus considering as founders those

|. Cervantes et al.

animals which were used to establish the new mat-
ing policy. However, always make sure that the
depth of the remaining pedigree is enough to
achieve reliable estimates.

The estimates of N. computed from variances of
family size are not useful to characterize the ‘real’
effective size of the population being studied
(Gutiérrez et al. 2008). This is clearly reflected by the
results obtained from the mice population analysed
here. The values obtained using this method are
approximately the real number of reproductive indi-
viduals in each mice generation (Table 2), because
during the experiment the number of individuals
that were selected to be parents of the following
generation tended to be balanced across families.
However, the value of N. obtained using this
method did not account for the structure of the pop-
ulation that has a permanent subdivision in nine dif-
ferent replicates per generation. However, the
analysed fighting bull population is managed under
a minimum co-ancestry mating policy that tends to
avoid subdivision. As a consequence, the value of N,
obtained using variances of family size is fairly rea-
sonable for this population. Known subdivision
could be taken into account, but this is an uncom-
mon situation in non-idealized situations. Thus, this
method only uses differences in family size to esti-
mate N, ignoring the subdivision of the population
which, in fact, causes the reduction of N, regarding
the number of reproductive animals and therefore,
tends to overestimate the parameter. A second
important reason explaining why this approach fails
in predicting N, is that it ignores the part of the
selection process that causes correlations across gen-
erations. The Hill (1979) formula ignores the fact
that animals with the highest number of selected
sibs are also the animals most likely to have off-
spring selected.

Besides the number and unbalanced contributions
of founders or ancestors, there are several causes
that influence the effective size, e.g. population
structure, mating policy and changes in population
size. This is shown by some of the databases analy-
sed here. The effective number of ancestors com-
puted for the Fighting Bull population (data not
shown) is the lowest but its N, is not so; this is a
case of a population of constant size where there is a
mating policy, which avoids common ancestors in
the last three generations of each animal. A similar
N, is obtained for the mice population with much
higher effective number of ancestors and moreover,
a balanced contribution of parents to the next
generation and, in some cases, with a minimum

© 2008 The Authors
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coancestry mating policy. However, the population
is structured in nine lines and N, is practically iden-
tical to the real number of reproductive animals
within lines. N, explains the number of individuals

BElthat would give rise to the rate of inbreeding

(Falconer & Mackay 1996) when addressed from
inbreeding coefficients, but when subdivision is pres-
ent, the mean co-ancestry is lower than mean
inbreeding and the Hill method should be preferred
when a global idea of inbreeding is desired. Thus,

Realized effective size from real pedigrees

lent generations known are considered (Table 3).
Estimates of N. based on regressions using the whole
pedigreed set are also shown in Table 3.

In general, the values of N, obtained in the refer-
ence subpopulation are in close agreement with
those of N. obtained via regression (Table 3). In fact,
values of N. seem more reliable than the others
when partial disagreement exists if a visual inspec-
tion of the evolution of N, is used (Figure 2), but
some of these values are worth commenting on. For

the Hill method guesses better the real number of lfllinstance, in the mice population, given that mini-

breeding individuals in the mice example. These
results show that estimates of N, take into account
the genetic history of the populations, in particular,
the size of their founder population, their mating
policy, bottlenecks caused by abuse of reproductive
individuals. But the estimates are less affected by,
for example, changes in the mating policy or the
accumulation of pedigree. On the other hand, real-
ized effective population size has to be understood in
the context of pedigree knowledge. If for instance, a
bottleneck has occurred in the middle of a pedigree,
it will affect the genetic stock only from this point in
the past while the method also accounts from this
point onwards. Then, if a breeder wishes to know
the effective size in a population in a specific period,
he should define the reference population at the end
of the desired period, and truncate the pedigree in
the beginning of the period, always making sure that
there are enough generations considered within the
period to obtain a reliable estimate.

Comparison of N, with other estimates of N, is
problematic as the real value is unknown. Looking
at Figures 1 and 2 it can be noted that the individual

mum co-ancestry is carried out for three of the repli-
cates while random mating is in the other six
replicates, stabilization of N, is achieved in the latter
generations and values lower than 30 are rare. N,
reaches a value of 34.2 while all the N. values
obtained by regression remain lower than 30
(Table 3). The case of SPB is also worth discussing.
The change in the breeding policy brings a reduction
in the average inbreeding of the last time points and
generations with a consequent increase in N, values.
Looking at the evolution of N, throughout the time
points these values never exceeded more than 50
(Figure 2) and a N, value of 51.2, whereas the low-
est value based on regression is 147.4 (Table 3). This
seems to be because the regression is more sensitive
to the decline in average inbreeding in recent years.
A mention is also needed in the case of the two pop-
ulations subject to migration in a low rate (Spanish
Arab horse) or a high rate (Spanish Anglo-Arab
horse), in both of them the increase in pedigree
knowledge is not linear showing changes in the pol-
icy of migration. Again, the evolution of N, is unsta-
ble especially for the Spanish Anglo-Arab breed with

increases in inbreeding become stable after some[[lvery low pedigree knowledge. Thus, if considering

generations of pedigree depth. Thus, we have com-
pared the N, values with others based on regression
or log regression over generations or dates of birth
when only individuals with more than four equiva-

N, based on regression over time for the whole pedi-
greed set the values are higher than 300, but if only
individuals with more than four equivalent
generations are considered, the same methodology

Table 3 Estimates of N, obtained using regression of the individual coefficients of inbreeding on equivalent generations [b(t)], regression on birth

date, log regression on birth date and individual increase in inbreeding (N,)

Whole pedigreed set

Reference subpopulations (t > 4)

n b(t) b(date) log b(date) n b(t) b(date) log b(date) N. £ SD (N)
Mice 9152 271 28.1 27.3 7307 24.8 26.1 25.4 342 + 242
Fighting Bull 33 330 25.0 28.1 27.7 20 482 29.0 30.6 30.6 269 +2.23
SPB 140 629 64.0 72.8 75.2 135 813 147.4 299.3 396.2 51.2 £ 531
Carthusian 6318 19.5 19.3 19.4 5172 20.3 23.0 23.6 22.4 + 2.64
Arab 18 880 30.6 373 36.6 13 624 22.0 43.4 425 37.7 £ 393
Anglo-Arab 10 568 71.1 343.6 316.3 354 25.5 23.6 22.1 61.6 + 13.81

Analyses were carried out using the whole pedigrees (WP) and reference subpopulations (RS), including only using the individuals with four equiva-

lent generations (t).
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provides a value close to 20. Estimation of N, results

|. Cervantes et al.

Falconer D.S., Mackay F.C. (1996) Introduction to Quan-

in 61.6, a coherent value but with a standard error titative Genetics, 4th edn. Longman Group Ltd., 2?2?.

much higher than those obtained for other popula-
tions. To conclude, we tested here the new approach
to estimate the realized N, in real populations thus
enabling us to obtain stable estimates of N,.
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