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Genetic improvement, without control of inbreeding, can go to loss of genetic variability, reducing the potential for genetic gains
in the domestic populations. The aim of this study was to analyze the population structure and the inbreeding depression in
Campolina horses. Phenotype information from 43 465 individuals was analyzed, data provided by the Campolina Breeders
Association. A pedigree file containing 107 951 horses was used to connected the phenotyped individuals. The inbreeding
coefficient was performed by use of the diagonal of the relationship matrix and the genealogical parameters were computed using
proper softwares. The effective population size was estimated based on the rate of inbreeding and census information, and the
stratification of the population was verified by the average relationship coefficient between animals born in different regions of
Brazil. The effects of inbreeding on morphological traits were made by the use of inbreeding coefficient as a covariate in the model
of random regression. The inbreeding coefficient increased from 1990 on, impacting effective population size and, consequently,
shrinking genetic variability. The paternal inbreeding was greater than maternal, which may be attributed to the preference for
inbred animals in reproduction. The average genetic relationship coefficient of animals born in different states was lower than
individuals born within the same state. The increase in the inbreeding coefficient was negatively associated with all studied traits,
showing the importance to avoid genetic losses in the long term. Although results do not indicate a severe narrowing of the
population until the present date, the average relationship coefficient shows signs of increase, which could cause a drastic
reduction in genetic variability if inbred mating is not successfully controlled in the Campolina horse population.
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Implications

The current structure of the Campolina population indicate a
small effective population size and an increasing inbreeding
coefficient on a historically recent horse breed. Results
here reported indicate how states/regions may influence
population stratification and genetic connectedness between
family groups. This study can also be interpreted as a
guideline for possible impacts of inbreeding over conforma-
tion traits in horses, as inbreeding depression was detected
for all studied traits.

Introduction

The Brazilian gaited horse breed Campolina was founded
in Minas Gerais (MG) state around 1870, making use of
European stallions, such as the Anglo-Norman horse,
Clydesdale, Holsteiner, Percheron and Thoroughbred in a
crossbred herd of Iberian mares (Procópio, 2003). In 1951, it
was founded the Campolina horse breeder’s association and
today the Campolina horse is the sixth larger horse herd in
Brazil and the third of the Brazilian gaited horses (Vieira
et al., 2015). The economic–social development at the MG
state was historically linked to horse breeding (Rezende and
Moura, 2004), therefore the Campolina horse has econom-
ical and historical importance in Brazil.† E-mail: fernando.bussiman@usp.br
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The selection process in the Campolina breed has been
based primarily on results from horse shows and gait com-
petitions, while inbreeding has been unrestrictedly considered
by breeders. As this situation could cause loss of genetic
variability due to the increase of inbreeding (Duru, 2017), the
possibility of inbreeding depression should be investigated.
For the proper management of domestic populations, it is
important to maintain genetic variability at a high level (Hasler
et al., 2011). The increase on average inbreeding coefficient
has a negative impact on the effective population size and
reduces the genetic diversity (GD) (Frankham et al., 2010).
The impacts of high levels of inbreeding can affect

morphological traits (Gómez et al., 2009), and, indirectly
reproductive and survival rates. In horses, inbreeding depres-
sion has been associated to a decrease on juvenile survival, and
the individuals that survive until adult ages show lowered
growth rate and fertility, inability to mate, reduced fecundity
and parental care (Collins et al., 2012). Therefore, the aim of
this study was to describe the structure of the Campolina breed
population, with emphasis in the effective population size and
characterization of stratification, and to analyze the impact of
inbreeding on morphological traits.

Material and methods

Data and pedigree analysis
Generation interval. Were considered genealogical records
from 107 951 animals (born between 1960 and 2014) and
morphological measurements from 43 465 individuals. All
data were provided by the Brazilian Campolina Horse Bree-
ders Association (ABCCCampolina). The generation interval
is the average age of parents at the birth of their selected
(with progeny records) offspring (Falconer and Mackay,
1996). The generations intervals of four possible selection
lines, sire to son, sire to daughter, dam to son and dam
daughter were calculated.

Effective population size. The effective population size was
calculated considering all pedigree information. As the asso-
ciation of breeders was founded in 1951, all animals born
before that were treated as base animals, as well as the ani-
mals with unknown parents. The calculation was made over
each year based on the rate of inbreeding (ΔF)·Ne= 1/2ΔF
and also on the census information by the number of parents
(Falconer and Mackay, 1996).

Genealogical parameters. The equivalent complete genera-
tions were calculated based on Maignel et al. (1996):P

1=2ð Þn where n is the number of generations between an
animal and its ancestor. The number of founders was
assumed as the number of ancestors with unknown parents.
For each half-founder (animal with just one known parent) a
dummy founder was created. The effective number of foun-
ders (fe) was computed by the following formula (Lacy,
1989): fe=1=

P
p2
i

� �
where pi is the proportion of the genes

of the descendant population contributed by founder i.

The effective number of ancestors (fa) was proposed by
Boichard et al. (1997) as the minimum number of ancestors
explaining the same level of GD as the reference population.
It was calculated by the formula: fa=1=

P
q2
i

� �
where qi is

the marginal genetic contribution of ancestor i. The ratio
between the effective number of founders and the effective
number of ancestors (fe/fa) could be used as an indicative of a
population bottleneck (Boichard et al., 1997). The number of
founder genome equivalent (fge) is defined as the number of
founders that describes the same GD as in the population
under study if no loss of alleles occurred and the founders
were equally represented (Lacy, 1989; Caballero and Toro,
2000). It can be calculated by the formula fge= 1/2fg, where
fg is the average coancestry in the population under study.
According to Caballero and Toro (2000) the fg can be
calculated as:

fg =
PP

aij
2n2

where aij is the elements of the relatedness matrix and n the
number of animals. The ratio fa/fge could be used as an
indicator of effects of gene drift in the population (Boichard
et al., 1997). The effective number of non-founders was
proposed by Caballero and Toro (2000) as the accounting for
non-founders contribution:

Nenf =
1

1
fge
� 1

fe

The GD was computed by Lacy (1989): GD= 1− 1/2fge.
The loss of GD since the founder generation in the population
as defined by Caballero and Toro (2000) was estimated:
1−GD. All pedigree analyses were performed using the
PEDIG (Boichard, 2002) and CFC (Sargolzaei et al., 2006)
software.

Population stratification. For this analysis, a subset from the
population was taken, based on Roos et al. (2015); in this
study the reference population contained 2.89 times the
generation interval. It contained only animals born between
1990 and 2016, with a total of 65 572 animals. All regions of
birth of the animals were coded and the average relation-
ships between them calculated, excluding the regions with
less than 20 animals. The R package heatmap (R Develop-
ment Core Team, 2016) was used to obtain a visual inference
over the magnitude of genetic relationship between animals
born in different regions. For this, diagonal elements were set
as 0 because the average relationship coefficient within the
states or regions were remarkably greater than between,
causing the scale to be an obstacle to visual interpretation.

Inbreeding effects on morphological traits. The individual
inbreeding coefficient was calculated for all animals in the
pedigree using CFC software (Sargolzaei et al., 2006). In
order to estimate the effects of inbreeding over morpholo-
gical traits in the Campolina breed, a regression of each trait
on the inbreeding coefficient (F) of individuals have been
performed. The measurements were performed by certified
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technicians of the ABCCCampolina. In this study, we con-
sidered data from 16 of the most important morphological
measurements performed at 36 months of age for the
analyzes. Phenotypic means for the studied traits varied
from 18.93 to 156.15 cm, for cannon girth (CG) and body
length (BL), respectively; and the minimum N was 43 300 for
heart girth (HG) (descriptive statistics are shown in Table 1).
The traits were: height at withers, height at back, height at

croup, height at chest, head length, neck length, shoulder
length, back-loins length, BL, leg length (LL), croup length,
head width, chest width (CW), buttock width (BW), HG
and CG.

Model of description. The linear mixed model proposed for
the analysis was:

yijklmn = β0 + ysi +bhj + yregisk + sexl + β1age

+ β2age
2 + β3F + am +eijklmn

where yijklmn represent the value for the trait; β0 an intercept;
ysi the systematic effect of year-season of birth interactions;
bhj the systematic effect of the individuals birth herd; yregisk
the systematic effect of the year of the individual’s registry;
sexl the systematic effect of sex; β1 and β2 represent the
coefficients of the covariate (linear and quadratic, respec-
tively) age (in months); β3 represent the coefficients of the
covariate inbreeding coefficient; am the random effect of
the nth animal where a � N 0; Aσ2a

� �
, where A is the

relationship matrix and eijklmn represent the random residual
terms, where e � N 0; σ2e

� �
.

Inference. The analysis of inbreeding effects onmorphology was
implemented using a Bayesian framework, thus all inferencewas
performed through the analysis of the posterior distributions of
the parameters. According to Bayes rule, the posterior density
of all unknown parameters is p θjyð Þ / pðyjθÞp θð Þ, where

θ= β0; ¼ ; a; σ2a; σ
2
e

� �
is the collection of unknown model

parameters for the morphological traits, p(θ) the prior
distribution for θ, p (y |θ ) the conditional distribution of the
data and p(θ | y) the posterior distribution of the unknown
parameters. Thus, the joint prior distribution for all unknowns
was defined as: p θð Þ / p ajσ2a

� �
p σ2a
� �

p σ2e
� �

, that
is: p θð Þ / N aj0; Aσ2a

� �
χ�2 σ2ajdfa; Sa

� �
χ�2 σ2ejdfe; Se

� �

where χ�2 � jdf�; S�ð Þ is a scaled inverse χ2 distribution with df
and scale parameter S.
Analyzes were performed using GIBBS1F90 software

(Misztal et al., 2002). A total of 550 000 samples were
generated in a single chain, assuming a burn-in period of
50 000 and a thinning interval of 50. Thus, inference was
realized over 10 000 samples from the posterior distribution.
Convergence of the Markov Chain Monte Carlo chains was
verified by applying the Z criterion of Geweke (1992), using
the ‘coda’ package (Plummer, 2006) from R software
(R Development Core Team, 2016).

Results

Demographic structure
An average of 1380 females were born per year between the
year of 1990 and 2016, with a decreasing linear trend of
−75.386 births per year. In this interval, the average number
of males born was 1051, decreasing in a linear trend of
−51.615 births per year. The breeding population (indivi-
duals who left descendants) in the Campolina horse con-
sisted of 2464 males and 5948 females. The number of
selected offspring per year presented a decrease around the
year 1989, and the number of males used as stallions on
each year also decreased in the period between the years
1989 and 1996, with a stabilization after this period
(Figure 1a). Pedigree completeness was assessed by calcu-
lating the proportion of ancestors known in each generation
(Figure 1b), for the first three generations was 100%,
99.98% and 84.64%, respectively.

Generation interval
Changes on generation interval for the studied time period
are shown in Figure 2a. The overall average generation
interval observed was 9.00 ± 0.09 years. The generation
interval between mares and their progeny was longer than
for stallions and their offspring. The interval between mares
and their sons was the longest of all categories. The average
generation interval showed a slight but inconsistent decrease
by year.
Parent’s age at the moment of birth of their offspring

with progeny records did not differ between sires and dam.
The average age of sires at the moment of birth of their
offspring was 8.3 years, while for dams it was 8.9 years. In
general, all breeding animals started reproduction young and
stallions were strongly used between 3 and 7 years of age.
For females, the most intense reproduction period occurred
between 4 and 9 years of age, while 75% of births were
originated from females at until the fourth parity episode.

Table 1 Descriptive statistics for the conformation traits in the
present study

Variables n Mean SD Minimum Maximum

Height at withers (cm) 43 465 153.42 5.80 136 171
Height at back (cm) 43 391 146.29 5.56 129 170
Height at croup (cm) 43 390 153.32 5.58 133 178
Height at chest (cm) 43 358 64.58 3.05 52 77
Leg length (cm) 43 358 88.84 5.20 70 108
Head width (cm) 43 358 20.90 1.05 17 25
Chest width (cm) 43 369 38.80 2.95 28 49
Buttock width (cm) 43 367 51.87 2.86 40 63
Head length (cm) 43 368 60.49 2.84 48 72
Neck length (cm) 43 373 63.03 3.84 49 77
Back-loins length (cm) 43 379 60.19 6.12 40 80
Croup length (cm) 43 378 51.04 3.84 38 64
Shoulder length (cm) 43 360 56.37 4.00 42 71
Body length (cm) 43 360 156.15 6.78 130 186
Heart girth (cm) 43 300 181.85 7.74 142 220
Cannon girth (cm) 43 364 18.93 1.12 10 30
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Effective population size
The Ne when calculated based on ΔF, suggests the increase
in the usage of inbreeding by Campolina horse breeders since
1970 (Figure 2b). The highest value for ΔF and the average
coancestry coefficient were observed for the year 2009
(Figures 2b and 3a). A pronounced increase on the average
coancestry was observed between the years 1990 and 2016.
Even when ΔF started decreasing (after the year 2009), the
average coancestry was increased with the inbreeding
coefficient, as shown in Figure 3. The effective population
size (Ne) in the Campolina horse was 93 when based on the

ΔF parameter and 2846 when calculated based on the
number of parents. The family size variation showed a
decreasing trend between years 1900 and 1990, switching
to an increasing linear trend after 1990. The family size
for stallions (21.54 ± 2.02) was greater than for mares
(3.42 ± 0.12).

Genealogical parameters
Results suggest that around 0.60% of GD was lost due the
unequal contribution of founders in the Campolina popula-
tion. Since its foundation, 1.08% of GD were lost in the

Figure 1 (a) Number of animals registered by year and the number of sires that have at least one service registered by year and the number of selected
offspring in each year. (b) Average completeness per generation.

Figure 2 (a) Changes in generation interval by year. (b) Effective population size (Ne) and increase in each generation inbreeding coefficients
(ΔF) by year. Ne(ΔF) is Ne calculated on the basis of ΔF and Ne (number of parents) is calculated on census information.
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population and 0.48% of GD were lost due to genetic
drift. In terms of bottleneck, the loss of GD was predicted
as 1/2fa= 0.91%. There were 316 sires and 16 002 dams
in the founders group, but the effective number of founders
was equivalent to 83.13 (Table 2), implying a reduction
of 99.49% in the number of founder explaining the
same level of GD found in the complete population. The
genetic contributions of founders were between
9.26× 10− 4% and 7.17%, which means that founders have
not had an equal contribution, supporting other results pre-
sented in this study.

Inbreeding effect on morphological traits
The overall average percentage of inbreeding coefficient
was 2.45 ± 0.02% for the complete population, and
5.64 ± 0.03% for the inbred animals. Table 3 shows the
number of animals per category of F. Around 84% of the
animals were located between F= 0% and F= 5% and only
1.68% of the animals were above F= 25%.
The mean F started increasing in a pronounced manner

after the year 1970 with a trend of +8.30% per year, where
the paternal F (2.98%) was higher than maternal (2.75%)
(Figure 3b). Sires had higher F than dams throughout the
time series studied, however, females presented a higher
value of F (5.68%) then general (sire+ non-sire) males
(5.57%). Gelding individuals composed the lowest inbred
category, with F= 5.34%.

Population stratification
The average coancestry coefficient presented a continuous
increase (Figure 3a) for the time series studied. The average

Figure 3 (a) Average coancestry coefficient per year. (b) Average, maternal and paternal inbreeding coefficients by year.

Table 2 Genealogical parameters of the Campolina horse population

Parameters Population

Number of animals 107 951
Number of sires 4253
Progeny 91 610

Number of dams 26 760
Progeny 91 623

Number of inbreds 46 883
Percentage of inbreds 43.43

Average inbreeding coefficient (all population) 2.45%
Average inbreeding coefficient (for inbreds) 5.64%
Average progeny per sire 21.54
Average progeny per dam 3.42
Average relationship coefficient 0.02
Mean equivalent complete generations 2.98
Number of founders (f) 16 318
Effective number of founders (fe) 83.13
Effective number of ancestors (fa) 55.01
Founder genome equivalent (fge) 46.21
Effective number of non-founders (Nenf) 104.06
Ratio fe/fa 1.51
Ratio fa/fge 1.19

Table 3 Number of animals per inbreeding category and percentage of
each class

All population Individuals with phenotype

F categories (%) n % of total n % of total

0.00 to 2.50 80 176 74.27 31 449 72.35
2.50 to 5.00 10 596 9.82 4473 10.29
5.00 to 10.00 8934 8.28 3872 8.91
10.00 to 15.00 4278 3.96 1896 4.36
15.00 to 20.00 1714 1.59 779 1.79
20.00 to 25.00 444 0.41 213 0.49
⩾ 25.00 1809 1.68 783 1.80
Total 107 951 100.00 43 465 100
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relationship between animals born in different states pre-
sented an increase for animals born after the year 1990
(Figure 4b), except for the relationship between animals from
Sergipe state (Northeast region) and the Federal District
(Center-West region), as shown in Figure 4. The mean of
average relationships between states or regions was
f= 0.021, and within states was f= 0.214. Although not
shown in Figure 4, the average relationship within the states
decreased for animals born between the years of 1990 and
2016 (Figure 4a and b), except for Bahia and MG states, with
an increase of 22.71% and 32.37%, respectively. The
decrease on the average relationship within the states
ranged between −80.14% and −7.92%, for Sergipe and São
Paulo states, respectively.
The regression coefficients of the phenotype on F for the

morphological traits studied, as well as the chain convergence

parameters, are shown in Table 4. Geweke Z scores obtained
for the parameters varied from −0.762 (BL) to 1.506 (LL), and
the autocorrelation at lag50 (r-lag50) was very low, as the
maximum observed value was 0.018 (LL). The linear effect of
F over the analyzed traits was mainly negative, varying
between −0.003 (BL) and −0.063 (BW). The percentage of the
phenotypic mean represented by the estimated effect of F
varied from 0.002 (BL) to 0.195 (CG).

Discussion

The observed numbers for the Campolina horse population
showed that even though this breed is still recent in historical
terms, its size is equivalent to older international horse
breeds (different breeds – Ne between 19.8 and 322,
Cervantes et al., 2010). The values of pedigree completeness
up to the sixth generation were greater than found by Teegen
et al. (2009) for the Trakehner horse and that may be
attributed to the improved capability of genealogical
recording in most recent times. Moreover, the politics
implemented by the ABCCCampolina, in which all recent
born animals are DNA tested for parental confirmation,
contributes for a more precise genealogical recording. The
values of pedigree completeness found in this study were
similar to Druml et al. (2009) and Duru (2017) for the Aus-
trian Noriker draught and Turkish Arab horse breeds,
respectively; the authors found values greater than 80% of
completeness up to the sixth generation, while in the present
study a value of 84% was observed for the same depth of
completeness. The greater decrease in pedigree complete-
ness shown after the third generation may have support on
the beginning of the Campolina as a breed. The large Bra-
zilian territory represent an obstacle for controlling the
population, impairing information collection ability from
sires and dams in older generations for technological and
infrastructural purposes.
As shown in Figure 1a, the number of animals born per

year has experienced a pronounced growth from 1900 to
1990s, but showed an abrupt decrease after the year 1990, a
result that is highly connected to a specific moment of the
Brazilian economy. During this period, Brazil was under an
uncontrolled economic crisis, which lasted at least 4 years
(from 1990 to 1994). As a result, the investment in agribu-
siness shortened, and thus, horse market shrinked drasti-
cally. The slight return of growth, observed around 1996–97,
had major obstacles as, from this period onwards, other
horse breeds started to lead the horse market due to pre-
ferences of new breeders.
The proportion of males and females registered in this

period was different from the expected (43.24% of males
and 56.76% of females) and that could have many reasons:
first, the costs involved in breeding a stallion are higher than
for mares, second, the particularities of the stallions’ man-
agement requirements: stallions need a larger area without
direct contact with other males, they also need more hand-
ling cares because they are more agitated than mares.

Figure 4 Average relationship between states and demographic regions
for the complete population (a) and for animals born between the years
1990 and 2016 (b). N=North; NE=Northeast; CW= Center-West;
SE= Southeast; S= South; PA= Para; TO= Tocantins: AL=Alagoas;
BA= Bahia; CE= Ceará; MA=Maranhão; PE= Pernambuco; SE= Sergipe;
DF= Federal District; GO=Goiás; MT=Mato Grosso; ES= Espírito Santo;
MG=Minas Gerais; RJ= Rio de Janeiro; SP= São Paulo; PR= Paraná.
Diagonal elements were set to 0 for scale purposes. Italic letters were used
to identify the geographic regions.
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The third reason is the introduction of reproductive technol-
ogies by the ABCCCampolina, as only registered purebred
animals are accepted as recipient mares.
Changes in the generation interval by year found in the

present study were more intensive than reported by Yamashita
et al. (2010) in the Japanese Thoroughbred horse, and this may
be associated with the greater variation per year of the gen-
eration interval found in this study. Roos et al. (2015) reported
average generation intervals between 10.03 and 10.59 years in
Holstein horse. Likewise, Teegen et al. (2009) observed a
generation interval of 10±0.06 years in Trakehner horse
population and Yamashita et al. (2010) found an average
generation interval from 10.5 to 11.5 in Thoroughbred horses
in Japan. The slightly lower generation interval (9 years)
observed for the Campolina breed may be associated with the
preference of most breeders to ‘initiate’ a foal at the age of 2 to
3 years in morphological and gait competitions. The choice for
reproduction is therefore conditional to animal’s performance
in those competitions. Because of this earlier introduction to
reproduction, most animals are parents at younger ages,
decreasing the average generation intervals. The particularity
of the large intervals in the maternal side can have the com-
petitions as main reason; while a mare is under competition it
cannot get pregnant. Breeders often introduce very young
females in competitions in order to obtain prizes and thus start
reproduction earlier in life. Shorten generation intervals impact,
positively, the genetic gains; results reported for the Campolina
horse support that the implementation of a national breeding
program considering morphological traits could help to guide
the genetic evolution of the population.
To avoid inbreeding depression in the short term, Frank-

ham et al. (2010) suggested that the need of a minimum

value of Ne higher than 50. However, in the long term, even
larger populations must be monitored in order to avoid
inbreeding depression on fitness, reproductive and survival
traits. The Ne values reported by Roos et al. (2015) in the
Holsteiner horse population (55.31) were lower than found in
the Campolina population (93), which can be resulted from
the high inbreeding present in this breed. The value here
observed was close to results found for indigenous horse
breeds of 83.6 (Hasler et al., 2011), that may be attributed
to the mean inbreeding coefficient found for the Campolina
horse population, which was similar to the value reported by
those authors (5.19%).
In the present study, within both methods, Ne based on

the number of parents and rate of inbreeding, were found
differences in the average coancestry and average inbreeding
coefficient. This result suggests that there may be differential
contribution from sires in the Campolina breed, which in the
long term may contribute to a further deepening in the
partitioning of the population. The reduction of 96.7%
between results of Ne obtained by different methods is
attributable to the strong increase of Fi from 1990.
The family size variation shows that the possible imple-

mentation of the ‘optimum contribution selection’ method
would increase response to selection, due to the combination
of unrelated families. This method aims to avoid extreme
relationships of offspring and provide low inbreeding levels of
the parents in the next generation (Sonesson and Meuwissen,
2000). According to Teegen et al. (2009), another consequence
of this method is the maintenance of higher values of the
effective population size, by balancing the number of males
and females, standardizing family size and introducing genetic
exchange within family (rotation of sires).

Table 4 Posterior mean, median, highest-posterior density (HPD), Geweke’s test (Z score), autocorrelation (r-lag50) and
percentage of mean values for the effect of inbreeding coefficient on morphological traits

Traits Mean Median HPD (5% | 95%) Geweke r-lag50 % μphen

HW −0.053 −0.053 −0.063 | −0.044 1.021 −0.020 0.035
HB −0.044 −0.044 −0.055 | −0.034 −0.186 0.004 0.030
HC −0.051 −0.051 −0.060 | −0.041 0.675 0.002 0.033
HCh −0.015 −0.015 −0.022 | −0.008 0.270 −0.001 0.023
LL −0.019 −0.022 −0.034 | −0.007 1.506 0.018 0.021
HdW −0.029 −0.029 −0.037 | −0.021 0.679 0.006 0.139
CW −0.017 −0.017 −0.022 | −0.011 0.084 0.005 0.044
BW −0.063 −0.063 −0.076 | −0.049 −0.380 0.006 0.121
HL −0.027 −0.027 −0.038 | −0.021 −0.390 −0.013 0.045
NL −0.030 −0.030 −0.041 | −0.024 0.121 0.016 0.048
BLL −0.004 −0.004 −0.006 | −0.001 −0.329 −0.010 0.007
CL −0.022 −0.022 −0.030 | −0.016 −0.416 −0.009 0.043
SL −0.027 −0.027 −0.034 | −0.021 0.537 0.005 0.048
BL −0.003 −0.003 −0.005 | −0.001 −0.762 −0.001 0.002
HG −0.057 −0.057 −0.075 | −0.038 1.120 0.005 0.031
CG −0.037 −0.037 −0.048 | −0.029 0.051 0.004 0.195

% μphen=percentage of the phenotypicmean represented by the estimated effect:
HW= height at withers; HB= height at back; HC= height at croup; HCh= height at chest; LL= leg length; HdW= head width;
CW= chest width; BW= buttock width; HL= head length; NL= neck length; BLL= back-loins length; CL= croup length; SL= shoulder
length; BL= body length; HG= heart girth; CG= cannon girth.

Bussiman, Perez, Ventura, Peixoto, Curi and Balieiro

2252



Reductions of genetic variability can happen due to
unequal contribution of founders, bottleneck and drift events
(Duru, 2017). The reduction on the effective number of
founders and ancestors comparing to the real value found in
this study suggest loss of genetic variability and that was
confirmed by the loss of 0.60% of GD. Although, the results
of this study showed a large difference between the number
of founders and the effective number of founders, the
effective number of founders found in this study was greater
than found by Duru (2017), Roos et al. (2015) and Santana
and Bignardi (2015), of 40.00, 50.20 and 56.40 respectively,
which indicates that the Campolina population still present
some level of GD, but that needs to be monitored in order to
prevent further losses in the future. In this study, the losses
due to unequal contribution of founders represented 55.55%
of the total loss of GD, which was less then found by Santana
and Bignardi (2015), due to a probable less intense use of
specific influential individuals in the population.
The fa was lower than the real number of ancestors,

showing that the observed loss of GD was passed from
parents to their progeny as a result of the bottleneck. If the
rate fe/fa is equal to 1, then the population is considered
stable in terms of founder contributions and the bottleneck
do not affect the population (Duru, 2017). In this study, the
fe/fa rate was 1.51, indicating that the Campolina population
may be suffering a bottleneck effect and these effects were
higher as a result of reduction in the number of individuals
used for mating over the past generations.
The effective number of founder genomes was around

50% of the effective number of founders and the ratio
(1.80%) show that even the loss of GD due to bottleneck was
intense, in the Campolina breed the loss of founder alleles
over the time is not so high due the genetic drift. The Nenf
was 104.06, indicating considerable genetic contribution
from non-founder individuals, decreasing losses in the GD in
opposition to losses due to unequal contribution of founders.
The mean average relationship coefficient in the population

(f= 0.022) was low when compared to average coancestry,
that may indicate a presence of breeding societies (suggested
term to describe preferential regional mating by Teegen et al.
(2009)) in the population. As the increase in the average
coancestry and inbreeding were very strong, was expected
increase in the average relationship in between the states and
also within the states. It is possible to see (Figure 4b) that the f
between states and demographic regions has increased for
individuals born after the year 1990. This result is in accordance
to the observed increase in the average coancestry. It is pos-
sible to infer that as parental f increased, the average coan-
cestry has also increased for the progeny of those inbred
parents, resulting in more prominently related progeny
between states/regions in the latest generations.
Although the average relationship between states and

regions has increased, the average relationship within states
decreased. This event may be associated with the introduc-
tion of new reproductive technologies, such as embryo
transfer and artificial insemination, which allows a broader
distribution of genetic material for longer distances. Another

event that could influence in favor of the observed results is
the increase in the number of live animal’s exchange (by
selling/trading) between more distant herds, due to the
improvement of transportation and management practices
after the 1+990s decade.
The rate between average genetic relationship within and

between states was 10 : 1 when considering the entire popu-
lation, and for the recent population (animals born after 1990)
this ratio decreased to 3 : 1. These differences indicate that the
recent increase in the exchange of genetic material has
impacted the genetic relationship between states. However,
mating of animals born in the same region is still prevalent,
resulting in breeding societies, and thus, still a higher than 1 : 1
ratio observed for the average genetic relationship between
and within states for the recent generations.
It is interesting that the patterns of average relationship

between the demographic Brazilian regions showed no
major changes over time, only increasing its magnitude when
comparing the entire population and animals born from 1990
onwards. This may indicate that breeding societies formed in
the past generations of the Campolina population are still
functional in recent days. The average relationship within the
MG was the only one largely increased, that may be attrib-
uted to the fact that this breed was developed in that specific
state, where preferential regional mating is more common.
The observed average genetic relationship between MG and
others states was the most invariant when comparing
heatmaps in Figure 4, which is in accordance to historical
facts. Considering the Campolina breed was first developed
in MG, it is plausible to infer that animals from all others
regions should have a minimum genetic relationship with
animals from this state, as the first individuals brought to
other regions were invariantly originated from there.
The average inbreeding in the Campolina horse was higher

than found by Gonçalves et al. (2012) in Mangalarga March-
ador horse breed, but lower than reported by Gómez et al.
(2009) of 8.2% mean for the Spanish Purebred population. It
was also lower than the average F reported for European horse
populations, such as the Lipizzan (Zechner et al., 2002) and the
Pura Raza Española (Valera et al., 2005). That may be related
with the proportion of founders with unknown parents, which
contribute as 0 in computation of inbreeding.
In the present study, differences on the average F between

sires and dams were observed. This result may be explained
by the fact that stallions are, in general, the most important
category in the structure of herds. Therefore, a lot more
investment is put into the acquisition of stallions, allowing it
to be bought from other breeders as an adult, embryo or
even by the acquisition of semen from stallions bred in
distant regions. The production of mares, however, is much
more focused on mating individuals within the herd, which
on average results in higher inbreeding coefficients as
parents are often much more related.
Conflicting results have been published for the effect of

the increase in F over morphological traits (Gandini et al.,
1992; Bergmann et al., 1997; Wolc and Balińska, 2010),
varying from negative to positive. This lack of pairing must
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be attributed to different population structure, selection
criteria and magnitude of inbreeding practiced in distinct
horse breeds. Depending on the selection criteria practiced in
determined horse breeds, it could cause an increase in the
frequency of homozygous genotypes for alleles which are
actually favorable, allowing the estimation of positive effects
of inbreeding over morphological traits.
When morphological traits are considered as selection cri-

teria, negative effects of inbreeding may actually allow new
selection possibilities. Bergmann et al. (1997) found a negative
influence of inbreeding on morphology in the Brazilian Pony
breed, but the authors argued that this effect benefits bree-
der’s selection objectives as they wish smaller animals. When
considered exclusively on the perspective of morphological
traits, inbreeding has been used as a tool for achieving more
homogeneous groups of progenies and for fixating some
desirable features in specific lines of horses. However, genetic
associations between morphological and functional (health,
performance and survival) traits can impose a limiting factor in
the overuse of inbred mating. Favorable genetic correlation
was reported between conformation and health traits in the
Swedish Warmblood riding horse (Jönsson et al., 2014), which
implies that similar genomic regions may be affecting both
types of traits. Therefore, it is plausible to assume that nega-
tive effects of F over morphological traits due to the increase in
the frequency of homozygous loci may also impair health
traits. As an example, Sevinga et al. (2014) have reported that
inbreeding was at least partly the cause of the high incidence
of retained placenta in Friesian Horses. This suggests that the
increase of inbreeding can cause not only the reduction of
morphological phenotypes, but further drastic consequences
for the Campolina breed in the long term.

Conclusions

The results of the present study do not indicate a severe
narrowing of the Campolina breed population in Brazil. The
average genetic relationship between animals is increasing
and signs of impairment caused by the increase in the
inbreeding coefficient were estimated. Inbreeding must be
controlled to avoid losses in the future. The assessment of
the population stratification can support the development of
strategies to minimize inbred mating.
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