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Abstract

This study aimed to identify important non-genetic factors and estimate genetic parameters

for efficiency-related traits in Boer x Central Highland goats. The genetic parameters were

estimated using the Average Information Restricted Maximum Likelihood algorithm using

the WOMBAT program fitting animal model. The least-squares means for growth efficiency

from birth to 3 months (GE1), 3–6 months (GE2), 6–12 months (GE3), relative growth rate

from birth to 3 months (RGR1), 3–6 months (RGR2) and 6–12 month (RGR3) were 294.0 ±
5.06, 36.6 ± 1.20, 44.9 ± 1.81, 1.46 ± 0.01, 0.32 ± 0.01 and 0.19 ± 0.01, respectively. Birth

type, blood level, sex of the kid, and year of kidding had a sizable effect on efficiency-related

traits. About 18, 3.0, 23, 20, and 12% of the phenotypic variation in GE2, GE3, RGR1,

RGR2, and RGR3 was explained by the direct additive genetic effect. Except for RGR3, all

investigated traits were under the influence of maternal genetic effect, and maternal herita-

bility ranged from 0.09 to 0.17. The total heritability estimate depicts that slow genetic prog-

ress would be expected from selection. Nevertheless, even with this level of heritability,

selection for efficiency-related traits would improve the efficiency of chevon production as

these traits are economically important traits. Nearly six-months of age was when farmers

sold Boer crossbred goats. Therefore, improving the growth efficiency till the marketing age

(GE2) in such a scenario could increase the production efficiency.

Introduction

Genetic improvement of indigenous Central Highland goats through crossing with the pro-

ductive Boer goat has been conducted since 2007. The crossbreeding program aimed to

improve the growth performance and meat production and thereby improve the livelihood of

farmers. Accordingly, crossbred bucks with 50% exotic blood level were disseminated to farm-

ers and crossed with indigenous Central Highland goats. Crossbred goats need better manage-

ment for survival and productivity [1]. In low-input systems, however, producers aim to
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optimize production using the least possible production inputs to achieve the highest possible

output rather than using possible levels of inputs to attain the highest possible output [2].

Thus, the productivity of goats is highly dependent on their efficiency to use the available

resources to which they are subjected. In addition, farmers sold crossbred goats near six

months of age. In such a situation, improving the growth rate up to the marketing age could

enhance the production efficiency and farmers’ economy.

Selection for growth traits is the option to enhance productivity of goats. But sometimes,

selection for better body weight could be associated with high mature body weight if animals

are maintained for breeding, which results in high cost. However, selection for relative growth

rate and growth efficiency increases early growth independent of the mature size and is sug-

gested as an approach to enhance production efficiency and reduce the production cost of ani-

mals [3–5]. Besides, efficiency-related traits such as growth efficiency and relative growth rate

are positively correlated with feed efficiency traits according to previous studies [6–13]. In

order to breed for feed efficiency, records of feed intake and production must also be kept. But

the recording of feed intake of individual animal is not obvious, particularly in developing

countries. Therefore, improvements in growth performance and feed efficiency could be made

through the selection of animals for efficiency-related traits.

Identification of the possible non-genetic factors and estimation of the genetic parameters

(variance, heritability, and genetic correlations) for efficiency-related traits are the pre-requi-

site for genetic improvement through selective breeding in conjunction with crossbreeding.

Although there are several studies on growth efficiency and relative growth rate of cattle [5, 6,

8–10] and sheep [11, 12, 14], these traits have not been studied so far in goats except for Mokh-

tari et al. [13]. Therefore, the objectives of this study were to identify non-genetic factors and

to estimate genetic parameters for efficiency-related traits in Boer x Central Highland goats.

Material and methods

Data and flock management

Data were collected from an experimental breeding flock of Boer x Central Highland goats,

maintained at Sirinka Agricultural Research Center small ruminant breeding, evaluation, and

dissemination site, which is located at an altitude of 1850 m.a.s.l and 11˚45’ 00" N and 39˚36’

36" E. The mean annual rainfall is 950 mm. The area is a moderately warm temperature zone

with mean daily temperature ranges of 16–21˚C. Data were collected from 2009 to 2018. A

detailed description of the data is presented in Table 1. The animals were reared under semi-

intensive management i.e., animals were allowed to graze for six hours per day and sheltered

in a semi-open concert barn during the night based on their physiology, sex, and age. When

returned from gazing/browsing, flocks were supplemented with a concentrate mix (100–400 g

day-1 based on their physiology and age) comprised of Wheat bran, Noug cake, and salt as a

mineral source. Goats were vaccinated for common diseases in the area and treated regularly.

All experimental techniques and animal care were in line with FASS [15], and animal nutrition

and health researchers of Sirinka Agricultural Research Center, Amhara Region Agricultural

Research Institute, confirmed this during annual review forum.

The mating method was a natural controlled mating method. One buck was assigned to

20–30 breeding females, and the bucks were kept with does for forty-five days. During mating,

herdsmen were assigned to each mating group to collect the mating data and pedigree infor-

mation. The pure Central Highland does were crossed with pure Boer bucks to produce the F1

crossbreds with 50% Boer blood level. Male and female crossbreds were inter se mated to pro-

duce F2 crossbreds. About 25% of female crossbreds with 50% blood level were mated with

75% blood level and pure Boer buck to increase their exotic blood level to 62.5% and 75%,
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respectively. As a limitation, the sample size and data structure may influence the interpreta-

tion of the findings from this study to some extent. Indeed, the data was collected by research-

ers under on-station management of animals to improve the data quality, and this may reduce

the impact of data size on genetic parameter estimates.

Evaluated traits

The investigated traits include growth efficiency from birth to weaning (GE1) = ((weaning

weight–birth weight)/birth weight) x 100, from weaning to six months (GE2) = ((six-month

weight–weaning weight)/weaning weight) x 100 and growth efficiency from six-month to

yearling age (GE3) = ((yearling weight–six-month weight)/six-month weight) x 100. Besides,

the relative growth rate from birth to weaning (RGR1) = ((ln (weaning weight)–ln (birth

weight)) / 90 days) x 100, from weaning to six months (RGR2) = ((ln (six-month weight)–ln

(weaning weight)) / 90 days) x 100 and from six months to yearling age (RGR3) = ((ln (year-

ling weight)–ln (six-month weight)) / 180 days) x 100.

Statistical analysis

The general linear model procedure of SAS [16] was used to identify the important fixed

effects, which have a significant effect on the efficiency-related traits. Post-hoc test was con-

ducted using the Tukey-Kramer test. The statistical model was as follow:

Yijklmnop ¼ mþ BTi þ SBj þ SXk þ DPl þ TBm þ LKn þ GKo þ eijklmnop

Where Yijklmnop is the response variables, μ is the overall mean, BTi is the effect of ith birth

type (single and multiple births), SBj is the effect of jth season of birth (main rain, short rain

and dry), SXk is the effect of kth sex of kid (male and female), DPl is the effect of lth parity of

doe (1, 2, 3, 4, and�5), TBm is the effect of mth year of birth (2009–2018), LKn is the effect of

nth Boer blood level (25, 50, 62.5, and 75%), GKo is the effect of oth filial generation (F1, F2, and

F3) and eijklmnop is random error term associated with each observation.

The genetic parameters were estimated by the Average Information Restricted Maximum

Likelihood (AI-REML) method using WOMBAT program fitting animal model [17]. The sig-

nificance of random effects was tested using the log-likelihood ratio test [18], and only the

selected models are presented. An effect was considered to have a significant influence when

its inclusion caused a significant increase in log-likelihood, compared with a model in which it

Table 1. Description of data structure for efficiency-related traits in Boer crossbred goats.

Items Traits

GE1 GE2 GE3 RGR1 RGR2 RGR3

Number of records 674 533 350 674 533 350

Number of sire 22 21 20 22 21 20

Number of dam 219 191 163 219 191 163

Number of progeny/ sire 30.6 25.4 17.5 30.6 25.4 17.5

Number of progeny/ dam 3.07 2.79 2.15 3.07 2.79 2.15

Mean 293.5 36.6 46.9 1.46 0.32 0.19

SD 131.4 27.7 33.5 0.36 0.21 0.11

CV % 39.0 22.0 27.2 37.1 28.8 38.8

GE1, growth efficiency from birth to weaning; GE2, growth efficiency from weaning to six months; GE3, growth efficiency from six- month to yearling age; RGR1,

relative growth rate from birth to weaning; RGR2, relative growth rate from weaning to six months; RGR3, relative growth rate from six- month to yearling age

https://doi.org/10.1371/journal.pone.0305749.t001
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was ignored. Phenotypic and genetic correlations among investigated traits were estimated in

a bivariate analysis using starting values from univariate analyses. Genetic trends were esti-

mated by regression of the average breeding values estimated in the particular trait on the

birth year. The following six-univariate animal models were fitted:

y ¼ Xbþ Z1aþ ε ð1Þ

y ¼ Xbþ Z1aþ Z2mþ ε Covða;mÞ ¼ 0 ð2Þ

y ¼ Xbþ Z1aþ Z2mþ ε Covða;mÞ ¼ Aσam ð3Þ

y ¼ Xbþ Z1aþ Z2cþ ε ð4Þ

y ¼ Xbþ Z1aþ Z2mþ Z3cþ ε Covða;mÞ ¼ 0 ð5Þ

y ¼ Xbþ Z1aþ Z2mþ Z3cþ ε Covða;mÞ ¼ Aσam ð6Þ

Where y is the vector of the records of investigated traits; b, a, m, c, and ε are vectors of

fixed effects, additive direct genetic, maternal additive genetic, permanent environmental

effects of the dam and residual effects, respectively; X, Z1, Z2, and Z3 are incidence matrices

that relate these effects to the records. It was assumed that a, m, c, and ε are normally distrib-

uted with the mean zero and variance Aσ2
a, Aσ2

m, Ipc2, and Inε2, respectively. Where A is the

numerator relationship matrix between animals; σam is the covariance between additive direct

and maternal genetic effects; Ip and In are identity matrices with orders equal to the number of

does and kids, respectively. σ2
a, σ2

m, c2, and ε2 are the direct additive genetic variance, mater-

nal additive genetic variance, maternal permanent environmental variance, and residual vari-

ance, respectively.

The heritability of direct genetic effects (h2
a) = σ2

a / σ2
p; heritability of maternal genetic

effects (h2m) = σ2
m / σ2

p; direct-maternal genetic correlation (ram) was computed as the ratio

of the σam to the product of the square roots of estimates of σ2
a and σ2

m; maternal permanent

environmental variance as a proportion of phenotypic variance (c2) = σ2
c / σ2

p; residual vari-

ance as a proportion of phenotypic variance (e2) = σ2
e / σ2

p. Where σ2
a is the direct genetic var-

iance, σ2m is the maternal genetic variance, σam is the direct-maternal genetic covariance and

σ2
c is the maternal permanent environmental variance, σ2

e is the residual variance and σ2
p is

the phenotypic variance. Total heritability (h2
t) was estimated according to Willham [19] as

follows:

h2
t ¼ ðs

2
a þ 0:5 s2

m þ 1:5 samÞ=s
2
p

Where σ2
a is the additive genetic variance, σ2

m is the maternal genetic variance, σ2
p is the

phenotypic variance, and σam is the covariance between additive direct and maternal genetic

effects.

The additive coefficient of variation (CVA) was computed as follows:

CVA ¼

ffiffiffiffiffiffiffi
s2a
~n

r !

x 100

Where σ2
a is the additive genetic variance and ñ is the sample mean.
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Results

Non-genetic and genetic effects

The efficiency-related traits of Boer x Central Highland goats are presented in Table 2. The

least-squares means and standard errors for GE1, GE2, GE3, RGR1, RGR2, and RGR3 were

294.0 ± 5.06, 36.6 ± 1.20, 44.9 ± 1.81, 1.46 ± 0.01, 0.32 ± 0.01, and 0.19 ± 0.01, respectively. Sin-

gletons’ pre-weaning growth efficiency and relative growth rate were higher than those of mul-

tiple-born kids. However, the post-weaning efficiency for multiple-born kids was greater than

for singletons. The sex of kids considerably influenced GE1, GE3, and RGR3, and male kids

had a higher value for these traits than females.

Kids with a 25% Boer level had higher growth efficiency and relative growth rate. Likewise,

they had better growth efficiency during weaning to six-month age than kids with a 75% Boer

level (Table 2). The growth efficiency and relative growth rate for F1, F2, and F3 kids at all

growth phases were found to be statistically similar (P>0.05). The pre-weaning growth effi-

ciency and relative growth rate of kids born from the 2nd parity were higher than 3rd parity.

For post-weaning efficiency-related traits, however, parity did not have a sizable effect

(P>0.05). Season of kidding exerted a significant influence on pre-weaning efficiency-related

traits (Table 2). Better growth efficiency and relative growth rate observed for kids born during

the short rainy season than in other seasons. The year of kidding also significantly influenced

all considered efficiency-related traits of the goats.

(Co) variance components and heritability

Variance, covariance, and heritability estimates for efficiency traits in Boer x Central Highland

goats are shown in Table 3. As per the log-likelihood ratio test, the selected models for GE1,

GE2, GE3, RGR1, RGR2, and RGR3 were model 2, 6 2, 6, 6, and 1, respectively. About 18%,

3%, 23%, 20%, and 12% of the phenotypic variation in GE2, GE3, RGR1, RGR2, and RGR3,

respectively were explained by the direct additive genetic effect. However, the contributions of

kids’ own genes for variation of GE1 were low. The standard error for estimates in this study

seems to be high. Except for RGR3, all investigated efficiency-related traits were under the

influence of maternal genetic effect, and maternal heritability (h2
m) ranged from 0.09 to 0.17.

Besides, the inclusion of maternal permanent environmental effects had a significant effect on

heritability estimates of GE2, RGR1, and RGR2. The direct-maternal additive genetic correla-

tion (ram) for GE2, RGR1, and RGR2 were -0.93, -0.83, and -0.86, respectively. In this study, all

investigated traits except for GE1 had moderate to high additive genetic coefficient of variation

(CVA = 10.5–29.6%).

Genetic and phenotypic correlation estimates

The phenotypic and genetic correlations among investigated efficiency-related traits are pre-

sented in Table 4. The phenotypic correlations (rP) ranged from -0.43 to 0.97, and the genetic

correlations (rG) varied between -0.64 and 0.97. Growth efficiency was genetically correlated

(rG = 0.71 to 0.97) with the relative growth rate of goats in the same growth phase. However,

the genetic correlations among pre-weaning and post-weaning efficiency-related traits were

found to be antagonistic. The phenotypic correlations showed the same trend as the genetic

correlations.

Genetic trend for efficiency-related traits

The genetic trend for growth efficiency and relative growth rate of Boer x Central Highland

goats is illustrated in Figs 1 and 2, respectively. Except for GE1, the post-weaning growth
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Table 2. Efficiency-related traits (LSM ± SE) of Boer x Central Highland goats.

SV N GE1 RGR1 N GE2 RGR2 N GE3 RGR3

Overall 672 294.0± 5.06 1.46±0.01 532 36.6±1.20 0.32±0.01 350 44.9±1.81 0.19±0.01

BT *** *** *** *** *** ***
Single 217 317.1±8.88 1.53±0.02 174 25.7±1.68 0.24±0.01 114 42.1±3.25 0.17±0.01

Multiple 455 283.0±6.09 1.43±0.02 358 41.8±1.52 0.37±0.01 236 49.2±2.17 0.20±0.01

BL * * * * ns ns

25% 40 393.4±20.8a 1.73±0.05a 34 44.5±4.84a 0.39±0.03a 17 47.2±9.17 0.19±0.03

50% 507 292.8±5.67b 1.46±0.02b 414 36.5±1.37ab 0.32±0.01ab 278 49.1±2.08 0.20±0.01

62.50% 31 299.6±30.5b 1.44±0.08b 24 40.0±5.29ab 0.35±0.04ab 14 53.6±7.32 0.22±0.02

75% 94 256.4±11.8b 1.36±0.03b 60 31.5±3.37b 0.28±0.03b 41 29.7±3.42 0.13±0.01

FG ns ns ns ns ns ns

F1 348 284.6±6.92 1.44±0.02 298 41.2±1.64 0.36±0.01 193 50.9±2.58 0.21±0.01

F2 222 289.0±8.29 1.45±0.02 150 29.5±2.03 0.27±0.02 102 44.6±3.03 0.18±0.01

F3 102 337.2±14.5 1.57±0.04 84 33.0±3.03 0.29±0.02 55 37.1±4.04 0.16±0.01

Parity ** * ns ns ns ns

1 198 296.7±9.45ab 1.47±0.02ab 149 39.4±2.22 0.35±0.01 92 57.6±3.90 0.23±0.01

2 199 313.2±9.82a 1.51±0.03a 169 36.7±2.37 0.32±0.02 115 44.2±3.25 0.18±0.01

3 146 268.2±9.72b 1.40±0.02b 113 34.7±2.54 0.31±0.02 67 36.0±3.20 0.15±0.01

4 72 280.6±14.2ab 1.43±0.04ab 59 32.5±3.04 0.29±0.02 43 52.5±4.73 0.22±0.02

�5 57 300.5±18.1ab 1.48±0.05ab 42 36.8±3.94 0.33±0.03 33 41.2±5.06 0.18±0.02

Season ** ** ns ns ns ns

Dry 337 295.5±7.14b 1.47±0.02b 257 32.8±1.58 0.29±0.01 182 40.3±1.94 0.17±0.01

SR 78 335.5±16.5a 1.57±0.04a 68 45.4±4.51 0.38±0.03 32 57.6±6.54 0.23±0.02

MR 257 279.6±7.74b 1.42±0.02b 207 38.4±180 0.34±0.01 136 53.2±3.43 0.21±0.01

Sex * ns ns ns ** *
Female 368 283.9±6.26 1.44±0.02 301 38.0±1.55 0.34±0.01 218 44.9±2.17 0.19±0.01

Male 304 306.2±8.18 1.49±0.02 231 34.8±1.89 0.31±0.01 132 50.1±3.18 0.20±0.01

Year *** *** *** *** *** ***
2009 85 263.6±13.7cb 1.37±0.04bc 80 55.3±3.54a 0.47±0.02a 51 79.3±5.69a 0.30±0.01a

2010 105 274.3±10.6cb 1.42±0.03bc 95 33.1±2.67bc 0.29±0.02bc 59 29.5±3.01de 0.13±0.01de

2011 65 216.6±9.80d 1.25±0.04d 40 27.3±2.22cd 0.26±0.02cd 32 42.0±4.17cd 0.18±0.01bc

2012 63 300.5±17.9b 1.47±0.04b 47 20.9±2.35d 0.20±0.02d 28 35.8±3.53cd 0.16±0.01bcd

2013 91 246.8±9.13cd 1.35±0.03cd 62 37.0±3.54bc 0.33±0.03bc 51 31.0±3.42de 0.14±0.01cde

2014 45 281.8±16.5bc 1.44±0.05bc 24 35.3±6.68bc 0.30±0.05bc 15 48.7±6.74c 0.21±0.02b

2016 114 376.5±12.6a 1.68±0.03a 102 40.4±2.79b 0.35±0.02a 56 64.2±4.75b 0.26±0.01a

2017 68 305.1±19.2b 1.47±0.05b 46 39.5±3.62b 0.35±0.03b 29 62.1±4.25b 0.25±0.01a

2018 36 404.8±18.0a 1.77±0.04a 36 20.7±3.09d 0.20±0.02d 29 19.6±2.01e 0.09±0.009e

SV, sources of variation; BT, birth type; BL, Boer blood level; FG, filial generation; SR, short rain; MR, main rain; GE1, growth efficiency from birth to weaning; GE2,

growth efficiency from weaning to six months; GE3, growth efficiency from six- months to yearling age; RGR1, relative growth rate from birth to weaning; RGR2,

relative growth rate from weaning to six months; RGR3, relative growth rate from six- month to yearling age

Ns

P>0.05; ***
P<0.001; **
P<0.01; *
P<0.05; N, number of observations

Means with different superscripts in each subclass within a column differ significantly (P < 0.05) from each other

https://doi.org/10.1371/journal.pone.0305749.t002
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efficiency showed positive genetic progress. The estimate of genetic changes for GE1, GE2,

and GE3 were -0.6065, 1.2986, and 0.1398% year-1, respectively. The relative growth rate at dif-

ferent growth phases had favorable genetic progress across the years. The annual genetic

changes for RGR1, RGR2, and RGR3 were 0.0007, 0.0107, and 0.1819%, respectively. In gen-

eral, the estimated breeding value for investigated efficiency-related traits showed an undulat-

ing trend across the years.

Discussion

Systematic factors

Genetic, systematic, and non-systematic factors determine the performance of an animal.

Thus, knowledge of the influence of systematic factors on efficiency-related traits is quite

important for designing management and genetic improvement programs. The GE1 and GE2

in this study are lower than the report of Mokhtari et al. [13] for the Raeini Cashmere goat.

However, Ghafouri-Kesbi and Gholizadeh [12] noted a relatively lower GE2, RGR2, and

RGR3 in sheep than in the current study. This variability might be due to the variation in the

management level and genetic potential of the breed/species. The effect of birth type on effi-

ciency-related traits in this study is consistent with other studies [11, 12], which noted that the

GE and RGR of triplet lambs were superior to single and twin lambs during post-weaning age.

Besides, Mohammadi et al. [20] reported that single-born kids grew faster than multiple-born

kids during the pre-weaning while they did not during the post-weaning period. However,

Table 3. Estimates of (co) variance components and heritability for efficiency-related traits of Boer x Central Highland goats.

Trait M σ2
a σ2

m σam σ2
c σ2

e σ2
p h2

a ± SE h2
m ± SE r am c2 ± SE h2

t CVA%

GE1 2 0.29 1453 11923 13377 0.00002±0.07 0.11±0.04 0.054 0.18

GE2 6 118.1 61.4 -79.4 136 403.4 639.4 0.18±0.16 0.10±0.14 -0.93 0.21±0.10 0.046 29.6

GE3 2 24.6 97.9 656.9 779.5 0.03±0.10 0.12±0.07 0.094 10.5

RGR1 6 0.027 0.02 -0.02 0.01 0.076 0.114 0.23±0.18 0.17±0.14 -0.83 0.08±0.07 0.075 11.2

RGR2 6 0.008 0.004 -0.01 0.01 0.025 0.04 0.20±0.15 0.09±0.14 -0.86 0.20±0.10 0.063 27.9

RGR3 1 0.001 0.008 0.009 0.12±0.10 0.133 16.6

M, model; GE1, growth efficiency from birth to weaning; GE2, growth efficiency from weaning to six months; GE3, growth efficiency from six- month to yearling age;

RGR1, relative growth rate from birth to weaning; RGR2, relative growth rate from weaning to six months; RGR3, relative growth rate from six- month to yearling age

σ2
a, direct genetic variance; σ2

m, maternal genetic variance; σam, direct-maternal genetic covariance; σ2
c, maternal permanent environmental variance; σ2

e, residual

variance; σ2
p, phenotypic variance; h2

a, direct heritability; h2m, maternal heritability; ram, direct-maternal genetic correlation; c2, maternal permanent environmental

variance as a proportion of phenotypic variance; h2
t, total heritability; CVA, additive genetic coefficient of variation

https://doi.org/10.1371/journal.pone.0305749.t003

Table 4. Genetic correlation (below diagonal) and phenotypic correlation (above diagonal).

GE1 GE2 GE3 RGR1 RGR2 RGR3

GE1 0.41±0.04 -0.23±0.06 0.97±0.01 -0.40±0.04 -0.22±0.06

GE2 -0.64±0.24 -0.20±0.05 -0.43±0.04 0.97±0.04 -0.20±0.52

GE3 -0.03±0.41 -0.24±0.53 -0.23±0.06 -0.20±0.50 0.84±0.04

RGR1 0.97±0.02 -0.60±0.20 0.21±0.61 -0.41±0.04 -0.22±0.06

RGR2 -0.60±0.26 0.71±0.36 0.02±0.62 -0.58±0.22 -0.21±0.05

RGR3 -0.04±0.52 -0.31±0.53 0.77±0.22 0.17±0.61 -0.16±0.54

GE1, growth efficiency from birth to weaning; GE2, growth efficiency from weaning to six months; GE3, growth efficiency from six- months to yearling age; RGR1,

relative growth rate from birth to weaning; RGR2, relative growth rate from weaning to six months; RGR3, relative growth rate from six- month to yearling age

https://doi.org/10.1371/journal.pone.0305749.t004
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pre-weaning and post-weaning growth efficiency for triple-born kids were higher than for sin-

gle and twins, according to Mokhtari et al. [13]. Multiple-born kids are computing for

resources during the pre-natal and post-natal periods, and thus, they try to adapt/survive

forcefully. This forceful adaptive mechanism of kids could be the reason for their superiority

during the post-weaning period.

Al-Saef [21], Ghafouri-Kesbi and Rafie-Tari [11], and Ghafouri-Kesbi and Gholizadeh [12]

have reported the superiority of males over females in terms of efficiency-related traits.

According to Baneh and Hafezian [22], the estrogen hormone limits the growth of long bones

in females more than in males. This might be a possible reason for the inferiority of females

over male kids. A filial generation did not have a significant influence on investigated traits.

Boujenane et al. [23] have made a similar observation regarding the growth traits of sheep. The

influence of dam parity/age was noted in previous studies [24, 25], which could be explained

Fig 1. Genetic trends for growth efficiency traits at a specific age.

https://doi.org/10.1371/journal.pone.0305749.g001

Fig 2. Genetic trend for relative growth rate at a specific age.

https://doi.org/10.1371/journal.pone.0305749.g002
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by dams’ degree of maturity and milk production potential. A sizable effect of season and year

on efficiency-related traits was noted elsewhere [1, 13, 20, 21]. The variability of climatic vari-

ables, forage availability, and disease infestation could be the reason for observed variation

across years and seasons.

Genetic parameters

The contribution of direct additive genetic effect to phenotypic variation of pre-weaning

growth efficiency (GE1) seems low relative to GE2 and GE3. This low contribution of kid’s

own genes for phenotypic variation of GE1 indicates that maternal genes and genes that have a

non-additive effect could control GE1. In addition, the contribution of kids’ genes is pro-

nounced after weaning, which could be the reason for a relatively higher direct additive genetic

effect after weaning age. Yogesh et al. [26] and Latifi et al. [27] have made a similar observa-

tion. The observed high standard error for estimates in this study could be ascribed to the sam-

ple size, data structure, or a small number of progeny per dam and limited information on

linked offspring and dams’ performances. There are few reports of heritability for growth effi-

ciency and relative growth rate of small ruminants in the literature. Mokhtari et al. [13] noted

a relatively higher h2
a estimate for GE1 and GE3 in goats and relatively high estimate was

reported by Ghafouri-Kesbi and Gholizadeh [12] in sheep than in the current study. However,

the h2
a estimates for RGR1, RGR2, and RGR3 in this study are higher than the estimates

reported by Ghafouri-Kesbi and Gholizadeh [12] and Ghafouri Kesbi and Rafie-Tari [11].

The maternal heritability (h2
m) of GE1 in this study is well consistent with the report (0.10)

of Mokhtari et al. [13]. However, Ghafouri-Kesbi and Gholizadeh (12] noted a lower estimate

(0.04) for GE1 than the current result in Baluchi sheep. The estimate of h2
m for RGR1 is higher

than the estimate reported by Ghafouri-Kesbi and Gholizadeh [12]. The higher h2
m estimate

for GE1 and GE3 than h2
a indicates that genes controlling maternal performance (uterine

nourishment, milk production, cytoplasmic effect, and mothering ability) had a higher influ-

ence on these traits than the genes carried by the kids. Likewise, genes contributing to maternal

performance had a significant contribution to RGR1 and RGR2. The influence of the maternal

genetic effect could be attributed to differences in the quality and capacity of the uterine space

for the growth of the fetus [28]. Thus, a lack of consideration of maternal genetic effects makes

it difficult to select superior goats, as the true genetic potential of kids is masked by maternal

performance. Therefore, maternal effects should be included in the model to obtain accurate

estimates of genetic parameters, to have accurate estimates of breeding values, and to be useful

for setting selection strategies for genetic improvement.

Higher and negative additive-maternal correlations (ram) were noted for growth traits and

Kleiber ratio by different scholars [13, 27, 29–31]. The negative ram estimate may be due to nat-

ural selection for an intermediate optimum [32], poor data structure, true genetic antagonism

[18], and negative environment correlation between the dam and offspring [33]. If it is due to

true genetic antagonism, the negative estimate implies that selection for increasing these traits

in kids unfavorably affects the maternal ability of dam for these traits. Thus, the selection pro-

gram should consider both direct additive and maternal genetic effects to maximize genetic

gain. In addition, Gutierrez et al. [34] suggested that the antagonistic relationship could be

compensated by improving management practices and using supplementary feeding.

About 60 to 80% of the cost of animal production is feed cost [35]. Moreover, nowadays,

the land use pattern has changed, i.e., grazing land is shrinking at the cost of extensive crop

production, and the goat grazing/browsing resources are disappearing at a fast rate [36]. In

this situation, selecting efficient animals would be imperative to ensure the sustainability of

goat production. In small ruminants, an increased growth rate up to market weight with
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relatively little increase in mature size could help to improve production efficiency by reducing

production costs. This can be achieved by selection based on relative growth rate [3, 11] and

growth efficiency. However, the heritability estimates for relative growth rate and growth effi-

ciency in this study suggest that genetic progress through selection would be slow under pre-

vailing management conditions.

When there is a lot of residual error variance in a trait, heritability is not a viable way to

measure the amount of genetic variation in the variance of a trait [5]. In such a situation,

Houle [37] suggested using additive coefficients of variation, which is a measure of additive

genetic variation that standardized by the trait mean and thus independent of other sources of

variance, unlike heritability [38]. The moderate genetic coefficient of variation for most of the

investigated traits in this study shows the possibility of including efficiency-related traits in the

selection index of the breeding program to improve the efficiency of goat production. Besides

heritability and genetic variability, the economic importance of a trait and its genetic correla-

tion with other traits are important to allow a trait to be included in the selection index [39].

According to Cassel [40], improvement through mass selection (i.e., selection based on own

performance) may be difficult if the heritability estimate is <0.15. In this situation, selection of

goats using single source of information may not be sufficient and thus, selection using breed-

ing values estimated from different sources of information would be important.

The genetic correlations of GE1-RGR1, GE2-RGR2, and GE3-RGR3 in this study are higher

than the estimate (rG = 0.429 to 0.654) reported by Ghafouri-Kesbi and Gholizadeh [12]. This

means selection for higher growth efficiency would positively influence the relative growth

rate of goats. The antagonistic genetic correlations among pre-weaning and post-weaning effi-

ciency-related traits are in agreement with several studies [5, 11–13]. Therefore, selection for

GE1 and RGR1 could not positively impact post-weaning efficiency traits, i.e., selection for

more efficient animals in the pre-weaning age would tend to decrease the growth efficiency in

the post-weaning period. This could be explained by the compensatory growth of kids. This

result suggests that not all efficiency-related traits can be genetically improved concurrently

through selection, and thus selection should focus on the trait of the highest importance.

Nearly six months of age was when farmers sold crossbred goats. In such a scenario, improving

the growth rate till the marketing age could increase Boer crossbred goat productivity

efficiency.

Genetic trend

There are no reports of genetic trends for efficiency-related traits of goats in the literature so

far. Mahala et al. [31] noted positive genetic progress for other pre-weaning efficiency-related

traits such as absolute weight gain (0.5477) and Kleiber ratio (0.0299). Contrary to the current

study, the negative progress for absolute weight gain (-0.0451) and Kleiber ratio (-0.0065) dur-

ing the post-weaning age (six months to yearling) was reported by Mahala et al. [31]. The level

of selection implemented and the culling rate of animals as per their estimated breeding value

explain being favorable and unfavorable genetic progress. In this study, selection and culling

were not that much strong, i.e. selection was conducted based on their physical performance,

and small numbers of goats were culled due to their poor performance. Thus, these issues

could explain the observed undulating genetic trend for investigated trends across years. The

absence of a selection of dams based on breeding value could be the possible reason for

observed unfavorable genetic progress for pre-weaning growth efficiency, as the pre-weaning

performance of kids is under the sizable influence of the gene controlling maternal ability.

The genetic parameter estimates are affected by animal management, breed/population,

selection pressure, data size and structure. Hence, the study is limited to one flock, providing
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information about that specific flock. In addition, the data structure and sample size may have

some influence on how the study’s conclusions are interpreted. Nevertheless, the data was col-

lected by researchers managing the animals under on-station, which would have lessened its

influence on estimates of genetic parameters. Anyways, the small dataset and data structure in

this study could increase the standard error of the estimate. Thus, estimating genetic parame-

ters using large datasets and good data structure would be important to improve estimation

accuracy.

Conclusion

Efficiency-related traits are paramount in goat production to be effective and profitable. These

traits influenced by birth type, blood level, sex, season, and year of kidding. Although the heri-

tability is low, the moderate genetic coefficient of variation and high economic importance of

efficiency-related traits suggest the possibility of including these traits in the selection index to

improve the efficiency of goat production. The moderate to high genetic correlation between

growth efficiency and relative growth rate in the same growth phase shows the scope of multi-

trait selection based on one of these traits. The selection of goats based on their breeding value

would further improve genetic progress.
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