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Abstract 

Background: While the adoption of genomic evaluations in livestock has increased genetic gain rates, its effects on 
genetic diversity and accumulation of inbreeding have raised concerns in cattle populations. Increased inbreeding 
may affect fitness and decrease the mean performance for economically important traits, such as fertility and growth 
in beef cattle, with the age of inbreeding having a possible effect on the magnitude of inbreeding depression. The 
purpose of this study was to determine changes in genetic diversity as a result of the implementation of genomic 
selection in Angus cattle and quantify potential inbreeding depression effects of total pedigree and genomic inbreed‑
ing, and also to investigate the impact of recent and ancient inbreeding.

Results: We found that the yearly rate of inbreeding accumulation remained similar in sires and decreased signifi‑
cantly in dams since the implementation of genomic selection. Other measures such as effective population size and 
the effective number of chromosome segments show little evidence of a detrimental effect of using genomic selec‑
tion strategies on the genetic diversity of beef cattle. We also quantified pedigree and genomic inbreeding depres‑
sion for fertility and growth. While inbreeding did not affect fertility, an increase in pedigree or genomic inbreeding 
was associated with decreased birth weight, weaning weight, and post‑weaning gain in both sexes. We also meas‑
ured the impact of the age of inbreeding and found that recent inbreeding had a larger depressive effect on growth 
than ancient inbreeding.

Conclusions: In this study, we sought to quantify and understand the possible consequences of genomic selection 
on the genetic diversity of American Angus cattle. In both sires and dams, we found that, generally, genomic selection 
resulted in decreased rates of pedigree and genomic inbreeding accumulation and increased or sustained effec‑
tive population sizes and number of independently segregating chromosome segments. We also found significant 
depressive effects of inbreeding accumulation on economically important growth traits, particularly with genomic 
and recent inbreeding.
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Background
It has been more than two decades since the idea of using 
genomic markers to increase the prediction accuracy 

of an animal’s genetic value was first laid out [1]. Since 
then, genomic selection (GS) has been incorporated into 
breeding programs for a wide array of livestock species 
and has dramatically increased the rate of genetic pro-
gress, mainly thanks to improved prediction of breeding 
values and shortened generation intervals [2–4]. In dairy 
cattle, genomic selection has increased the improvement 
rate for many economically important traits, particularly 
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for lowly heritable traits associated with longevity and 
health [3, 4]. Differences between the dairy and beef 
industries, such as differences in the ease of pheno-
type collection on the selection candidates, the preva-
lence of sex-limited traits, and the use of crossbreeding, 
could explain the slower adoption of genomic selection 
strategies in beef compared to dairy cattle breeds [2]. 
Nonetheless, routine genomic evaluations have been 
implemented in the American Angus breed since 2009, 
and over 900,000 animals have been genotyped to date.

In the early days of GS, there was speculation about its 
impact on the accumulation of inbreeding and genetic 
diversity. Schaeffer [5] hypothesized that reducing gen-
eration intervals due to accurately predicting breeding 
values at birth could increase inbreeding. Similarly, the 
ability to evaluate selection candidates in a wide array 
of environments was speculated to decrease specialized 
populations and decrease effective population sizes ( Ne ). 
Daetwyler [6] theorized that the ability to account for 
Mendelian sampling with genomic information would 
lead to reductions in yearly ( �Fyearly ) and generational 
( �Fgen ) rates of inbreeding by decreasing the co-selection 
of sibs. In dairy cattle, the reality has been that yearly 
and generational rates of pedigree and genomic inbreed-
ing and coancestry have increased in Dutch-Flemish [7], 
French [8], and North American [9] populations of the 
Holstein–Friesian dairy breed.

In addition to the loss of genetic diversity associated 
with high levels of inbreeding [10], the accumulation of 
inbreeding in the population can cause an unfavorable 
increase or decrease in the mean phenotypic value of 
individuals for a particular trait, a phenomenon called 
inbreeding depression [11]. Quantitative genetics the-
ory states that the reduction in the population mean 
due to inbreeding is due to increased homozygosity at 
loci where the heterozygote differs from the average 
value of the homozygotes, which happens when domi-
nance is at play [11]. Evidence amassed from experi-
ments conducted in plant and animal populations points 
to increased homozygosity at loci harboring deleterious 
variants as a contributing factor to inbreeding depression 
[12]. Inbreeding depression has been documented in beef 
cattle for growth and reproduction traits. Carolino and 
Gama [13] found that an increase in direct and mater-
nal pedigree inbreeding decreased calf birth weight and 
weight at 3 and 7 months of age. Direct inbreeding also 
reduced the weight at 12  months of age and increased 
the age at first calving and calving intervals. Pereira et al. 
[14] found similar detrimental effects of direct pedigree 
inbreeding on growth with decreased weaning weight 
and on post-weaning growth and reproduction with 
increased first calving interval and days open.

The availability of genomic information has allowed us 
to capture Mendelian sampling variation and determine 
the realized inbreeding load of an animal, instead of only 
the expected load based on pedigree relationships. In 
addition, it permits the analysis of animals/populations 
with incomplete or missing pedigree records. Genomic 
information can be used to estimate inbreeding depres-
sion due to marker or segment-based inbreeding. For 
example, Reverter et al. [15] found a consistently negative 
impact of marker and segment-based genomic inbreed-
ing on yearling body weight in tropical cattle across 
marker panels of varying density.

Not all inbreeding is the same or is expected to have 
depressive effects on fitness. The ‘age’ of inbreeding is 
expected to moderate its effects, with older inbreeding 
having more time for purifying selection to act upon it 
and purge the population’s detrimental alleles. From this 
standpoint, pedigree and genomic inbreeding can be split 
into inbreeding age classes that permit the comparison of 
inbreeding depression caused by recent and old inbreed-
ing. For example, recent pedigree and genomic inbreed-
ing are more detrimental to milk and milk components 
yield, heifer and cow reproduction, and health traits 
than ancient inbreeding in Dutch [16] and Canadian [17] 
Holstein-Friesians. To the best of our knowledge, similar 
studies have not yet been performed in beef cattle.

The aims of our study were to (1) characterize the 
American Angus population in terms of pedigree and 
genomic inbreeding levels, (2) determine the magnitude 
and direction of changes to the rate of inbreeding, gener-
ation intervals, effective population size, and the effective 
number of chromosomal segments since the implemen-
tation of genomic evaluations, and (3) quantify the effects 
of recent and ancient inbreeding that affect reproductive 
and growth traits in Angus cattle.

Methods
Animals and data
All data for this study were provided by the American 
Angus Association (AAA). In total, 569,364 American 
Angus individuals registered with the AAA born between 
1969 and 2019 were used. Pedigree data was obtained 
from Angus Genetics, Inc. (St. Joseph, MO) and con-
tained 1,372,734 animals, including 25,692 founders. 
Pedigree statistics, including number of complete gen-
erations (NCG), complete generation equivalents (CGE), 
and pedigree completeness index (PCI), were obtained 
using the optiSel R package [18]. The CGE represents the 
sum of ( 12 )

n known ancestors of each individual, where n 
is the number of generations between an individual and 
its ancestor. The PCI of an individual represents the har-
monic mean of the pedigree completeness of its parents, 
calculated according to MacCluer [19]. These pedigree 



Page 3 of 15Lozada‑Soto et al. Genet Sel Evol           (2021) 53:50  

statistics were used to discriminate individuals based on 
pedigree completeness to reduce potential bias in esti-
mating pedigree inbreeding coefficients. Individuals with 
a NCG smaller than three complete generations, CGE 
less than ten equivalent generations, and/or a PCI that 
takes four generations into account lower than 0.90 were 
discarded from further analysis. In total, 19,532 animals 
that did not meet pedigree completeness requirements 
were removed from the dataset. The remaining animals 
had an average NCG of 10.74 complete generations, an 
average CGE of 21.21 equivalent generations, and an 
average PCI of 1.00.

Animals were genotyped with one of several genotyp-
ing platforms used over time at the AAA, including GGP 
HD, GGP HD150K, GGP LD (https:// genom ics. neogen. 
com/ pdf/ ag337_ ggp_ produ ctpor tfoli obroc hure. pdf ), 
HD50K (https:// www. zoeti sus. com/ animal- genet ics/ 
beef/ hd- 50k/ index. aspx), i50K (https:// www. zoeti sus. 
com/ animal- genet ics/ media/ docum ents/ i50k- 00001_ 
50k- sells heet. pdf ), and Angus GS v.1, AnGS hereafter, 
(https:// www. neogen. com/ neoce nter/ press- relea ses/ 
angus- genet ics- neogen- intro duce- angus- gs- genom ic- 
profi le/). Single nucleotide polymorphisms (SNPs) that 
met one of the following criteria were excluded from the 
process: (1) SNPs on sex chromosomes; (2) a Mendelian 
inconsistency higher than 2%; (3) a call rate lower than 
90%; and (4) a minor allele frequency lower than 0.1%. 
Animals with a call rate lower than 90% were removed. 
Taking advantage of overlapping SNPs between arrays 
and implementing a multi-step imputation process, all 
animals were imputed using the FImpute v3.0 program 
[20] to an ultimate SNP panel that consisted of 92,941 
SNPs, referred to as C92K hereafter, and used in the anal-
yses, hereafter.

For this analysis, further quality control procedures 
were performed, including removing animals with a call 
rate lower than 99% and SNPs with a call rate lower than 
95% and/or a  minor allele frequency lower than 0.1%. 
After quality control procedures, 549,407 individuals and 
89,206 SNP remained for further analysis.

Inbreeding measures
Several measures were used to quantify the amount and 
determine the age of inbreeding that has accumulated 
in the AAA population over time, including pedigree 
and genomic based inbreeding coefficients, with the lat-
ter including inbreeding based on the genomic relation-
ship matrix (GRM), runs of homozygosity (ROH), and 
homozygous-by-descent (HBD) segments.

Pedigree‑based measures
Total pedigree inbreeding ( FPED ) was estimated using 
the SNP1101 software [21]. In order to decompose FPED 

into age classes, we also calculated pedigree inbreeding 
using SNP1101 based on the first 3 ( FPED3 ), 4 ( FPED4−3 ), 
5 ( FPED5−4 ), 6 ( FPED6−5 ), 7 ( FPED7−6 ), and 8 ( FPED8−7 ) 
ancestral generations, where the inbreeding coefficients 
for FPED4−3 , FPED5−4 , FPED6−5 , FPED7−6 , and FPED8−7 were 
calculated as the difference between the inbreeding coef-
ficients of that age class and the preceding age class (i.e., 
FPED4−3 = FPED4 − FPED3 ). In addition, a class based 
on inbreeding accumulated nine generations ago or more 
distantly in the past was also created ( FPED9+).

Genomic‑based measures
Genomic inbreeding coefficients were calculated 
using marker-by-marker ( FGRM ) and segment-based 
approaches ( FROH and FHBD ). The FGRM for individual i 
was taken as Gii − 1 where G is the SNP derived GRM. 
The GRM was built according to VanRaden’s first method 
[22] and used a fixed allele frequency of 0.5 [23]. Numer-
ous studies [23–25] have found an advantage in terms 
of higher correlations with pedigree or ROH inbreed-
ing metrics when using a fixed allele frequency of 0.5 
instead of calculating the allele frequencies of the base 
population. Genomic inbreeding using ROH ( FROH ) was 
computed using the SNP1101 software [21] with a slid-
ing window approach and a minimum number of SNPs 
in a window set to 20, a choice that was based on pre-
vious results from Liu et al. [26] and Forutan et al. [27], 
where higher (lower) thresholds for the minimum num-
ber of SNPs in a window were found to produce inbreed-
ing coefficients that are underestimated (overestimated), 
the minimum base pair length was set at 1 Mbp, and the 
genotyping error rate was set at 0.01. The frequency of 
the unique ROH identified is in Additional file 1: Figure 
S1. In theory, FROH represents the proportion of the auto-
somal genome that is made up of ROH segments and is 
given by FROH =

∑n
i=1

LROHi
LGenome

 ; where LROHi is the length 
of the i th ROH and LGenome is the combined length of the 
autosomes covered by the markers. It is possible to iden-
tify the age of ROH inbreeding by looking at the length 
of the  ROH, with shorter lengths generally indicating 
more ancient inbreeding, although the length of an ROH 
originating at a particular time (generation) can vary. 
In this respect, we created five inbreeding coefficients 
based on the proportion of the genome covered by ROH 
of length 1 to 2  Mb ( FROH1−2 ), 2 to 4  Mb ( FROH2−4 ), 4 
to 8  Mb ( FROH4−8 ), 8 to 16  Mb ( FROH8−16 ), and 16  Mb 
or larger ( FROH16 ). The breakdown of the proportion of 
the genome covered by ROH of each of the length classes 
for 100 randomly sampled individuals is in Additional 
file 2: Figure S2. Other than using ROH length to identify 
inbreeding age classes, another segment-based approach 
that can be used is to model the probability that a marker 
is part of a homozygous-by-descent (HBD) segment 
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using a hidden Markov model (HMM), where the length 
of an HBD segment is exponentially distributed and 
the probability to continue or stop an HBD segment 
between two markers separated by d morgans is e−Rd , 
where R is the rate of the exponential distribution [28]. 
This approach can identify classes of inbreeding age by 
the expected length of the HBD segment, where shorter 
segment lengths indicate more ancient ancestry. For this 
purpose, we used the RZooROH package [29] to model 
multiple HBD classes where the rates used followed 
a power of four series  (4n; n = 1 to 4) to obtain partial 
inbreeding coefficients from approximately 2 ( FHBD2 ), 8 
( FHBD8 ), 32 ( FHBD32 ), and 128 ( FHBD128 ) generations ago. 
These estimates were non-cumulative and represent the 
proportion of inbreeding represented by HBD segment 
length classes that roughly correspond to a particular 
generation in the past.

Impact of genomic selection on inbreeding and genetic 
diversity
To examine the impact of genomic selection on various 
genetic diversity metrics, genotyped animals with prog-
eny were analyzed, specifically 26,149 sires and 135,548 
dams born between 2000 and 2017. Animals that did not 
have recorded progeny were not considered in this anal-
ysis to correct any potential bias in the genetic merit of 
genotyped animals born before and after genomic selec-
tion. The number of genotyped sires and dams for each 
birth year considered is shown in Fig. 1. Sires and dams 
were further split into two birth year groups for subse-
quent analyses based on whether they were born before 
(PreGS; 2000–2009) or after the implementation of 
genomic testing and selection (PostGS; 2010–2017). In 
total, 1847 sires and 10,461 dams were born in the PreGS 
period and 24,302 sires and 125,087 dams were born in 
the PostGS period.

Rate of inbreeding, generation intervals, and effective 
population size
The yearly rate of inbreeding ( �Fyear ) using the pedigree 
( �FPEDyear) , marker-by-marker ( �FGRMyear) , and segment-
based ( �FROHyear) inbreeding coefficients were calculated 
by regressing the inbreeding coefficient of the natural loga-
rithm of (1-F ) [7, 9] on the year of birth of the animal. The 
�Fyear was obtained as the opposite of the slope of the 
regression and was calculated independently for PreGS and 
PostGS sires and dams. Animals with an inbreeding coeffi-
cient that was not within 3 standard deviations of the group 
mean were not considered for this analysis. To account for 
the disparity in number of animals between the groups, the 
regression was run on randomly sampled groups of 200 
animals without replacement, with a total of 8, 117, 50, and 

606 samplings done for PreGS and PostGS sires and dams, 
respectively. The mean of all the runs was taken as the esti-
mate of �Fyear , and the standard deviation of all the runs 
divided by the square root of the number of runs was taken 
as the standard error of the estimate. Generation intervals 
were calculated for the traditional four paths of selection in 
each birth year group, these being the generation interval 
of sires of sires ( LSS ), sires of dams ( LSD ), dams of sires 
( LDS ), and dams of dams ( LDD ). The generation intervals 
for all four paths of selection calculated at each birth year 
are in Additional file 3: Figure S3. The generation interval 
of the sires was taken as the average of LSS and LDS and the 
generation interval of the dams was taken as the average of 
LSD and LDD . The effective population size ( Ne ) within a sex 
and birth year group was calculated as Ne =

1
2L�Fyear

 , 
where L is the generation interval of either sires or dams of 
either the PreGS or PostGS group, and �Fyear is the esti-
mated yearly rate of inbreeding using one of the inbreeding 
coefficients. Similarly, a 95% confidence interval was con-
structed for the effective population size using 
95%CI = 1

2L(�Fyear±1.96 SE�Fyear )
 , where SE�Fyear is the 

standard error of the estimated yearly rate of inbreeding.

Effective number of independently segregating chromosomal 
segments
The effective number of independently segregating chro-
mosomal segments ( Me ) was calculated at every birth year 
for the sires and dams, independently, as follows:

Fig. 1 Number of genotyped sires and dams by year of birth. Each 
dot represents the number of genotyped sires (red) and dams (blue) 
born within a given year
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where Gij and Aij are the relationships between the i th 
and j th animals based on the GRM and the numera-
tor relationship matrix ( A ), respectively. The GRM was 
scaled to the same base population as A using methods 
described in Wientjes et al. [30].

Inbreeding depression for heifer pregnancy and growth 
traits
Traits
Records were obtained for 21,288 heifers for heifer preg-
nancy (HP), which is the binary phenotype of being either 
pregnant or open at the end of the breeding season. 
Records were also obtained for three different growth 
traits: birth weight (BiW), weaning weight (WW), and 
post-weaning gain (PWG) in males and females. Records 
for BiW, WW, and PWG were already adjusted for age 
of calf at time of measurement and records for BiW and 
WW were also adjusted for the age of dam. Only phe-
notypic records within three standard deviations of the 
mean were used. Summary statistics including number 
of animals, mean, median, standard deviation, and mini-
mum and maximum values for HP, BiW, WW, and PWG, 
are in Table 1.

Statistical analysis and modeling
The effect of a 1% increase of pedigree and genomic 
inbreeding coefficients relating to recent and ancient 
inbreeding on the phenotype of heifer pregnancy and 
growth traits was quantified using a linear mixed model 
approach. For growth traits, male and female growth was 
treated as distinct and analyzed with separate regres-
sion analysis in order to uncover potential differences 
between sexes for inbreeding depression. The model used 
to estimate the regression coefficients of FPED , FGRM , and 
FROH was:

Me =
1

Var
(

Gij − Aij

) ,

where y is a vector of phenotypes for the investigated 
trait; b is a vector of fixed effects that included the con-
temporary group, age of dam, and heifer age when HP 
was modeled and contemporary group when BiW, WW, 
or PWG were modeled; F is a vector of inbreeding coeffi-
cients for FPED , FGRM , or FROH ; β is the linear regression 
coefficient for the regression coefficient; a is the vector of 
the random additive genetic effect, following 
a ∼ N

(

0, Aσ2add

)

 , where A is the numerator relationship 
matrix; r is a vector of random effects that included the 
service sire (ss), following ss ∼ N

(

0, Iσ2ss
)

 , where I is an 
identity matrix, when HP was modeled and the maternal 
permanent environment effect (mpe), following 
mpe ∼ N

(

0, Iσ2mpe

)

 , when WW was modeled; e is the 
random residual, following e ∼ N

(

0, Iσ2e
)

 ; and X , Z , and 
W are the incidence matrices for the fixed and random 
effects. Variance components were fixed at values used in 
genetic evaluations by the AAA.

To estimate the effect of a 1% increase in recent and 
ancient pedigree and genomic inbreeding we arbitrar-
ily grouped inbreeding classes based on whether they 
represent inbreeding acquired more recently or at a 
more distant generation, with the threshold for allo-
cating the coefficients into one of the two classes being 
one of several that could be set. For pedigree inbreed-
ing, we grouped inbreeding acquired 5 or fewer gen-
erations ago to create a recent pedigree inbreeding 
coefficient ( FPED_REC = FPED3 + FPED4−3 + FPED5−4 ) 
and inbreeding acquired 6 or more generations ago 
to create an ancient pedigree inbreeding coefficient 
(  FPED_ANC = FPED6−5 + FPED7−6 + FPED8−7 + FPED9+)  . 
To partition ROH inbreeding, we grouped inbreed-
ing based on ROH longer than or equal to 8  Mb 
(approximately 6.25 generations ago or sooner) 
to create a recent ROH inbreeding coefficient 

y = Xb+ βF+ Za +

n
∑

i

Wr + e,

Table 1 Descriptive statistics (number of individuals (N), mean, median, standard deviation, minimum and maximum) for the fertility 
and growth traits analyzed

a HP heifer pregnancy, BiW birth weight, WW weaning weight, PWG post‑weaning gain
b Represents the incidence of heifer pregnancy

Traita: Group N Mean Median SD Minimum Maximum

HP 21,288 0.87b

BiW (kg) Males 224,098 36.56 36.73 4.00 24.49 49.89

Females 151,801 34.32 34.47 3.91 22.68 47.17

WW (kg) Males 222,759 310.90 311.60 41.04 185.00 443.10

Females 148,792 277.60 278.00 34.75 170.50 390.90

PWG (kg) Males 169,404 225.48 226.30 48.96 73.92 378.68

Females 93,836 112.78 112.47 37.01 14.51 228.57
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( FROH_REC = FROH16 + FROH8−16 ) and inbreed-
ing based on ROH segments shorter than 8  Mb 
(approximately from 6.25 to 50 generations ago) 
to create an ancient ROH inbreeding coefficient 
(FROH_ANC = FROH4−8 + FROH2−4 + FROH1−2) . Similarly, 
for inbreeding based on HBD segments, we grouped the 
classes corresponding to inbreeding acquired approxi-
mately 2 and 8 generations ago to create a recent HBD 
inbreeding coefficient (FHBD_REC = FHBD2 + FHBD8) 
and grouped the classes corresponding to inbreed-
ing acquired approximately 32 and 128 genera-
tions ago to create an ancient HBD inbreeding class 
(FHBD_ANC = FHBD32 + FHBD128) . The previous model 
was extended to fit the recent and ancient inbreed-
ing coefficients of a certain class (example FPED_REC and 
FPED_ANC ) simultaneously.

Models where HP was the response variable were run 
using the THRGIBBS1F90 program (v.2.116) [31] and 
those in which the response variable was a growth trait 
were run using the GIBBS1F90 program (v.1.44) [32]. 
All analyses were run for 50,000 cycles with a burn-in of 
10,000 samples and every 10th sample being stored, for 
a total of 4000 samples used for subsequent inference. 
Convergence was assessed by visual inspection of trace 
plots.

Results and discussion
Inbreeding measures
The mean inbreeding of the population was 5.92% 
(SD = 2.41%) for FPED , 27.62% (SD = 2.52%) for FGRM , 
and 16.24% (SD = 3.04%) for FROH . The mean FPED was 
much lower than that reported for line 1 Hereford cattle 
(29.2%) [24] but it was in line with estimates for differ-
ent lineages of Nellore cattle (1 to 2%) [33]. The higher 
levels of pedigree inbreeding in line 1 Herefords than in 
American Angus are not surprising, as the former were 
managed as a closed herd for more than 85 years, which 
descends from only two bulls (paternal half-siblings) 
and 50 cows [34]. Using genomic inbreeding measures, 
the mean FGRM (30%) and FROH (23%) of Herefords [24] 
were similar to the values calculated in our population, 
although FROH was calculated using different ROH defin-
ing parameters, which limits the comparison between the 
two populations.

For the partial inbreeding coefficients, the mean 
inbreeding ranged from 0.10% (SD = 0.03%) for FPED7−6 
to 3.23% (SD = 2.39%) for FPED3 according to pedigree-
based coefficients, from 2.46% (SD = 0.40%) for FROH1−2 
to 4.33% (SD = 1.00%) for FROH4−8 according to ROH 
segment-based coefficients, and from 0.00% (SD = 0.00%) 
for FHBD32 to 25.26% (SD = 1.09%) for FHBD128 accord-
ing to HBD segment-based coefficients. Based on the 
partial inbreeding coefficients, the bulk of the pedigree 

inbreeding seems to have been accumulated relatively 
recently in the American Angus population. In contrast, 
the results for the partial inbreeding coefficients based on 
ROH indicate a more even distribution of ROH inbreed-
ing accumulated recently and in more distant genera-
tions, and partial inbreeding coefficients based on HBD 
segments indicate a large part of inbreeding accumu-
lated in a very distant past (around 128 generations ago) 
before the establishment of the modern American Angus 
breed indicating a possible historical bottleneck, and 
that a sizeable amount of inbreeding accumulated more 
recently, approximately eight generations ago. The distri-
bution of pedigree and genomic inbreeding coefficients 
are in Additional file  4: Figure S4 and Additional file  5: 
Figure S5, respectively.

Pearson’s correlation coefficients were calculated for 
all pairs of inbreeding coefficients and are shown in a 
heatmap in Fig.  2. The correlations of  FPED  with FGRM 
and FROH were high and positive ( rFPED,FGRM = 0.63 and 
rFPED,FROH = 0.64 ), while the correlation of FGRM with 
FROH was very high and positive ( rFGRM,FROH = 0.97 ). 
Similar to the results of this study, previously reported 
correlations between FPED and genomic inbreeding 
( FGRM or FROH ) and correlations between FGRM and FROH 
range from moderate to high in beef and dairy cattle pop-
ulations, with estimates of rFPED,FGRM ranging from 0.43 to 
0.64, estimates of rFPED,FROH ranging from 0.66 to 0.70, and 
estimates of rFGRM,FROH ranging from 0.81 to 0.92 [16, 24, 
27].

The correlations of the classical inbreeding coefficient 
and the partial pedigree-based inbreeding coefficient 
ranged from low and negative ( rFPED,FPED9+ = −0.09 ) to 
very high and positive ( rFPED,FPED3 = 0.98 ). Partial ped-
igree-based inbreeding coefficients, except for FPED3 , 
were found to share little to no correlation with genomic-
based measures of inbreeding, with correlations ranging 
from − 0.08 to 0.08. FROH and partial ROH segment-
based inbreeding coefficients had correlations that 
ranged from low and negative ( rFROH,FROH1−2 = −0.07 ) to 
high and positive ( rFROH,FROH16 = 0.83 ). We observed that 
partial inbreeding coefficients representing more recent 
inbreeding were more strongly correlated with each other 
than with those representing more ancient inbreeding, 
and vice versa, which was expected given that they repre-
sent a similar age of inbreeding accumulation.

Genetic diversity in American Angus sires and dams
The average FPED , FGRM , and FROH , for sires and dams at 
each birth year, are shown in Fig. 3. There was an observ-
able trend of increased average pedigree and genomic 
inbreeding from the first to last birth year considered, 
with the average FPED increasing by 34.67% and 54.69%, 
the average FGRM increasing by 4.98% and 10.02%, and 
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the average FROH increasing by 10.73% and 21.26% for 
sires and dams, respectively.

The results for the yearly change in inbreeding are in 
Table  2. In sires, we estimated a significant decrease in 
�FPEDyear from 0.14% in the PreGS period to 0.05% in 
the PostGS period; for genomic measures of inbreeding, 
we found a non-significant increase in �FGRMyear and a 
non-significant decrease in �FROHyear from one period 
to another. In dams, we observed a significant decrease 
in �Fyear for all inbreeding coefficients considered, 
from 0.22 to 0.03% for �FPEDyear , from 0.21 to 0.12% for 
�FGRMyear , and from 0.23 to 0.07% for �FROHyear.

These results are in stark contrast to those reported for 
dairy cattle. In North American dairy cattle, Makanjoula 
and colleagues [9] reported an increase for �FPEDyear , 
�FGRMyear , and �FROHyear in Holsteins and Jerseys from 

2000–2009 to 2010–2018. Similarly, Doekes et al. [7] and 
Doublet et  al. [8] found a similar increase for �FPEDyear 
and �FROHyear after the implementation of GS in Dutch-
Flemish Holstein-Friesians and French Holstein-Frie-
sians, respectively. However, not all dairy cattle breeds 
have been shaped by GS in the same way, e.g. �FROHyear 
has not increased significantly in Normande and Mont-
beliarde in contrast to that in French Holstein-Friesians 
[8].

Generation intervals ( L ) were calculated for sires 
and dams at both periods and are in Table  2. We saw 
a decrease in the estimate for L in both sexes, with 
sire intervals decreasing from 5.15 to 4.88  years (a 5% 
decrease) and dam intervals decreasing from 5.43 to 
4.55 years (a 16% decrease). This reduction in generation 
intervals after the introduction of genomic prediction 

Fig. 2 Pearson correlations between inbreeding measures. The plot shows the strength and direction of the correlation between inbreeding 
measures. Darker colors indicate a stronger correlation, while red and purple indicate a positive and negative correlation, respectively
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was expected. In dairy cattle, a 25 to 50% reduction in 
generation intervals has been reported during the same 
period [3]. The larger decrease in generation intervals 
for dairy sires is likely due to the sex-limited nature of 
the dairy traits, which, before GS, required the bulls to 
enter progeny-testing to obtain accurate phenotypes for 
daughter performance, while in beef, growth traits can be 
measured on the selection candidates at an early age [2].

The estimates for yearly change in inbreeding and 
generation intervals were used to estimate the effective 
population sizes ( Ne ) of the sire and dam populations 

at these periods and are in Table  2. In both sexes, we 
found a sharp increase in NeFPED after 2010, from an Ne 
size of 71 and 41 animals to that of 183 and 315 ani-
mals, in sires and dams, respectively. In sires, we found 
non-significant changes in NeGRM and NeROH from the 
PreGS to PostGS periods. As for NeFPED , in dams, the 
estimated effective population sizes based on genomic 
inbreeding increased after 2010, ranging from a size 
increase of 32 animals for NeGRM to 100 animals for 
NeROH . These changes in Ne size, which are seen most 
prominently in dams, are in the opposite direction of 

Fig. 3 Mean pedigree and genomic inbreeding from 2000 to 2017. The plot shows the mean inbreeding in sires (red dots) and dams (blue lines) for 
each year from 2000 to 2017. The inbreeding measures shown include pedigree inbreeding ( FPED ), genomic GRM based inbreeding ( FGRM ), and ROH 
segment‑based inbreeding ( FROH)

Table 2 Generation intervals (L), yearly rate of inbreeding ( �Fyear ), and effective population size ( Ne)

Standard errors for �Fyear and 95% CI for Ne are presented

PreGS pre genomic selection, PostGS post genomic selection, PED using pedigree, GRM using genomic relationship matrix, ROH using runs of homozygosity

Group L (years) �FPEDyear(%) NePED �FGRMyear(%) NeGRM �FROHyear(%) NeROH

Sires PreGS 5.15 0.14 (0.01) 71 (60, 88) 0.12 (0.03) 81 (57, 137) 0.14 (0.03) 70 (49, 124)

Sires PostGS 4.88 0.05 (0.01) 183 (149, 235) 0.15 (0.01) 65 (58, 74) 0.09 (0.01) 110 (91, 138)

Dams PreGS 5.43 0.22 (0.02) 41 (37, 48) 0.21 (0.02) 43 (37, 51) 0.23 (0.02) 40 (35, 47)

Dams PostGS 4.55 0.03 (0.003) 315 (263, 391) 0.12 (0.004) 75 (70, 80) 0.07 (0.004) 140 (124, 162)
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those seen in dairy cattle populations, where decreases 
in Ne size have been observed after 2010 (roughly cor-
responding to the introduction of genomic testing in 
dairy) in North American and French populations [8, 
9]. While the increases in Ne sizes seen in the AAA 
dams indicate a considerable increase in genetic diver-
sity after genomic selection, these results could be due 
to differences in the strategy used to select dams for 
genotyping in the different periods. We speculate that 
if selective genotyping took place in the PreGS period, 
this could have led to a pool of genotyped animals that 
do not adequately represent the true genetic diversity 
present during that period.

The effective number of independently segregating 
chromosome segments ( Me ) from 2000 to 2017 is in 
Additional file  6: Figure S6. In sires, Me ranged from 
578 to 1230 segments with an average value of 905 seg-
ments in the PreGS period and ranged from 1066 to 
1572 segments with an average value of 1305 segments 
in the PostGS period. Similarly, in dams, Me ranged 
from 623 to 1090 segments with an average value of 800 
segments in the PreGS period and ranged from 765 to 
1476 segments with an average value of 1162 segments 
in the PostGS period. The estimates of Ne and Me and 
the observed decreases in the yearly rate of pedigree 
and genomic inbreeding suggest that genetic diversity 
in American Angus has increased in the last decade, 
coinciding with the implementation of genomic testing 
in this breed. While we tried to reduce sampling bias 
by only analyzing animals with offspring, there may 
be an effect of selective genotyping for PreGS animals 
that is difficult to disentangle and may be driving the 
results because they do not adequately represent the 
true genetic diversity present at that time. Another 
possibility is that mass genotyping has led to a larger 
pool of selection candidates that have, in turn, allowed 

a decrease in within-family selection and increased 
genetic diversity. However, any comparison of the pre-
sent results with dairy populations relies on assuming 
a similar rate of adoption of GS strategies with simi-
lar effects on population structure in beef as in dairy 
breeds, which may not be completely accurate. Further 
studies should quantify the genetic diversity in other 
North American beef cattle breeds to see if similar 
trends are found.

Pedigree and genomic inbreeding depression
In addition to the potential losses in genetic diversity, 
selection and mating practices that lead to the accumu-
lation of inbreeding can cause a reduction in the mean 
fitness of individuals, or inbreeding depression. We 
quantified the magnitude and direction of the effect of 
pedigree and genomic inbreeding on heifer pregnancy 
(HP), and birth weight (BiW), weaning weight (WW), 
and post-weaning gain (PWG) in males and females. 
The effects of a 1% increase in FPED , FGRM , and FROH in 
terms of phenotypic units and as a percentage of the trait 
mean are in Table  3. For HP, none of the three regres-
sion coefficients was significantly different from 0, with 
estimates for the decrease in pregnancy liability rang-
ing from − 0.001 for FPED and FROH to − 0.002 for FGRM . 
Inbreeding depression for reproductive traits in beef and 
dairy cattle has been well documented, with pedigree 
or genomic inbreeding found to increase the age at first 
calving, calving intervals, and days open in Zebu and 
Alentejana cattle [13, 14]. In North American Holstein, 
inbreeding has been shown to increase the age at first 
service, the number of services and days open, and time 
from the first service to conception, and decrease con-
ception rate [17, 25]. The majority of these traits share a 
moderate to high negative correlation with heifer or cow 
pregnancy ranging from − 0.41 to − 0.92 [35, 36].

Table 3 Inbreeding depression estimates for growth and heifer pregnancy expressed as change in the phenotype per 1% increase in 
inbreeding and as a percentage of the trait mean (% of −x )

HP heifer pregnancy, BiW birth weight, WW weaning weight, PWG post‑weaning gain, FPED total pedigree inbreeding, FGRM genomic relationship matrix derived 
inbreeding, FROH inbreeding based on runs of homozygosity
a Estimates for heifer pregnancy are given in the liability scale

Trait Group FPED FGRM FROH

Estimate 95% HPDI % of 
−

x Estimate 95% HPDI % of 
−

x Estimate 95% HPDI % of 
−

x

HPa − 0.001 (− 0.01, 0.01) − 0.002 (− 0.01, 0.004) − 0.002 (− 0.007, 0.004)

BiW (kg) Males − 0.03 (− 0.04, − 0.03) − 0.09 − 0.04 (− 0.05, − 0.03) − 0.11 − 0.04 (− 0.04, − 0.03) − 0.10

Females − 0.03 (− 0.04, − 0.02) − 0.09 − 0.05 (− 0.05, − 0.04) − 0.14 − 0.04 (− 0.05, − 0.03) − 0.11

WW (kg) Males − 0.50 (− 0.55, − 0.44) − 0.16 − 0.61 (− 0.66, − 0.57) − 0.20 − 0.51 (− 0.55, − 0.48) − 0.17

Females − 0.47 (− 0.55, − 0.40) − 0.17 − 0.59 (− 0.65, − 0.53) − 0.21 − 0.49 (− 0.54, − 0.44) − 0.18

PWG (kg) Males − 0.64 (− 0.71, − 0.57) − 0.28 − 0.72 (− 0.77, − 0.67) − 0.32 − 0.59 (− 0.63, − 0.54) − 0.26

Females − 0.34 (− 0.42, − 0.25) − 0.30 − 0.42 (− 0.49, − 0.36) − 0.37 − 0.35 (− 0.41, − 0.28) − 0.31
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When BiW was modeled, a 1% increase in FPED 
decreased BiW by 0.03  kg in both sexes, while increas-
ing FGRM or FROH decreased male birth weight by 0.04 kg 
for both genomic inbreeding measures and female birth 
weight by 0.05 kg and 0.04 kg for a 1% increase in FGRM 
and FROH, respectively. The effect of a 1% increase in 
inbreeding on WW ranged from − 0.50 to − 0.61  kg in 
males and from − 0.47 to − 0.59 kg in females. The effect 
of a 1% increase in pedigree or genomic inbreeding on 
PWG was larger in males than females, with male PWG 
decreasing by − 0.64  kg for FPED , − 0.72  kg for FGRM , 
and − 0.59 kg for FROH , and female PWG decreasing by 
− 0.34  kg for FPED , − 0.42 for FGRM , and − 0.35  kg for 
FROH in females. However, when depression is expressed 
in terms of the trait mean, a larger depressive effect 
is seen in females than males for most traits, and most 
notably for PWG when genomic inbreeding coefficients 
were used. In terms of percent change in the trait mean, 
the effect of increasing FPED , FGRM , and FROH was more 
detrimental to PWG than any other trait. There is an 
observable trend of increasing growth depression across 
both sexes due to pedigree and genomic inbreeding load 
from birth to post-weaning. This result indicates that as 
the animal grows the reduction in the dam’s effect on off-
spring growth allows the inbreeding load of the animal to 
be increasingly reflected in its phenotypic value. In Her-
eford [24] and Angus cattle divergently selected for IGF-I 
concentrations [37], pedigree inbreeding has been found 
not to affect BiW while having a depressive effect on 
weaning weight and other post-weaning growth meas-
ures. Other studies in beef cattle have reported that a 
1% increase in pedigree inbreeding depression decreases 
birth weight by 0.02 to 0.06 kg, decreases weaning weight 
by 0.19 to 0.44  kg, decreases adjusted 205-d weight by 
0.25 kg, and decreases mature weight by 0.96 kg [13, 38, 
39].

While studies on the effect of genomic inbreeding 
on growth are scarce, evidence of depression has been 
reported in Hereford and American Angus cattle. In 
line 1 Herefords, a 1% increase in FGRM has been asso-
ciated with a 0.53  kg decrease in WW, which is simi-
lar to the effect found in the our study (− 0.61  kg in 
males and − 0.59  kg in females), however contrary to 
our findings, a depressive effect on BiW due to FGRM 
and on BiW and WW due to FROH was not found [24]. 
In American Angus males, Garcia-Baccino et  al. [40] 
also found a depressive effect of genomic inbreed-
ing on growth with BiW decreasing by 0.05  kg, WW 
decreasing by 1.02 kg, and PWG decreasing by 1.07 kg 
per 1% increase in the proportion of homozygous SNPs 
( FHOM ), a measure related to FGRM (using 0.5 as base 
allele frequency), albeit on a different scale.

To visualize the realized phenotypic depression in 
the Angus population, we calculated the projected loss 
in BiW, WW, and PWG, for the animals with low (5th 
percentile) and high (95th percentile) pedigree and 
genomic inbreeding, as well as the difference between 
the lowly and highly inbred animals. These results are 
in Table 4. The difference between the lowly and highly 
inbred animals ranged from 0.21 to 0.25  kg for male 
BiW, 0.20 to 0.31  kg for female BiW, 3.03 to 3.73  kg 
for male WW, 3.08 to 3.83  kg for female WW, 3.52 to 
4.30  kg for male PWG, and 2.16 to 2.71  kg for female 
PWG. The biggest difference between lowly and highly 
inbred animals was found when inbreeding was meas-
ured using FGRM , followed by FROH for most traits.

Our results indicate that the current accumulation 
of pedigree and genomic inbreeding (see “Genetic 
diversity in American Angus sires and dams”) in the 
AAA population is detrimental to animal growth per-
formance. However, current trends in genetic gain for 
weaning and yearling weight for AAA registered ani-
mals (http:// www. angus. org/ nce/ genet ictre nds. aspx) 

Table 4 Projected phenotypic depression on growth of animals with low (5th percentile) and high (95th percentile) pedigree and 
genomic inbreeding

BiW birth weight, WW weaning weight, PWG post‑weaning gain, FPED total pedigree inbreeding, FGRM genomic relationship matrix derived inbreeding, FROH inbreeding 
based on runs of homozygosity

5th and 95th percentile inbreeding was calculated for each trait in males and females separately

Trait Group FPED FGRM FROH

Low High Difference Low High Difference Low High Difference

BiW (kg) Males − 0.12 − 0.33 0.21 − 0.15 − 0.40 0.25 − 0.13 − 0.34 0.22

Females − 0.11 − 0.31 0.20 − 0.17 − 0.47 0.31 − 0.14 − 0.39 0.25

WW (kg) Males − 1.75 − 4.78 3.03 − 2.15 − 5.88 3.73 − 1.81 − 4.94 3.13

Females − 1.66 − 4.74 3.08 − 2.07 − 5.90 3.83 − 1.74 − 4.96 3.22

PWG (kg) Males − 2.28 − 6.10 3.82 − 2.56 − 6.86 4.30 − 2.10 − 5.62 3.52

Females − 1.20 − 3.36 2.16 − 1.51 − 4.22 2.71 − 1.23 − 3.45 2.22

http://www.angus.org/nce/genetictrends.aspx
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show continuous improvement for these traits. These 
gains indicate a larger effect of selected regions of the 
genome for growth genetic gain than the detrimental 
impact caused by the correlated increase in inbreeding. 
Therefore, careful monitoring of genetic diversity and 
inbreeding load in the AAA population is essential to 
prevent the reversal of this trend.

Effects of recent and ancient inbreeding
In this study, we determined the effect of the accumula-
tion of recent and ancient pedigree and genomic inbreed-
ing. The effects of a 1% increase in recent ( FPED_REC , 
FROH_REC , and FHBD_REC ) and ancient ( FPED_ANC , 
FROH_ANC , and FHBD_ANC ) inbreeding for BiW, WW, and 
PWG, are shown in Figs. 4, 5, and 6, respectively, and for 
HP these results are in Additional file 7: Figure S7.  

For HP, similar to the results for FPED , FGRM , and FROH 
inbreeding depression, we found no significant effect for 
any of the recent or ancient inbreeding coefficients stud-
ied. In dairy cattle, multiple studies have found either no 
effect of recent and ancient inbreeding on fertility traits 
[16] or a much less pronounced effect than depression 
for production traits [17, 41]. In the cases where these 
studies found inbreeding depression, recent pedigree 
and genomic inbreeding were more detrimental to fertil-
ity than ancient inbreeding, and affected the age at first 

service, number of services, intervals from the first ser-
vice to conception and from conception to the first ser-
vice, non-return rate, and pregnancy rate in cows and 
heifers [17, 41].

As expected, we found a generally more extensive and 
more detrimental effect of recent pedigree or recent 
genomic inbreeding than ancient inbreeding for the 
growth traits analyzed. While FPED−REC had a significant 
effect for all measures of growth and in both sexes, all the 
estimates of the effect of FPED_ANC had substantial stand-
ard errors and were non-significant. For the most part, a 
1% increase in FPED_REC had an effect on growth that is 
comparable in magnitude to the same increase in over-
all inbreeding ( FPED ); with BiW decreasing by 0.04 and 
0.03  kg, WW decreasing by 0.5 and 0.48  kg, and PWG 
decreasing by 0.62 and 0.32  kg, in males and females, 
respectively. The larger unfavorable effect of recent pedi-
gree inbreeding over ancient inbreeding was previously 
reported in dairy cattle. In both Dutch and North Ameri-
can Holsteins, recent pedigree inbreeding was found  to 
be detrimental to milk, fat, and protein yield, while more 
ancient inbreeding did not affect these traits [16, 17]. In 
addition to the coefficients studied, other genealogical 
measures of ancestral inbreeding based on purging have 
been developed by Ballou [42] and Kalinowski [43] and 
have been found to have moderate to high correlations 

Fig. 4 Effect of a 1% increase in recent and ancient pedigree and genomic inbreeding on birth weight (BiW; kg). An interval of the estimate ± SE is 
shown
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Fig. 5 Effect of a 1% increase in recent and ancient pedigree and genomic inbreeding on weaning weight (WW; kg). An interval of the estimate ± 
SE is shown

Fig. 6 Effect of a 1% increase in recent and ancient pedigree and genomic inbreeding on post‑weaning gain (PWG; kg). An interval of the estimate 
± SE is shown
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with recent pedigree inbreeding [44]. Further studies 
should be done using purging-based measures to validate 
the results found for growth depression using recent and 
ancient inbreeding based on generations.

Recent and ancient ROH inbreeding was significantly 
associated with a phenotypic decrease for all traits, 
except for male BiW for which FROH_ANC had no effect. 
For birth weight, a 1% increase in FROH_REC decreased 
birth weight by 0.04 kg in males and females, while a 1% 
increase in FROH_ANC decreased female birth weight by 
0.03 kg. For both weaning weight and post-weaning gain, 
an increase in FROH_REC was noticeably more detrimental 
to weight gain than FROH_ANC . A 1% increase in FROH_REC 
decreased WW by 0.54 kg in males and 0.52 kg in females 
and decreased PWG by 0.60 kg in males and 0.37 kg in 
females. Meanwhile, the same increase in FROH_ANC 
decreased WW by 0.29 kg in males and 0.26 kg in females 
and decreased PWG by 0.45 kg in males and 0.16 kg in 
females.

Recent HBD inbreeding had a significant effect on 
all traits studied in both sexes, with a 1% increase in 
inbreeding decreasing BiW by 0.04  kg in males and 
0.05 kg in females, decreasing WW by 0.65 kg in males 
and 0.61 kg in females, and decreasing PWG by 0.78 kg in 
males and 0.43 kg in females. The estimates for the effect 
of FHBD−ANC did not converge for WW in both sexes 
and PWG in males. Increased FHBD−ANC was associated 
with a decrease of 0.03 kg for BiW and 0.24 kg for PWG 
in females but did not affect male BiW. In dairy cattle, 
recent genomic inbreeding (ROH and HBD inbreeding) 
has mainly been more detrimental to performance than 
ancient inbreeding [16, 17, 41]. The results of our analysis 
confirm the largely unfavorable effects of recently accu-
mulated inbreeding on animal performance. In addition, 
our results suggest that partitioning genomic inbreeding 
by age can help monitor inbreeding accumulation and 
better understand the relationship between total inbreed-
ing load and expected inbreeding depression.

Conclusions
In the present study, we measured the changes in the 
genetic diversity of American Angus cattle by estimat-
ing yearly and generational inbreeding rate, generation 
intervals, effective population sizes, and the effective 
number of independently segregating chromosome 
segments in sires and dams born between 2000 and 
2017. Our results indicate that across all the metrics 
used, genetic diversity has been conserved in Ameri-
can Angus and, in some cases, has even increased after 
the implementation of genomic selection. Although we 
found evidence of a reduction in pedigree and genomic 

inbreeding accumulation rates, the average inbreed-
ing in the population has continued to increase and 
should be monitored. In addition, we looked at pedi-
gree and genomic inbreeding depression for fertility 
and growth. We found that increased genomic inbreed-
ing had a larger effect on growth than pedigree-based 
measures, depressive effects for growth increased from 
birth to post-weaning, and that recent pedigree and 
genomic inbreeding was more harmful to growth than 
inbreeding accumulated during a more ancient period, 
confirming results that have been reported in similar 
studies on beef and dairy cattle. We did not find evi-
dence of a depressive effect of pedigree or genomic 
inbreeding on heifer pregnancy, which is in line with 
other studies that have seen more significant depres-
sion for production traits than fertility in cattle.
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