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The net benefit from investing in any technology is a function of the cost of implementation and the expected return in revenue.
The objective of the present study was to quantify, using deterministic equations, the net monetary benefit from investing in
genotyping of commercial females. Three case studies were presented reflecting dairy cows, beef cows and ewes based on Irish
population parameters; sensitivity analyses were also performed. Parameters considered in the sensitivity analyses included the
accuracy of genomic evaluations, replacement rate, proportion of female selection candidates retained as replacements, the cost
of genotyping, the sire parentage error rate and the age of the female when it first gave birth. Results were presented as an
annualised monetary net benefit over the lifetime of an individual, after discounting for the timing of expressions. In the base
scenarios, the net benefit was greatest for dairy, followed by beef and then sheep. The net benefit improved as the reliability of
the genomic evaluations improved and, in fact, a negative net benefit of genotyping was less frequent when the reliability of the
genomic evaluations was high. The impact of a 10% point increase in genomic reliability was, however, greatest in sheep,
followed by beef and then dairy. The net benefit of genotyping female selection candidates reduced as replacement rate
increased. As genotyping costs increased, the net benefit reduced irrespective of the percentage of selection candidates kept, the
replacement rate or even the population considered. Nonetheless, the association between the genotyping cost and the net
benefit of genotyping differed by the percentage of selection candidates kept. Across all replacement rates evaluated, retaining
25% of the selection candidates resulted in the greatest net benefit when genotyping cost was low but the lowest net benefit
when genotyping cost was high. Genotyping breakeven cost was non-linearly associated with the percentage of selection
candidates retained, reaching a maximum when 50% of selection candidates were retained, irrespective of replacement rate,
genomic reliability or the population. The genotyping breakeven cost was also non-linearly associated with replacement rate. The
approaches outlined within provide the back-end framework for a decision support tool to quantify the net benefit of genotyping,
once parameterised by the relevant population metrics.
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Implications

Exploitation of genomic technologies in breeding domesti-
cated animals is intensifying, attributable mainly to the greater
ability to more accurately identify genetically elite individuals.
Initially only elite animals were genotyped with males
constituting the majority of those genotyped. The framework
presented here provides the back-end mathematics for a deci-
sion support tool to quantify the return on investment from
genotyping females. Based on the case studies presented
for dairy cattle, beef cattle and sheep, the net benefit of gen-
otyping differs by farmmetrics and can sometimes be negative
given certain herd/flock parameters like replacement rate and
proportion of genotyped females retained.

Introduction

The rate of technology adoption is conditional on a demon-
strated net benefit of investment (Rutten et al., 2014).
The exploitation of DNA information in the breeding pro-
grams of many domesticated species is intensifying (Berry
et al., 2016; García-Ruiz et al., 2016; Rupp et al., 2016).
Genotyping of individuals has, however, traditionally been
limited to the top tier(s) of the breeding pyramid in the
pursuit of more accurately identifying the genetically elite
seedstock animals. The ever-reducing cost of genotyping
has, nonetheless, contributed to a dramatic increase in
the level of genotyping in commercial populations, albeit
generally limited to dairy cow populations (Wiggans et al.,
2017). Despite this, there is a paucity of studies that have
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attempted to quantify the net benefit of investment in
genotyping commercial females.

Using a set of deterministic equations populated with
parameters representative of the Australia dairy cow
population, Newton et al. (2018) demonstrated that, at
the prevailing cost of genotyping, as well as the achievable
reliability of genomic evaluations, an average dairy herd in
Australia could expect a net benefit from genotyping female
selection candidates of $AU204 to $AU1 124/lifetime per 100
cows in the herd. However, in conducting sensitivity analyses
based on replacement rate, Newton et al. (2018) did not
modify the genetic variance as the selection intensity
changed, as proposed by Dekkers et al. (1992). Moreover,
earlier studies vary in their reported benefits of genotyping
dairy replacements; for example, Pryce and Hayes (2012)
reported a lack of return from genotyping based on the pre-
vailing genotyping costs while Weigel et al. (2012), Boichard
et al. (2013) and Calus et al. (2015) all concluded that the
benefits of genotyping usually outweighed the cost in dairy
cattle. However, these earlier studies either did not discount
the economic benefits realised over time or did not account
for the fact that the reliability of parental-average estimated
breeding values (EBVs) is not the same as the reliability of
selection using parental-average derived EBVs (Bijma,
2012). Notwithstanding this, there is a lack of information
on the net benefit of genotyping commercial beef or sheep
females. Van Eenennaam and Drake (2012) reported break-
even genotyping costs of AU$13 and AU$24 per female in
commercial beef herds assuming a 20% replacement rate,
45 selection candidates born per 100 cows and a genomic
test accuracy of 0.33. Genotyping of commercial ewes was
included in a simulation study of different phenotyping
and genotyping strategies in commercial wool producing
enterprises by Santos et al. (2018). Here, simulations where
female selection candidates were amongst the animals gen-
otyped did not break even until after 25 (current genotyping
prices) or 11 years (50% cheaper genotyping price).

Previous studies have all presented the net return in the
unit of currency of that population, and thus the results are
only applicable to that particular species or strain and country
at the time the study was undertaken; once the breeding
objective changes, or the cost of genotyping changes, then
the conclusions drawn may no longer be valid. Hence, the
objective of the present study was to provide a generic frame-
work to quantify the net benefit of investing in genotyping
commercial females taking cognisance of the ratio of the
monetary value of the gains in the breeding objective under
consideration relative to the cost of genotyping. Also consid-
ered were the impact of altering the replacement rate, the
proportion of females selected as replacements, genomic reli-
ability, age of the female at the birth of its first progeny and
sire parentage error. The main cost considered was the gen-
otyping cost, while benefits were assumed to be realised
through the additional profit a selected female replacement
contributes over her lifetime. For illustrative purposes, the
equations were populated with parameters representative

of the Irish dairy, beef and sheep populations. The cost of
genotyping and all results are reported relative to the SD
of a breeding objective ensuring their applicability across
breeding objectives for different species, breeds and popula-
tions. Results presented can easily be applied to a range of
situations where the true SD of a population is known.

Material and methods

The net benefit of genotyping was estimated following a
similar approach to Newton et al. (2018) as:

Net Benefit ¼
XPLþage

t¼ageþ1

S � a
ð1þ drÞt

� �
� CPFK (1)

where PL represents productive life in years, calculated as
the inverse of the replacement rate, age represents the age
in years at which selected females have their first progeny,
S is the superiority in SD units of females selected as replace-
ments over their contemporaries (discussed later), a is an
adjustment factor which accounts for instances when PL does
not equal a whole number in the final year of calculations –
for example, if PL= 4.6 years, then for the first four years
a= 1 and in the final year a= 0.6. The discount rate (dr )
was assumed to be 0.08 and CPFK represents the cost of
genotyping per female kept as a replacement. It was
assumed all selection candidates are genotyped. Females
selected as replacements need to recoup the genotyping
costs of other females not selected; CPFK accounts for this
by dividing the cost of one genomic test by the proportion
of females kept as replacements.

Reliability of genomic evaluations

The additional reliability of selecting replacement females
using genomic EBVs relative to selection based on just
parental-average EBVs can be expressed as: RG � RPA
where RG is the reliability of selection using genomic
EBVs, and RPA is the reliability of selection using parental-
average EBVs. If parental-average EBVs are not available
to make selection decisions, then RPA= 0. Bijma (2012)
illustrated that, in selected populations, the reliability of
parental-average derived EBVs and the reliability of selection
on parental-average derived EBVs are not the same. Assuming
the two are equal leads to an underestimation of the benefits
of selection using genomic EBVs relative to selection using
parental-average derived EBVs. The reliability of parental-
average EBV (RPA) was calculated in the present study as in
Bijma (2012):

RPA¼
1
4

1� ksð ÞRs þ
1
4

1� kdð ÞRd (2)

where sire and dam are denoted by subscripts s and d,
respectively, k is the proportional reduction in variance of
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the selection criteria which was calculated for each sex
separately as:

k ¼ i i� xð Þ (3)

Here, selection intensity is i while x is the truncation point of
the standard normal distribution with a SD of the selection
index (i.e. �I ) which corresponds to the proportion of animals
selected. Female selection intensity here was assumed to
remain unchanged from year to year, so selection intensity
in dams was assumed to equal the intensity of selection
of female replacements in the current generation. Rs and
Rd represent the reliability of sire and dam EBVs, respectively.
Correcting parentage mis-assignments is an often cited ben-
efit of genotyping selection candidates (Berry, 2019). The
benefits of selection using genomic EBVs over parental-
average derived EBVs are greater when sire parentage error
is high. Sire parentage error reduces the reliability of sire
EBVs which in turn reduces RPA. As the benefit of selection
using genomic EBVs over parental-average derived EBVs is
expressed as RG � RPA, the benefits of exploiting genomic
information increase as RPA reduces. The formula of
Visscher et al. (2002) for calculating the reliability of sire
EBVs (Rs) accounts for the impact of sire parentage error rate:

Rs ¼
np

np þ 1�q2tð Þ
q2t

� � ; t ¼ 1
4
h2�I ; q ¼ 1� e (4)

where np is the average number of progeny per sire, h2�I is the
heritability of the selection index and e is the sire parentage
error rate.

Superiority of selected females
The superiority of females selected as replacements over all
available selection candidates can be derived from the
classical equation to calculate genetic gain (ΔG; Rendel
and Robertson, 1950):

ΔG ¼ i�
ffiffiffi
R

p
� �I (5)

where i represents selection intensity, R represents the mean
reliability of genetic evaluations and �I represents SD of the
selection index. In selected populations at equilibrium,
Dekkers et al. (1992) demonstrated that the genetic variance
is less than the true population variance such that:

�adj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ kav 1� Ravð Þ

1þ kav

s
�I (6)

where �adj represents the selection index additive genetic SD
of the population in equilibrium, kav represents the average
of the sire and dam proportional reduction in variance for the
selection criteria (calculated for each sex separately using
equation 3) and Rav is the average of sire and dam reliability
values. Combining equations (5) and (6), and substituting
RG � RPA for R, the superiority of females selected as

replacements (i.e. S ) can be expressed in SD of index (�I)
units as:

S ¼ if �
ffiffiffiffiffiffi
RG

p
�

ffiffiffiffiffiffiffi
RPA

p� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ kav 1� Ravð Þ

1þ kav

s
(7)

where if is the selection intensity of female replacements,
RG is the reliability of selection using genomic EBVs and
RPA is the reliability of selection using parental-average
EBVs [equation 2], with kav and Rav as defined in equation (6).

Breakeven genotyping cost
The genotyping breakeven cost was calculated by rearrang-
ing equation (1) but assuming the net benefit equals zero.
As CPFK is expressed as genotyping cost divided by the pro-
portion of females retained as replacements, the breakeven
genotyping cost can therefore be expressed as:

Gcost ¼
XPLþage

t¼ageþ1

S � a
ð1þ drÞt

� �
� prop (8)

where Gcost represents breakeven genotyping cost, PL
represents productive life, calculated as the inverse of the
replacement rate, age represents the age at which selected
females have their first progeny, S is the superiority of
females selected as replacements over their contemporaries,
a is an adjustment factor which accounts for the fact the PL
may not equal a whole number in the final year of calcula-
tions and prop the proportion of females retained as
replacements.

Equation parameterisation
Three case studies using parameters typical of a dairy, beef
and sheep breeding program in Ireland were evaluated to
demonstrate the application of results to particular breeding
programs/scenarios. The key differences between the three
scenarios were the reliability of sire and dam EBVs, selection
intensity in the sire pathway and sire parentage error rate. In
considering a ‘base’ scenario for each species, replacement
rate, genotyping costs and the reliability of genomic EBVs
reflective of current industry averages were used; these base
parameters are summarised in Table 1. Sensitivity analyses
explored how genomic reliability, the cost of genotyping,
replacement rate, the proportion of female selection candi-
dates selected and sire pedigree error rate impacted the
net benefit; also investigated was the impact of a delay in
the age of the female when her first progeny were born
(Table 2).

Results

Across all three case studies, the net benefit of genotyping
female selection candidates to guide replacement decisions
(hereafter called net benefit) reduced as replacement rate
increased (Figure 1). The net benefit improved in each
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population as the reliability of the genomic evaluations
improved and, in fact, a negative net benefit of genotyping
was less frequent when the reliability of the genomic evalu-
ations was high. In the base scenarios, the net benefit was
greatest for dairy, followed by beef and then sheep. However,
the impact of a 10% point increase in the reliability of
genomic evaluations was greatest for sheep, followed by
beef and then dairy. For example, assuming a replacement
rate of 25% with 75% of selection candidates retained, a
10% point increase in the reliability of genomic evaluations
was equivalent to increases in net benefit of 70% (0.088 �I ),
37% (0.075 �I ) and 20% (0.068 �I ) in sheep, beef and dairy,
respectively.

Percentage of selection candidates kept
The impact on the net benefit of altering the percentage of
selection candidates kept was a function of both the replace-
ment rate and the species considered (Figure 1), the latter
being simply a proxy for genomic reliability and genomic test
cost. For example, based on a replacement rate of 10%, 20%,
30% and 40%, the percentage of selection candidates kept

that generated the greatest net benefit in the base dairy
scenario (i.e. high reliability) was 10%, 20%, 25% and 30%,
respectively; the respective values in sheep base scenario
(i.e. low reliability) were 20%, 30%, 40% and 45%, while
in beef (i.e. intermediate reliability) the respective values
were 20%, 25%, 35% and 40%.

Genotyping costs
As the cost of genotyping increased, the net benefit reduced
irrespective of the percentage of selection candidates kept,
the replacement rate or even the population considered
(dairy – Figure 2; beef and sheep – Supplementary Material
Figures S1 and S2). Nonetheless, the association between the
genotyping cost and the net benefit of genotyping differed
by the percentage of selection candidates kept. Across
all replacement rates evaluated, retaining 25% of the selec-
tion candidates resulted in the greatest net benefit when
genotyping cost was low but the least net benefit when
the genotyping cost was high. The same trend was observed
when up to 45% and 60% of females were retained as
replacements at replacement rates of 25% and 35%, respec-
tively. Therefore, depending on genotyping cost, keeping
30% of selection candidates had both the second highest
and second lowest net benefit, while keeping 35% of selec-
tion candidates had both the third highest and third lowest
net benefit.

The genotyping breakeven cost was non-linearly associ-
ated with the percentage of selection candidates retained,
reaching amaximumwhen 50% of selection candidates were
retained, irrespective of replacement rate, genomic reliability
or population (Figure 3). The genotyping breakeven cost was
also non-linearly associated with replacement rate (Figure 3).
For example, as the percentage of selection candidates retained
increased from 50% to 75%, the change in breakeven costs
was smaller at a replacement rate of 35% than when the
replacement rate was 15%. For a given percentage of selection
candidates kept, the breakeven genotyping cost was always
greatest for the low replacement rates (Figure 3).

Table 2 Variables and range considered for the sensitivity analyses on
the net benefit of genotyping female replacements in dairy, beef and
sheep breeding programs

Variable Units Range

Proportion of females
kept as replacements

% 10 to 95

Replacement rate % 5 to 45
Genomic test cost Proportion of the SD of

the national breeding
index

0.02 to 1

Reliability of genomic test 0.4 to 0.8
Age at first progeny Years 1 to 3
Sire parentage error % 7.5 to 26

Table 1 Assumptions used in simulations of the net benefit of genotyping female replacements in Irish dairy, beef and sheep breeding programs

Variable Abbreviation Units Dairy Beef Sheep

Parameters used across all scenarios
Reliability of dam traditional estimated breeding value Rd % 32 15 10
Reliability of sire traditional estimated breeding value1 Rs % 58 23 15
Sire pedigree error rate e % 7.5 14 13
Assumed progeny no. per sire np No progeny 20 5 3
Heritability of index h2�I % 0.3 0.3 0.3
Proportion of sires kept – % 2 46 46
Selection intensity sires is 2.42 0.86 0.86
Base scenario parameters
Genomic test cost Gcost Proportion of a SD of the

breeding goal
0.18 0.32 0.32

Genomic reliability Rg 0.6 0.55 0.4
Age at first progeny Years 2 2 2

1Sire reliability, Rs; was calculated using equation (4) and the inputs np ,h2�I and e from this Table 1 to account for the impact of pedigree error.
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In all case studies, the breakeven genotyping cost increased
with genomic reliability, but the magnitude of this effect was
greatest for sheep (Figure 3). Increasing genomic reliability
by 10% points increased the breakeven genotyping cost by
between 15% and 17% in sheep, by between 10% and

13% in dairy and by between 11% and 12% in beef. For a
given set of parameters, the increase in breakeven price
was greater in beef than dairy. For instance, assuming a 30%
replacement rate with 50% of selection candidates kept,
increasing genomic reliability by 10 percentage units increased

Figure 1 Effect of replacement rate and the % of females retained as replacements on the net benefit (standard deviation (sd) index units) of genomic
testing female selection candidates based on the base population parameters in dairy cattle assuming a genomic estimated breeding value (EBV(g)) reliability
of (a) 0.6 and (b) 0.7; beef cattle assuming a genomic reliability of (c) 0.55 and (d) 0.65; and sheep assuming a genomic reliability of (e) 0.4 and (f) 0.5.
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the breakeven genotyping cost by 12% and 11% in beef and
dairy, respectively.

Sire parentage error rate and age at birth of first progeny
The benefits of genotyping were greatest when sire pedigree
error was high. A doubling of pedigree errors (7.5% to 15%) in
dairy simulations resulted in an increase in net benefit of
between 0.0007and 0.0532 �I (median increase 1.73%). In
the beef simulations, a doubling of pedigree errors (7.5%
to 15%) resulted in an increase in net benefit of between
0.001 and 0.13 �I (median increase 2.35%). An increase in
sire parentage errors in sheep from the current average of
13% to 26% increased the net benefit of genotyping between
0.0019 and 0.2295 �I units (median increase 4.25%) across
the range of parameters tested.

Lowering the age of the female when she gives birth to
her first progeny increased the net benefit of genotyping
regardless of replacement rate, genomic reliability and the
proportion of females retained as replacements (Figure 4).
When the age at which ewes had their first progeny was
reduced from 24 to 12 months, the greatest increase in
net benefit was at lower replacement rates and/or when a
smaller percentage of females were retained as replace-
ments. For example, when 20% of female progeny were

needed to sustain a flock replacement rate of 20%, lambing
at 12 months of age increased the net benefit of genotyping
by 0.185 �I units compared to lambing at 24 months of age.
If 80% of female progeny were needed as replacements to
sustain a 20% replacement rate, the additional net benefit
of lambing at 12 months of age, compared to lambing at
24 months of age, was only 0.044 �I units.

Discussion

Many of the studies exploring the cost-benefit of genotyping
females (Weigel et al., 2012, Boichard et al., 2013; Calus
et al., 2015; Newton et al., 2018) would rapidly be out-dated
as either the breeding objectives or the costs associated with
genotyping change. These studies are also typically only rel-
evant to a particular species or country from which the
parameters used represent. The motivation of the present
study, therefore, was to formulate and present a set of generic
equations for estimating the net benefit of genotyping com-
mercial females and, in doing so, guide replacement decisions
that would be applicable, not only across breeding programs
and species, but also over time. Such equations can easily be
incorporated within decision support tools operated by exten-
sion services, breeding companies (including breed societies)

Figure 2 Impact of genotyping cost (in standard deviation (sd) index units), and the proportion of female selection candidates kept, on the net benefit of
genotyping (sd_index units/female/lifetime) at replacement rates of (a) 15%, (b) 25% and (c) 35% assuming a genomic reliability of 0.6, reflective of the current
situation in Irish dairy herds.
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or genotyping laboratories to help inform the cost-benefit of
genotyping. Some parameters like the SD of the breeding
objective or the prevailing reliability of genomic evaluations
could be fixed in the decision support tool; the genotyping

costs could also be fixed in some situations. Other parameters
like the reliability of the parental-average EBVs and productive
life, as well as the age of the females at the birth of their
first progeny, could be derived from historical and current

Figure 3 Effect of replacement rate and the percentage (%) of females retained as replacements on the breakeven genotyping cost (standard deviation
(sd) index units) of female selection candidates based on the base population parameters in dairy cattle assuming a genomic estimated breeding value
(EBV(g)) reliability of (a) 0.6 and (b) 0.7; beef cattle assuming a genomic reliability of (c) 0.55 and (d) 0.65; and sheep assuming a genomic reliability of
(e) 0.4 and (f) 0.5.

Genotyping cost-benefit

1571



herd/flock data. The remaining parameters such as selection
intensity, number of candidate females, the level of parentage
errors or missing pedigree could be guess-estimated but with
an opportunity to override by the user.

While the examples provided in the present study were
based on breeding objectives with multiple traits, in reality
the breeding objective could just consist of one trait which
may represent a trait of particular importance to the pro-
ducer. This may be particularly true for difficult-to-measure
traits where the reliability of traditional genetic evaluations
from parental average may be exceptionally low; the same
could be true for traits measured on the animal after the
selection decision has been made. The benefit from genotyp-
ing is a function of the extent of genetic variability in the
population. Hence, if in high genetic merit herds or flocks,
in the absence of (much) inbreeding, exploitable genetic
variability is still likely to exist and thus a benefit of genotyp-
ing will remain.

Factors associated with the net return on investment
All investigated factors were associated with the net return
on investment in genotyping of females or similarly the
breakeven price that could be paid for genotyping. All else
being equal, the net benefit of genotyping was greatest when
a) the differential between the parental-average reliability
and genomic reliability was greatest, b) the proportion of
candidate female kept as replacements deviated more from
either extreme (i.e. either 0% or 100%), c) parentage errors
were high, d) the realisation of genetic superiority was soon
after testing (i.e. age when first progeny are born) and e)
when the ratio of the SD of the breeding objective relative
to the cost of genotyping was greatest. This conclusion cor-
roborates the general conclusions of other similar studies

albeit based on different population parameters (Weigel et al.,
2012, Boichard et al., 2013; Calus et al., 2015; Newton et al.,
2018). A negative net return ensues when only a low propor-
tion of the heifers are selected (Figure 1) because the genetic
superiority of those few selected females must be offset
against the cost of genotyping the entire herd/flock of candi-
date females. The impact is of course exacerbated with the SD
of the breeding objective relative to the cost of genotyping is
reduced; this is clearly illustrated when comparing the dairy,
beef and sheep populations (Figure 1) where the genotyping
costs as a proportion of the SD of the breeding goal in dairy
cattle was 0.18 but was 0.32 in both beef and sheep. On the
other extreme, where almost all candidate females are
selected, a negative return on investment can also exist in
some scenarios. This is not necessarily because of the cost
of having to genotype all candidate females but mainly
because of a reduction in selection intensity; in its simplest
terms, if all candidate females are retained, then the improved
accuracy of selection achieved from the genotype was not
acted upon. One option to reduce the overall genotyping cost
is not to genotype any female which is definitely not going to
be considered for retention within the herd/flock.

While the SD of the breeding objective used in the present
study was that of the national population, it is likely that the
SD of the breeding objective within a given herd or flock is
less. Nonetheless, how much smaller the within-herd/flock
genetic variance is relative to the national population is
not expected to be large. A sire, for example, only contributes
a quarter of the genetic variance in his daughters and thus, if
a herd/flock only uses a single sire, then the variance will be
somewhat less; in reality, however, many sires are used in a
given year with a selection of new sires used in the following
season.

Impact of reliability of traditional evaluation
A greater differential between traditional reliability and
genomic reliability, which translates to a greater net return,
can exist if the accuracy of the genomic predictions improve,
or if the accuracy of the traditional evaluations are low. The
latter can occur when parentage is not accurately recorded or
indeed not recorded at all. Dairy producers, on average, tend
to be more astute when recording parentage which is largely
a function of their generally higher usage of artificial insemi-
nation (AI). Beef and sheep commercial producers, because
of the very nature of their production systems which gener-
ally rely on extensive grazing with often mobs of sires, cannot
simply (accurately) determine the sire, and in most instances
(unless giving birth indoors) do not record the same. This is
particularly true in sheep where AI usage in commercial
flocks is almost non-existent. In such situations, the reliability
of the traditional evaluation (assuming no phenotype exists
on the animal itself) is zero thus dramatically increasing
the net benefit of genotyping even ignoring the benefit of
genotyping to ascertain the correct parentage and the impli-
cations of such for designing mating programs. It is compul-
sory in some counties (e.g. the European Union) to record the
dam of each animal and in such situations the maximum

Figure 4 Additional net benefit (standard deviation (sd) units/female/
lifetime) of genotyping ewe selection candidates when first progeny are
born at 1 year of age instead of 2 years of age for different replacement
rates and percentage (%) of selection candidates retained as replacements.
Here, a genomic reliability of 0.4 was assumed, reflective of the current
situation in Irish sheep flocks.
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reliability achieved for the traditional evaluation is 25%; in
reality, it is far less than this and closer to 7.5% (assuming
a dam reliability of 30%).

While the nomenclature used in the present study referred
to the reliability of the traditional evaluation as that of
the parental average, the approach described within can also
be used to evaluate the cost-benefit of genotyping cows/
ewes with both their own phenotype and possibly also
progeny phenotypes. All that needs to be done is to use
the reliability of the traditional genetic evaluation of the
mature animal. Using a simulation study mimicking the
United States Holstein population, Weigel et al. (2012) also
investigated the gains from genotyping cows and reported
that, in most cases, the gains either only just exceeded the
cost of genotyping or resulted in a negative net benefit of
genotyping. A similar phenomenon could exist especially
in beef cattle or sheep where a sizable proportion of the
relative emphasis in breeding goals may be on traits that
are measured on the animal itself and often before sexual
maturity (Amer et al., 2001; Berry et al., 2019; Bohan
et al., 2019). Such traits like difficulty in giving birth and
measures of growth rate tend to be moderately to highly her-
itable in cattle (Crowley et al., 2010; McHugh et al., 2011)
and sheep (McHugh et al., 2017) thus having a large impact
on the reliability of the traditional evaluations. One of the
advantages of DNA technologies in the selection of animals
is that DNA remains the same throughout life, and thus the
identification of animals for retention within the herd/flock
can be done very early in life thereby negating or minimising
the rearing cost for animals not deemed to be suitable.
In sheep or calf-to-beef production systems, however, the
animal would generally be retained on farm for several
months of age anyway, so it may therefore be more advanta-
geous to delay genotyping (i.e. not genotype the animals that
may die before the selection decision is actually made). In
such situations, phenotypic data may exist on the animal
at the time of genotyping and although such information
can improve the reliability of the genomic evaluations, it is
likely to narrow the superiority in reliability achieved from
genotyping. Phenotypic data are, however, not often avail-
able, may be difficult to measure (e.g. feed intake) or may
reflect adult female performance. The latter traits, such as
animal fertility and survival, tend to be lowly heritable
(Berry et al., 2014), thus generally contributing to low reli-
ability of traditional genetic evaluations.

Although the present study focused on the benefit in
terms of an overall breeding objective, the equations pro-
vided could also be parameterised with population statistics
representing individual traits of interest to the producer (e.g.
feed efficiency).

Age when first progeny are born
Joining females at a younger age offers an opportunity to
increase the net benefit of genotyping; not achieving industry
targets for age at which females have their first progeny
reduces the net benefit. Currently in Ireland the average
age of first calving in beef cattle is 31.5 months, with only

23% of beef heifers calving during the target age of
22–26 months (ICBF, 2018). This therefore reduces the net
benefit of genotyping beef selection candidates through
delayed expression of the superiority of herd replacements.
For example, in a beef herd with a 20% (national average)
replacement rate, calving at 31.5 months instead of at
24 months reduces the net benefit of genotyping by between
0.0068 �I and 0.1957 �I units depending on the percentage
of selection candidates kept, genomic reliability and cost of
genomic testing. Irish sheep producers also tend to lamb their
females for the first time at 2 years of age rather than 1 year
of age, again delaying the materialisation of the benefit of
selecting genetically elite animals.

Impact of the cost of genotyping
The impact of more expensive genotyping on the net return
on investment is obvious. What may be less obvious is
how the cost of genotyping interacts with the proportion
of selection candidates retained when impacting the net
return on investment. This is particularly evident when the
proportion of selection candidates kept decreases, as the
genotyping cost per female replacement retained increases
(Figure 2). As previously alluded to, when only a small pro-
portion of the genotyped candidate females are retained as
herd/flock replacements, the cost of genotyping the entire
cohort is diluted across fewer female replacements. Therefore,
as genotyping costs increase, the genotyping cost per replace-
ment female when only a few females are retained is propor-
tionally greater than if a larger cohort of genotyped females
were selected to enter the herd/flock thereby diluting the costs
across a larger group. Genotyping costs per replacement kept
are high when only candidate females are selected.

Assuming the population parameters used in the present
study for dairy cattle, beef cattle and sheep are generally rep-
resentative of international populations, then the maximum
genotyping price (i.e. 50% of selection candidate retained)
that can be paid is somewhere between 0.50 and 0.70 that
of the SD of the breeding goal assuming a 20% to 25%
replacement rate (Figure 3). The breakeven price reduces,
however, if the proportion of candidate females kept deviate
from 50% or the replacement rate increases. While cattle
generally command a high price in many countries, the same
is not necessarily true for sheep (and smaller ruminants
in general); this is generally reflected in the SD of the
(economic) breeding objectives because of the relatively
low economic values of the component traits (Bohan et al.,
2019; Santos et al., 2015); therefore, while most studies in
dairy cattle, including the present study based on the prevail-
ing population parameters, conclude a return on investment
from genotyping in dairy, the case is less convincing in sheep
based on the current genotyping costs using single nucleo-
side polymorphism (SNP) chips. While the cost of the SNP
chip itself is often targeted as a means to reduce the cost
of acquiring a genotype, other costs like sample procurement
(including labour), DNA extraction, the service of genotyping
(including profit margin), handling of data and generation of
genomic evaluations and finally, where applicable, taxes are
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also major contributors. Hence, minimising the cost of
genotyping for routine use in commercial sheep will prove
difficult. Alternative approaches to reduce the cost of geno-
typing in sheep (and other species) are being investigated
including strategies based on genotype-by-sequencing
(Dodds et al., 2015).

To illustrate the cost-benefit of genotyping more clearly
using prevailing industry values, the breeding objectives of
the Irish dairy, beef and sheep populations were used.
One hundred candidate females were assumed in each case.
The cost of genotyping cattle (dairy and beef are the same)
and sheepwas each assumed to be €16.50; hence, the cost of
genotyping the entire herd or flock was €1650. The SD of the
dairy, beef (replacement index) and sheep (replacement
index) re-scaled to be on the level of EBV as opposed to pre-
dicted transmitting ability was assumed to be €130, €50 and
€30, respectively. The other metrics used in the calculations
were as per Table 1 for dairy, beef and sheep. A quarter of the
genotyped females were to be selected with a replacement
rate of 25%. The net benefit of genotyping the dairy or beef
herd was €4 548.50 and €899, respectively; with the current
values, there was a net loss of genotyping the 100 ewe lambs
of €312.09. In fact, given these parameters, the maximum
price per genotype in the sheep flock would be €13.38.

Other benefit of genomics
While the present study only considered short-term genetic
gain when evaluating the net benefit of genotyping, many
other benefits of genotyping exist (Pryce and Hayes, 2012;
Berry, 2019). One major benefit of genotyping is the assign-
ment of parentage and, in doing so, facilitating more
informed herd/flock breeding programs which include
mating advice (Carthy et al., 2019); the impact of inbreeding
depression from the mating of animals originating from a
common ancestor is well documented in dairy cattle (McParland
et al., 2007), beef cattle (McParland et al., 2008) and sheep
(Norberg and Sorensen, 2007). Genetic gain is a function of
the four selection pathways, namely the sires to produce
sires, sires to produce dams, dams to produce sires and
dams to produce dams (Rendel and Robertson, 1950; Van
Tassell and Van Vleck, 1991). Selection within the dam to
produce dams lines (i.e. commercial females) has heretofore
largely been ignored because of the relatively poor repro-
ductive performance in most dairy cow populations contrib-
uting to a low potential selection intensity and thus
selection differential (Van Tassell and Van Vleck, 1991;
Schaeffer, 2006). Being able to more accurately identify
genetically elite females, coupled with advancements
and cost effectiveness of state-of-the-art reproductive tech-
nologies (e.g. multiple ovulation embryo transfer, in vitro
production and sexed semen) facilitates more intense selec-
tion and thus accelerated genetic gain from the dam to dam
selection pathway.

Other advantages including the monitoring of genetic
defects (i.e. lethal or congenital), karyotyping (Berry et al.,
2017), traceability of a product or even of the animal itself
in regions prone to hustling, prediction of breed composition

(Judge et al., 2017) and even enabling more accurate person-
alised management. Of course, once phenotypes exist for
the genotyped animals, these data can be incorporated into
the reference population for the genomic evaluations thus
augmenting the accuracy of the genomic evaluations. In
doing so, the difference in reliability between traditional
and genomic evaluations would widen; this will contribute
to an even greater net benefit of genotyping for the entire
population. This is especially true for populations which
have exhausted the number of bulls/rams with progeny infor-
mation that are genotyped and included in the reference pop-
ulation. Moreover, the net benefit calculated in the present
study was exclusively on the additional improvement in
genetic gain from the more accurate selection of supposedly
genetically elite females; no potential additional value was
given to the females not kept as replacements. Some of these
females may still be genetically elite relative to other herds/
flocks of lower mean genetic merit and may thus command a
higher price than ungenotyped animals with the same total
merit index.

Conclusions

Presented here is the framework to derive the net return from
investment in genotyping dairy, beef and sheep replacement
females given a range of population parameters. Based on
the parameters representing Irish dairy cattle, beef cattle
and sheep, there is a clear return on investment in dairy
and beef commercial cattle based on prevailing genotyping
costs although the return on genotyping commercial sheep,
solely for the more accurate selection of replacement females
(assuming parentage is known), is questionable. Nonethe-
less, parentage is rarely (accurately) recorded in commercial
sheep populations further boosting the monetary benefit of
genotyping. Ideally, the cost of genotyping (including sample
procurement and downstream analyses) must reduce to
make the return in investment more favourable.
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