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ABSTRACT

Current USDA selection indices such as lifetime net 
merit (NM$) estimate lifetime profit differences, which 
are accurately approximated by a linear combination 
of 13 traits. In these indices, every animal gets credit 
for 2.78 lactations of the traits expressed per lactation, 
such as fat and protein, independent of its productive 
life (PL). This formulation may over- or underestimate 
the net revenue from traits expressed per lactation 
depending on PL. The objectives were to develop 2 
genetic selection indices using financial investment 
methods to account for differences in PL and to com-
pare them with the 2017 NM$ for marketed Holstein 
sires. Selection among animals with different PL is an 
example of investment in mutually exclusive projects 
that have unequal duration. Financial investment 
theory says that such projects are best compared with 
the annualized net present value (ANPV) method when 
replacement occurs with technologically equal assets. 
However, genetic progress implies that future available 
replacement animals are technologically improved as-
sets. Asset replacement theory with improved assets 
results in an annualized value including genetic oppor-
tunity cost (AVOC) for each animal. We developed the 
ANPV and AVOC and compared these with the NM$ 
for 1,500 marketed Holstein sires from the December 
2017 genetic evaluation. The lowest Pearson correlation 
coefficient was 0.980 between AVOC and NM$, whereas 
the highest was 0.999 between ANPV and NM$ among 
the 1,500 sires. Correlations for the top 300 sires were 
lower. Although we found high correlations between 
indices, the 95th and 5th percentiles of individual rank 
changes between AVOC and NM$ were +131 and −163 
positions, respectively, whereas these changes between 
ANPV and NM$ were +27 and −45 positions, respec-
tively. The relative emphasis of PL in the AVOC index 
was half of the relative emphasis in NM$. These results 

show that applying financial investment methods to 
value differences in genetic merit of animals changes 
their rankings compared with the NM$ formulation. 
Rank changes were meaningful enough that the new 
indices warrant consideration for use in practice.
Key words: lifetime profit, genetic merit, selection 
index, financial analysis

INTRODUCTION

Dairy cattle breeders rely on genetic selection indi-
ces to achieve their breeding objectives. In the United 
States, a well-known selection index based on economi-
cally important traits is the lifetime net merit (NM$) 
developed by the USDA (VanRaden, 2000, 2017). The 
breeding objective of NM$ is to maximize profitability 
during the lifetime of the offspring of the animal (Cole 
and VanRaden, 2018). The official 2017 NM$ is a linear 
approximation of a nonlinear combination of PTA for 
13 traits and their marginal economic weights, equal to 
their net revenue for a single unit change in PTA.

In this study, we focus on the traits that are trans-
mitted from sires to their daughters. In the 2017 NM$, 
every sire gets credit for 2.78 lactations for the 10 traits 
that have repeated net revenues in every lactation, 
such as milk, fat, protein, and daughter pregnancy rate 
(DPR). Only the traits heifer conception rate (HCR), 
productive life (PL), and livability (LIV) occur once 
in a lifetime. The trait PL is used to predict the num-
ber of additional lactating months over the breed base 
and, by extension, the milking lifetime of the animal. 
Because PTA of PL vary between animals, animals 
with a negative PTA of PL are expected to remain in 
the herd for shorter than 2.78 lactations (27.8 lactating 
months), whereas animals with a positive PTA of PL 
are expected to remain longer in the herd. These dif-
ferences in PL are not included in the net revenue that 
is calculated from the traits that repeat every lactation 
because the standard 2.78 lactations is used for every 
animal, independent of its PTA for PL.

Genomic selection has accelerated genetic progress 
per unit of time (García-Ruiz et al., 2016; CDCB, 2018). 
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This implies that there is an opportunity cost by keep-
ing an animal in the herd when a potential replacement 
is genetically superior (De Vries, 2017). Especially ani-
mals with positive PTA for PL but low values for traits 
that repeat every lactation incur a large opportunity 
cost. These animals are expected to stay in the herd 
longer but are less profitable on a daily basis. The need 
to include opportunity cost of postponed replacement 
has been demonstrated in profit functions when com-
paring incomes from production and extending herd life 
(Van Arendonk, 1991; Weigel et al., 1995; Cassell et 
al., 2002; Groenendaal et al., 2004). Opportunity cost 
of postponed replacement is not included in the 2017 
NM$.

Considering the fixed 2.78 lactations for traits that 
repeat every lactation and lack of inclusion of genetic 
opportunity cost, it is likely that NM$ and equivalent 
indices may not fully capture the financial differences of 
genetic expression when selection is viewed as a finan-
cial investment. The components of the NM$ (PTA and 
economic weights) can be used in financial methods for 
valuing investment returns with different lifetimes. Dif-
ferences between investment lifetimes (e.g., differences 
in PL) can be adjusted to an equal planning horizon 
through the standard financial investment analysis 
method of annualized net present value (ANPV; Brown 
and Davis, 1998). With the ANPV method, investment 
alternatives with unequal lifetimes can be compared. 
Applied to genetic selection, net revenue generated 
from traits expressed during the predicted number of 
lactations—both the traits that repeat every lactation 
and those that occur only once—can be expressed in 
an ANPV. The simplest form of ANPV assumes re-
placement with an equal asset, but the approach can 

be modified to an annualized value including genetic 
opportunity cost (AVOC). To our knowledge, these 
financial investment methods have not yet been used in 
animal breeding to calculate economic genetic selection 
indices.

Selection indices based on financial investment meth-
ods could change the rankings of animals based on their 
genetic merit compared with their ranking based on the 
lifetime NM$ formula. Therefore, the objective of this 
study was to develop 2 genetic selection indices using 
financial investment methods, one with genetic oppor-
tunity cost and one without, and to compare them with 
the 2017 NM$ for marketed Holstein sires.

MATERIALS AND METHODS

The data included official PTA values and official 
NM$ from the December 2017 genetic evaluation of the 
highest 1,500 marketed Holstein sires for NM$. We ob-
tained data from the Council on Dairy Cattle Breeding 
public database (CDCB, 2017). We chose only Holstein 
sires because of the large data set available compared 
with other breeds. Sires were required to have semen 
publicly available for purchase because most dairy 
farmers would make sire selections from within this 
group. Data were stored and analyzed in Microsoft 
Excel (Microsoft Corp., Redmond, WA).

The 2017 NM$ contains the traits milk, fat, pro-
tein, DPR, HCR, PL, LIV, SCS, cow conception rate 
(CCR), udder composite (UDC), feet and legs com-
posite (FLC), BW composite (BWC), and calving 
ability (CA$). Summary statistics for the top 1,500 
Holstein sires and the top 300 of these sires ranked by 
NM$ are presented in Table 1.

Table 1. Minimum, average, and maximum values for PTA of the traits in the lifetime net merit dollars index (NM$) of the top 300 and 1,500 
marketed Holstein sires for NM$ in the December 2017 genetic evaluation

Trait1  Unit
Economic weight, 

$/lactation

Top 300 sires

 

Top 1,500 sires

Minimum Average Maximum Minimum Average Maximum

Milk  Pounds 0.0014 282 1,568 3,209  −479 1,410 3,401
Fat  Pounds 1.28 46 85 121  19 72 121
PRO  Pounds 1.37 26 59 90  18 52 90
PL  Months Lifetime2 5.2 8.6 12.7  1.9 7.4 12.7
LIV  Percentage Lifetime −1.6 2.4 6.4  −3.3 1.6 6.9
SCS  Log −42.09 2.4 2.80 3.13  2.33 2.80 3.19
DPR  Percentage 3.96 −0.5 3.1 7.1  −2.1 2.5 8
HCR  Percentage Lifetime −0.2 2.5 5.8  −3.2 2.2 5.8
CCR  Percentage 0.91 0.5 4.5 8.3  −1.5 3.7 10
UDC  Composite 11.15 0.6 1.94 3.33  −0.54 1.88 4.00
FLC  Composite 3.60 −0.48 1.20 2.66  −0.98 1.18 3.02
BWC  Composite −7.19 −2.05 −0.04 2.06  −2.16 0.26 2.47
CA$  Dollars 0.36 4.3 46.9 76.5  −14.8 41.4 86.2
NM$  Dollars Lifetime 871 920 1,116  665 794 1,116
1PRO = protein; PL = productive life; LIV = livability; DPR = daughter pregnancy rate; HCR = heifer conception rate; CCR = cow conception 
rate; UDC = udder composite; FLC = feet and legs composite; BWC = BW composite; CA$ = calving ability.
2Lifetime weight used in the NM$ 2017 index and not converted to lactation basis.
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ANPV

The net present value (NPV) is the net profit gener-
ated in today’s dollars given the discount rate over the 
investment’s lifetime and, if positive, is preferred to an 
alternative investment valued at the discount rate (Hig-
gins, 2001). When multiple mutually exclusive invest-
ments with different lifetimes are under consideration, 
where acceptance of one leads to rejection of the others 
as is the case with selecting a sire for mating, a method 
for comparing the NPV over a common planning ho-
rizon is preferred (Higgins, 2001). In this method, the 
NPV is multiplied by the present value interest factor 
for annuity (PVIFA) at the expected lifetime of the 
investment to evenly compare investments over a com-
mon annual planning horizon (Brown and Davis, 1998). 
The ANPV of a sire through his daughters is calculated 
by the following equation using the traits in the 2017 
NM$:

 ANPV entry
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where r = annual discount rate; entry = cost of the 
heifer entering the milking herd plus net revenue of 
HCR; lactj = net revenue from trait j that repeats every 
lactation in lactation i; base = breed base net revenue 
constant; ti = 5 mo into lactation i for completed lacta-
tions or halfway through the last, incomplete lactation; 
exit = exit value and net revenue of LIV; and n = 
number of lactations, including a fraction of the last 
lactation. In this formula, r/[1 − (1 + r)−n] = PVIFA 
and ANPV = NPV × PVIFA. A completed lactation is 
10 mo of milk production and 2 mo dry, so 1 lactation 
equals 1 yr. The time origin for discounting was set to 
the start of the first lactation.

To calculate the ANPV for each sire, the annual 
discount rate (r) was set at 5%. All other marginal 
economic values were set the same as in the 2017 NM$ 
(VanRaden, 2017). The cost of a heifer entering the 
milking herd was set at $1,480. This is the cost of a 
heifer at first calving, which includes the calf value, 
the cost of rearing, and reproductive costs (VanRaden, 
2017). The net revenue of PTA of HCR was added to 
the heifer entry cost. It is expressed only once, and the 
net revenue from HCR is assumed to be realized at 
the start of the first lactation. The marginal economic 
value of HCR is $2.26/percentage point. Therefore, the 
entry value at first calving was calculated as −$1,480 + 
PTA of HCR × $2.26.

The LIV trait is expressed only at the end of the 
last lactation and combined with the salvage value is 
equal to the exit value. The net revenue from differ-

ences in PTA of LIV was multiplied by their economic 
weight ($12/percentage point). The salvage value was 
calculated as the difference between the entry value 
and the total depreciation over the animal’s lifetime 
as calculated by the marginal economic value of PL 
($21/mo), as the monthly change in depreciation, over 
the standard lifetime of 2.78 lactations (2.78 × 10 mo/
lactation × $21 = $584). Thus $1,480 (entry value) − 
$584 (depreciated value) = $896 salvage value. The exit 
value did not depend on the individual sire’s PTA for 
PL. Therefore, the exit value was calculated as $896 + 
PTA of LIV × $12.

Ten traits generated net revenue in each lactation. 
Economic weights from NM$ (Table 1) were divided 
by 2.78 to obtain marginal economic values per lacta-
tion. These traits with their marginal economic values 
per lactation are milk ($0.0014/lb.), fat ($1.28/lb.), 
protein ($1.37/lb.), SCS (−$42.09/log), DPR ($3.96/
percentage point), CCR ($0.91/percentage point), 
UDC ($11.15/composite unit), FLC ($3.60/compos-
ite unit), BWC (−$7.19/composite unit), and CA$ 
($0.36/$1.00). Lactation weights were multiplied by 
their respective PTA and then summed to obtain the 
net revenue per lactation for each trait. The total net 
revenue per lactation was multiplied by the expected 
number of lactations (n), which depends on PTA for 
PL, to obtain the total net revenue from the lactation 
traits. Lactation net revenue was discounted to account 
for the time since entry when traits are expressed on 
average.

The PTA are differences in genetic merit from the 
base animal, a cow born in 2010. The net revenue of 
the lactation traits from this base animal is not likely 
$0, however. Because the entry value is greater than 
the salvage value, the ANPV calculation with PTA all 
set to 0 would yield a large negative value. To obtain 
an ANPV that is a realistic estimate of profitability, 
we added a breed base net revenue to each lactation. 
This breed base revenue was found by obtaining the 
value required to be generated from each lactation to 
equal an overall investment NPV of $0 when all PTA 
equal 0 will overcome the value lost (−$584) between 
the cost of new heifer replacement and salvage income. 
The breed base revenue was therefore set at $343.52 
per lactation.

The number of lactations for each sire depends on his 
PTA for PL. Genetically, cows have the ability to sur-
vive longer in the herd than previous generations given 
the increase in PTA for PL over time (CDCB, 2018). 
The average PTA for PL in our data set was +7.4 mo. 
However, we did not expect that the daughters of these 
sires on average stay 7.4 mo longer in the herd, thereby 
reducing the phenotypic annual cow cull rate. National 
cow cull rates have been consistent in the past decades 
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at approximately 35% despite genetic progress in PL 
(De Vries, 2017; CDCB, 2018). This is the result of 
competition within the herd and dairy farmers’ desire 
to replace cows with heifers with greater genetic merit 
(De Vries, 2017). Therefore, an adjustment of the effect 
of PL on the expected number of lactations was neces-
sary to reconcile greater PL with a constant annual 
cow cull rate. The average PTA of PL of all 1,500 sires 
(+7.4 mo) was subtracted from each sire’s PTA of PL 
to create an adjusted additional number of lactations 
for each sire. Because 10 lactating mo is equivalent to 
1 lactation, we divided the adjusted additional number 
of lactations by 10 and added this value to the stan-
dard 2.78 lactations. Therefore, the adjusted additional 
number of lactations was negative for sires with a PTA 
of PL <7.4 mo. The average number of expected lacta-
tions therefore remained at 2.78, and thus no change in 
annual cow cull rate was expected.

Annualized Value with Opportunity Cost

The ANPV method assumes that the initial asset 
is replaced with a new asset equal to the asset of the 
initial investment. This means that a sire would be re-
placed by an identical sire at the end of his daughters’ 
expected number of lactations. Our second economic 
selection index therefore includes a genetic opportunity 
cost of delaying replacement with genetically superior 
sires instead of identical sires. A sire’s AVOC is calcu-
lated using the following equation:

 AVOC NPV
start trend
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where NPV = the net present value of the sire as 
explained above; T = planning horizon set to 3.307 
lactations (explained below); n = expected number of 
lactations based on the sire’s PTA of PL; start = the 
starting value of the genetic trend at t = 0 set at $342 
(explained below); trend = the annual genetic increase 
in net revenue from genetic progress set at $27.99 
(explained below); tp = mean of expected number of 
lactations and planning horizon, calculated as tp = (n + 
T)/2; and r = annual discount rate. The summed NPV 
from the initial sire and replacement sires was divided 
by the planning horizon to annualize the investment 
return.

In this formula, the discounted net revenue of geneti-
cally improved replacement sires was added to the NPV 
of the initial sire to complete the planning horizon since 
the first entry of the initial sire. Of the 1,500 sires, the 
maximum PTA of PL was +12.7 mo, which resulted 

in a maximum expected number of lactations of 3.307. 
This is equivalent to 39.68 mo since the start of the first 
lactation and was used as the planning horizon.

Multiple generations of replacement sires will succeed 
beyond the first replacement sire, with diminishing dif-
ferences between each subsequent sire due to discount-
ing, before the entire effect from the length of the initial 
sire’s lifetime is realized (Perrin, 1972). Therefore, we 
used a replacement sire at the average of the remaining 
time in the planning horizon as an approximation of 
the replacement sires’ net genetic value. The net rev-
enue from the replacement sires depended on the trend 
of genetic progress, the starting value of this genetic 
trend, and the discount factor, as follows.

A constant rate of genetic progress was anticipated to 
continue throughout the planning horizon based on an 
assumed increase of $85.50 in PTA of NM$ per year of 
marketed sires (De Vries, 2017). Because replacement 
sires’ contributions are multiplied by a yearly value, a 
linear regression equation of NPV per expected number 
of lactations was fit as the response and NM$ was the 
explanatory variable for all 1,500 sires. The NM$ coef-
ficient was 0.327, which was multiplied by the expected 
progress in NM$ per year to find the trend of genetic 
progress of $27.99/yr. We chose the starting value for 
the genetic trend to be the average net genetic value per 
year of the top 100 sires ranked for ANPV, which was 
$342. We assumed that a dairy farmer would choose 
from the average of this group of sires when the initial 
sire was no longer retained. A 5% annual discount rate 
was applied to the replacement sires’ net genetic value.

In a visual example, Figure 1 depicts our approach 
to combine the genetic values of the initial sire and 
the replacement sires. For example, suppose an initial 
sire has an NPV of $800 realized during 2.5 lactations 
based on PTA for PL of +4.6 mo (2.78 × 10 + 4.6 − 
7.4 = 25.0 mo; equal to 2.5 lactations; thick horizontal 
line). The remaining 0.807 yr of the 3.307-yr planning 
horizon is completed by the replacement sires (thick 
diagonal line). The midpoint for replacement (t) was 
2.9035 yr and corresponds to ($342 + 2.9035 × $27.99)/
(1 + 0.05)2.9035 = $367.36 for the replacement sires’ net 
genetic value per year. The AVOC of this example sire 
is therefore ($800 + 0.807 × $367.36)/3.307 = $331.56.

Data Analysis

Both ANPV and AVOC are expressed in annual dol-
lars, so lifetime NM$ was converted to an annual 
equivalent (annualized NM$; ANM$), calculated as 
NM$/2.78, to facilitate comparing the index values 
when needed. Our new indices ANPV and AVOC were 
compared with NM$ through Pearson correlations, 
Spearman rank correlations, and rank changes, in addi-
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tion to ANM$ compared with ANPV and AVOC  
for index changes, of the full data set of 1,500 sires as 
well as the top 300 sires ranked for NM$. Standard  
errors of correlations were calculated as 

1 22−( ) −( )correlation n . Furthermore, the Pearson 

correlation of each PTA trait to each index was calcu-
lated.

A sensitivity analysis tested differences in Pearson 
correlations between the new indices and NM$ by 
changing the annual discount rate and adjusting the 
starting value of the genetic trend for replacement sires 
in the AVOC method.

Index changes compared with ANM$ were quantified 
using the following regression equation: 

 index value = β0 + β1 × ANM$ + ε, 

where the index value was either the ANPV or AVOC 
and β0 and β1 are regression coefficients. The error term 
(ε) was considered the change of index value to be used 
in the equation below. The PTA traits associated with 
the change of index and change of rank were found by 

constructing regression equations with the change of 
index or change of rank as the response and all PTA 
traits as explanatory variables:

 change trait PL= + × + +
=∑β β ε0

2
1

13
i ii

, 

where change was either the change of rank or change 
of index value, trait was the PTA of the 13 traits in 
the indices, β0 and βi are regression coefficients, and 
ε is the residual.. The trait PL required an additional 
squared term in the model for rank change and index 
value change to obtain normally distributed residuals 
(data not shown).

The relative emphasis of each PTA trait for each 
index was calculated from the coefficients from the fol-
lowing equation:

 index trait= + × +
=∑β β ε0 1

13
i ii

, 

where index was ANM$, ANPV, or AVOC, where β0 
and βi are regression coefficients, i is one of 13 traits, 

Figure 1. Example of the determination of the annualized value with opportunity cost (AVOC). The initial sire generates a net present value 
of $800 divided by 2.5 expected lactations in the herd to equal $320/yr (thick horizontal line). The genetic value of the replacement sires starts 
at $342/yr, equal to the average of the top 100 sires for net genetic value per year, and increases at a rate of $27.99/yr. When the initial sire’s 
daughters are culled, the replacement sires’ net genetic value per year equals the average of the replacements at the time of transition and the 
end of the planning horizon and then discounted at 5%, which in this example equals $367.36 (circle). The planning horizon was equal to the 
longest expected number of lactations in the data set (3.307 yr). The average of each thick line was multiplied by its length and summed before 
dividing by the length of the planning horizon to equal the AVOC. The AVOC of the example sire is therefore ($800 + 0.807 × $367.36)/3.307 
= $331.56.
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and ε is the residual. Relative emphasis for each trait 
in each index was found with the equation

 relative emphasis SD SDi i i j jj
= × ×

=∑β β/ ,
1

13  

where SDi is the standard deviation of the true trans-
mitting ability for the trait i (VanRaden, 2017), j is one 
of 13 traits, and βi and βj are regression coefficients of 
the 13 traits as defined before.

RESULTS

Descriptive Statistics

Table 1 contains the minimum, average, and maxi-
mum PTA values of all traits for the data set of 1,500 
sires and the highest 300 sires ranked by NM$. The 
average PTA of NM$ of all 1,500 sires was $794 (mini-
mum = $665; maximum = $1,116). The average and 
minimum NM$ for the top 300 sires were $920 and 
$871, respectively. The average ANM$ of the 1,500 sires 
was $286. The PTA of PL ranged from +1.9 to +12.7 
mo, with an average of +7.4 mo. The average PTA for 
PL of the top 300 sires was +8.6 mo. For the 1,500 

sires, the minimum and maximum for ANPV were 
$256 and $431, respectively, and for AVOC were $255 
and $389, respectively. Averages of ANPV and AVOC 
were $314 and $300, respectively. Standard deviations 
were $30, $31, and $22 for ANM$, ANPV, and AVOC, 
respectively.

Figure 2 shows the ANPV and AVOC of the highest 
300 sires for NM$. The AVOC consists of the value 
from the current sire (in gray) and the value from the 
replacement sires (in black). Only 1 sire (NM$ of $888) 
does not have any replacement sires’ net genetic value 
because his expected number of lactations equals the 
planning horizon of 3.307 yr. The average difference 
between both the ANPV (blue line) and AVOC and the 
ANM$ (yellow line) and AVOC was $14. This resulted 
from our choices made in determining the starting 
value of the genetic trend for replacements, slope of 
the genetic trend, length of planning horizon, and the 
discount rate.

Correlation and Sensitivity Analysis

We observed high correlations (≥0.978) among the 
3 indices for the group of 1,500 sires (Table 2). All 
correlations in the group of 300 sires were lower than 

Figure 2. Net present value from the initial sire divided by the sire’s expected number of lactations (gray) and replacement sires’ net ge-
netic value divided by their expected number of lactations (black), ordered by net merit dollars (NM$) for the top 300 Holstein sires ranked for 
NM$. The sum of both values equals the annualized value with opportunity cost for the planning horizon of 3.307 yr. The blue line represents 
the annualized net present value (ANPV), and the yellow line represents the annualized NM$ (ANM$) of the same 300 sires. When NM$ was 
equal among sires, the second level of ordering was based on descending PTA for productive life. The sire with an NM$ of $888 has a replace-
ment sire’s net genetic value of $0 because his productive life is the greatest in the group (+12.7 mo) and therefore his lifetime was equal to the 
planning horizon.
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in the group of 1,500 sires. Spearman rank correlations 
were generally 0.001 lower than Pearson correlations 
for the group of 1,500 sires and 0.06 lower for the top 
300 sires. The lowest Spearman correlation was 0.861 
(AVOC with NM$ for the top 300 sires). All correla-
tions of NM$ with AVOC were lower than correlations 
of NM$ with ANPV.

The Pearson correlations were used in the sensitivity 
analysis of AVOC when changing the starting value of 
the genetic trend and discount rate. The correlation 
of ANPV and NM$ with AVOC was 0.983 and 0.980, 
respectively, when the starting value for the genetic 
trend of replacement sires was $342 for the group of 
1,500 sires. When the starting value was set equal to 
the highest genetic value per year of all sires ($390), 
the correlation between ANPV and AVOC reduced to 
0.965 and the correlation between NM$ and AVOC re-
duced to 0.961. When the average net genetic value per 
year of all 1,500 sires ($287) was used, the correlation 
of ANPV with AVOC increased to 0.995 and the cor-
relation of NM$ with AVOC increased to 0.993. Thus, 
lower starting values resulted in higher correlations of 
ANPV and NM$ with AVOC. Correlations for the top 
300 sires followed the same trends but were lower.

When the annual discount rate for the initial and 
replacement sires was increased from 5% to 10%, the 
correlation of ANPV with NM$ decreased to 0.998, the 
correlation of ANPV with AVOC increased to 0.988, 
and the correlation of AVOC with NM$ increased to 
0.984. When the annual discount rate was reduced to 
0%, the correlation of ANPV with NM$ remained at 
0.999, but the correlation of ANPV with AVOC de-
creased to 0.974 and the correlation of AVOC with 
NM$ decreased to 0.972.

Pearson correlations of the 3 indices with the indi-
vidual PTA of the 13 traits are shown in Table 3 for 
the 1,500 sires. Correlations were in the same direction 
for each PTA trait across the 3 indices but magnitudes 
differed. The correlations of the individual traits with 

ANPV were very similar to correlations with NM$ and 
changed less than 0.03 for all traits. The highest correla-
tions with the 3 indices were for fat (≥0.55). The traits 
milk, fat, protein, and SCS had higher correlations with 
AVOC compared with NM$ by +0.06, +0.12, +0.08, 
and +0.09, respectively. The traits PL, LIV, DPR, 
HCR, and CCR had lower correlations with AVOC 
by −0.18, −0.14, −0.11, −0.05, and −0.11 relative to 
correlations with NM$. Correlations of conformation 
(UDC, FLC, and BWC) and calving traits (CA$) were 
very similar across the 3 indices. The correlations of 
PL with NM$, ANPV, and AVOC were 0.52, 0.50, and 
0.34, respectively. Correlations for the top 300 sires 
were similar.

Rank Changes

Rank positions of sires for each index were compared, 
to investigate the direction and size of rank changes 
when a different index was used. Positive rank changes 
represent sires that ranked higher for ANPV or AVOC 
compared with NM$. For the 1,500 sires, differences 
between the NM$ rank and ANPV rank resulted in a 
maximum decrease of 164 positions and a maximum 
increase of 53 positions (Figure 3). We observed maxi-
mum rank changes of −108 and +44 positions within 
the top 300 sires. The 5th percentile rank change was 
−45 positions and the 95th percentile rank change was 
+27 positions in the group of 1,500 sires when NM$ 
rank was compared with ANPV rank. Rank changes 

Table 2. Pearson correlations (below the diagonal) and Spearman 
rank correlations (above the diagonal) for 3 selection indices (SE in 
parentheses)

Selection 
index1 NM$ ANPV AVOC

1,500 Sires
 NM$ 1 0.999 (0.001) 0.978 (0.005)
 ANPV 0.999 (0.001) 1 0.981 (0.005)
 AVOC 0.980 (0.005) 0.983 (0.005) 1
300 Sires   
 NM$ 1 0.977 (0.012) 0.861 (0.029)
 ANPV 0.991 (0.008) 1 0.940 (0.020)
 AVOC 0.945 (0.019) 0.977 (0.012) 1
1NM$ = lifetime net merit dollars; ANPV = annualized net present 
value; AVOC = annualized value with opportunity cost.

Table 3. Pearson correlations of PTA traits with NM$, ANPV, and 
AVOC indices from the top 1,500 marketed NM$ Holstein sires in the 
December 2017 genetic evaluation1

Trait2

Index*

NM$ ANPV AVOC

Milk 0.24 0.24 0.30
Fat 0.55 0.56 0.67
PRO 0.39 0.39 0.47
PL 0.52 0.50 0.34
LIV 0.31 0.29 0.17
SCS −0.05 −0.06 −0.14
DPR 0.24 0.23 0.13
HCR 0.14 0.14 0.09
CCR 0.30 0.30 0.19
UDC 0.11 0.12 0.11
FLC 0.07 0.07 0.05
BWC −0.24 −0.24 −0.24
CA$ 0.25 0.25 0.24
1NM$ = lifetime net merit dollars; ANPV = annualized net present 
value; AVOC = annualized value with opportunity cost.
2PRO = protein; PL = productive life; LIV = livability; DPR = 
daughter pregnancy rate; HCR = heifer conception rate; CCR = cow 
conception rate; UDC = udder composite; FLC = feet and legs com-
posite; BWC = BW composite; CA$ = calving ability.
*All correlations are significantly different from 0 (P ≤ 0.05).
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between NM$ and AVOC were larger than the rank 
changes between NM$ and ANPV. The greatest chang-
es between NM$ rank and AVOC rank were a decrease 
of 472 positions and an increase of 259 positions for the 
1,500 sires (Figure 4). Maximum changes in the group 
of the top 300 sires were −343 and +93 positions. The 
5th percentile sire’s rank change was −163 positions, 
whereas the 95th percentile sire’s rank change was 
+131 positions.

Table 4 shows results from the linear regression equa-
tions for rank changes of NM$ compared with ANPV 
and AVOC for 1,500 sires to discover the traits that 
most influenced rank changes. Coefficients of each trait 
explain the effect on the rank change from a single 
unit change of that trait. The regression model for rank 
change of NM$ compared with ANPV had a coefficient 
of determination (R2) of 0.549. We found positive (P < 
0.05) coefficients for fat, protein, HCR, UDC, and PL 
and negative coefficients for milk, LIV, SCS, BWC, and 
PL2. The regression model for rank changes of NM$ 
compared with AVOC had an R2 of 0.850 and resulted 
in positive (P < 0.05) coefficients for fat, protein, DPR, 
HCR, UDC, CA$, and PL2 and negative coefficients 
for milk, SCS, BWC, and PL. Because greater rank 
changes were observed for AVOC than for ANPV com-
pared with NM$, greater coefficients for the AVOC 
rank change regression model were expected and gener-

ally observed. The coefficients for LIV, PL, and PL2 
were in opposing directions in the ANPV and AVOC 
rank change regression models.

Figure 5 shows the association between PL and 
the rank changes for ANPV and AVOC compared 
with ranking for NM$ for the 1,500 sires. Sires with 
the highest PL generally ranked lower for ANPV and 
AVOC than for NM$. If the rank changes agreed in 
direction, the AVOC rank change tended to be larger 
than the ANPV rank change. Moving to the middle of 
the PL distribution, more sires increased in rank than 
decreased in rank with ANPV, but the magnitude was 
less than that at the extreme PL values. Sires with the 
lowest PL generally ranked lower for ANPV than for 
NM$. In direct contrast, all sires with PL less than 6.6 
mo resulted in a higher ranking for AVOC than NM$.

Residual Index Value Changes

Using simple linear regression, ANPV was best esti-
mated as 23.644 + 1.017 × ANM$. Residuals ordered 
by ANM$ are plotted in Figure 6. Any sire above the 
$0 line represents a higher actual ANPV than predicted 
based on his ANM$. Within the top 300 sires ranked 
for ANM$ (greater than $313 ANM$), the maximum 
increase was $4.49, whereas the maximum decrease was 
$9.39 from the predicted value.

Figure 3. Lifetime net merit dollars (NM$) rank differences from their annualized net present value (ANPV) rank for each of 1,500 Holstein 
sires ordered by NM$. The top 300 NM$ sires can be found to the right of the vertical line (NM$ = $871). Percentiles of rank change lines are 
drawn at 95% (long-dash line; +27), 75% (short-dash line; +10), 25% (short-dash line; −12), and 5% (long-dash line; −45). Positive values 
represent a better ranking for ANPV than NM$.
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The AVOC was best estimated as 95.144 + 0.717 × 
ANM$. Residuals of actual and predicted AVOC were 
greater than residuals for ANPV predicted by ANM$. 
The correlation of the residuals was 0.423. The AVOC 

residuals are shown in Figure 7, ordered by ANM$. The 
largest residual value decrease by any sire was $25.43, 
whereas the greatest value increase was $11.02. The 
standard deviation of the AVOC residuals was $4.34, 

Figure 4. Lifetime net merit dollars (NM$) rank difference from their annualized value with opportunity cost (AVOC) rank for each of 1,500 
Holstein sires ordered by NM$. The top 300 NM$ sires can be found to the right of the vertical line (NM$ = $871). Percentile of rank change 
lines are drawn at 95% (long-dash line; +131), 75% (short-dash line; +53), 25% (short-dash line; −49), and 5% (long-dash line; −163). Positive 
values represent a better ranking for AVOC than NM$.

Table 4. Multivariable linear regression with the rank change between NM$ and ANPV as the dependent variable and the PTA of 13 traits 
modeled as independent variables, except that PL2 was added to obtain randomly distributed residuals (left), and another multivariable linear 
regression with the rank change between NM$ and AVOC as the dependent variable and the same independent variables (right)1

Trait2  Unit

NM$ rank and ANPV rank change

 

NM$ rank and AVOC rank change

Coefficient SE P-value Coefficient SE P-value

Intercept   −237.663 13.370 <0.001  322.215 31.623 <0.001
Milk  Pounds −0.003 0.001 0.030  −0.008 0.003 0.014
Fat  Pounds 0.204 0.029 <0.001  1.838 0.068 <0.001
PRO  Pounds 0.255 0.066 <0.001  2.075 0.157 <0.001
PL  Months 64.132 1.922 <0.001  −70.900 4.546 <0.001
LIV  Percentage −2.605 0.415 <0.001  2.607 0.981 0.008
SCS  Log −9.281 4.022 0.021  −64.457 9.513 <0.001
DPR  Percentage 1.567 0.823 0.057  5.860 1.948 0.003
HCR  Percentage 2.798 0.461 <0.001  3.496 1.090 0.001
CCR  Percentage 0.389 0.790 0.622  2.213 1.867 0.236
UDC  Composite 5.697 0.813 <0.001  21.253 1.922 <0.001
FLC  Composite −0.680 0.855 0.427  3.990 2.022 0.049
BWC  Composite −1.611 0.609 0.008  −11.834 1.440 <0.001
CA$  Dollars 0.057 0.032 0.079  0.448 0.077 <0.001
PL2  Months squared −4.510 0.126 <0.001  1.027 0.298 0.001
1NM$ = lifetime net merit dollars; ANPV = annualized net present value; AVOC = annualized value with opportunity cost.
2PRO = protein; PL = productive life; LIV = livability; DPR = daughter pregnancy rate; HCR = heifer conception rate; CCR = cow conception 
rate; UDC = udder composite; FLC = feet and legs composite; BWC = BW composite; CA$ = calving ability; PL2 = productive life squared.
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almost 3 times greater than the standard deviation of 
the ANPV residuals of $1.59.

Relative Trait Emphasis

Regression equations with all PTA traits as explana-
tory variables and 1 of the 3 indices as a response 
variable (R2 > 0.99) provided coefficients used for the 
relative emphasis from each PTA trait (Table 5). Trait 
coefficients for ANM$ were almost identical to the input 
economic weights from Table 1, as expected, and conse-
quently had a very similar relative emphasis compared 
with NM$ (VanRaden, 2017). Relative emphasis on PL, 
LIV, and FLC decreased by 0.4, 0.5, and 0.2 percentage 
points, respectively, for ANPV compared with ANM$. 
Milk, fat, UDC, CCR, and HCR had slightly greater 
relative emphasis in ANPV than ANM$.

The relative emphasis of PL in AVOC was 6.7% com-
pared with 13.5% in ANM$. This was the largest de-
crease in relative emphasis of all traits. All other traits, 
except LIV and HCR, which remained unchanged, 
slightly increased in relative emphasis in AVOC com-
pared with ANM$, notably fat (1.8 percentage points) 
and protein (1.3 percentage points). The AVOC had 
greater relative emphasis for all traits, except PL, CCR, 
and milk, compared with ANPV. Other than for PL, no 
trait changed relative emphasis more than 2 percentage 
points between the 3 indices.

Ranked Sire Similarity

Figure 8 shows the percentage of the same sires when 
comparing the highest ranked sires for each index. 
All indices identified the same 5 highest sires (100% 
similarity), but similarity was generally lower when 
fewer sires were compared. Minimum similarities were 
83% (top 6 sires) for NM$ versus ANPV, 78% (top 37 
sires) for NM$ versus AVOC, and 85% (top 41 sires) for 
ANPV versus AVOC.

DISCUSSION

We developed 2 genetic selection indices using finan-
cial investment methods and compared their values 
with the NM$ values for 1,500 marketed Holstein sires 
that had a December 2017 genetic evaluation. Both 
ANPV and AVOC selection indices were highly cor-
related with NM$ on which the economic assumptions 
of our new indices were based. The new indices showed 
sufficient reranking of sires to warrant consideration 
for future use, however. Both new indices express the 
value of genetic merit differences of animals in terms of 
the value transmitted to the offspring, as does the NM$ 
index. Both new indices also do not include the ad-
ditional profit that will be expressed in granddaughters 
and more remote descendants, again in agreement with 
the NM$ index. Estimated breeding values for the new 

Figure 5. Differences between rank based on lifetime net merit dollars (NM$) and rank based on annualized net present value (ANPV) 
in blue and annualized value with opportunity cost (AVOC) in orange, ordered by the PTA for productive life for 1,500 Holstein sires. When 
productive life was equal for sires, the second level of ordering was by descending NM$. Positive values represent a higher ranking for ANPV 
or AVOC than for NM$.
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indices can be calculated by multiplying the ANPV and 
AVOC by 2.

The concepts of ANPV and AVOC can also be used 
to improve the prediction of the future value of females. 
For example, the Irish cow own worth index ranks 
females on expected profit for the remainder of their 
lifetime (Kelleher et al., 2015). This index blends both 
additive and nonadditive genetic merit, permanent en-
vironmental effects, and the current state of the animal 
such as DIM and pregnancy status. Indices such as the 
cow own worth index can be used for culling decisions 
as well as to inform purchase and sale decisions and 
may guide optimal replacement rates. The concept 
of such an index can be extended to heifers. Culling 
and insemination decisions for heifers and cows could 
further be optimized through application of sequential 
decision-making techniques such as dynamic program-
ming (e.g., Mourits et al., 2000; Nielsen et al., 2010).

Design of ANPV and AVOC Selection Indices

The first major component of both new selection 
indices proposed in this study is that animals get credit 
for traits that have value each lactation for the dura-

tion of their time in the herd and not the standard 
2.78 lactations. Longer PL favors animals with high 
values of traits that repeat every lactation, such as 
high fat and protein, but penalizes animals with low 
values for traits that repeat every lactation. We made 
choices regarding adjustment of the PL, breed base net 
revenue, and discount rate that apply to both ANPV 
and AVOC.

The PL of the 1,500 sires ranged from +1.9 to +12.7 
mo. When a PL of 0 mo equals 2.78 lactations (27.8 mo 
of production), this implies that the expected number 
of lactations ranged from 2.97 to 4.05. Despite increases 
in the PTA of PL, phenotypic longevity as reported by 
CDCB (2018) has not changed accordingly but rather 
has remained approximately constant in the last 20 yr. 
Therefore, cow cull rates do not proportionally decrease 
when PL increases. Assuming the continuation of the 
approximately 35% cull rate over the past 20 yr, abso-
lute expression of differences in PL is restricted because 
qualifications to earn a place in the herd increase over 
time. Full expression of the average PL of sires in our 
data set would result in the annual herd cull rate de-
creasing from 35% to 28% in 1 generation. We believed 
this to be unrealistic. Estimation of the expected num-

Figure 6. Annualized net present value (ANPV) index changes as residuals from the univariate regression equation ANPV = 23.644 + 1.017 
× ANM$, by ordered ANM$ for 1,500 Holstein sires. ANM$ = annualized net merit dollars. The top 300 NM$ sires can be found to the right 
of the vertical line at $313 ANM$.
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Figure 7. Annualized value with opportunity cost (AVOC) index changes as residuals from the univariate regression equation AVOC = 
95.144 + 0.717 × ANM$, by ordered ANM$ for 1,500 Holstein sires. ANM$ = annualized net merit dollars. The top 300 NM$ sires can be found 
to the right of the vertical line at $313 ANM$.

Table 5. Three multivariable linear regression equations with ANM$, ANPV, and AVOC as the dependent variables and PTA of 13 traits as 
independent variables1

Trait2  Unit

ANM$

 

ANPV

 

AVOC

Coefficient3 SE
Relative 

emphasis, % Coefficient SE
Relative 

emphasis, % Coefficient SE
Relative 

emphasis, %

Intercept   126.163 0.581   151.343 0.983   197.143 0.802  
Milk  Pounds −0.001 0.000 0.7  −0.002 0.000 0.8  −0.001 0.000 0.8
Fat  Pounds 1.280 0.001 23.6  1.315 0.002 23.7  1.027 0.002 25.4
PRO  Pounds 1.370 0.003 18.2  1.406 0.006 18.2  1.098 0.005 19.5
PL  Months 7.603 0.026 13.5  7.591 0.044 13.1  2.813 0.036 6.7
LIV  Percentage 4.302 0.021 7.3  4.072 0.035 6.8  3.215 0.029 7.3
SCS  Log −42.135 0.201 6.5  −43.122 0.340 6.5  −34.149 0.277 7.1
DPR  Percentage 3.984 0.041 6.8  4.104 0.070 6.8  3.246 0.057 7.4
HCR  Percentage 0.747 0.023 1.3  0.880 0.039 1.5  0.767 0.032 1.8
CCR  Percentage 0.787 0.039 1.6  0.859 0.067 1.7  0.591 0.054 1.6
UDC  Composite 10.876 0.041 7.2  11.601 0.069 7.5  8.995 0.056 8.0
FLC  Composite 3.661 0.043 2.8  3.558 0.072 2.6  2.832 0.059 2.9
BWC  Composite −7.206 0.030 5.8  −7.366 0.051 5.8  −5.818 0.042 6.3
CA$  Dollars 0.359 0.002 4.8  0.369 0.003 4.8  0.291 0.002 5.2
1The resulting coefficients are the approximate marginal dollars per PTA unit. The relative emphasis is the absolute value of the coefficient 
multiplied by the standard deviation of the true transmitting ability for that trait and then divided by the sum of the absolute value of all coef-
ficients multiplied by the standard deviation values, where the total sums for ANM$, ANPV, and AVOC are 136, 139, and 101, respectively. 
ANM$ = annualized net merit dollars; ANPV = annualized net present value; AVOC = annualized value with opportunity cost.
2PRO = protein; PL = productive life; LIV = livability; DPR = daughter pregnancy rate; HCR = heifer conception rate; CCR = cow conception 
rate; UDC = udder composite; FLC = feet and legs composite; BWC = BW composite; CA$ = calving ability.
3All coefficients had P-values <0.001.
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ber of lactations from each sire’s PL required an adjust-
ment of the PL to maintain consistent annual cow cull 
rates. We assumed that the differences in PL between 
the sires remained. Therefore, the adjustment included 
subtraction of 7.4 mo from each sire’s PL. After adjust-
ing the PL in our analysis, the relative difference in 
expected lifetimes between sires remained the same, so 
investment return comparisons between sires continued 
to capture financial differences. If the expected lacta-
tions were not adjusted, Pearson correlations between 
NM$ and the new indices were reduced to 0.959 with 
ANPV and 0.907 with AVOC.

We calculated the net revenue of traits that repeat 
every lactation as the PTA of the trait times the ex-
pected number of lactations. Production of cows in-
creases until approximately the fifth parity when the 
cow is mature (Schmidt et al., 1988). Sires with short 
PL therefore have daughters that are on average more 
juvenile and not able to produce mature quantities of 
milk and components. The PTA for milk, fat, and pro-
tein are corrected to production in 36-mo-old, second-
parity cows in the national genetic evaluation system. 
In addition, part of the increase in production from 
greater maturity is nullified by the increased risk of 
death and disease in greater lactations (Shook, 2006). 
Therefore, we did not adjust the PTA for these produc-
tion traits to account for differences in lifetime in the 
ANPV and AVOC.

The PTA of PL is dependent on credits generated 
from a cow’s length of time in the herd, ability to return 
to another lactation quickly, and increased production 
from the effect of maturity (VanRaden et al., 2006). 
The PTA of PL is therefore not exactly equivalent to 
differences in the length of time between first calving 
and culling. This discrepancy has minor effects on the 
discount factors used in our study, but we believe that 
the total effect on the new indices is negligible.

We added a constant net revenue (base of $343.52 
in this study) to each lactation to include a reasonable 
income that is independent of the PTA and economic 
weights of the lactation traits. Adding this constant 
did not rerank sires and had no effect on the results. 
Without this constant, the sum of the net revenue 
from all lactation traits would be low on average, and 
the ANPV and AVOC would often be negative due to 
greater entry cost than exit revenue. The Pearson and 
Spearman rank correlations between ANPV and NM$ 
are independent of the choice of the breed base because 
in the ANPV method the breed base has a scalar ef-
fect. Omission of a breed base amount reduced both the 
Pearson and Spearman rank correlations of NM$ and 
AVOC by 0.007. These minor reductions in correlations 
are due to discounting effects.

The relative emphasis of each trait illustrates the 
relationship, or economic weighting, of the trait to the 
overall index. The relative emphasis of the traits in 

Figure 8. The percentage of sires in common between 2 indices for the highest ranking sires by each index. NM$ = lifetime net merit dollars; 
ANPV = annualized net present value; AVOC = annualized value with opportunity cost.
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the ANPV was very similar to that for ANM$, but 
the relative emphasis of traits for AVOC was different. 
The reduction in relative emphasis on PL in AVOC 
compared with in ANM$ was a direct consequence of 
the opportunity cost. Because long lifetimes have less 
value when considering the opportunity cost, the rela-
tive emphasis of other traits increased.

Varying the annual discount rates between 0% and 
10% changed the Pearson correlation between ANPV, 
AVOC, and NM$ less than 0.01. Although the Pearson 
correlation of ANPV and NM$ was high, the effect of 
discounting can be observed through the relative em-
phasis of traits expressed only once, such as HCR and 
LIV in Table 5. The direction of the discounting effect 
depended on the time of expression and represents an 
over- or undervaluing of traits that vary in their timing 
of expression compared with ANM$. Heifer conception 
rate was expressed at first calving and had an increase 
in relative emphasis for the ANPV index of 0.2% com-
pared with ANM$. Conversely, the relative emphasis 
of LIV decreased by 0.5% for ANPV compared with 
ANM$.

Some discounting is applied to the values of PL and 
BWC in the NM$ index but not to the lactation traits. 
Discounting methods have also been applied in other 
economic selection indices—for example, in Australia 
and Ireland. Both implement a discounted genetic value 
for traits of direct calving, calf carcass, and cull cows to 
account for the delay in expression and timing of cash 
flows (Berry et al., 2006; Byrne et al., 2016). Increased 
net revenue from increased calf carcass weight is real-
ized more quickly and therefore more valuable than the 
same increased net revenue from increased cow carcass 
weights. Although our study discounted the cash flows 
in the middle of each lactation for simplicity, a more 
detailed discount method could be applied, such as on 
a daily basis (Smith et al., 1993). Daily discounting of 
cash flows from genetic expression could be applied to 
differences in production traits currently in the index 
that vary across the lactation (Rogers et al., 1988) 
as well as traits not included in our indices that vary 
throughout the lactation, such as lactation persistency, 
transition health events (VanRaden et al., 2018), and 
feed efficiency measures. Including discounting in a se-
lection index as proposed in this study makes the index 
no longer a simple weighted average of the published 
PTA for the various traits, however. This loss of sim-
plicity might hamper the adoption of such new indices.

The second major component of the AVOC index 
is the inclusion of the opportunity cost of delayed re-
placement. By keeping a current animal in the herd, 
one denies a replacement animal in the herd, and this 
opportunity cost needs to be included in an investment 
analysis (Perrin, 1972; Weigel et al., 1995). We made 

choices regarding the genetic level of the replacement 
animal and the planning horizon.

The first choice we made was the start level of the 
genetic merit of the replacement animal, which we as-
sumed to be $342 (average value of the top 100 sires 
ranked for ANPV). In practice, this choice would de-
pend on the sire choice of the dairy farmer. Dairy farm-
ers select sires based on semen price and availability, 
relationship of potential sires to females in the herd, 
risk attitude including importance of reliability of PTA 
(Tozer and Stokes, 2002), and their relationship with 
the semen salesperson. Our analysis showed that the 
choice of different genetic start levels for replacement 
animals had a minor effect on AVOC, but these differ-
ences are not negligible.

The scenario using only the highest net genetic value 
per year as the starting value for replacement sires ($390) 
rewards sires with a shorter PL due to the replacement 
sire’s high value. Dairy farmers cannot choose the top 
sire as the only option for multiple reasons, such as 
price, availability, and inbreeding considerations. Con-
versely, if the average of all sires was used as the start-
ing value for replacement sires ($287), the correlation 
between AVOC and NM$ increased by 0.013 compared 
with the base scenario, where the average of the top 
100 sires was used ($342). In this scenario, high-ranking 
sires would be replaced by inferior replacement sires, 
which incentivizes sires with long PL. The best starting 
level of genetic trend for replacement sires is a topic for 
further investigation.

In addition, the length of time for which the net rev-
enue from the replacement sires is included is relevant. 
The second choice we made was to set this time period 
to the longest expected lifetime in the data set (3.307 
lactations) minus the expected lifetime of the sire to be 
evaluated. This choice is arbitrary. Hence, the sire with 
the longest expected lifetime and a PL of +12.7 mo had 
no opportunity cost. This longest lifetime might change 
with every genetic evaluation and depends on the sires 
that are compared. Longer periods would not change 
the absolute differences in NPV between current sires 
but would make their AVOC more similar. When we 
extended the planning horizon to 4 yr (48 mo), the 
Pearson correlation increased only by <0.001 between 
AVOC and NM$.

Opportunity cost has largely eluded consideration 
in economic genetic selection indices because it is an 
unrecognized loss if profitable animals are kept in the 
herd and difficult to capture. Cassell et al. (1993) found 
a correlation of 0.95 between 2 measures of a pheno-
typic profit function when one considered opportunity 
cost. Later research by Cassell et al. (2002) realized the 
importance of the genetic trend for replacements when 
estimating the opportunity cost for profit functions and 
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found that the mean profit function with opportunity 
cost resulted in negative values because of the increas-
ing superiority of replacement animals. We decided on 
a constant rate of genetic progress into the future for 
estimating opportunity cost. Given the increasing rate 
of genetic improvement as a result of genomic testing 
(García-Ruiz et al., 2016), the effect of opportunity 
cost may further decrease the relative emphasis of PL 
compared with that estimated in this study.

New traits that are or will be incorporated into the 
NM$ index can easily be implemented into the proposed 
indices, depending on their expression per lactation or 
per lifetime. For example, the recent incorporation of 6 
health traits (VanRaden et al., 2018) is at a lactation 
basis, whereas the proposed incorporation of age at 
first calving is expressed per lifetime.

The NM$, ANPV, and AVOC indices all express profit 
differences between animals per unit of time. We chose 
to express both new selection indices on an annualized 
basis (hence ANPV and AVOC), but this annual plan-
ning horizon is arbitrary. Before 2000, NM$ measured 
the annualized profit by dividing the PL value by 2.78 
lactations and adding that value to a milk-fat-protein 
dollars index, which had measured profit per lactation 
since 1977 (VanRaden, 2000). The transition to a life-
time value was made to convince dairy producers of the 
larger real lifetime value differences between sires than 
an annual number expressed. One alternative option is 
therefore to multiply both ANPV and AVOC by 2.78 
to show larger differences that appear to better show 
approximate lifetime value differences. However, such 
values would be standardized lifetime values rather 
than real lifetime values and would perhaps complicate 
interpretation. Alternatively, both ANPV and AVOC 
could be multiplied by the longest longevity in the 
data set (3.307 lactations, or 39.68 mo), but this value 
would change with every genetic evaluation. Choice of 
the time frame would not change rankings and relative 
differences between animals.

The ANPV and AVOC selection indices are construct-
ed based on standard financial investment methods and 
logic. Ideally, economic selection indices including NM$ 
are validated through their association with real profit-
ability of (offspring of) animals. Perhaps an index that 
predicts real profit differences should be preferred, al-
though this assumes that dairy farmers make rational, 
risk-free, unbiased selection decisions. This is likely not 
the case. In an older study, Cassell et al. (2002) found 
that NM$ was a robust and useful index that accurately 
identified sires whose daughters generated highest life-
time economic merit. In Ireland, the economic breeding 
index predicted change in herd profitability per unit 
change that was within expectation (Ramsbottom et 
al., 2012). In Australia, a case study showed that cows 

with high genetic merit contributed more to farm profit 
each year without compromising their PL or incurring 
higher breeding or mastitis treatment costs (Newton 
et al., 2017). These studies did not compare differently 
constructed economic indices. Here lies an opportunity 
for further research.

Illustrative Example

We illustrate the ANPV and AVOC index values for 
3 sires. Achilles is a sire with a PL of +11.5 mo and 
+19 lb. of fat. He is ranked 1,166th for NM$ ($717) and 
ANM$ ($258). His PL indicates that his daughters will 
remain in the herd for a long time, but they will be gen-
erating low net revenues from lactation traits. When the 
opportunity cost of delaying entry of replacement sires 
is included, which are vastly more profitable per lacta-
tion, he becomes the 1,500th ranked sire in our data set. 
His daughters have an AVOC of $254 and the residual 
AVOC index value is $25.43 lower compared with what 
is expected based on their ANM$. The residual ANPV 
index value is $8.73 lower than what is expected based 
on their ANM$. This means that ANM$ overpredicts 
the ANPV and AVOC by these values on an annual 
basis. A sire with a similar high number of expected 
lactations is High Noon, with a PTA of PL of +11.1 
mo, but he has drastically better lactation traits—for 
example, +71 lb. of fat. His residual ANPV and AVOC 
index changes were −$6.05 and −$4.40, respectively. 
Here, the AVOC diverged from ANM$ less than ANPV 
from ANM$, which is the opposite of Achilles because 
High Noon remained more competitive compared with 
replacement sires. High Noon’s rank change for AVOC 
was −6 compared with Achilles’s rank change of −334. 
Therefore, not all sires with a high PL were penalized 
equally in the AVOC method.

In contrast, a sire with low PL of +2.7 mo resulting 
in a short expected number of lactations is Peterpan. 
He has a similar NM$ ($729), ANM$ ($262), and rank-
ing (1,102th) as Achilles. Peterpan’s revenue per year 
is vastly greater (+$114) than Achilles’s revenue as 
a result of +112 lb. of fat. He decreased in rank to 
1,211 on the ANPV index, but on the AVOC index 
he improved in rank to 869. The ANM$ overpredicts 
the ANPV by −$6.89 because the effects of fewer but 
more profitable lactations were not accounted for in the 
ANM$. However, the ANM$ underpredicts the AVOC 
by $9.74. The contrasting directions of prediction from 
ANM$ demonstrate that including the opportunity 
cost from superior replacements can change the effect 
of PL. Peterpan is expected to generate $292/yr based 
on AVOC. When Peterpan is compared with Achilles, 
a $4/yr difference in ANM$ has increased to a $38/yr 
difference in AVOC.
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CONCLUSIONS

Financial investment analysis was used to develop 2 
new economic genetic selection indices with the same 
inputs as the linear approximation of the NM$ selection 
index. The ANPV method included improved account-
ing for differences in PL between sires assuming identi-
cal replacement, and the AVOC method also included 
the opportunity cost of delayed replacement with 
not-identical replacements. The AVOC approach for 
selecting animals would maximize net revenue across 
time. Faster progress from genomic selection increases 
the genetic merit of future replacements and decreases 
the value of PL. High correlations between the NM$ 
and the ANPV method were found, but rankings were 
significantly different for some sires. Including the op-
portunity cost of increasingly superior replacements 
decreased the correlations of AVOC and NM$. Rank 
changes were meaningful enough that both indices war-
rant consideration for use in practice.
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