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ABSTRACT

Milk solids per kilogram of body weight (BW) is 
growing in popularity as a measure of dairy cow lacta-
tion efficiency. Little is known on the extent of genetic 
variability that exist in this trait but also the direction 
and strength of genetic correlations with other perfor-
mance traits. Such genetic correlations are important 
to know if producers are to consider actively selecting 
cows excelling in milk solids per kilogram of BW. The 
objective of the present study was to use a large data set 
of commercial Irish dairy cows to quantify the extent 
of genetic variability in milk solids per kilogram of BW 
and related traits but also their genetic and phenotypic 
inter-relationships. Mid-lactation BW and body condi-
tion score (BCS), along with 305-d milk solids yield 
(i.e., fat plus protein yield) were available on 12,413 
lactations from 11,062 cows in 85 different commercial 
dairy herds. (Co)variance components were estimated 
using repeatability animal linear mixed models. The ge-
netic correlation between milk solids and body weight 
was only 0.05, which when coupled with the observed 
large genetic variability in both traits, indicate massive 
potential to select for both traits in opposite directions. 
The genetic correlations between both milk solids and 
BW with BCS; however, need to be considered in any 
breeding strategy. The genetic standard deviation, heri-
tability, and repeatability of milk solids per kilogram of 
BW was 0.08, 0.37, and 0.57, respectively. The genetic 
correlation between milk solids per kilogram of BW 
with milk solids, BW, and BCS was 0.62, −0.75, and 
−0.41, respectively. Therefore, based on genetic regres-
sion, each increase of 0.10 units in genetic merit for 
milk solids per kilogram of BW is expected to result 
in, on average, an increase in 16.1 kg 305-d milk solids 
yield, a reduction of 25.6 kg of BW and a reduction of 
0.05 BCS units (scale of 1–5 where 1 is emaciated). The 
genetic standard deviation (heritability) for 305-d milk 

solids yield adjusted phenotypically to a common BW 
was 27.3 kg (0.22). The genetic correlation between this 
adjusted milk solids trait with milk solids, BW, and 
BCS was 0.91, −0.12, and −0.26, respectively. Once 
also adjusted phenotypically to a common BCS, the 
genetic standard deviation (heritability) for milk solids 
adjusted phenotypically to a common BW was 26.8 kg 
(0.22) where the genetic correlation with milk solids, 
BW and BCS was 0.91, −0.21, and −0.07, respectively. 
The genetic standard deviation (heritability) of BW 
adjusted phenotypically for differences in milk solids 
was 35.3 kg (0.61), which reduced to 33.2 kg when also 
phenotypically adjusted for differences in BCS. Results 
suggest considerable opportunity exists to change milk 
solids yield independent of BW, and vice versa. The 
opportunity is reduced slightly once also corrected 
for differences in BCS. Inter-animal BCS differences 
should be considered if selection on such metrics is 
contemplated.
Key words: weight, condition, milk solids, residual 
solids

INTRODUCTION

Efficiency of production in agriculture, whatever the 
species, is a topic not only of growing interest in the 
scientific literature (Veerkamp, 1998; Berry and Crow-
ley, 2013) but also among producers and consumers. A 
whole plethora of different efficiency measures exist in 
lactating dairy cows (Vallimont et al., 2011; Pryce et al., 
2015; Hurley et al., 2016), each with their own specific 
advantages and disadvantages. Although the impor-
tance of considering some measure of ingested energy 
(e.g., feed intake, DMI, energy intake) in any efficiency 
metric is undisputed, the feasibility of collecting vast 
quantities of such data on individual cows is question-
able given the current state of the art. Hence, there is 
an interest in other more readily accessible measures of 
efficiency while, at the same time, acknowledging these 
are not optimal.

One metric sometimes used by producers is the kilo-
gram of lactation yield per kilogram of cow (metabolic) 
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BW (Macdonald et al., 2008; Prendiville et al., 2009; 
Coleman et al., 2010; Lembeye et al., 2016). Lactation 
yield here could imply total milk yield (e.g., liquid milk 
market), kilograms of milk solids or fat plus protein 
yield (e.g., manufacturing milk), or indeed either a 
reflection of the calorific content of the milk (e.g., net 
energy of lactation; NRC, 2001) or the economic value 
of the milk. Little is known of the phenotypic or genetic 
correlations between milk solids per kilogram of BW 
and other performance traits, most notably BW, milk 
solids, and BCS. Using a population of 1,412 Holstein-
Friesian dairy cows, Hurley et al. (2016) estimated a 
phenotypic correlation of 0.73 between net energy of 
lactation per kilogram of metabolic BW with energy 
conversion efficiency (i.e., net energy of lactation per 
unit net energy intake). The corresponding genetic cor-
relation between net energy of lactation per kilogram 
of metabolic BW across lactation varied from 0.53 to 
0.91 (Hurley et al., 2017). This implies that genetic 
selection for milk solids per kilogram of BW should, on 
average, improve energy and feed conversion efficiency 
per lactation through indirect selection.

Although feed conversion efficiency cannot readily be 
measured in commercial herds, milk solids per kilogram 
of BW can. The ability to easily calculate milk solids 
per kilogram of BW per cow is therefore contributing 
to a narrative that selection on such a metric could 
lead to improved efficiency. This is despite the inclusion 
of both milk production and BW in most dairy cow 
breeding objectives in developed countries (Berry et al., 
2007b; Cole and VanRaden, 2018). Nonetheless, there 
is an interest on generating estimates of genetic merit 
for milk solids per kilogram of BW as a supplementary 
measure to ranking on an overall breeding goal. Inter-
breed differences in milk solids per kilogram of BW 
have been reported in lactating dairy cows (Prendiville 
et al., 2009; Lembeye et al., 2016). Whether intra-breed 
genetic variation in milk solids per kilogram of BW 
actually exists is still unknown, let alone the effect of 
such a selection strategy on the selection pressure on 
other traits.

The objective of the present study was to estimate 
variance components for milk solids per kilogram of BW 
but also to explore other metrics using both individual 
component traits (i.e., BW and milk solids) without 
necessarily having to resort to a ratio trait such as milk 
solids per kilogram of BW. Also of interest was the 
effect of selection on BCS, a trait known to be associ-
ated with both BW and milk production in most dairy 
cow populations (Koenen and Veerkamp, 1998; Berry 
et al., 2003; Toshniwal et al., 2008) but also a trait well 
documented to be both phenotypically (Roche et al., 
2009) and genetically (Pryce et al., 1998; Berry et al., 

2003; Dechow et al., 2004) correlated with dairy cow 
health and fertility.

MATERIALS AND METHODS

All data were extracted from the Irish Cattle Breed-
ing Federation (http:​/​/​www​.icbf​.com) database. A total 
of 39,610 BW observations recorded on the same day 
as a BCS assessment were available from 31,069 cows 
in 163 Irish herds between the years 2018 and 2020, 
inclusive. All herds considered had to have data from at 
least 50 cows. Body weight was recorded using a weigh-
ing scale, whereas BCS was assessed on a 1 (emaciated) 
to 5 (obese) scale (Edmonson et al., 1989). Both traits 
were recorded either by producers themselves or by 2 
hired technicians. The data collection procedures and 
quality control applied are described in detail by Berry 
and Kelleher (2021). Only data from parities 1 to 15 
were retained. Parity number was recoded as 1, 2, 3, 4, 
and 5+. The only records considered further were from 
cows that were weighed in the same herd that they last 
calved in as well as having been in that herd for at least 
100 d. A single BW and corresponding BCS record was 
retained per lactation The BW and corresponding BCS 
record closest to mid lactation was retained. Based on 
the frequency distribution of the data, mid lactation in 
the present study was represented by 14 d each side of 
145 DIM. Hence, only BW (and BCS) records in this 
interval were retained.

Only data from parities with an associated 305-d 
milk production value were retained. Milk production 
information included 305-d milk, fat, and protein yield. 
The sum of fat plus protein yield was calculated and 
will herein be referred to as milk solids yield (kg). Ob-
vious erroneous data were discarded. Milk solids per 
kilogram of BW (unitless) was defined as 305-d milk 
solids yield divided by mid-lactation BW.

Animals were assigned to contemporary groups for 
use in the subsequent statistical model in an attempt 
to remove nuisance variability. Contemporary group in 
the present study was defined as herd-year-season of 
calving based on the developed algorithm used for most 
of the national genetic evaluations in Ireland (Berry et 
al., 2013). Only contemporary groups with at least 10 
records were considered further where the difference in 
calving date between the start and end of the contem-
porary group was no longer than 30 d. Following all ed-
its, BW, BCS, and milk production data were available 
from 12,413 lactations from 11,062 cows in 206 contem-
porary groups from 85 different dairy herds. The mean 
number of lactation records per herd was 146. The 
proportion of records per parity was 0.25, 0.21, 0.17, 
0.14, and 0.23 for parity 1 through to 5+, respectively. 
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Of the edited data set, 51% had some recorded Jersey 
bloodline with the remainder being Holstein-Friesian; 
the average proportion of Jersey in the cows was 0.17.

Statistical Analyses

Variance components for BW, BCS, milk solids, and 
milk solids per kilogram of BW were estimated using 
repeatability animal linear mixed models in ASReml 
(Gilmour et al., 2009):

	 Yijk = CGj + het + rec + parityk + days 	  

+ ai + pei + eijk,

where Yijk is the dependent variable of milk solids, BW, 
BCS, or milk solids per kilogram of BW for animal i; 
CGj is the jth contemporary group of herd-year-season 
of calving; het is the regression coefficient on heterosis 
(VanRaden and Sanders, 2003); rec is the regression 
coefficient on recombination loss (VanRaden and Sand-
ers, 2003); parityk is parity k of the cow, days is the re-
gression coefficient on DIM relative to 145 DIM (not 
fitted when the dependent variable was milk produc-
tion); ai is the random additive genetic effect of animal 
i, a N a~  , ,Qg Aσ2( )  where Q is a matrix relating a to 

genetic groups, g is a vector of genetic group means, A 
is the numerator relationship matrix, and σa

2  is the 
additive genetic variance; pei is the random permanent 
environmental effect of animal i across lactations 
N pe0 2, ,Iσ( )  where σpe

2  is the permanent environmental 

variance and I is the identity matrix; and eijk represents 
the residual term, where N e0 2, Iσ( )  with σe

2  represent-

ing the residual variance and I an identity matrix. The 
pedigree of all animals was traced back to the founder 
population who, in turn, were allocated to genetic 
groups based on breed. The number of animals in the 
pedigree was 80,761.

In a series of follow-up analyses, 3 different sets of co-
variates were included in the statistical model for each 
dependent variable. When the dependent variable was 
BW, 3 different combinations of milk solids and BCS 
were included as covariates. When milk solids alone was 
included as a covariate (along with the aforementioned 
fixed and random terms described previously) the trait 
is referred to as BWMS; when BCS alone was included 
in the model the trait is referred to as BWBCS; when 
both milk solids and BCS were included in the model 
the trait is referred to as BWMS,BCS. When the de-
pendent variable was milk solids, 3 different combina-
tions of BW and BCS were included as covariates in 
the model. When BW alone was included as a covari-

ate (along with the aforementioned fixed and random 
terms described previously) the trait is referred to as 
MSBW; when BCS alone was included in the model the 
trait is referred to as MSBCS; when both BW and BCS 
were included in the model, the trait is referred to as 
MSBW,BCS. Genetic, residual, permanent environmen-
tal and phenotypic covariances were estimated among 
all traits using a series of bivariate animal linear mixed 
models. The variance component estimates using this 
approach were almost identical to those estimated from 
a 2-step model that first pre-adjusted the dependent 
variable for the covariate(s) and then estimated the 
variance components for the resulting model residuals. 
The heritability of each trait was defined as the ratio 
of the genetic variance to the phenotypic variance, 
whereas the repeatability was the ratio of the sum of 
the genetic variance and permanent environmental 
variance relative to the total phenotypic variance.

RESULTS

Summary statistics for the different traits investi-
gated in the present study are in Table 1. Mean (SD) 
BW of the cows was 526 (72) kg, whereas the mean 
(SD) BCS was 2.96 (0.27) units. Cows were, on average, 
145 d postcalving when weighed. Mean (SD) 305-d milk 
solids yield was 503 (92) kg and mean (SD) milk solids 
per kilogram of BW was 0.96 (0.16). All variables were 
normally distributed. The heterosis coefficient model 
solutions for BW and BCS was 6.87 (SE = 2.80) kg and 
0.05 (SE = 0.01) units, respectively; the recombina-
tion loss coefficient estimate for BW was −17.24 (SE = 
4.78) with no association detected for BCS. Heterosis 
estimates for milk solids per kg of BW and MSBW,BCS 
was 0.02 (SE = 0.008) and 26.3 (SE = 3.6) kg, re-
spectively, with no association detected between the 
heterosis coefficient and BWMS,BCS. Recombination loss 
coefficient estimates for milk solids per kilogram of BW 
and BWMS,BCS was 0.04 (SE = 0.014) and −16.92 kg 
(SE = 4.37), respectively, with no association detected 
for MSBW,BCS. Heritability estimates varied from 0.21 
(milk solids and MSBCS) to 0.64 (BWBCS). Heritability 
of the traits related to BW varied from 0.61 to 0.64. 
Repeatability estimates for the different traits varied 
from 0.46 (MSBW,BCS) to 0.86 (BW) with the repeat-
ability of all BW related traits varying from 0.83 to 
0.86. The genetic standard deviation for the BW traits 
varied from 33.2 kg for BWMS,BCS to 35.4 kg for BW. 
This suggests little phenotypic contribution of milk sol-
ids or BCS to differences in BW. A similar conclusion 
was evident for milk solids with the genetic standard 
deviation of milk solids being 27.0 kg but only reducing 
to 26.4 kg when phenotypic differences in BCS were 
accounted for.
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Phenotypic and genetic correlations among the traits 
investigated are in Table 2. Body weight was moder-
ately correlated with BCS both phenotypically (0.37) 
and genetically (0.33). The phenotypic (0.11) and ge-
netic (0.05) correlations between BW and milk solids 
were close to zero. The genetic correlation between 
milk solids per kilogram of BW with both BW (−0.75) 
and milk solids yield (0.62) were moderate to strong 
yet in an opposite direction. The genetic correlation 
between milk solids per kilogram of BW and BCS was 
−0.41 with a similar phenotypic correlation of −0.35. 
These genetic and phenotypic correlations therefore 
suggest that selection alone for improved milk solids 
per kilogram of BW will, on average, result in poor 
mid-lactation BCS.

Genetic and phenotypic correlations between BW and 
the adjusted BW traits (i.e., BWMS, BWBCS, BWMS,BCS) 
of ≥0.988 signify that they were almost identical traits. 
The existence of near unity correlations was less of a 
case between milk solids and its adjusted traits (i.e., 
MSBW, MSBCS, MSBW,BCS) where the phenotypic cor-
relations among these traits ranged from 0.93 to 0.97, 
whereas the range in the corresponding genetic correla-
tions was 0.86 to 0.91.

The standard error of the genetic correlation between 
MSBW (i.e., milk solids adjusted phenotypically for BW) 
and BW was more than half the genetic correlation 
(−0.12), whereas the phenotypic correlation was near 
zero (0.01) signifying no effect, on average, between 
selection on MSBW and BW. Incidentally the only way 
the phenotypic correlation could not be zero is if the 
genetic covariance was negative and the residual covari-
ance was positive. Although selection for MSBW alone is 
expected to reduce BCS (genetic correlation of −0.26), 
selection on MSBW,BCS is expected to have no effect (ge-
netic correlation of −0.06) on BCS although it should 
still reduce BW (genetic correlation of −0.15). Both 
MSBW and MSBW,BCS, as well as MSBCS, were strongly 

genetically correlated with milk solids per kilogram of 
BW (0.65–0.74; Table 2)

DISCUSSION

Volatility in global milk price coupled with greater 
external pressures on reducing the effect of ruminant 
production on the environment and available resources 
(e.g., human edible foodstuffs) has motivated producers 
to examine, in more detail, the efficiency of produc-
tion. Although ranking animals on overall lifetime ef-
ficiency is the pinnacle, it is currently not feasible for 
the overwhelming majority of commercial dairy herds. 
Producers tend to latch onto concepts that are easy to 
understand and can be readily calculated at both a cow 
level and herd level, facilitating both benchmarking and 
target setting. One such trait is milk solids lactation 
yield per kilogram of average lactation BW. Both milk 
solids and BW can be readily measured on farm and, 
all else being equal, increasing the ratio is deemed to 
be favorable (Macdonald et al., 2008; Prendiville et al., 
2009; Lembeye et al., 2016). Nevertheless, single-trait 
selection is no longer advocated but instead, should be 
undertaken within the framework of an overall breed-
ing goal. Many breeding goals already include both 
component traits and, if the weighting on both traits 
is correct, then optimal gain in overall performance 
should be achievable through selection on that breed-
ing goal without consideration of any additional trait. 
This was clearly demonstrated in New Zealand for milk 
solids per kilogram of BW where simultaneous selection 
for increased milk solids and lighter cows was pursued 
within the framework of their national breeding objec-
tive (Harris et al., 2007). Although some producers may 
argue (correctly) that national or breed-specific breed-
ing goals are only optimal for the system representing 
the assumptions used to derive the weighting factors, 
customized selection indices offer an opportunity to 
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Table 1. Phenotypic (σp) and genetic (σg) standard deviation as well as heritability (h2) and repeatability (t) 
estimates (SE in parentheses)

Trait1 σp σg h2 t

BW (kg) 45.4 35.4 0.61 (0.03) 0.86 (0.01)
BWMS (kg) 45.1 35.3 0.61 (0.03) 0.85 (0.01)
BWMS,BCS (kg) 41.5 33.2 0.64 (0.03) 0.83 (0.01)
BWBCS (kg) 42.3 33.6 0.63 (0.03) 0.85 (0.01)
BCS (1–5 scale) 0.23 0.13 0.31 (0.03) 0.54 (0.02)
Milk solids (kg) 58.9 27.0 0.21 (0.02) 0.48 (0.02)
Milk solids per kg of BW 0.13 0.08 0.37 (0.03) 0.57 (0.02)
MSBW (kg) 58.5 27.3 0.22 (0.02) 0.48 (0.02)
MSBW,BCS (kg) 57.4 26.8 0.22 (0.02) 0.46 (0.02)
MSBCS (kg) 58.2 26.4 0.21 (0.02) 0.48 (0.02)
1BWx is residual BW adjusted for milk solids (MS), BCS, or both; MSx is residual milk solids adjusted for 
BW, BCS, or both.
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modify the breeding goals to suit each farm. The decom-
position of overall breeding goals into subindices (Berry 
et al., 2007b; Cole and VanRaden, 2018) also facilitates 
the adjustment of relative weights on different suites 
of traits. Irrespective, demand still exists for genetic 
evaluations of additional traits such as milk solids per 
kilogram of BW. A precedence already exists for such 
a demand in dairy cattle with linear type traits not 
explicitly included in several dairy cow breeding goals 
(Cole and VanRaden, 2018), yet standalone measures 
of genetic merit for these traits are published alongside 
the breeding goal values of animals.

Milk solids per kilogram of BW is proposed as a mea-
sure of gross feed efficiency. Milk solids per kilogram of 
BW is designed to reflect animals that are expected to 
partition more energy to milk solids output as opposed 
to cow maintenance assuming no difference in feed in-
take. Although differences in net efficiency among dairy 
cows do exist (Fischer et al., 2018), multiple regression 
statistical models developed in lactating dairy cows 
that include the independent variables of BW (change) 
and milk production variables tend to explain a large 
proportion of the variability in feed intake (Coleman et 
al., 2010; Fischer et al., 2018). The relevance of milk 
solids per kilogram of BW is particularly true in graz-
ing production system where the feed available is fixed 
and thus, there is a desire that a greater proportion is 
used for milk production as opposed to cow mainte-
nance. Results from the present study clearly points to 
the existence of considerable exploitable genetic vari-
ability in milk solids per kilogram of BW. The observed 
genetic standard deviation for MSBW,BCS suggests that 
the mean difference in milk solids between the top and 
bottom 20% of animals genetically, while holding BW 
and BCS constant, is 75 kg representing 15% of the 
phenotypic mean for milk solids. The high heritabil-
ity (0.37) and repeatability (0.57) of milk solids per 
kilogram of BW implies that accurate EBV are pos-
sible, even for ungenotyped cows. Ignoring genomic 
and parental information, one lactation record would 
achieve a reliability of 0.37, whereas 2 and 5 lactations 
would equal a reliability of 0.47 and 0.56, respectively. 
Nevertheless, the presented correlations with BCS im-
ply that any single-trait selection should be undertaken 
with caution.

Of note is the difference in energetic cost of produc-
ing a kilogram of fat versus protein (O’Mara, 1996), but 
more importantly the difference in economic value of a 
kilogram of fat versus protein implies that alternative 
strategies to simply summing fat and protein yield to 
generate the milk solids variable could be considered. 
The actual relative weight on the 2 milk components is 
dependent on the jurisdiction and the market destina-
tion (e.g., liquid, cheese) of the milk produced.
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Study Motivation

One of the motivations for the present study was to 
first quantify the extent of genetic variability in milk 
solids per kilogram of BW, but importantly, because 
higher genetic merit for milk (solids) yield is gener-
ally accompanied by poorer BCS (Berry et al., 2003; 
Toshniwal et al., 2008; Bilal et al., 2016), as well as 
lighter animals (Berry et al., 2003; Pryce and Harris, 
2006; Toshniwal et al., 2008), one hypothesis was that 
selection for improved milk solids per kilogram of BW 
ratio may have repercussions for BCS. Thus, although 
selection for improved milk solids/energy per kilogram 
of BW may relate to improved efficiency on a per 
lactation basis (Prendiville et al., 2009; Hurley et al., 
2016), the known genetic (Pryce et al., 1998; Berry et 
al., 2003; Dechow et al., 2004) and phenotypic (Berry 
et al., 2007a; Roche et al., 2007) association between 
BCS and fertility, health, and survival may lead to an 
unfavorable association between milk solids per kilo-
gram of BW and lifetime efficiency. In fact, results from 
the present study indeed reveal that selection alone for 
greater milk solids per kilogram of BW will, on average, 
reduce BCS (genetic correlation of −0.41 between milk 
solids per kilogram of BW and BCS; Table 2) manifest-
ing itself via a negative genetic correlation of −0.20 
between milk solids and BCS and a positive genetic 
correlation of 0.33 between BW and BCS. Negative ge-
netic correlations between milk (solids) yield and BCS 
have been reported in most other dairy cow populations 
(Veerkamp et al., 2001; Berry et al., 2003; Toshniwal 
et al., 2008), with some exceptions (Pryce and Harris 
2006). Similarly, moderate positive genetic correlations 
between BW and BCS have been reported in dairy cows 
(Veerkamp and Brotherstone, 1997; Berry et al., 2002; 
Toshniwal et al., 2008), prompting Veerkamp (1998) to 
caution against selection blindly for lighter cows. Based 
on the variance components estimated in the present 
study, each 50-kg increase in genetic merit for milk 
solids (through single-trait selection) is expected to 
reduce genetic merit for BCS of 0.05 units (1–5 scale). 
Each 50 kg lighter genetic merit for mid-lactation BW 
(through single-trait selection) is expected to reduce 
genetic merit for BCS by 0.06 units (1–5 scale). Again, 
using the population parameters estimated in the pres-
ent study, each genetic standard deviation improvement 
in milk solids per kilogram of BW (from single-trait 
selection) should equate to a genetically 26.5 kg lighter 
cow producing 16.7 kg more milk solids but of 0.05 
BCS units less. These estimates from the present study 
are, however, all within breed and differences may exist 
if the pursuit of improving milk solids per kilogram 
of BW was achieved through breed substitution or 

crossbreeding, such as with breeds such as the Jersey 
(Prendiville et al., 2009; Lembeye et al., 2016). From a 
controlled Irish study of 110 Holstein-Friesian, Jersey, 
and Holstein-Friesian × Jersey crossbreds, Prendiville 
et al. (2009) reported greater BCS in Jersey cows de-
spite being 129 kg lighter. The Jersey purebreds also 
had the highest milk solids per kilogram of BW. From a 
controlled study of once-a-day milking in New Zealand, 
Lembeye et al. (2016) reported superior milk solids per 
kilogram of BW in purebred Jersey cows relative to 
Holstein-Friesians or their crosses (Jersey was 83 kg 
lighter than the Holstein-Friesian but produced 25.6 
kg less milk solids), but the Jersey cows were of lower 
BCS than the crossbreds but the same as the Holstein-
Friesians.

Producers generally select from candidate sires rank-
ing relatively high on the overall breeding goal. Ancil-
lary information such as suitability for the particular 
production system, suitability for heifers, breed, con-
formation, and semen price are then used in narrowing 
the eventual selection; it is here where traits such as 
milk solids per kilogram of BW would also be used. 
The effect of truncation selection on genetic gain using 
this approach is likely to be relatively small because 
the candidate sires already rank highly on the breeding 
goal. This effect would especially be true for milk sol-
ids per kilogram of BW given that breeding objectives 
target greater milk production with many also having 
a negative weight on cow size (Berry et al., 2007b; Cole 
and VanRaden, 2018). Nonetheless, the potential small 
effect of truncation selection in this strategy is condi-
tional on the breeding objective including most traits 
of economic importance, which is not particularly true 
for many health and resilience traits, which are known 
to be correlated with BCS (Pryce et al., 1998; Dechow 
et al., 2004). Nevertheless, a more pressing issue could 
exist in the selection of dams-to-dams pathway. Many 
farmers now weigh their cows in mid lactation and, 
based on the recorded BW coupled with the milk solids 
output, the cows are ranked on milk solids per kilogram 
of BW. Aggressive selection can then be imposed on 
this metric and although genetic gain in the cow popu-
lation follows that of the other selection pathways (with 
some lag), this strategy can be important to the extent 
of that lag (Dechow and Rogers, 2018). Given the heri-
tability and repeatability of 0.37 and 0.57, respectively 
for milk solids per kilogram of BW in the present study 
(Table 1), mass selection can be quite effective thus 
potentially having an unfavorable effect on BCS. Both 
BCS and BW in dairy cows reach nadir in mid lacta-
tion (Berry et al., 2006b) and, based on an analysis of 
7,391 multiparous Irish dairy cows, Berry et al. (2011) 
documented how each BCS unit (also assessed on a 1–5 
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scale) equated to, on average, 39 kg of BW; a similar 
exercise has been undertaken for BCS on a 1 to 10 
scale (Berry et al., 2006a). Hence, consideration does 
need to be made of the BCS of the cow when weighing. 
Nonetheless, pre-adjusting the BW data for differences 
in BCS through the addition or subtraction of 39 kg/
unit deviation in BCS from the population mean only 
weakened the genetic correlation between milk solids 
per kilogram of BW and BCS from −0.41 to −0.31. The 
associated phenotypic correlation between milk solids 
per kilogram of BW and BCS weakened from −0.35 
to −0.23 following adjustment for a set BW value of 
39 kg/unit of BCS. This unfavorable phenotypic and 
genetic relationship between milk solids per kilogram of 
BW with BCS was one motivation for the evaluation of 
other similar traits in the present study, but that also 
considered the BCS of the cow when weighed.

Alternative Concepts Still Based on Milk  
Solids and BW

Several disadvantages exist for the milk solids per 
kilogram of BW trait despite it being normally dis-
tributed: (1) it is a ratio trait thus suffering from the 
associated statistical properties of ratio traits (Suther-
land, 1965; Gunsett, 1984), (2) because it is a ratio 
trait with the same units of measure in the numerator 
and denominator, it is unitless, (3) such a ratio trait 
does not accommodate the use of different economic 
weights on each of the component traits (i.e., the ratio 
of the economic weights on both traits is constant per 
animal), and (4) it is unfavorably associated with BCS, 
with likely repercussions for animal health, fertility, 
and longevity (Pryce et al., 1998; Dechow et al., 2004).

The main statistical disadvantages of a ratio trait 
such as milk solids per kilogram of BW as part of a 
breeding program owes itself to the moderate to strong 
correlations between the ratio trait and its component 
traits (genetic correlations of 0.62 and −0.75 with 
milk solids yield and BW in the present study) due 
to the part-whole relationship that exists. Because of 
this, the expected response to selection on ratio traits 
is difficult to predict (Gunsett, 1984) because desir-
able responses can occur in either the numerator or 
the denominator and their relative selection pressures 
are unknown. Sutherland (1965) demonstrated that a 
disproportionate selection pressure will be exerted on 
the trait in the ratio with the greater genetic variance. 
In the present study, the coefficient of genetic varia-
tion for milk solids yield and BW was 5.3 and 6.7%, 
respectively. These coefficient of variation estimates are 
relatively consistent with estimates in other dairy cow 
populations for BW and milk (solids) yield (Veerkamp 

and Brotherstone, 1997; Berry et al., 2002; Toshniwal 
et al., 2008). Nonetheless, selection for greater milk sol-
ids yield will improve milk solids per kilogram of BW 
because of the genetic correlation of 0.62 that exists 
between both traits with the same being true of BW. In 
fact, using the equation described by Sutherland (1965) 
on estimating the genetic correlation between a ratio 
trait and the denominator given the population param-
eters, the expected genetic correlation between milk 
solids per kilogram of BW with BW was −0.77, which 
is almost identical to the −0.75 estimated directly from 
the data in the present study. When the genetic varia-
tion in BW is greater than that of milk solids, then the 
genetic correlation between BW and milk solids per 
kilogram of BW will always be strong. Nonetheless, the 
coefficient of genetic variation for BW is not necessarily 
always greater than that for milk yield (Veerkamp and 
Brotherstone, 1997; Toshniwal et al., 2008).

The unit of measure of milk solids and BW is both 
kg. Hence, the ratio of milk solids and BW is unitless, 
which can make it somewhat difficult to interpret bio-
logically. For example, the ratio of a 450-kg cow yield-
ing 450 kg of milk solids is the same as that of a 500-kg 
cow yielding 500 kg of milk solids. This is why having 
access to the individual EBV can be more beneficial, 
as is the case when included in the overall breeding 
objective. Nonetheless, although one of the objectives 
of the adjusted BW (i.e., BWMS, BWBCS, BWMS,BCS) 
and milk solids (i.e., MSBW, MSBCS, MSBW,BCS) traits 
was to circumvent the unfavorable statistical properties 
of a ratio trait, it was also to generate a value in either 
kilograms of milk solids or kilograms of BW relative to 
the expected value given the sample population and si-
multaneously accounting for the other contributing ef-
fects such as parity. For example, an EBV for adjusted 
milk solids of +30 kg implies that, after adjusting for 
nuisance factors, the cow is expected to yield 30 kg 
more milk solids than expected given her BW. How 
this was actually achieved is not clear, especially as no 
feed intake data were used in the calculation because it 
is not routinely available. Nonetheless, the correlation 
between BW and intake in dairy cows is 0.28 to 0.53 
(Toshniwal et al., 2008; Hurley et al., 2016). An addi-
tional advantage of the adjusted BW and traits is that 
they can also be simultaneously adjusted for BCS, thus 
reducing the potential indirect effect on BCS from se-
lection for lighter cows as evidenced by the lack of a ge-
netic correlation between either BWMS,BCS or MSBW,BCS 
with BCS. The approach of deriving BWMS(BCS) and 
MSBW(BCS) in the present study is analogous to the 
commonly cited residual feed intake in cattle (Byerly, 
1941). Coleman et al. (2010) also defined residual feed 
intake in lactating dairy cows but also defined a trait 
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they called residual solids production which is similar in 
technique to MSBW(BCS) in the present study except that 
feed intake was also included as an independent variable 
in the definition by Coleman et al., (2010). Although 
most studies traditionally first estimate these residual 
traits (as the residual from the fitted model) and then 
undertake a genetic analysis, the present study did this 
in one step which is now more the norm (Savietto et al., 
2014). The resulting parameter estimates were almost 
identical to if undertaken using the traditional 2-step 
approach (results not shown). Furthermore, phenotypic 
regression was used in the present study to adjust BW 
for differences in milk solids (and BCS), and vice versa. 
Adjustment could equally be undertaken using genetic 
regression and (within breed) genetic independence 
between the residuals and independent variables could 
then be guaranteed. It should also be noted that al-
though independence exists between the residuals from 
a model and the independent variables within the en-
tire population, this may not necessarily hold true for 
subpopulations (e.g., selected animals).

Berry and Crowley (2012) proposed the amalgama-
tion of 2 efficiency measures and, in doing so, reaped 
the benefits of each of the individual measure. In the 
present study, selection for reduced BWMS,BCS is ex-
pected to reduce BW with no effect on either BCS or 
milk solids. Selection for greater MSBW,BCS, on the other 
hand, is expected to increase milk solids with no ef-
fect on BCS and only a small effect on reducing BW. 
Analogous to the definition of residual intake and gain 
(combination of residual feed intake and residual gain 
in growing animals; Berry and Crowley, 2012), combin-
ing BWMS,BCS and MSBW,BCS could achieve a dual objec-
tive of increasing milk solids and reducing BW without 
any effect on BCS or without having to resort to a 
ratio trait such as milk solids per kilogram of BW. The 
genetic correlation between BWMS,BCS and MSBW,BCS is 
only −0.23 indicating that they are distinctly different 
measures.

Although the objective of the present study was to 
quantify the feasibility and likely gains of genetic se-
lection for some combination of milk solids, BW (and 
BCS), the contemporary group effect solutions from 
the genetic evaluation model (best linear unbiased es-
timates; BLUE) are also growing in popularity as a 
herd management tool (Dunne et al., 2019). Herd-level 
BLUE are measures independent of genetic merit of the 
herd, and thus herds with inferior BLUE for efficiency 
metrics can be alerted of such and, if appropriate, re-
medial measures put in place.

In conclusion, considerable (genetic) variability ex-
ists in milk solids output relative to BW; alternative 
strategies exist to define such a metric and these met-

rics could be modified further to reflect the different 
energetic cost or economic value of the respective com-
ponent traits. Consideration should, however, be taken 
of differences in BCS differences among cows so as to 
try and minimize or alleviate the effect of selection on 
such traits on the mean BCS of the population; this 
is important as (1) not all traits (e.g., health) associ-
ated with BCS are generally included in total merit 
indexes, (2) the energetic release from the catabolism 
of BCS is less than the energetic cost of regaining that 
lost BCS (O’Mara, 1996), and (3) in some production 
systems (e.g, New Zealand; Byrne et al., 2013), there 
is an explicit economic value on BCS because of its 
influence on the decision to dry off cows. Nonetheless, 
the evidence is overwhelming that selection on a linear 
combination of the traits that make up a ratio is more 
efficient than selection on the ratio itself (Gunsett, 
1984; Zetouni et al., 2017).
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