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Abstract

Hurley (2017). Genetics of Feed Intake and Efficiency in Grazing Dairy Cows.

PhD Thesis, Massey University, New Zealand

Feed efficiency in dairy cows is widely acknowledged as a highly desirable
characteristic to improve because of its well-documented impact on production costs.
Traditional measures of feed efficiency have used ratio traits, specifically energy
conversion efficiency, but these have undesirable statistical properties. Alternative
measures of feed efficiency are those based on the residuals from regression-type
statistical models, the most common of which is residual energy intake (REI). Residual
energy intake is defined as the difference between actual and predicted intake and is
usually derived from least squares regression models. The general objective of this
thesis was to quantify phenotypic and genetic (co)variances between the feed intake
complex, performance, and fertility traits in lactating Holstein-Friesian dairy cows. A
total of 8,199 feed intake records from 2,693 lactations on 1,412 grazing lactating
Holstein-Friesian dairy cows from experimental farms were used. Several alternative
efficiency definitions were developed, each with their own respective strengths and
weaknesses. Exploitable genetic variation was demonstrated to exist for the range of
alternative efficiency traits, and the magnitude of this variation was sufficiently large to
justify consideration of the feed efficiency complex in future dairy breeding goals. The
heritability estimates for the different efficiency traits estimated using repeatability
models varied from 0.06 to 0.21. Variance components, however, differed across
lactation when estimated using random regression models; for example, the heritability

of REI varied from 0.04 (34 DIM) to 0.11 (280 DIM) across lactation. Phenotypic



correlations among many traits including REI and energy balance (EB) differed not only
by stage of lactation but also by cow parity. Moderate to strong genetic correlations
existed between REI and EB across lactation (ranging from 0.45 to 0.90). Albeit
associated with large standard errors, estimated genetic correlations between feed
efficiency and reproductive performance were either neutral or favourable suggesting
greater genetic merit for feed efficiency does not appear to be antagonistically
genetically correlated with reproductive performance. Selection index calculations using
the current economic weights in the Irish Economic Breeding Index, and genetic
(co)variances estimated in this thesis, indicate that the inclusion of REI in the index

with an economic weight of €0.078/UFL will generate animals with improved REI.



Declarations

This thesis contains no material that has been accepted for a degree or diploma
by the University or any other institution. To the best of my knowledge no material
previously published or written by another person has been used, except where due
acknowledgement has been made in the text.

This thesis has been written with chapters formatted as papers for publication.
Therefore there is some repetition of chapter methods; each chapter contains a full
discussion, with the final general discussion chapter providing a succinct discussion of
key findings of this thesis. Each chapter has been formatted for the Journal of Dairy
Science and each chapter has a complete list of references. The submitted manuscripts
include supervisors as co-authors; however, for each chapter | planned the study,

undertook the analysis and wrote the manuscripts with directions of those co-authors.



Acknowledgements

This PhD provided me with the opportunity to work with a number of
remarkably talented and dedicated professionals and friends, for which | am grateful. 1
would like to acknowledge the opportunity presented to me by Teagasc and Massey
University to carry out this work. Funding from the Irish Department of Agriculture,

Food and Marine Research Stimulus Fund project GENCOST is greatly appreciated.

| would like to acknowledge the support, advice, and guidance of my
supervisors, Prof Nicolas Lopez-Villalobos, Prof Donagh Berry and Dr Jennifer Burke
throughout my PhD. I’m very appreciative of having had the opportunity to work with
world leaders in computational genetics and genomics. To Prof Nicolas Lopez-
Villalobos thank you for your never-ending support and enthusiasm, for immensely
stimulating scientific discussions and for guiding and inspiring me with your teachings
throughout this research journey. To Prof Donagh Berry, | extend my sincere gratitude
for the support you provided me with over past four years. Your teaching in genetic and
mathematical statistics is unmatched and has strongly contributed to my growth as a
scientist. Without your help I wouldn’t be in this position today. You’ve never been
hesitant in sharing your wisdom, you’ve shown the world what great supervisors are all
about. 1 acknowledge my other co-supervisor Dr Jennifer Burke who was always
willing to attend meetings and offer advice wherever possible. Finally, | would also like
to thank my other co-authors Dr Sinead McParland, Dr Eva Lewis, Dr Michael
O'Donovan and Dr Emer Kennedy whose valuable comments made this thesis what it is

today.



The support of IVABs staff and students in particular Prof Kevin Stafford
(thanks for the great conversations over coffee!), Miss Debbie Hill and Dr Penny Back
are greatly acknowledged. To my friends Nick, Felipe, Charlotte, and Paolo thanks for
making my time in New Zealand as enjoyable and rewarding as it was. Huge thanks to
Nick, Giulio, and Tara for their insightful comments and encouragement during my
doctoral studies. To my fellow students in Moorepark particularly those | shared offices
with cheers for all the good times. A special thanks to Sinead for your support and
encouragement. To the Irish crew all the St. Croans lads thanks for all the great times

together.

Special thanks to Garth and Renee, you guys were a second family to me in New
Zealand. Your warm welcome, staunch support, sagacious advice and guidance are truly
appreciated. It was great to have a family to come home to in the evenings, chat together
and have the craic. Not forgetting Toko and Bo and my great equine friend Pedro. The
gym sessions with Garth will always remain with me (I’ll be back to HOOFIT soon!).
You folks epitomise New Zealand hospitality and moving onto pastures new has

definitely made me realise what a great time we had together.

Finally, I would like to thank my family, Mum, Dad, John and Sinead, for all
their love and support, and believing in me throughout this project. | wish to dedicate
this thesis to my parents, John and Eithne, for the major contributions and sacrifices
they have made throughout my education.

Go raibh maith agaibh as bun mo chroi.

“One day, in retrospect, the years of struggle will strike you as the most beautiful”

Sigmund Freud


https://www.goodreads.com/author/show/10017.Sigmund_Freud

Contents

ADSTTACT ...t bbbt e s i
D =Tod T = U1 o] 1P TURPSPURRPRTRPR ii
ACKNOWIEAGEMENTS ... \Y;
(00 011=] 0 OO PSPPSR vi
LISt OF TADIES ... bbb viii
IS ) T U= Xi
LiSt Of ADDIEVIALIONS ......ooviiiieieiece e XV
LiSt OF APPENGICES ...ttt bbbt XVi
Chapter 1

General INFOAUCTION .......cuiiieieie ettt sreenee e 1
Chapter 2

LITEIATUIE FEVIBW ...ttt sttt s et bt aneane e 9
Chapter 3

Inter-relationships among alternative definitions of feed efficiency in grazing lactating

AAITY COWS ..ttt bbbt bbbttt et et b et e b ne e 49
Chapter 4

Characteristics of feed efficiency within and across lactation in dairy cows and the

impact of genetic SEIECHION..........covi i 81
Chapter 5

Genetics of alternative definitions of feed efficiency in grazing lactating dairy cows

Vi



Chapter 6

Genetic relationships between feed efficiency and reproductive performance in grazing

[ACTALING AAINY COWS.......eiiieiieeeieiee ettt 161
Chapter 7
Breeding for Improved Net Feed Efficiency in the Irish Dairy Herd ..............c.c....... 191
Chapter 8
GENETAl TISCUSSION ...ttt 209
APPENTIX ONE ..ottt e st et e e ste et et e e sae e besre e reennennes 233

vii



List of Tables

Table 2.1. Sample calculations for some feed efficiency metrics on growing animals. 17
Table 2.2. Sample calculations for some feed efficiency metrics on lactating dairy
(010 TP PR 21
Table 2.3. Advantages and disadvantages of both ratio and residual traits in lactating
(070 TP PR PP 22
Table 2.4. Breakdown of the traits included in the EBI with economic weights, trait
emphasis, and overall emphasis (ICBF, 2017). ......cccceoiviieiieie e 35
Table 2.5. Advantages and disadvantages of including DMI or RFI in a breeding goal
(BEITY, 2015). ..ttt ettt ettt et e e nreeneanes 37
Table 3.1. Number of observations (N), mean, standard deviation (SD), and the
coefficient of variation (CV) for the production traits. ............ccccccevveveiieiiciicce e 61
Table 3.2. Number of observations (N), mean, standard deviation (SD), and the
coefficient of variation (CV) for the different efficiency traits and energy balance....... 61
Table 3.3. Percentage variance in net energy intake (NEI), regression coefficients
(standard error in parentheses) and the significance of each variable in the residual
energy intake (RED) MOdEl. .........cooieiiiiee e 63
Table 3.4. Mean performance of the top 10% (most efficient) of test-day records based
on residual energy intake (REI), residual energy production (REP), and residual intake
and energy production (RIEP). ......cocoiiiiiiiiiieiee e 65
Table 3.5. Pearson correlations among the different efficiency traits and energy balance
(3= YOO 67
Table 3.6. Correlations between the various efficiency and production traits as well as

energy balance (EB)........ccoiiiii s 69

viii



Table 4.1. Number of observations (N), least squares means (standard error in
parenthesis) for EB, the efficiency and production traits for parity 1, parity 2, and parity
B T 10 PR 94
Table 4.2. Number of records (n), mean, genetic standard deviation (og), heritability
(standard error), and repeatability (standard error) for EB, the efficiency and production
FAITS. ..ttt 95
Table 4.3. Phenotypic correlations among the efficiency traits, the production traits, and
EB fOr the entire dataser. ..........ccoooeiiiiiieie e 98
Table 4.4. Phenotypic correlations* between observations within lactation stages for the
efficiency traits, EB, NEI, and NEL. ..........cccoiiiiiiiiie e 99
Table 4.5. Phenotypic correlations* between observations across parity for the
efficiency traits, EB, NEI, and NEL. ..........cccoeiiiii e 100
Table 4.6. Phenotypic correlations among the efficiency traits, EB, and NEI across
lactation Stages and PAMITIES. ......cveiieiieieieece e 101
Table 4.7. Least squares means, standard error of the difference (SED) and significance
of the efficiency and production traits for cows genetically divergent on ECE, REI, and
R P ettt 105
Table 5.1. Number of observations (N), mean, order of the fixed effect Legendre
polynomial and random effect Legendre polynomial used to model the additive genetic
variance and within lactation permanent environmental variance. ...........cc.cccocevvennenn. 135
Table 5.2. The percentage of variation accounted by the largest, middle, and smallest

eigenvalues for the efficiency and production traits. ..........c.cceevevevievii e sieseese e 135



Table 6.1. Number of observations (N), sample population mean (u), genetic standard
deviation (og), heritability (h?% SE in parenthesis), and repeatability (t; SE in
parenthesis) for the different fertility traits investigated............ccccceevveieiierieciesienean, 174
Table 6.2. Genetic correlations (SE in parenthesis) between both EB and the efficiency
traits measured across the entire lactation with the various reproductive traits............ 176
Table 6.3. Genetic correlations (SE in parenthesis) between both EB and the efficiency
traits measured in early lactation with the various reproductive traits. .............c.coe.... 178
Table 7.1. Economic weight (€), trait emphasis (%), genetic standard deviation (o),
and heritability (h?) for all traits currently included in the EBI. ........cccccoovevvvivrirenneee, 198
Table 8.1. The benefit of REImaint Using two cows from the Moorepark feed intake

ALADASE. ..ottt e e et e e e e e e e e —————aaaaaas 216



List of Figures

Figure 2.1. Two-dimensional plane illustrating expected feed intake based on a
regression model of BW?® and ADG; circles illustrate positive RFI animals (i.e., less
efficient), while triangles illustrate negative RFI animals (i.e., more efficient) (Berry
AN PIYCE, 2014)... ettt ettt te et e b e be et e sre e reeteaneenraere s 15
Figure 2.2. Plotted values for residual feed intake on the sample population of growing
cattle from Table 2.1, ... 18
Figure 2.3. Plotted values for residual feed intake on the sample population of lactating
dairy COWS from TabIE 2.2. .....oceeieieece e 21
Figure 2.4. Contributors to the variation in RFI determined from divergently selected
beef cattle (Richardson and Herd, 2004)...........cccciveieiieieeie e 23
Figure 3.1. Mean energy balance (— EB) and residual energy intake (---- REI) of the
population across 1aCtatioN. ...........cceeiiiiiiiee e 73
Figure 4.1. Least squares means for net energy intake (UFL/d; ---m---), net energy for

lactation (UFL/d; ---#---), and metabolic BW (kg®’>; —e—) across lactations. The error

bars represent the SE per stage of lactation. ............c.ccccevvevi i 95
Figure 4.2. Least squares means for energy balance (UFL/d; —), energy conversion
efficiency (---e---), residual energy intake (UFL/d; ------ ), residual energy production

(UFL/d; ---m---), and residual intake and energy production (UFL/d; ---#----) across
lactations. The error bars represent the SE per stage of lactation. ............c.ccccoeivirnnnne 96
Figure 4.3. Least squares means across stage of lactation for net energy intake for parity
1 (UFL/d; —o—) and parity 3 (UFL/d; —m—) cows, net energy for lactation for parity

1 (UFL/d; —0—) and parity 3 (UFL/d; —e—) cows and energy balance for parity 1

Xi



(UFL/d; —A—) and parity 3 (UFL/d; — A—) cows across lactation. The error bars
represent the mean SE per stage of lactation. ..........ccccccevvveiiiie e 97
Figure 4.4. Least squares means across stage of lactation for the highest (n = 62) and
lowest (n = 62) 10% of lactations for residual energy intake. Shaded symbols illustrate
the highest 10% (i.e., inefficient lactations) of lactations, and un-shaded symbols
illustrate the lowest 10% (i.e., efficient lactations) of lactations for energy balance
(UFL/d; — A A—), energy conversion efficiency (—mo—) and residual energy intake
(UFL/O; ——@0—). ooeereeeeeeeeeeeeeee s s eeee s eeeseses e es s e eeseee s s e ese s er e 103
Figure 5.1. Genetic standard deviation for energy balance (UFL/d; — A—), energy
conversion efficiency (—x—), residual energy intake (UFL/d; ——), residual energy
production (UFL/d; —m—), and net energy intake (UFL/d; —e—). The genetic
standard deviation for residual energy intake and residual energy production were both
rescaled, in that residual energy intake was divided by a factor of 2 and residual energy
production was divided by a factor of 5...........cccoe i, 137
Figure 5.2. Eigenfunctions (y-axis) associated with the largest (m), middle (A), and
smallest (®) eigenvalue for a) energy conversion efficiency, b) residual energy intake,
and c) residual energy ProduCION. ........c.cociuiiiiie e 138
Figure 5.3. Heritability estimates (SE in parenthesis) for energy balance (— A —; 0.04
to 0.07), energy conversion efficiency (—x—; 0.02 to 0.08), residual energy intake (—
—; 0.03 to 0.06), residual energy production (—m—; 0.03 to 0.07), and net energy
intake (—#—; 0.03 10 0.06). ...c.eeiuiriiiiriiiiriieiee e 139
Figure 5.4. Genetic correlations (SE in parenthesis) between observations at a) 8 DIM
b) 150 DIM and c) 280 DIM for energy balance (—A—; 0.00 to 0.02), energy

conversion efficiency (—x—; 0.00 to 0.01), residual energy intake (——; 0.00 to 0.01),

Xii



residual energy production (—m—; 0.00 to 0.02), and net energy intake (—&—; 0.00 to
0.001). oot e ettt e ettt r et ettt et s et 141
Figure 5.5. Genetic correlations (SE in parenthesis) between energy balance with
energy conversion efficiency (—x—; 0.17 to 0.21), metabolic efficiency (—m—; 0.21
to 0.27), residual energy intake (— A—; 0.06 to 0.18), residual energy production (—
e—; 0.07 to 0.14), net energy intake (——; 0.14 to 0.24), net energy for lactation (-----
; 0.08 to 0.21) and body condition score (—+—; 0.16 10 0.29)......ccceevvevveverieerieennenn, 142
Figure 5.6. Genetic correlations (SE in parenthesis) between energy conversion
efficiency with residual energy intake (—A—; 0.21 to 0.30), residual energy
production (—e—; 0.09 to 0.14), net energy intake (—e—; 0.18 to 0.21), net energy for
lactation (-----; 0.06 to 0.19), body-weight (—m—; 0.17 to 0.24), and body condition
SCONE (—+— 0.16 10 0.21). ..eeeieeeieee e 144
Figure 5.7. Genetic correlations (SE in prentices) between residual energy intake with
Kleiber ratio (— A—; 0.06 to 0.14), residual energy production (—e—; 0.14 to 0.36),
net energy intake (—e—; 0.15 to 0.29), net energy for lactation (-----; 0.12 to 0.24),
body-weight (—m—; 0.15 to 0.32), and body condition score (—+—; 0.13 to 0.25)..145
Figure 5.8. Genetic correlations (SE in prentices) between residual energy production
with metabolic efficiency (—A—; 0.11 to 0.18), Kleiber ratio (—e—; 0.11 to 0.22),
net energy intake (—e—; 0.09 to 0.16), net energy for lactation (-----; 0.07 to 0.16),
body-weight (—m—; 0.08 to 0.19), and body condition score (—+—; 0.11 to 0.21)..146
Figure 6.1. The number of observations for net energy intake for each week of
TACTALION. ..ttt 174
Figure 7.1. Predicted genetic responses per generation for the base scenario(m),
scenario 1 (m), scenario 2 (=), scenario 3 (= ); all responses were weighted by the

genetic standard deviation per generation. MY = milk yield (kg); FY = fat yield (kg);

Xiii



PY = protein yield (kg); CIV = calving interval (%); Surv = survival (%); CCWT = cull
cow weight (kg); CWT = carcass weight (kg); CFat = carcass fat (score); CConf =
carcass confirmation (score); DCD = direct calving difficulty (%); Mort = mortality
(%); Gest = gestation length (days); MCD = maternal calving difficulty (%); SCS =
somatic cell score (cells/mL); Mast = mastitis (score); Lame = lameness (score); Temp
= milking temperature (score); MSpeed = milking speed (score); NEI = net energy
intake (UFL/d); REI = residual energy intake (UFL/d). .......cccoovevieiiiieiiece e, 201
Figure 7.2. Predicted genetic responses per generation for SO1 (m), SO2 (m), SO3
(=), SO4 (); all responses weighted by the genetic standard deviation per generation.

MY = milk yield (kg); FY = fat yield (kg); PY = protein yield (kg); CIV = calving

interval (%); Surv = survival (%); CCWT = cull cow weight (kg); CWT = carcass

weight (kg); CFat = carcass fat (score); CConf = carcass confirmation (score); DCD =
direct calving difficulty (%); Mort = mortality (%); Gest = gestation length (days);
MCD = maternal calving difficulty (%); SCS = somatic cell score (cells/mL); Mast =
mastitis (score); Lame = lameness (score); Temp = milking temperature (score);
MSpeed = milking speed (score); NEI = net energy intake (UFL/d); REI = residual
energy iNtake (UFL/). ..o e 203
Figure 8.1. Simulated accuracy of selection for traits with varying heritability (typical

of the efficiency traits in this thesis) across different number of progeny groups........ 222

Xiv



List of Abbreviations

AFC = Age at first calving

BCS = Body condition score

BW = Body-weight

BW? "5 = Metabolic body-weight

CFS = Calving to first service interval

CIV = Calving interval

CV = Coefficient of variation

DIM = Days in milk

DMI = Dry matter intake

EB = Energy balance

ECE = Energy conversion efficiency

ECE.qj = Energy conversion efficiency adjusted

ECEmaint = Energy conversion efficiency taking account of maintenance
ECR = Energy conversion ratio

EBI = Economic breeding index

EBV = Estimated breeding values

FC = Fat concentration

FtW = Feed to body-weight

ICBF = Irish cattle breeding federation

KG = Kilogram

KR = Kleiber ratio

LC = Lactose concentration

MEff = Metabolic efficiency

MS = Milk solids

NEI = Net energy intake

NEL = Net energy for lactation

NEM = Net energy of maintenance

NS = Number of services

PEMEP = Partial efficiency of milk production

PEMEPn.t = Partial efficiency of milk production based on nutritional tables
PC = Protein concentration

PRFS = Pregnancy rate to first service

PR42 = Pregnancy in first 42 days of breeding season

PR84 = Pregnancy in first 84 days of breeding season

REI = Residual energy intake

REImaint = Residual energy intake taking account of maintenance
REP = Residual energy production

REPmaint = Residual energy production taking account of maintenance
RIEP = Residual intake and energy production

SE = Standard error

SR21 = Submission rate in the first 21 days of the breeding season
UFL = Unité fourragere du lait

XV



List of Appendices

Appendix 4.1. Least squares means, standard error of the difference (SED) and

significance of the efficiency and production traits for cows divergent on NEI and RIEP.

Appendix 4.2. Least squares means across stage of lactation for the highest (n = 62) and
lowest (n = 62) 10% of lactations for energy conversion efficiency. Shaded symbols
illustrate the highest 10% (i.e., efficient lactations) of lactations, and un-shaded symbols
illustrate the lowest 10% (i.e., inefficient lactations) of lactations for energy balance
(UFL/d; — A A—), energy conversion efficiency (—mo—) and residual energy intake
(UFL/O; ——@0—). oouoereeeeeeeeeeeeeee s s ee e s eee s es e es s e s s e s ee e es s en e 119
Appendix 5.1. Number of records (n), mean, maximum (standard error) and minimum
(standard error) heritability estimates for the efficiency and production traits............. 159
Appendix 6.1. Number of observations (N), sample population mean (U), genetic
standard deviation (og), heritability (h? SE in parenthesis), and repeatability (t; SE in
parenthesis) estimates for EB, efficiency and production traits................ccccovevveieenenn, 189
Appendix 7.1. Genetic correlations between breeding values for Holstein-Friesian bulls

ranked on the EBI; also included are the genetic correlations between NEI and REI with

all other traitS iNthe EBL. ........cooiiieiee e e 207
Appendix one
Statements of contribution to doctoral thesis containing publications..................... 233

XVi





