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Abstract Recordsfor birth and subsequentnonthly weightsuntil weaningon beefcalves
of two breedsin a selectionexperimentwere analysed tting randomregressionmodels.
Independenvariableswere orthogonal(Legendre)polynomialsof ageat weighingin days.
Ordersof polynomial t up to 6 were considered. Analyseswere carriedout tting sets
of randomregressioncoefcients dueto animals' direct and maternal,additive geneticand
permanenenvironmentaleffects, with changesn variancedueto temporaryenvironmental
effectsmodelledthroughavariancefunction,estimatingup to 67 parametersResultsdenti ed

similar patternsof variationfor bothbreedswith maternakffectsconsiderablynoreimportant
in purebredPolledHerefordsthana four-breedsynthetic the so-calledWokalups.Corversely
repeatabilitiesvere higherfor the latter  For both breeds heritabilitiesdecreasedafter birth,

beinglowestwhenmaternaleffectsweremostimportantaround100daysof age. Estimatesat
birth andweaningwereconsistentvith previous, univariateresults.

covariance functions / early growth / modelling / beefcattle / maternal effects

1.INTRODUCTION

Randomregression(RR) modelsand the associatedovariancefunctions
(CF) have beenadwcatedfor the analysisof traits measuredepeatediyper
individual. They facilitatemodellingchangesn thetrait underconsideration
over time andin its (co)variancestructure. Applicationsso far have concen-
tratedon the analysisof testday recordsof dairy cows[4,8,12 14,30,31,34,
35,37,39,40]. Otherwork consideredyronth andfeedintake in pigs[3,36],
feedintake andlive weightsin dairy cattle[41] andweightsof maturebeef
cows[24,25].

Correspondencandreprints
E-mail: kmeyer@didgeridoo.une.edu.au



488 K. Meyer

Previous applicationstted at mosttwo setsof RR coefcients peranimal,
namelydueto animals' direct geneticand permanenervironmentaleffects.
Early gronth of mammalshowever, is subjectto substantiamaternaleffects
in addition, both geneticand ervironmental. Estimationof maternaleffects
hasbeenfound inherently problematic,even for standard, univariateana-
lysesof traits suchasbirth or weaningweight. Extensionof RR modelsto
include maternaleffectsis conceptuallystraightforvard. However, inclusion
of additionalsetsof RR coefcients to accommodatmaternakffectsincreases
the complity of correspondingnalysesonsiderablyespeciallyif we want
to distinguishbetweergeneticandpermanenervironmentaimaternakeffects.
This paperpresenta RR analysisof weightsof beefcalvesfrom birth to just
afterweaning attemptingo separatélirectandmaternatovariancefunctions.

2. MATERIAL AND METHODS

2.1. Data

Recordsoriginatedfrom a selectionexperimentin beefcattlecarriedout at
theWokalupresearclstationin WesternAustralia. This experimentcomprised
two herdsof about300 cows each. The rst werepurebredPolledHereford
(PH), and the other a four-breed syntheticformed by mating Charolais
Brahmarbullsto Friesian Angusor Friesian Herefordcows,theso-called
W okalups (WOK), seeMeyer et al. [26] for details. Managemenbf the
experimentcomprisedshortmatingperiods(naturalservice)of 7 to 8 weeks,
resultingin the bulk of calvesbeingborn during April and May eachyear
Calveswereweighedat birth and subsequentlyfrom July to late December
or early January at monthly intervals. This resultedin up to nine weight
recordsper calf. Calves were weanedbetweenmid- Novemberand early
Januaryeachyear i.e. the last weight represente@ post-weaningveightin
mostyears.Variationin weaningdatesvasnecessitatebdy seasonatonditions

the dataincludedseveral yearsof drought. Consequentlyannualmeansn
ageat weaningrangedfrom 182 to 246 days,with overall meansof 211 and
214 daysfor PHandWOK, respectiely.

Dataselectedconsistef birth andsubsequenmonthlyweightsfor calves
bornbetweerl975and1990. Thisyielded21272and22230weightsfor PH
andWOK, respectiely. Basiceditseliminatedrecordswith implausibledates
orweights.In addition,changesn weightsbetweerindividualweighingswere
scrutinised.The numberof animalsin the datawassufciently smallto allow
questionablesequencesf recordsto be inspectedndividually. Apparently
aberrantrecords,in particularrecordsclearly out of sequenceidenti ed on
basisof bothaveragedaily gainasaproportionof themeanweightandabsolute
changen weight,weredisreggarded.In doingso,allowancewvasmadefor large
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Figure 1. Numbersof records(dark grey bars: Polled Hereford, light grey bars:
Wokalup)andmeanweights( : PolledHereford, : Wokalup)for individualagesijn
weeklyintervals.

variationin gain betweerbirth andthe rst post-natalveightandanincreased
chancdor adecrease weightsbetweerNovemberandDecemberecordings
duetoweaningstressLimits wereestablishettasedbnmeananddistibutions
of averagedaily gainsfor eachmonthlyweighing(acrossyears). Changesn
averagedaily gains as proportionof the meanaslarge as 1:3% to 3:9%
betweenbirth and rst weighingand 0:8% to 1:7% betweenweightspre-
and postweaningvere allowed, while correspondinghangedetweenother
monthlyweighingswererestrictedo 0:3% 0% and1:2%to 2:0%.

Figure 1 shaws the distribution of recordsover agesat weighing. Ages
rangedup to 297 days. However, therewere few recordsafter 280 days of
age. Thesewerethuseliminatedto avoid problemsdueto small numbersof
recordsper subclass.This left 21053 and21807 recordsfor PH and WOK,
respectiely, on 3417 (PH) and 3768 (WOK) animals. Birth weightswere
available for almostall calves (3406 for PH and 3727 for WOK). Further
characteristicef thedatastructurearegivenin Tablel.

2.2. Preliminary analyses

Standard univariate, animal model analyseswere carried out to assess
changesn variancecomponentglueto directand maternaleffectswith age.
Theseconsideredinglerecordsper animalonly. Recordswere selectedor
tamget agesat fortnightly intervals with a separateclassfor birth weights.
This yielded 19 partially overlappingdatasetswith agesof 0, 2 35, 21 49,
3563;::: 245 259 and245 280 days.

Two analysesvere carriedout for eachdataset. The rst tted a model
with permanenénvironmentaimaternakffectsin additionto animals'additive
geneticeffects only (Model Ul). The secondmodelincludedboth genetic
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Tablel. Characteristicef thedatastructure.

PolledHereford Wokalup
Totalno. of records 21053 21807
No. of animalswith records 3417 3768
With 1 record 276 526
With 2 records 449 478
With 3 records 117 116
With 4 records 196 224
With 5 records 145 104
With 6 records 139 184
With 7 records 133 194
With 8 records 1404 1379
With 9 records 558 563
No. of animalsin analysis¥ 3794 4553
No. of sires? 174 189
No. of dams? 1023 1460
No. of contemporargroups 2152 2192
Rankof X - 2168 2208
Mean 138.1 155.9
SD 79.1 87.7

- Including parentsvithout recordsanddummyidentitiesfor unknovn dams.

B With progery in thedata.

-“ With progely in the data,including dummy damsassignedor animalswith
missingdamidentities.

4" Coefcient matrixfor x edeffects.

and environmentalmaternaleffects (Model U2). Correspondingvariance
componentsvere estimatedby REML. Differencesin likelihoodsfor each
pairof analysesvereusedto assesgheimportanceof maternabeneticeffects,
andthe ability to separateervironmentaland geneticmaternalcomponents.
Fixedeffectsfor univariateanalysesvereasfor RR analysegseebelow), with
alinearregressioron ageatweighing tted within sex in addition.

2.3. Randomregressionanalyses
2.3.1.Fixed effects

Mean age trends were taken into accountby a x ed, cubic regression
on orthogonalpolynomialsof age(in days). Preliminaryinvestigationshad
shavn higherordersof t to yield virtually no reductionin residualsumsof
squarespresumablydueto a closeassociatiorbetweenageat recordingand
contemporargroupsubclassesThe sameorderof t for the x edregression
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on agewas consideredhroughout,making REML likelihoodsfor different
ordersof t of RRdirectlycomparable.

Other x ed effects tted were similar to those tted in earlie; non-RR
analysesof birth, weaningand later weights for thesedata [26]. These
included contemporarygroups (CG), de ned as paddock-se of calf-year
weighingnumber(1 to 9) subclasseanda birth type (singlevs. twin) effect.
Damagewasmodelledasa yearly ageclasseffect. As in previousanalyses,
Wokalupsweretreatedasa breedandno speci ¢ crossbreedingffectswere
tted.

2.3.2.Random effects

All RR models tted Legendrepolynomials(e.g. [1]) of ageat recording
(in days)asindependentariables.Ordersof polynomial t upto k D 6 were
consideredPolynomialsncludedascalaterm,i.e. involvedpowersof ageup
to v e. RR analysestted a setof k regressioncoefcients for eachrandom
effect consideredyp to four in total. For simplicity, k wasinitially choserto
bethe samefor all factors.

The rst setof analysestted threesetsof RR coefcients, namelydueto
animals'directgeneticeffects(A), dueto animals'permanenervironmental
effects(R) anddueto dams'permanengrnvironmentakffects(C) (Model G1).
The secondset tted a fourth setof RR coefcients in addition,namelydue
to maternalgeneticeffects (M) (Model G2). Both modelsincorporatedall
pedigreeinformation available,assumingdirect and maternalgeneticeffects
(A andM) weredistributedproportionallyto the numeratorelationshipmatrix
betweeranimals.

Whencomparingordersof t of polynomialequationsit is recommended
to considerthe next higherorderof t involving the sametype of exponent
(oddversuseven)[10], p. 182 183. For instancejf a cubicpolynomial tted
the data, the linear coefcient waslikely to explain a signi cant amountof
variation while the quadraticterm might contribute nothing. Hencek was
initially increasedn stepsof 2, startingat a cubic regression(k D 4), as
preliminaryanalyseshavedlinear(k D 2) andquadratigk D 3) regressions
to be clearlyinadequatéo modelthe variationin the data[23]. Ordersof t
greatethank D 6 werenot examinedaspreliminarywork hadalsoindicated
thatthis would be unnecessarilhigh.

Further analysesconsideringdifferent ordersof t for the four random
effectswherecarriedout subsequentjywith the choiceof modelsdetermined
by resultsof the earlieranalyses.The aim in doing so wasto determinethe
minimumorderof t requiredfor eachrandomfactor andthusdeterminghe
mostparsimoniousnodeldescribinghedata.
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2.3.3.Additional analyses

Resultsfrom the randomregressionanalysesraisedquestionsaboutthe
in uenceof postweaningveights aswell asrecordsatthehighestagesandbirth
weightsontheminimumordersof t required.Henceadditionalanalysesvere
carriedoutfor PH,consideringubset®f thedata.First,asweaningdatesvere
known, all weightstaken postweaningwereeliminated.In addition,weights
atlateageq> 250days)werediscardecndanimalswith birth weightrecords
only whichweredeemedo contritutelittle informationwereomitted. Thisleft
19399recordson 2865 animalswith 3260animalsin theanalysisand2014
x edeffectslevels(rank2011)in the mixedmodelequations Secondlybirth
weightrecordsandrecordsup to 14 daysof ageweredisregardedin addition,
reducingthe datato 16438 recordson 2863 animalswith 3260animalsand
1727 x edeffects(rank1723)in theanalysis.

2.3.4.Model of analysis

More formally, this gave a model of analysisfor y;, the j-the recordon
animali of

x3 X 1
Vi D Fij C BV m. a”/ C meVm. a”/ C fij (1)
mDO Q mDO

with a; denotingheageatrecordindor yj, standardisetbtheintenval[ 1 V1]
for which Legendrepolynomialsare de ned, andvn.g;/ the corresponding
m-th Legendrepolynomial. F;; representethe x ed effectspertainingto y;,
and by, the coefcients of the x ed, cubic regressionmodelling meanage
trends. bgm wasthe m-th randomregressioncoefcient for the Q-th random
effect, with Q standingin turnfor A, R andC for modelG1, andfor A, M, R
andC for modelG2, andkq thecorrespondingrderof polynomial t.  Finally,
f;; denotedheresidualerror.

2.3.5.Variance and covariance functions

Parametersestimatedin RR analyseswere the matricesof covariances
betweerRR coefcients:

0 boo 1
bo1
Kq D Var 5 )
bok, 1

CovarianceshetweenRR coefcients pertainingto differentrandomfactors
wereassumedo bezerothroughout.
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Elementsof Kq are the coefcients of the covariancefunction de ning
covariancesbetweenary two agesin the datafor the Q-th randomeffect
(e.g. [28]). Hence estimatedcovariancedetweerrecordsfor animali atages
a; andajoare

g 1ig 1 QiR
mDO nDO mDO nDO

with Ko mn denotingthe mn-th elementof Ko, andOg D 0gmn de ning the
Q-th covariancefunction[16,22].

In addition, (1) allowed for temporaryervironmentaleffects or meas-
urementerrors, f;. Thesewere consideredo be independentlydistributed
throughoutwith variancess?. Commonlyit is assumedhat thesevariances
are homogeneous;onsistentwith the conceptof a true measuremengrror
affectingall obsenationsequally Preliminaryanalyseshowever, hadclearly
shawn that this assumptiorasinadequatg23]. Hences? wasconsideredo
changewith age,with changesiescribedoy a polynomialvariancefunction

(VF) A I
2 2 X r
stDs§ 1C b g 4)

rD1
with s? thevarianceatthej-th age,s§ denotinghemeasuremergrrorvariance
atthemeanage(0 onthestandardisedcale)andb, thecoefcients of the VF.
TheVF hasv C 1 parameterssomprisingthev coefcients b, ands3.

An alternatve VF entailsregressionof the logarithm of the varianceon
age(eg. [7,11,33]). This of particularinterestasit allows an exponential
increaseén varianceawith timeto bemodellecpbarsimoniouslyy asimplelinear
regression.Moreover, in contrasto (4), it doesnotrequireary constraintsn
the coefcients of the polynomialregressiorto beimposed.

( A )
XV

s?Dexp s 1C b a ' ()
rD1

with s3, D logs3.

2.3.6.Estimation

Estimatesvereobtainedby restrictedmaximumlik elihood (REML) using
programD xMRrr [21], employing acombinatiorof averageanformation(Al-
REML) andderiative-freealgorithmsgo locatethemaximumof thelik elihood.
REML estimationof covariancesbetweenRR coefcients is analogousto
multivariateestimationn standard (i.e. non-RRM)analyse$22].
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Al-REML algorithmdor thelatterhave beerdescribedy Madseretal. [18]
andMeyer[20]. Additional calculationgequiredto estimataheparametersf
aVF for measurememrrorvariancesvith anAl-REML algorithmareoutlined
in the Appendix.

Searchfor themaximumof thelik elihoodwasinvariablyslown. With highly
correlateparametersseveralrestartsvererequiredfor eachanalysis. TheAl-
REML algorithmtendedo performlesswell thanin equallydimensionednon-
RR multivariateanalyseslf estimate®f covariancematriceshadeigervalues
lessthan 0.001 thesewere setto an operationalzero (10 /) and estimation
was continued xing thesevalues,effectively forcing estimatedmatricesto
have correspondinglyeducedrank (r) (see[22]). Generally this resultedin
improved corvergenceof theiterative estimationprocedure.

2.3.7.Model selection

Fit of different modelswas comparedby examining estimatedvariances
(s2: direct,additive geneticvariance sZ,: maternaladditve geneticvariance,
s& direct, permanenenvironmentalvariance,and sZ: maternal,perman-
ent ervironmentalvariance)for agesin the dataand comparingmaximum
likelihoodsand information criteria for eachanalysis. To accountfor non-
standaratonditionsattheboundaryof theparametespacd38] in carryingout
likelihoodratio tests(LRT), differencesn logL werecontrastedo c? values
correspondingo twice theerrorprobabilityof a D 5%.

Information criteria comprisedthe REML forms of Akaike's Information
Criterion (AIC) and Schwarz' Bayesianinformation Criterion (BIC). Let p
denotethe numberof parametergstimatedN the samplesize,r. X/ therank
of thecoefcient matrixof x edeffectsin themodelof analysisandlogL be
the REML maximumlog likelihood. The informationcriteriaarethengiven
as[43]

AICD 2logL C2p (6)

and
BICD 2logL Cplog N r.X/ . (7)

3.RESULTS

Numbersof recordsand meansfor individual ages(weekly intervals) are
shavn in Figurel. Almostall animalshadbirth weightrecords(not shawn).
Growth for both breedswas approximatelylinear. While there was little
differencein sizeat birth, WOK calvesgrew fasterthroughoutthan PH with
meangSD) of 157.5(88.1)and138.6(79.1) kg, respectiely. Corresponding
SDareshavn in Figure2. Valuesfor bothbreedsvereagain very similarand
increasedsteadilywith age,both on the obsered scaleandfor dataadjusted
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Figure 2. Standarddeviations(SD) andcorrespondingoefcients of variation(CV)
for weightsatindividual ages(in weeklyintenals)for raw data( : PolledHereford,
: Wokalup)anddataadjustedor x edeffects( : PolledHereford, : Wokalup).

for least-squaresstimate®f x edeffects. Thelatterrepresentthe patternof
variationto bemodelledby theestimateatovariancgunctions.Corresponding
coefcients of variation(CV), decreasedith age,i.e. variancesncreasedess
thanmightbeanticipatediueto scaleeffects. Exceptfor thehighestagesCVs
werethusconsistentlyhigherfor PHthanWOK.

Dueto computationatequirementspnly limited comparisongetweerdif-
ferentordersof t couldbecarriedout. As suggestedby resultsfrom prelim-
inary analyse$23], only RR duecoefcients dueto permanenernvironmental
maternakeffectswas tted initially (Model G1). Resultsfrom standard (i.e.
non-RR)analyse®f birthandweaningweightsin beefcattle,comparingliffer-
entmodelsof analysespftenshavedthat,when tting only oneof thematernal
effects,thisislikelyto pick up mostof thetotalmaternalariation,i.e. dueto
bothgeneticandpermanenernvironmentaleffects(e.g. [19]). It wasassumed
thatthesamepatternin partitioningof variationwouldapplyfor RRM analyses.

For both breeds,a model tting Legendrepolynomialsto orderk D 6 for
all threerandomeffects, denotedby 6066 in the following (the four digits
correspondingo theordersof t for A, M, R andC, respectrely), andacubic
VF for measuremergrrorvariancegv D 3) involvingatotalof 67parameters
to be estimated was considerednorethanadequaten the basisof earlier
resultg[23].
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Estimatedcovariancesamongregressioncoefcients from theseanalyses
(k D 6066,v D 3) shavedlittle variationin the quarticandquintic regression
coefcients for directgeneticandevenlessfor maternalervironmentakffects.
Analyseswere thus repeatededucingthe orderof t for theseeffectsto a
cubicregressionwhile still tting a quintic regressionfor direct, permanent
ervironmentaleffects(i.e. k D 4064). BIC (seeTah Il) for bothbreedswere
smallerfor this model,i.e. suggestedhat 45 (ratherthan 67 parametergor
k D 6066)sufced to describethe patternof variationin thedata.

A numberof additionalanalysesnvolving differentcombinationf cubic
andquintic polynomialregressiongor thedifferentrandomeffects(k D 4044,
4064 and 6064) were carriedout subsequently In addition, analysestting
model G2 consideredbrdersof t k D 4444,4464and6464. In doing so,
choicesof k wereguidedby resultsfrom analysesarriedout so far, andnot
all modelswere tted for bothdatasets.

Valuesfor logL and correspondingnformation criteria for the different
analysesare given in Tablell. As for univariateanalyses,tting maternal
geneticeffectsfor WOK did not increasdogL signi cantly (k D 4464vs.
k D 4064). Valuesfor logL for WOK werehighestfor the modelinvolving
mostparametergk D 6066)thoughnotsigni cantly higherthanfor k D 6064.
The information criteria too suggestedhat a cubic regressionfor maternal
ervironmentaleffectssufced (k D 6064).

In contrast,tting modelG2insteadbf G1for PHyieldedamarkedincrease
in logL , consistentwith resultsfrom univariate analyses. LRT and both
information criteria suggestedhat of the modelsexaminedso far, a quintic
regressiorfor bothdirecteffectsandacubicregressonfor bothmatenaleffects
(k D 6464) tted bestfor PH.Resultdrom thisanalysigoundlittle variationin
thecubicregressiorcoefcient for maternalpermanenénvironmentakeffects.
Reducingthe orderof t accordinglyi.e. to k D 6463 did not reducethe
likelihoodsigni cantly.

Furtheranalysesliminatedthe highestorder RR coefcient for random
factorswith comparatrely small variances(aroundl). Whilst this tended
to causea signi cant decreasén logL , correspondindIC valuesdecreased
which suggestedhat the reducedmodel was adequateand provided a more
parsimoniousepresentationf the covariancestructurein thedata. As shavn
in Tablell, logL andthe AIC favouredordersof t of k D 6463for PH and
k D 6064for WOK, with 62 and56 parametergespectiely.

It follows from (6) and(7) thatBIC imposesa muchmorestringentpenalty
for thenumberof parameterdted thanAIC. For ourdata,thefactorlog N
r.X/ wascloseto 10 (9.85for PH and9.88for WOK), i.e. almost v e-fold
thatfor AIC. Thislet modelswith k D 5163and47 parameterandk D 5062
with 43 parameterto beselectedas best for PHandWOK, respectiely.
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Tablell. Loglikelihoodvalues(logL , C45400for PolledHerefordandC49100for
Wokalup)andcorrespondininformationcriteria(AIC: Akaike InformationCriterion,
BIC: BayesiarinformationCriterion,both 90800for PolledHerefordsand 98200
for Wokalups)for analysesith differentordersof polynomial t (k, gures in bold
denotingbestmodelidenti ed by eachcriterion).

k@ b pd Polled Hereford Wokalup

r logL AIC BIC r logL AIC BIC
3042 3 23 3032 4376 921.2 1102.5
3062 3 34 3052 992 266.5 534.5
4042 3 27 4042 4196 893.2 1106.1
4044 3 34 3033 4400 948.1 1214.9
4044 31 34 3033 4625 993.0 1259.8
4062 3 38 4052 812 238.4 538.0
4064 3 45 3053 2204 530.9 884.0 4054 698 229.6 584.3
5042 3 32 5032 1918 447.6 699.9
5052 3 37 5042 1387 3515 643.2
5053 3 40 5043 1287 337.4 652.7
5061 3 41 5051 866 255.2 578.4
5062 3 43 5052 394 1649 503.9
5063 3 46 5053 929 277.8 638.7 5053 291 150.1 512.8
5064 3 50 5054 282 156.4 550.6
6064 3 56 5054 14:8 1415 583.0
6066 3 67 5044 1606 455.1 980.8 5055 6.2 146.4 674.6
3163 3 38 3152 1484 3729 671.1
3263 3 40 3252 1411 362.3 676.1
3243 3 29 3232 3638 785.6 1013.1
4243 3 33 4232 3491 764.2 1023.1
4444 31 44 3332 3754 838.9 1184.1
4464 3 55 4352 1227 355.4 787.0 4153 664 2429 676.4
4263 3 44 3252 1413 370.6 715.8
5243 3 38 5242 2242 524.3 8225
5253 3 43 5252 2076 501.1 838.5
5262 3 46 5251 1456 383.3 744.2
5163 3 47 5152 874 268.7 637.5 5153 279 1499 5204
5263 3 49 5252 812 260.5 644.9
5363 3 52 5352 802 2644 6724
5453 3 50 5343 2050 510.0 902.3
5463 3 56 5352 743 260.7 700.0
6463 3 62 5352 599 2439 730.4
6464 3 66 5352 585 249.0 766.8

- Orderof t for directadditve geneticmaternahdditive geneticdirectpermanent

ernvironmentalandmaternabermanenernvironmentaleffects,respectiely.

‘B Numberof regressioncoefcients in variancefunction for measuremengrror
variances| denotinglog-linearmodel.
-“ Numberof parameters.
-4 Rankof coefcient matricesestimatednumberscorrespondo thosefor k.
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Reducingthe order of t for direct additive genetic effects to a cubic
regression(k D 4263vs. k D 5263for PH, k D 4062vs. k D 5062 for
WOK) or eliminatingthe quintic regressioncoefcient for direct, permanent
ervironmentaleffects(k D 5253vs. k D 5263for PH,k D 5052vs. k D 5062
for WOK), however, clearly resultedin a lessappropriatemodel. Similarly,
decreasinghe orderof t for maternal,permanentrvironmentaleffects by
one(k D 5262vs. k D 5263for PH,k D 5061vs. k D 5062for WOK), did not
provide sufcient scopeto modelchangesn variationwith time ary longet
resultingin substantiallyhigherinformationcriteria. Reducingthe order of
t for direct effectsby two often resultedin a somevhat higherBIC thana
reductionof one(k D 5253andk D 5243vs. k D 5263for PH,k D 4263and
k D 3263vs. k D 5263for PH,k D 4062andk D 3062vs. k D 5062for
WOK, but notk D 5052andk D 5042vs. k D 5062for WOK), suggesting
thatthe cubicregressioncoefcients for directgeneticeffectsandthe quartic
coefcient for direct, permanenervironmentaleffectsin PH were of lesser
importance.

Whilst BIC wassmallesfor k D 5163for PH,thismodelimpliedaconstant
maternalgeneticvariance(of 4:1 kg?) for all ages.With phenotypicvariances
increasingwith ages,this would yield a maternalgeneticheritability with
maximumvalueatbirth anddecreasingteadilywith age.Clearly, this choice
wasdueto thestringenpenaltyfor thenumberof parametersnposedyielding
anonly maginally higherBIC if maternalgeneticeffectswere omittedfrom
themodelaltogethefk D 5063). 1t emphasizethatthedatadid notsupportan
accuratepartitioningof maternaleffectsinto their geneticandenvironmental
componentsin spiteof thefactthatit containeda sizeablenumberof records
for calves born after embryotransfer[26], which were expectedto reduce
samplingcorrelationsbetweenthe two maternaleffects. Such patternsof
variation as suggestedy modelsk D 5163 or k D 5063, however, clearly
disagreedith univariateanalysesndor expectationsbasecn themultitude
of analyseseporting estimatesof maternalgeneticvariancesfor birth and
weaningweights available in the literature. Hencemodelk D 5263 with
slightly higher BIC and 49 parametersvas consideredmost appropriatefor
PH, andtreatedas best in thefollowing.

Cubic variancefunctionswere selectedo modelchangesn measurement
error varianceswith time, again basedon preliminaryanalyseq423]. Initial
comparisondetweera model tting a VF for log.s?/ ratherthans? shoved
the latter to be advantageoughigherlogL ). Hencefurther analysesvere
carriedout tting acubicVF for s2.

3.1. Covariance functions

Estimatesof covariancematricesbetweenRR coefcients (Kq for Q D
A; M; R; C) and correspondingorrelationsare summarisedn Tablelll for
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k D 5263for PHandk D 5062for WOK. Theresultingcovariancefunctions
(Oq, see(3)) aregivenin TablelV. In all casesinterceptsof the polynomial
regressionsvere most variable, and there were strong positive correlations
betweenthe interceptand the linear coefcient. Corversely correlations
betweenthe interceptand the quadraticregressioncoefcient were negative
exceptfor K 5 for WOK, rangingfrom moderateo high.

StrongcorrelationdbetweerRR coefcients causedneeigervalueof estim-
atedcovariancamatricedor direct,permanenervironmentakffects(K g) tobe
essentiallyzero. Fitting bothmaternakffectsfor PHresultedn anestimateof
Kwm with onenggligible eigervalue. The rst eigervaluefor all CF dominated
throughoutjndicatingthatalargeproportionof thetotal variationis explained
by the rst eigenfunctiorof eachCF.

EstimatedvF for measuremerdrrorswere

. . . 2 . 3
s? D 8:9047 1C 1:427G; C 2:3629 a; “ C 1:3762 g
and
: : : 2 4 3
s? D 11:9729 1C 1:4356; C 1:0105 g 0:0794 g

(in kg?) for PH (k D 5263)andWOK (k D 5062),respectiely.

3.2. Geneticparameters

Estimatesof variancecomponentdor the agesin the dataare shavn in
Figure3, for boththebestmodelasdeterminedy BIC andby AIC andlogL .
Correspondin@stimate®f geneticparameteraregivenin Figure4.

Estimate®f variancecomponentfollowedasimilarpatterrfor bothbreeds,
but differedin magnitude. Direct componentsvere consistentlyhigher for
WOK thanfor PH. Therewaslittle differencein valuesfrom the bestmodel
(k D 5263for PH andk D 5062for WOK) andthe modelselectedusinga
LRT or AIC (k D 6463andk D 6064, respectrely). Differencesn estimates
betweerthetwo modelswerelargestfor s,%,l in PH, wheretheorderof t was
reducedrom acubicto alinearregression.

Estimate®f s, s ands2 shavedreasonablegreementvith correspond-
ing univariateestimatesexceptfor s in PH. For bothbreedsestimate®f s3
from RR modelanalysesvereconsistentlyhigherthantheir counterpartérom
univariateanalysesincreasinglysowith increasingage. This discrepang was
slightly largerfor PHthanWOK, presumablydueto higherestimatesf s2.

Heritability . Estimatesof s3 increasedessthans? for the rst 120days,
resultingin adecrease estimatesf thedirectheritability (h?) afterbirth, with
aminimumfor bothbreedsatabout100daysof age.For WOK, estimate®f h?
shaved goodagreementvith their univariatecounterpartsFor PH, however,
estimatefrom RR analysesvere consistentlyhigherexceptat birth, dueto
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Figure 3. Estimatef phenotypids3), directadditive-genetiqs3), directpermanent
environmental(s3), maternalgenetic(s?), maternalpermanenervironmental(s2)
and measuremenerror (s?) variances,from randomregression( : Model with
minimum BIC, : Model with minimum AIC) and correspondingunivariate ( )
analyses.
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Figure 4. Estimatesof direct (h?) and maternal(n?) heritabilities, and direct (p?)
andmaternal(c?) permanenernvironmentaleffectsfrom randomregressioranalyses
( : Model with minimum BIC, : Model with minimum AIC) and corresponding
univariateanalyseg ), for PolledHereford(left) andWokalup(right).
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higherestimate®f s3. In partthis might be explicableby increasecampling
variationin the moredetailedmodels(G2) tted. Whencomparingestimates
of h? for PH from modelsG1 (not shavn), resultsfrom the differenttypesof
analysesagreedalmostaswell asfor WOK.

Repeatability. Direct,permanengénvironmentakffects( p?) explainedonly
aboutl2%of variancen birth weights but increasedteeplyin the rst month,
reaching32% (PH) and45% (WOK) at 31 daysof age. For WOK, estimates
of p? increasedurther, reachings3%around3 monthsof age while estimates
for PH increasedslowly, reachinga value of 38% around8 months. The
increaseandsubsequerdeclinein estimateof p? for WOK betweerabout2
and6 monthsof agewasabsentn PH, suggestinghatsamplingvariationin the
partitioningof thebetweeranimalvariationinto its geneticandenvironmental
componentsnay have contriutedto overestimatef sz andh?,

Estimateof the repeatability(t D h? C p?, not shavn) exhibited markedly
lesschangeswith agethanh? andp?. This is again indicative of a negative
sampling correlation betweendirect geneticand permanentervironmental
effects. For both breeds,t pealed at about one monthsof age (65% for
PH, 82%for WOK), declinedto a minimumof 57%at about4 monthsfor PH
and77% at 5 monthsfor WOK, andthenincreasedagain to 62% (PH) and
80% (WOK) at 8 monthsof age.

Maternal effects Maternaleffects were considerablymoreimportantin
PHthanin WOK. Estimatef s2 for PHwereconsistentlytargerthanof sZ,.
Valuesfor ¢ D s2=s3 increasedsteadilyfrom birth to about3 (PH) to 4
(WOK) monthsof age,being highestwhendirect geneticeffectswere least
importantanddecreasinglowly from there.Smallincreases estimatesfter
day 250wereaccompaniethy correspondingleclinesin estimatesf s3, pre-
sumablyre ecting reducedariationfor theseageswith few recordgcf. Fig. 1).
Estimatef the maternalgeneticheritability (m?) for PH variedlittle over the
rangeof agesconsideredand shaved reasonablegreementvith estimates
from univariateanalysesAs for ¢?, anincreasen estimatesfter 250 daysof
agewasconsideredo be anartifactof adecreasén s2 dueto smallnumbers
of records.

3.3. Correlations

Estimate®f directgenetidr,), directpermanenervironmentalrg), mater
nal genetic(ry), maternalpermanenernvironmental(rc), andphenotypidrp)
correlation@amongheagesn thedatafor PH(k D 5263)areshavnin Figure5.
Whilst variancecomponentgor individual effects differed markedly for the
two breedspatternsof correlationaverevery similar. Taking correlationsas
depictedn Figure5 (2-dayintervalsfrom 0 to 10days,5 dayintervalsfrom 10
to 280days)andconsideringhe lower triangleof the correlationmatrix only
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Figure 5. Estimatesf direct additive genetic(r), direct permanenenvironmental
(rr), maternaladditive genetic(ry), maternalpermanentervironmental(rc), and
phenotypidrp) correlationgor PolledHereford( tting k D 5263with v D 3).

yieldedl1 770valueswith averagesquaredlifferencesn estimateaorrelations
of 0.0025for ra, 0.0020for rg and0.0013for rp.

Genetic Correlations Additive geneticcorrelationsdecreasedteadily
with increasinglag in age yielding a rathersmoothcorrelationsurface
to a minimum betweenbirth and 280 days of 0.60 for PH and 0.70 for
WOK. Previous,bivariateanalysegonsideredbirth andweaningweights with
averageagesat weaningof 211 and214 daysfor PHandWOK, respectiely.
Estimate®fr,fromananalysistting bothgeneticandernvironmentamatenal
effects(Model G2) were0.69for PHand0.74for WOK [26]. Corresponding
estimatedrom the RR analysisat averageagesagreedclosely with 0.67and
0.71for PHandWOK, respectrely. Similarly, correspondingstimatef rp
were0.51(PH)and0.54(WOK) for previous,bivariateanalysesnd0.53(PH)
and0.55(WOK) for RR analyses.

Permanent ervironmental correlations. For mostages,estimatef rg
decreasedganin with increasingime betweerrecordscorrelationforming a
planedescendingteadilyfrom the diagonalridge at unity. For both breeds,
however, therewere spikes atthecornerscorrespondingp theveryyoungest
and very earliestages. Presumablythis was due to numericalproblems
RR tted for this randomeffect involved agesto the power 5. Higher order
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polynomialsarenotoriouslyproblematidn this respect.Problemsareexacer
batedin areasinvolving fewestpairsof recordsand furthestfrom the mean.
CFshave previously beenobseredto misbehave attheextremesof theages
considered15,22,24], especiallyathigher in particularunnecessarilfigh
ordersof polynomial t.

Sizeablevariancesf higherorderRR coefcients for permanenerviron-
mentaleffectsdueto animals(Tah 11l) suggestedhoughthatthe orderof t
of k D 6 for this sourceof variationwasnot excessie. This wascon rmed
by a substantiatlecreasén logL whenreducingthe orderof t to a quartic
polynomial(seeTah II: k D 5253vs. k D 5263for PH andk D 5052vs.
k D 5062for WOK). Whilst a strongerassociatiorbetweenearly post-natal
weightswhich wereleastsubjectto maternalkeffectsandweightsat the latest
ages,representingnostly post-weaningecords,than with the intermediate
weightsis percevable,estimate®f rp did notshaw this patternjndicatingthat
the spikeswereanartifactof combinedeffectsof samplingvariation,reduced
variationat the highestages)ow numbersof recordsfor pairsof extremeages
andhigh ordersof polynomial t.

Maternal correlations The meansquaredifferencein estimatef per
manenenvironmentamaternatorrelationgrc) betweerbreedscalculatedas
above, was0.0037.Estimatesf ry for PHweremoresimilar to estimate®of
rc in WOK thanthoseof r¢ (in PH). Whenpoolinggeneticandervironmental
covarianceestimate$or PHandcalculatinganoverallmaternatorrelationthe
meansquaredlifferencewith rc for WOK wasreducedo 0.00085.Estimates
of maternatorrelationgormedaplateawcloseto unity from abouttwo months
of age(onemonthfor rc for PH), indicatingthat maternaleffects on weight
from thatageonwardswereessentiallyidentical. Estimatesf ry andrc (for
PH) betweenweightsat birth and211 dayswere 0.57 and0.66, respectiely,
comparedo valuesof 0.48and0.69from previousanalyse$26].

3.4. Additional analyses

As shavnin Figuresl and2, calvestendedo grow almostlinearlyup about
8 monthsof agewith correspondinglyncreasingrariancesHenceresultsrom
RR analysesvhich suggestedhat quartic or even quintic polynomialswere
necessaryo modelgrowth till just afterweaningweresurprising. Additional
analysedor subsetf PH recordswere carriedout to investicate possible
causedor this phenomenon. Restrictingagesin the datato 250 daysand
omitting ary weightsrecordedafterthe actualweaningdate(19399records),
however, did not yield a reductionin the orderof t required. Scaledvalues
for logL (C41400)andBIC ( 83000)were 56:3 and91:1 for k D 5263,

147.9 and2156 for k D 5253, 2138 and2986 for k D 4253, 2684 and
3590 for k D 4243, 1132 and1169 for k D 3263,and 2816 and3464
for k D 3243, respectrely. Estimatesof variancecomponentsand genetic



Covariancefunctionsfor earlygronth 507

parameterfor k D 5263werevirtually identicalto thosefor thecompletedata
setup to 200 days. Between200 and 250 days, estimatesof s2 somevhat
lower, peakingat about250kg? around230to 250days.

Eliminatingbirth weightsandweightsat very earlyageqprior to 14 daysof
age)in addition,reducedhedatato 16438recordson2 863animals.However,
it still did not allow the overall orderof polynomial t to bereduced.Scaled
valuesfor logL andBIC were8:0 and54:2 for k D 5263, 994 and1634 for
k D 5243, 430and4699fork D 3263,and 191:2and2607 for k D 3243,
respectiely, i.e. differencesin information criteria betweenk D 5263 and
modelswith lower ordersof t were somevhat reduced. Variancesfor the
fourthand fth RR coefcient for A andthe fth RRfor R wereconsiderably
lower thanin the completedata(seeTah Ill), rangingfrom 0.5to0 0.8. An
analysisfor k D 5263 but omitting the fourth coefcient for A andthe fth
coefcient for R reducedthe numberof parameterso 38, which decreased
logL to 226 butreducedIC to 9.9. Omittingthe fth coefcient for R for
modelk D 3263,however, did not prove advantageou$BIC 174.2),indicating
that the quartic coefcient for A accommodatedomevariation dueto the
omittedquarticcoefcient for R in theformeranalysis.

Estimatesof sz for this subsetwere consistentlylower than found for
analysedncluding birth weight records,and up to 180 daysof ageagreed
considerablybetterwith univariateresults. Estimatesof the othervariances
werelittle changedwith a slightincreasdor the maternakcomponentst the
youngerages.Thisresultedn somavhatlower estimate®f s2. Nevertheless,
from 180 days onwards s3 estimateswere still markedly higher than for
univariate analysessimilar to the patternobsened for WOK. As shavn in
Figure6, thisyieldedmarkedly changedheritability estimatesin particularfor
theyoungestiges.Similarly, estimate®f m? andc? (notshavn) wereslightly
increasedin particularfor c? betweer80and130daysof ageestimatesor the
subsetagreedvery closelywith correspondinginivariatevalues. Therewas
little differencein h? estimategor modelk D 3263andk D 5263,suggesting
thata quadraticregressiormight sufce if birth weightswereexcludedfrom
the RR analysis(or perhapsncludedin a bivariateanalysiswith birth weight
asactrait with singlerecordsanda RR modelfor weightsat otherages).

Yet,thereappearetb beconsistenthigherorderervironmentalariationfor
directeffects. Thedataoriginatedrom aresearclstationwith ahighly seasonal
patternof rains andthus pastureavailability, winter rainsbeingfollowed by
almostcompletesummerdroughts. As emphasizedbore, onsetof summer
conditionsvariedbetweeryears with weaningdatesvaryingaccordinglyfrom
early Novemberto early Januarywhilst calving datesremainedconstant.As
notedfor theanalysiof matureweightrecorddor cowvsin thisexperimentana-
lysis within contemporangroupsremovessystematiaifferencesn weights,
but notnecessarilglifferencesn seasonallynducedvariation[25]. It hasto be
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Figure6. Estimate®f directheritabilityfor PHfrom randonregressioranalysesvith
k D 5263for all records( ), recordsup to 250days( ), andrecordsfrom 14 250
days( ), respectrely, with k D 5263omitting selectedseetext) coefcients (4 ) and
k D 3263(N) for recordsrom 14 250 days,andunivariateanalyseg ).

assumedhatthevariationin higherorderRR coefcients for direct,permanent
ernvironmentaleffectssimilarly re ects differencesn seasonalariation.

4. DISCUSSION

4.1. Parameter estimates

Whilst thereis aplethoraof studiesconsideringgeneticparameterfor birth
andweaningweightsin beefcattle(see for example[17,29] for reviews), post-
natalweightstill weaningareseldomexamined.Distinct differencesetween
breeddn theimportanceof maternakffectshave beenreported.In particular
permanenernvironmentaleffectsin Herefordsareoftenfoundbealmosttwice
asimportantthanin otherbreeds estimatesof ¢? for weaningweightin the
20%to 30%rangebeingcommon.

Resultsdentify similar breeddifferenceswith estimatesf c? for PHabaove
20%betweent0 and230daysof age,while estimategor WOK wereconsid-
erablylower. Breeddifferencesn theimportanceof maternalervironmental
effects appearto be mostimportantduring the rst 5 months. Moreover,
highestvaluesfor ¢? occurearlierfor PH (around2 4 monthsof age)thanfor
WOK (aroundd 5 months).Largematernakffectsin Herefordsarecommonly
attributedto limited milk productionin this breed.Means( SD)for 14-hour
milk productionmeasuredby theweigh-suckle-weigimethodin Augusteach
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year i.e. atanaverageageof calf of aboutd monthswere3.6( 1.6) kg for PH

and4.9( 1:9) kg for WOK [27]. It hasbeenspeculatedhatthe substantially
larger maternaleffectsin Herefordsaredueto an earlierdeclineof lactation
curvethanin otherbreeds DifferencedetweerPHandWOK in ageatwhich

highestc? estimatesverefoundareconsistentvith suchhypothesis.

A seriesof univariateanalyseof early weightsin Brazilian Nelorecattle,
basedon large numbersof records,identi ed similar trendsin estimatesof
geneticparametersln particular therewasa correspondingleclinein direct
heritabilitiesafterbirth anda peakin the importanceof maternalkeffectsprior
toweaning2]. Estimateof n? variedlittle from 2 monthsof agetill weaning.
Ignoringaslightincreasefter250days,n? washighesiatweaningjndicating
thatweaningweightrecordedat about200 daysof agerepresentethe most
heritableselectiorcriterionfor maternakbility.

High orderpolynomialregressionsvererequiredto modelchangesn vari-
ability with ageadequatelyin particularfor direct, permanenervironmental
effects. It wassuspectethatthiscouldbedueto thefactthataproportionof the
latestweightsrepresente@ost-weaningveights,but eliminatingsuchrecords
did not yield to a reductionin orderof t necessartyOn the otherhand,low
orderpolynomialregressionsare known to provide a poor t for trajectories
with asteepnitial increasavhichthenlevel off to approaclanasymptotesuch
asgrowth curves([5], p. 102). Whilst the partof thegrowth curve considered
here(birth to weaning)wasstill far from theasymptoteepresentetly mature
weight,thisintrinsicbehaiour of polynomialregressionsnayhave contrituted
tothehighorderof t needed.

Problemswith overestimatesf additive geneticvariancesvereapparentor
PHbut notWOK whenbirth weightswereincludedin theanalysis.Bothherds
weremanagedn thesameway andbothdatasetshada similar structure Why
suchproblemsshouldarisefor PH but not WOK is notclear

4.2. Model selection

There has beenconcernthat use of LRT to determinethe best model
to t the datamight favour overparametrisednodels. This leadto the use
of informationcriteria sometimeslsoreferredto aspenalisedikelihoods
whichadjustfor numberof parametersstimatecindsamplesize. As shavnin
Figures3 and4, estimate®f variancecomponentandgenetiqgparameterfom
modelsselectednthebasisof BIC differedonly little from thoseobtainedoy
modelswith thesigni cantly highestogL (or minimumAIC) while reducing
thenumberof parameterby 17for PHand13for WOK. ThissuggestthatBIC
or relatedcriteriashouldbe employedratherthanLRTsin selectingnodelsfor
randomregressioranalysesnvolving multiple randomeffects.
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4.3. Alter native models

Resultsindicate that a relatively high order of t is requiredto model
individual variationin growth to just over 9 monthsof agethroughregression
on orthogonalpolynomials. Separatiorof direct and maternal,geneticand
ernvironmentaleffectsrequiredasmary asthreeto four randomeffectsto be
considered Fitting a quadraticto quintic polynomialfor eachandestimating
thecorrespondingovariancesmongRR coefcients resultedn alargenum-
berof parameter$o be estimated Consequentlycomputationatequirements
for the analysegpresentedvereextensive, mostrequiringweeksto complete.
Furthermoreproblemsof samplingvariationandcorrelationandin separating
individual componentsvereevident.

Whilst capableof modelling variationin gronth adequatelypolynomial
regressionsmay not be the most appropriatefunctions. Standardgrowth
curnves,e.g. GompertzZunctionsor Brody's curve, however, aremoresuitable
for dataincludingmatureweightsandoftendon't t well earlyin life. Future
researchshouldinvesticate alternatve, more parsimoniougnodels. On the
one hand, thesecould include parametriccurves (linearisedif applicable)
or splines, similar to applicationsto model test day yields in dairy cattle
(see[4] and[42], respectiely). On the other hand,there may be scopeto
reducethe numberof parameterby modellingthe within animal,permanent
ervironmentalcovariancestructureinvoking a parametriccorrelationfunction
describedy oneor two parameterf conjunctionwith avariancefunctionto
allow for heterogeneousriancege.g. [6,32,33]).

5.CONCLUSIONS

Randonregressiormodelsallow changesn traitsandtheir variancesver
time to be modelled,andthusappearmpreferablefor the geneticevaluationof
beefcattleover the currentmultivariateapproactwhich, somevhatarbitrarily,
de nesrecordsto be differenttraits for differentrangesin ageat recording.
However, thisrequiresaccuratestimate®f covariancgunctionfor bothdirect
andmaternabeneticeffects. This studypresentea rst attemptatestimating
covariancefunctionsfor maternakffectson early growth of beefcattle.

Randomregressionanalysesof early growth data, separatingdirect and
maternaleffects, are feasiblealbeit computationallyvery demanding. Fur-
thermore analysesvere affectedby numericalproblemsin tting high order
polynomials,andproblemsof estimatinga large numberof highly correlated
parameters.As such,randomregressionanalysesof growth datasubjectto
maternakffectscannotyetberecommendedsaroutineprocedure.

Reagressionon orthogonalpolynomialsproved well capableof modelling
changesn the trait analysecandit' s variability with time, althoughan unex-
pectedlyhigh order of t was necessary Variancefunctions provided an
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effective andparsimoniousvay to accommodateneasuremerdrrorvariances
increasingwith age.

Resultsidenti ed breeddifferencesin the magnitudeand peaktime of
importancefor maternaleffects, but very similar patternsof correlations.
Implicationsfor aRR modelgeneticevaluationschemarethatthesemightbe
modelledhroughcommorcorrelatiorfunctionswhilstdifferencesn variances
couldbeaccountedor throughbreedspeci c variancefunctions.
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APPENDIX

Averageinformation (Al) REML algorithmsdescribedin the literature
generallyconsiderthe casewherethe variancematrix (V) of the vector of
obsenationsis linearin theparameterto beestimatedin thatcasederivatives
of V consistof sparsematriceswith non-zeroelementsof unity and, more
importantly secondlerivativesof V arezeroandtheexactaverageof obsered
andexpectednformationis readilycalculated If thisis notthe caseGilmour
etal. [9] suggesto approximatehe exactaverageby a simpli ed average
whichapproximatethesecondieriativesof thedatapartof thelog likelihood
with its expectationlwhichis the sameasymptotically).Computationallythis
is equivalentto ignoring the extra termsdueto non-zerosecondderivatives
of V.

Let R D Diagfs?g denotethe diagonalmatrix of measuremergrror vari-

weightrecordedat agea;. As outlinedin Meyer [20], termsrequiredin an
AI-REML algorithmarethe rst derivativesof R ! andof logjRj. For R
modelledby a VF asgivenin (4) and(5), with a; denotingthe standardised
ageatrecordingfor thei-th obsenation,theseare:

VarianceFunction

2 2 P \ r n 2 P v r Y
Si D So 1C rler'aij/ eXp Sy 1C rler aij
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