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Abstract

Linear-multilevel models (LMM) are mixed-effects models in which severa levels of grouping
may be specified (village, herd, animal, . ..). This study highlighted the usefulness of graphical
mehods in ther andyds through: (1) the dhaice of the fixed and random dfedts and their Srucure,
(2) the assessment of goodness-of-fit and (3) distributional assumptions for random effects and
resduals.

An LMM was developed to study the effect of ewe deworming with morantel on lamb pre-
weaning growth in a field experiment involving 182 lambs in 45 herds and 10 villages in Kolda,
Sad. Gomh wes deibad as a quaddic pdynomid of age Othar covaides wae %, litter-
size and treatment. The choice of fixed and random effects reied on three graphs (1) a trelis
display of mean live-weight vs. age, to select main effects and interactions (fixed effects); (2) a
trdlis dgday of indvidud gowth curves, to decide which gowthauve tems shoud be induded
& random effedts and (3) a sceter plot of parameters of lamb-specific regressions (live-weight vs
quedietic polynomid of agg) to choose the random-effeds covaiance drudure

Age, litter-size, agexlitter-size, litter-size x treatment and age xlitter-size xtreatment were
selected graphically as fixed effects and were significant (p<0.05) in subsequent statistical
models. The selection of random-effect structures was guided by graphical assessment and
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comparison Of the Akaike's information criterion for different models. The find random-effects
selected jncluded no random effect a the village level but intercept, age and squared-age at the

herd and lamb levels. The structure of the random-effects variance-covariance matrices were
blocked-diagonal at the herd level and unstructured at the lamb level. An order-1 autoregressive
structure was retained to account for seria correlations of residuals. Smaller residual variance at
90 days than at younger ages was modeled with a dummy variable taking a value of 1 at 90 days
and 0 elsewhere.

Ewe-deworming with morante during the rainy season lead to higber lainb live-weights
(probably related to a better ewe-nutrition and -health status). A positive correlation was
demonstrated between early weight and growth rate at the population level (with important lamb
and herd-level random deviations). The persistence Of this correation at older ages should be
checked to determine whether early weigbts are good predictors of mature weights and ewe-
reproductive lifetime performance. © 2000 Elsevier Science B.v. All rights reserved.

Keywords: Linear-multilevel growth model; Random effect; Graphical methods; Pre-weaning growth; Gastro-
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1. Introduction

Studies in veterinary medicine frequently measure phenomena repested over time
(such &s liveweights of the same animals). The andyss of these messures as multivariate
outcomes over time is usudly more informative than repeated cross-sectjona studies, eg.
live-weights & given ages or cumulated production data such as 305-day milk yidd for
dairy cows (Grohn e al., 1999). In addition, veterinary studies often rely on multileve
designs, in which a number of units a different leves (for example: villages, herds within
villages, and animals within herds) are sampled. Data arisng from these studies often
have both longitudind and multilevel festures. Mixed-effect models have been usad to
andyze such longitudind and multilevel data appropriately (Diggle et a., 1994). They
provide @ choice Of €ffect type (either fixed or random) depending on study design and
objectives a different grouping levels The statistical properties of linear-multileve
modd s have been well described in recent years (e.g. Goldstein, 1986, 1995'; Pinherro and
Bates, 1996) and different software developed to fit them (Kreft et d., 1994; Littel et dl.,
1996).

Linear-multilevel growth moddls have been applied recently in veterinary sudies (e.g.
Puyalto et al., 1997; Green et d., 1998). However, because of their complexity and the
different inferences that can result from different constructs of fixed and random effects
(McDermott et ., 1997), care must be taken in model specification. Model-specification
issues include the choice of fixed and random effects at different levels and the structure
of random-effect variance-covariance matrices. The recent availability of sSoftware
combining computing tools and graphjcal methods, provides new and intuitive tools for
better exploring the most-gppropriate model structures prior to fitting and in assessng
and comparing fitted models (Pinhero and Bates, 2000).

In thjs paper, we emphasize the use of grgphicd methods as a tool IN model building
and assessment for repeated and multilevel outcomes. As an example, a linear-multilevel
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growth model was developed to study the effect of ewe deworming with morantel on
lamb pre-weaning growth in a fidd experiment in severd herds and villages in Kolda,
Senegd. Graphica and datistical analyses focused on the following objectives. (1) to
estimate the effect of moranted treatment on lamb growth correctly, (2) to derive
population-averaged estimates for lamb growth curves, (3) to evaluate the importance of
lamb, herd and village-level deviations around the populations values and (4) to provide
information on factors influencing liveweight growth in individua lambs under fidd
conditions. The advantages of including graphicd methods in model building and
asessment are highlighted.

2. Materials and methods

2.1. Data

Koldais located in the sub-humid, southem zone of Senegd. From 1983 to 1995, mean
annud rainfdl was 963 mm (mainly occurring between June and November). Means of
maximum- and minimum-dally temperatures were 355 and 20.6°C, respectively. The
landscape was a mosaic of forested plateaus and lowlands cultivated with rice, cotton,
maize, and groundnuts. A detailed description of the farming systems in this area was
given by Faugére et d. (1990). Briefly, the main ethnic group was the Fulani. Crop
farming was the dominant activity but livestock production was widely practiced (cettle,
sheep and goats). Sheep were mainly Djdlonke (a trypanotolerant West African dwarf
breed reared extensvely for meat). Normdly, they were left to graze fredy in the bush
except during the rainy season when they were tied to avoid crop damage. A high
incidence of gastrointestinal helminthoses occurred in sheep during the rainy season
(Tillard, 1991). An abattoir survey reveded that Trichostrongylus colubriformis,
Oesophagostomum columbianum, Haemonchus contortus and Strongyloides papillosus
were the mogt-prevaent parasites in this region (Fritsche et d., 1993).

A field experiment was designed to assess the profitability of deworming sheep flocks
in this zone and was conducted from July 1987 to June 1988. Partid results were
published previoudy (Faugere et d., 1990; Tillard, 1991). Ten villages were sdected
according to agro-ecosystem representativeness and accessibility criteria. Herds
belonging to volunteer farmers were enrolled and dl their animas ear-tagged (Faugére
and Faugere, 1986). Trained surveyors recorded demographic events and growth data
during fortnightly vigts. All 10 villages enrolled in the study were randomly dlocated to
one Of two trestment groups (morantel or control) using a random-number table. Five
villages were dlocated to the morantel group, and five Villages to the control group. Forty-
five herds were included in the experiment: 17 in the control villages and 28 in the
morantel villages. Treatments were gpplied at the village leve. In the morantel-trested
villages, all sheep older than 3 months were drenched three times during the rainy season
with an ord administration of morantel (Exhelm®, Pfizer) at 7.5 mg kg™' liveweight.
No sheep in the control villages and no lamb younger than 3 months in the morantel
villages were given any dewormer. Thus, the trestment-effect on lambs was mediated
through its effect on their ewe.
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In Kolda, lambing digtribution is bimodd, with two peaks from October to December
(end of the rainy season) and March to May (end of the hot, dry season) (Clément et al.,
1997). These two lambing seasons define two cohorts of lambs subject to different
nutritional and environmental conditions under different husbandry practices (Faugere
et a., 1990), dl with possble important effects on live-weight growth. Because the
purpose of this paper was mainly methodological, we decided to limit the study to the
cohort of lambs born from 1 October to 31 December 1987. A more-comprehensive study
of the whole data set will be presented in subsequent papers.

There were 182 lambs with 922 weight measurements in this data subset. At the time of
data collection (1987-1988), follow-up information was checked and stored in temporary
files (Faugere and Faugere, 1993). Weights stored in these files had been adjusted for the
standard ages of 15, 30, 45, 60, 75 and 90 days (raw weights were thrown away). Before
analyss, these files were gathered in a rdationa database (Lancelot et a., 1998). Given
that each lamb was weighed every 2 weeks, little information was lost on the curvature of
live-weight-growth trgjectories. However, because of this standardization, a few weights
(<5%) were discarded. We bdlieve this loss of information had no important effect on our
results, beyond a small decrease in statistical power.

Previous sudies suggested that sex and litter-sze (number of lambs bom) were
important factors to consider for lamb pre-weaning growth (Poivey et a., 1982; Fal et d.,
1983; Tuah and Baah, 1985; Armbruster et a., 1991; Abassa et d., 1992). Thus, sex
(male or femde), litte-gze (Sngle or multiple twins and triplets) and trestment
(morantel or control) were the fixed-effect classfication variables used.

2.2. Data analysis

2.2.1. Craphical analyses

Graphica anayses followed the three-step exploratory data-analysis (EDA) framework
proposed by Cleveland (1993): (1) display the data with respect to its inherent Structure
and the model to be fitted; (2) display the fitted model and check its assumptions and (3)
examine model consstency with the origind deata To enhance visud comparisons of
different varidble combinaions within hierarchicaly structured data, Cleveland (1994)
proposed the method of trellis graphics for which software was subsequently developed
(Becker et d., 1996). Data are displayed on a multi-plot trellis (matrix) of graphs. A
response and an explanatory varigble are on the matrix axes. Conditioning explanatory
varigbles are defined and each panel (cell) within the matrix shows the response vs. the
primary variables for a unique combination of the conditioning variables. Some features
included to enhance visud comparisons between panels are: (1) ordering graphs by
numerical explanatory variables, (2) sandardizing axes vaues across pands, (3)
including grids, and (4) labeling the panels using drip labes For this example, both
mean and individud growth curves within different sex, litte-gze and treatment
categories were displayed graphicdly. This was first done for all the data and then for
individud village and herd-within-village drata to assess the consstency of the mean
growth rates and their variability within each explanaory variable category graphicaly
by village and herd (e.g. visudly comparing the mean growth rates of lambs by sex and
litter-Sze class among the five trestment and five control villages).
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2.2.2. Linear-multilevel growth model

The linear-multilevel gromth model is an extendon of the mixed-effects modes
described by Rao (1965) for growth curves and by Lard and Ware (1982) for
longitudind-data andlysis. The model was specified according to the notation of Pinheiro
and Bates (2000), as follows. The highest grouping level (leve 3) was lamb with
subscript k. The intermediate level (level 2) was the herd with subscript j. The lowest
grouping level (levd 1) was village with subscript .

The model for the kth lamb within the jth herd within the ith village was

Yik = XiB + Zijwbi + Zijibij + Ziyebyi + €ijk,
i= 1. ..M -1 ,..., M, k=1,..., My, b ~N(0,Z),
bj ~ N(O, Z2), by ~ N(0, Z3), e;jkrvN(O,ozA,-jk), (1)

where

o M is the number of villages =10 in this study.

o M; is the number of herds in village i: Z M;= 45.

« M, is the number of lambs in the herd j in tbe village i: 21—1 e lM,, = 182

o Yy IS avector of weghts for animd k in herd j and village i, with the vector length
=n;; and ZM M S = 922 live weights This model (and related fitting
agorithms) is appropriate for unbalanced data (Laird and Ware, 1982). It does not
make any resriction on the number of weights per lamb (), nor on the spacing
between measurements. In this anaysis, sandardised live-weights were used because
of data avalability (not because of limitations in method or software).

o X isan nyxf desgn matrix for the fixed effects, where f is the number of fixed

effects.

B is a vector of coefficients for the fixed effects, with length of f=f.

o Ziji Lijg, and Zy, are design matrices for the village-level, herdHlevel and lamb-level
random effects, respectively. Their dimenSons ae npXryiage, MijkXTherd, N
Rijk * Namb, TeSPECEVely. Tvitages Therg AN Tigrp A€ the number of random effects a
the village, herd and lamb leve, respectively.

o bi, by and by are random vectors of coefficients for the village-level, herd-level, and
lamb-level random effects, respectively. Ther lengths are ryjages Thera @0 Famb,
respectively.

. Xijkﬁ + Z,‘J‘kb,' + Zij,kbij + Zijkbijk is the linear prGjICtOI' with its fixed (XUkB) and
random (Zijb; + Zyxbi + Zuby) pats. The fixed predictor gives the population
means, While the random predictor represents the deviations around these means, with
village, herd and lamb components (Z; ib;, Z;j by and Zycby;, respectively).

o X2y, Xy, Zyand Ay are variante-covariance marices for the village, herd and lamb-
level random effects, and for residua error, respectively. These matrices are square and
symmetric With ranks Iyitages herds Mams aNd ny, respectively. For computationa
reasons they must be positive-definite, i.e. their eigen values must be strictly postive
(Pinheiro and Bates, 2000). When needed, further constraints can be imposed to get
more paramonious matrices, such as diagond or block-diagona matrices. Each term
on the diagonal (variance) or off-diagona (covariance) is a random parameter,
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esimated by a complex, computetiondly intensive and iteraive process. An important
role of graphicd andyss is to guide the specification of an explanatory but
parsmonious random-effects dructure. If resdud autocorrdaion exids, it can be
parameterized by A, containing a set of parameters p (Diggle et d., 1994). Again,
fitting agorithms are dow and subject to convergence problems, because a strong
numerical competition occurs during the fitting process between X- and /I-matrices
parameters (Davidian and Giltinan, 1995). Graphicd andyss can play a key role in
highlighting whether both autocorrdation and/or covariance parameters are required
and in what model form.

. ¢ isthe vector of residua variance. Additional parameters, 1, to alow for non-constant
variance over the growth period can be considered. Again, as for the estimation of
- and /i-matrices described above, graphical andysis can be very vauable.

Modds were fitted usng the redricted maximumlikeihood (REML) method
(Patterson and Thompson, 1971). Models with identical fixed effects — but different
random effects — were compared according to the Akaike's Information’s Criterion
(Akaike, 1974), where AIC=-2 X log-likelihood+2 X npar, with npar being the number of
fixed and random parameters in the model. Model likdibood (which is dways higher
when adding new parameters) is penalized by the number of parameters estimated. AIC is
thus a trade-off between maximizing likdihood and minimizing the number of
parameters to be estimated. The AIC is increasingly used in regresson andyss (eg.
Venables and Ripley, 1999, pp. 185-188). Using this formulation of the AIC, the model
with the smalest AIC was retained.

2.2.3. Modeling strategy

Growth curves were fitted by polynomids of age, which is a common practice in
growth andysis (e.g. Rao (1965) or Lee (1991) for theory, van der Leeden et a. (1996)
for a comparison of methods and software, and Green et al. (1998), Orji and Steinbach
(1981) for applications). Fixed effects (man effects and interactions) were chosen
according to a trellis display of liveweight means against age, given sex, litter-sze and
treatment. A visua inspection of the shape of the average-growth curves determined the
order for the age polynomid. Main effects and interactions were sdlected based on visible
between-group differences in growth-curve intercepts and slopes. Particular attention was
paid to assess differences in dopes (growth-rate differences) among the different pandls,
reveding two-way (and possbly higher-order) interactions with age. These graphicaly
chosen fixed effects were retained in subsequent random-structure selection Steps.

Trelis displays were dso used to assess village-, herd- and lamb-leve random effects.
As afirgt step, mean growth curves for each sex and litter-Size category were compared
between treatment and control villages and herds within villages for consstency of effect.
Individud-live-weight trgjectories were then plotted for each combination of sex, litter-
gze and trestment for all the data and then for individud village and herd-within-village
drata. Variations in growth-curve shapes, intercepts and slopes were examined to select
possible random effects.

A number of methods were used to assess patterns of correlation graphically over the
growing period. First, ordinary least-squares (OLS) regressions were performed on each
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lamby; Jive-weight was the response and a polynomia of age (plus the intercept) was the
explanatory variable. Thus, g+1 parameters were estimated for each lamb, where g was
the order of the polynomia (e.g. three parameters for a quadratic polynomia Of age: the
intercept and linear and quadratic parameters). Scatter plots of the OLS parameters were
used to assess the variability of each parameter and the between-parameter correlation.
Plots for each village and herd were dso congtructed and compared. These indications
were used to specify the random-effects covariance structure for the matrix 23 and
whether it might vary for different villages and herds.

Second, plots of the empirica autocorrelation function (Diggle, 1990, pp. 34-44) were
used to check the serid correaion of the resduas. Mogt likely correlation structures
(matrix A theresdud variance) were chosen for further investigation according to these
plots.

Third, the need for an even more complex resdud variance sructure (alowing for
variance terms to vary over the growth period) was assessed using plots of residuds vs.
fitted vaues and resduds againgt explanatory varidbles.

The results of these grgphical comparisons and the number of observations a each
level helped to define the strategy for comparing specific random-effects structures at
different levels. Because most observations were avalable a the lamb leve, more-
complex random-effect structures suggested as necessary by graphica andyses could be
fitted initidly and then subsequently assessed for possble smplification. For village- and
herd-level random-effect Structures, fewer observations were available. Thus, parameters
that were considered to be important based on graphical analyses were tested by adding
them to null modds induding common village and herd correlation terms. In each case,
the AIC was used to compare different random-effect structures.

Once the random-effect structure was established, the significance of the fixed effects
was assessed (with F tests) and approximate confidence intervas parameters were
obtained (usng a norma gpproximation to the didribution of the REML estimators)
(Pinheiro and Bates, 2000). Plots of observed vs. fitted vaues were drawn to check the
goodness of fit. Norma distributional  assumptions were checked with quantile—quantile
plots (Cleveland, 1993).

3. Results
3.1. Model structure

3.1.1. Selection of fixed effects for subsequent modeling

The number of lambs in each sex, litter-size and trestment category are liged in
Table 1. Sample-mean liveweght growth curves (for each combinaion of the
explanatory variables. age, sex, litter-9ze and trestment) were plotted as a trellis display
in Fig. 1. Mean curves had ample shapes that were well fitted by linear or quadratic
(mogly for lambs bom in dngle litters) polynomids. A quadraic polynomid was
retained to model the age-live-weight relationship in subsequent regression analysis. Sex
of lambs was not associated with growth, in any litter-size or trestment category. A litter-
Sze effect was observed in each treatment group, both for intercepts (man effect) and
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Table 1
Number Of lambs in each of the main cross-classification strata (182 lambs bom in 45 herds and 10 villages in
Kolda - Senegal, between October and December, 1937)

Sex Litter-size' Treatment Number of lambs
Female Snge Control 12
Morantel 29
Multiple Control 18
Morantel 26
Male Snge Control 22
Morantel 41
Multiple Control 15
Morantel 19

¥ Qixty-eight twin and 10 triplet lambs were combined in the “multiple’ category.

dopes (agexlitter-9ze interaction). For Sngle lambs, mean growth curves were smilar
for lambs in the control and morantd groups However, for multiple lambs, the dope was
higher for the morantel then for the control groups. Beceuise the intercepts (liveweight
a 15-day of age) were dose and the dopes differed, there was evidence for an agex
litter-gzextreatment  interaction. We dedided to retan age, litte-9ze and trestment
man effects and age Xlitter-gze, litter-9ze xtreatment and age Xlitter-9ze xtreatment

Morantel H-H-% Contro]  0-0-0
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Fig. 1. Mean liveweight growth curves for 182 Djallonke lambs born in 10 villages in Kolda (Senegaf) between
October and December, 1987. The strip labels at the top of each panel indicate the sex (male Of female) ad the
litter-5ze (Sngle or multiple) categories.
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Fig. 2. Individual liveweight gmwth curves for 182 Djallonke lambg born in 10 villages in Kolda (Senegal)

bctween October and December, 1987. The drip labelsat the top of each panel indicate the sex (male of female),
the litter-size (single or multiple) and the treatment (contml or Morantel) categories.

interactions as the fixed effects. The agextreatment interaction was dso included because
of the presence of the second-order interaction (agexlitter-sizextreatment).

3.1.2. Selection of random effects for subsequent modeling

Individua growth curves were plotted on a trdlis display (Fig. 2). Mogt of the
individua curves had smple pattems. A large variation was observed for the 15-day live-
weight (indicating thet a random intercept should be included). Few individua growth
curves crossed each other (showing that small lambs tended to stay small and large lambs
large). This observation and changes in variance with age suggested that random dopes
should be included (as well as covariance parameters between intercept and dopes).

A trellis display of herd-averaged growth curves (not shown) reveded similar pattems
asin Fg. 2 (supporting further investigation of herd-level random intercepts, Sopes and
covariance parameters). Within-village herd-averaged growth curves were plotted as a
trellis digplay (Fig. 3). This graph shows that while patterns of growth across villages
were roughly similar, mogt villages hed very few herds. Thus, it was difficult to
diginguish village from herd vaiability and village and herdwithin-village andyses
would Jack power (a common difficulty in multilevel studies).

The scatter plots of OLS parameters (Fig. 4) showed large variations of the parameters
on their own scale. A strong positive correlation was found between the intercept and
linear age. Negetive correlations were found between linear and quadratic age as well as
between intercept and quadratic age. For these reasons, 7 (the lamb-level random-effects
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Fig. 3. Within-village, herd-averaged growth curves for 182 Djallonke lambs bom in 10 villages in Kolda
(Senegal) between October and December, 1987. The strip labels at the top of each panel indicate the village
(e.g. DEM) and the litter-size (single or multiple) categories. The Upper-case letter in the top, left corner of each
panel stood for the treatment category: C, control; M, morantel.
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Fig. 4. Scattcrplot display of correlation between ordinary-least-squares parameters. An OLS regression was fitted
for each lamb, with live-weight as the response and aquadratic polynomia! for age as the explanatory variable (plus
intercept). The resulting parameters (intercepf linearage and age2) were used for the scattcrplot. The unit forage was
a 15-day period. A regression line and the corresponding R® value were added to each plot to improve visual
perception of the correlation. One large outlier (parameter for age?=—0.6) was removed before plotting.
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variance—covariance Mmatrix) was dlowed to follow an ungructured pattern (with
variances for the intercept, age and squared-age on the diagond, and covariances
elsawhere (Sx parameters in totd: three variances and three covariances)).

Because of convergence problems, we started with a rather Smple random structure.
An initid model (fixed effects as described in Section 3.1 .1, X5 as described above and
random-effect intercept-only terms for village (Ci) and herd (25)) had an AIC value of
1215.26. In agreement with the graphical assessment (Fig. 3), removing the village-leve
random effect reduced the AIC (AIC=1213.26) very little, indicating that a village-leve
random effect explained very little of the varidbility in growth. A blocked-diagond
matrix 2, was selected, with a covariance between intercept and age and no covariance
between age and squared-age, nor between intercept and squared-age. This herd-level
random structure provided a better fit than random-effect intercept-only, or unstructured
(intercept, linear and squared-age) structures (AIC=1188.16 vs. 1213.26 and 1190.40,
respectively). The lamb-leve matrix X5 was left unchanged.

Residuals autocorrel ation was observed at lags 1 (15 days apart), 2 (30 days apart) and
4 (60 days apart) (Fig. 5, Ieft plot). The perfect cor-relaion & lag O is trivid but is
conventionaly displayed to give a better visual perception of the Y-axis scale. After trying
a vaiety of possble serial cor-relation structures, an order-1 autoregressve [AR(D)]
cor-relaion structure was retained (AIC=1141.01) on the basis of AIC improvement and
better autocorrelation pattern (in some cases, AIC was smaler than with AR(l), but plots
of the autocorrelation function revesled disastrous cor-relation patterns). The AR(1)
parameter was an estimate of «; in the following eguation:

Tijkt = C1Tijks—1 + &,

where r; ., and 7, ,—; were the residuds a t and t-l, respectively, and ¢, was a white-
noise process with zero mean and finite variance o (Diggle, 1990). Some cor-relation
remained in the resduds a lag 1 (Fig. 5, right plot).

An ingpection of the variation of resduds as a function of age (not presented) showed
that the vaniance of resduas was smaler a 90 days than a younger ages. Thus, adummy
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Fig. 5. Plots of the autocorrelation function for no corrdaion and AR(l) correlation structures for the linear-
multilevel live-weight growth mode!l of 182 Djallonke lambs bom in 10 villages in Kolda {Senegal) between
October and December, 1987. The dotted lines showed the 95% confidence band for the autocorrelation. Bars
putside the band indicated a significant autocorrelation for the residuals a this lag.
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Fig. 6. Observed vs. fitted values for the linear-multilevel live-weight growth model of 182 Djallonke lambs

bom in 10 villages in Kolda (Senegal) between October and December, 1987. The scales were different for cach
panel. Points on the bisecting line occur when the model predicts the weight observed.

varigble was created, taking the values of 1 for age=90 days, and O esewhere. This
variable defined two drata for which separate residual standard errors were estimated.
The fit of the resulting model was dightly better than a model with a single resdud error
(homoscedastic model) (AIC: 1140.28 vs. 1141.01, respectively).

3.2. Model diagnostics

The goodness-of-fit of the model (fitted live-weights vs. observed live-weights at each
weighing age) is presented in Fig. 6. Because liveweight showed a large variation with
age, the scales were alowed to vary from panel to panel, to get a better visual perception
of the correlation. As expected, the fit was better at 90 days than at any other age.
However, no systematic deviation from the bisecting line was observed and the overal
goodness-of-fit gppeared good. Quantilequantile plots (hot shown) demondrated no
unusua resdud patern that might have caused us to reject the normal-distribution
assumptions.

3.3. Numerical results

3.3.1. Fixed effects

Fixed-effect parameters estimates are listed in Table 2 and the population-averaged
growth curves displayed in Fig. 7. A comparison of these results to those found in other
West African studies for 90 days live-weight in Djalonke lambs is presented in Table 3.



Table 2
Fixed effects estimates and confidence intervals for the linear-multilevel growth model of 182 Djalonke lambs
bom in 10 villages in Kolda (Senegal) between October and December, 1987

Fixed effect Estimate 95% confidence interval® p (F test)
Lower limit Upper limit

Intercept 3.70 3.43 3.97 p<l0”?
Age® 164 1.45 1.83 p<107
Age®™ -0.09 -0.12 -0.06 p<10
Litter-size® -1.10 -1.45 -0.76 p<i03
Treatment® -0.13 -0.47 0.22 0.47
Agex litter-size -0.74 -0.97 -0.51 p<107?
Age® x litter-size 0.06 0.02 0.09 p<l10~?
Age x treatment -0.02 -0.25 0.21 0.33
Age® x treatment 0.03 -0.01 0.06 0.33
Litter-size X  treatment 0.46 0.03 0.90 0.04
Age x litter-size Xtreatment 0.34 0.05 0.63 0.03
Age® x litter-size x treatment -0.05 -0.09 -0.01 0.03

# Normal approximation to the distribution of the REML estimators.

® Age and agc2 were the linear and quadratic terms for age, respectively. Age was expressed in 15-day unit
and the origin was set to 15 days of age.

* Two categories. single (reference) and multiple, the latter combining twin and triple births.

¢ Two categories: control (reference) and morantel.
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Fig. 7. Population-averagcd live-weight growth curves according to litter-size and treatment categories,
predicted from the fixed part of the linear-multileve! live-weight growth model of 182 Djallonke lambs bom in
10 villages in Kolda (Senegal) between October and December, 1987. The strip labels at the top of each panel
indicated the litter-size (single or multiple) category.
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Teble 3
Comparison Of 90-day live-weights observed in different Studies of Djallonke lambs growth in West Africa

Keference Country Method ~ Sample size Mean Birth type

Sngle Multiple

This study (control lambs) Senecd LME* 182 8.2 9.6 6.3
Agyemang et al. (1991) T h e Gambia SM®  NA® 6.8 NA NA
Armbruster et al. (1991) Cote d'Ivoire LME 359 8.4 9.1 77
Charray (1986) Cote d’Ivoire SM 1024 9.8 NA NA
Fall e al. (1983)° Senedl LME 360 8.1 8.7 6.5
Poivey et d. (1982) Coted’Ivoire  OLS® 293 86 10.0 7.1
Sumberg and Mack (1985) Nigeria SM 173 8.8 NA NA
Symoens and Hardouin (1988)  Cameroon M NA 11.8 13.1 9.5
Tillard (1991) Senegd OLS 209 9.5 NA NA

2 Linear mixedeffects mode.

b Sample mean.

¢ Not available.

¢ Spline interpolation from published results.
¢ Ordinary least-squares.

All the fixed effects conddered important in grgphicd analyses were dgnificant in the
find model (x=0.05) and those congdered not important graphicaly (sex and its
interactions with the other explanatory variables) were not significant.

A comparison of the intercepts and dopes of the growth curves of the four important
trestment and litter-Sze categories (dngle vs multiple litterxmorantd vs. control)
(Table 2 and Fig. 7) showed that the higher the intercept, the higher the parameter for age,
and the lower the parameter for squared-age. This latter coeffkient could be considered to
be a growth deceleration parameter.

Average dally weight gains (ADWG,) in grams per day were cdculated from the fixed-
effect estimates (Table 4). Initial differences in ADWG in the [15-30 days) age class were
asociated with parameters related to linear age (agexlitter-size, agextreatment and
agexlitter-szextreatment, see Table 2). Growth rate decreased with age. The higher the

Table4

Average daily weight gains according to litter-size-by-treatment categories, predicted by the linear-multilevel
growth model of 182 Djallonke lambs bom in 10 villages in Kolda (Senegdl) between October and December,
1987 (population-averdged values)

Age class {days) Average daily weght gain (grams per day)

Sngle lambs Multiple lambs

Control Morantel Contral Morantel
| 15-30) 103 103 S8 78
[30-45) il % 53 70
(45-60) 79 86 49 63
[(60-75) 67 77 45 55

[ 75-90) 55 68 40 48
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initidd ADWG, the greater the decrease (i.e. growth rate decreased faster for animals with
high initid weght). These different growth decelerations were associated with
parameters related to squared-age (age x litter-size, age x treatment and age X litter-
dzex treatment, see Table 2). However, the initid trestmentxlitter-sze group live-
weight rankings remained the same over all ages Sngle lambs hed higher growth rates

than multiple lambs and for multiple lambs, growth rate was higher in the morantd than
in the control group.

332 Random parameters

Random parameter estimates are listed in Table 5. The correlation was r=0.93 between
intercept weights and weights a older linear ages a the lamb leve. The corrdaion
between the intercept and square& age weights was r==—().60 and between the age and
quared-age weights was r=-0.26. A high pogtive corrdation dso was observed
between the intercept and linear-age weights at the herd leve (r=0.92).

A large overdl random variation was found a the lamb-levd (Table 6). The
interquartile range for the random deviation from the population mean (fixed-effect
prediction) was 2.6 kg at 90 days, and the range was 9.2 kg. At this age, population

Table 5

Random parameters estimates for the linear-multilevel growth model of 182 Djallonke lambs bom in 10 villages
in Kolda (Senegal) between October and December, 1987

Random effect Estimate 95% confidence interval®
Lower limit Upper limit

Herd level

S.D.(intercept)® 0.30 0.17 0.50
S.D.(age) 021 0.13 0.34
Corrélation (intercept, age) 0.92 0.23 0.99
S.D.(age’) 0.04 0.02 0.05
Lamb [evel

S.D.(intercept) 0.55 0.46 0.66
S.D.(age) 0.33 0.27 0.40
S.D.(age?) 0.03 0.02 0.04
Correlation(intercept, age) 0.93 0.45 0.99
Correlation(intercept, age?) -0.60 -0.87 -0.06
Correlation(age, age?) -0.26 -0.62 0.19

Order-I  autoregressive parameter
a 0.66 0.47 0.79

Heteroscedasticity parameter
h 0.48 0.17 133

Residual standard error
8 0.34 0.26 0.44

¥ Normal approximation to the distribution of the REML estimators.

® Standard deviation of the random effect.

¢ Age was expressed in 15-day units and the origin was set to 15 days of age. Age and age? were the linear
and quadratic random effects for age, respectively.



240 R. Lancelot et al./Preventive Veterinary Medicine 46 (2000) 225-247

Table 6
Live-weight differences dueto the rdndom effects in the linear-multilevel growth model of 182 Djallonke lambs
born in 10 villages in Kolda (Senegal) between October and December, 1987

Age (days) Random deviation (kg)

Herd effect Lamb effect Overall deviation

IQR? Rangeb IQR Range IQR Range
15 0.3 0.9 0.7 2.5 0.9 2.9
30 0.5 15 11 4.2 1.4 4.8
45 0.7 2.2 15 5.8 1.9 6.7
60 0.9 2.9 1.8 7.0 2.3 7.8
1.5 1.2 3.7 2.1 7.8 2.8 9.7
90 15 4.7 2.6 9.2 3.3 11.6

* Interquartile range was the difference (due to the random effects) between the thiid and first quartiles of
live-weight devidtions from the population mean.

® Difference (due to the random effects) between the maximum and minimum values of live-weight
deviations from the population mean.
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Fig. 8. Deviation from population mean due to the herd-level random effects in the linear-multilevel live-weight
growth mode] of 182 Djal lonke [ambs bom in 10 villagesin Kolda (Senegal) between Octobcr and December,
1987. The strip label at the top of each panel wasthe herd identifier. Herds were ordered from the lowest (bottom
Icft panel) to the highest (top right panel) 90-day deviation. The upper-case letter in the top, left corner of each
panel stood for the treatment category: C, control; M, morantel.
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means, predicted from the fixed part of the model, ranged from 6.3 kg (multiple lamibs,
control group) to 10.0 kg (single lambs, morantel group). The herd-level variation around
the population growth curve was also large (Table 6 and Fig. 8). Treatment category was
not associated with the 90 days ranking of herd-level random deviations (Wilcoxon test:

W=648, n=28, m=17, p=0.93).

The AR(1) parameter (a;=0.66, with age expressed in 15-day periods, Table 5)
indicated that resduals autocorrelation perssted over at least 1 month (two 15-day
periods). The additional heteroscedadticity parameter in Table 5 (h=0.48) indicated that
the standard error of weight estimates at 90 days was about haf aslarge as a other ages.

4. Discussion

The analysis of complex, multilevel, repeated-messures data requires that the structure
of fixed and random-effects in the model be specified appropriately for correct inferences
to be made. In this example, the main study objective was to compare the growth rates of
lambs of morantel-trested vs. untrested ewes. However, a correct inference of the effect
of morantd trestment depended on: (1) identifying important fixed effects and their
interactions that could influence the morantel-trestment effect; (2) specifying the correct
random-effects structure at the multiple levels of village, herd, lamb and measurements
within lamb; and (3) specifying the correct cor-relation structure between repeated weight
measurements for individua lambs. This paper has demondrated that graphica methods
can play a ussful role in gppropriately identifying the important fixed effects and their
interactions and in specifying a logicd random-effect structure to guide complex model
building.

In this paper, trdlis graphica methods clearly and amply identified the important fixed
effects and ther interactions. All fixed effects highlighted by grgphicd andyds were
satisticaly significant in subsequent models and those not highlighted were insignificant.
This was the case for the lamb-sex effect and its interactions. Without graphical support
for its excluson, we would probably have retained it as a fixed effect with interactions,
greatly increasing the rank of the fixed-effects design matrix (X) (from 12 to 24 columns).
This is important for computing time, even with smpler OLS modds With larger data
sats, cdculations with 8-10 main effects and all ther possble interactions might
overwhelm present microcomputers.

Mogt importantly, smple graphs highlighted that a morantd-treatment effect only
occurred in multiple-birth lambs. This lead to a model formulation that identified a
significant morantel-trestment effect that a previous analyss, usng cross-sectiona
andyssof-variante (ANOVA), had missed (Tillard, 1991). At the time of this firg
andyss, no software package was widdy avaladle to fit multilevel modes. Because
of the Jack of power of the cross-sectiona ANOVA approach, litter-size-by-treatment,
and age-by-litter-size-by-treatment interactions were not found to be significant

>0.09).

v Graphica methods aso proved very useful at identifying random-effects structures or
potentia problems with their estimation a multiple levels. This is crucid when andyds
are confronted to new kinds of data without preiminary information on corrdations
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between random effects. From our experience, it is not sraightforward to choose an
appropriate (explanatory and parsmonious) structure for the random-effects variance—
covariance matrix. Cubic (or higher-order) polynomias might be necessary to model
liveweight growth over a longer period of time (e.g. from birth to 1 year). The number
of variance-covariance parameters in an unstructured matrix, Z, is large (10 for each
hierarchicd levd with a cubic polynomid) and convergence problems are likely to
occur. In such Stuations, grgphica andyss might be the only reasonable (or even
posshble) way to specify a plausble and numericdly sable random gructure. In this
andyss, initid graphica assessments were consstently ¢onfirmed in subsequent models.
At the herd level, growth pattems varied and this was reflected in significant herd
random intercepts and slopes. At the lamb leve, trellis plots revealed more-complex
correlation patterns (leading to model-building strategies starting with a complex
correlation dructure). For individud weight measurements within  lamb, graphica
methods to identify important corrdlations a different lags and differences in resdud
vaiation a different ages also provided useful information. In our opinion, the grephica
andyses used were a powerful tool in guiding model building and in effectively
dislaying important results.

Dam might have been consdered as a grouping levd in this andyds. As a matter of
fact, lambs bom from multiple litters might share common and unobserved genetic,
nutritional and health features, inducing cor-relation among measurements from the same
litter. This level was tested (results not shown here) but no significant random effect nor
covariance parameter could be identified. This is probably because most of births were
angle or of smdl size (182 lambs from 147 ewes and 147 litters: 104 single, 68 twin and
10 triple lambs) and/or the litter-sze fixed effect accounted for within-litter correlation.
With more-prolific species such as West-African-Dwarf goats (for which we have smilar
data sets) over a longer observetion period (with severd litters per dam), a dam effect
might be more important.

The 90-day live-weight gain results in this study were within the range of observations
made in other studies in the region (Table 3). The lowest weight gains were observed in
Gambia (Agyemang et d., 1991); however, few details were given of the study methods.
The largest weight gains were observed in northwest Cameroon (Symoens and Hardouin,
1988) in an experimenta herd under improved management (housing, supplementary
feeding, herd hedlth). Thus, their results were not likely to be representative of the usud
growth performance in the locd farming sysem. The other estimates in Table 3 were
similar to those reported in this udy — particularly the magnitude of the multiple birth
(litter-size) effect.

The effect of litter-9ze on weight gain was large. Multiple ambs were 1.1 kg lighter
than sngle lambs a 15 days of age and their growth rate was lower (regardless of age and
treetment group). Low growth rate for multiple lambs indicated that their nutritiond
needs were not met by the ewes milk yields. At the end of the study period, Sngle Jlambs
bom from morantel-treated ewes had a dightly greater growth rate than lambs bom from
control ewes (Fig. 7). However, the important effect of morantd treatment was in
multiple-birth lambs. At 90-day of age, multiple lambs bom from treated ewes were
1.3 kg heavier, on average, than those bom from control ewes (7.6 vs. 6.3 kg,
respectively, i.e. 22% more). The morantel effect was thought to be due to a better
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milk yidd for the dewormed ewes — crucid for ewes with multiple lambs (Theriez,

1984). This study took place just after the rainy season, when nutritiond and hedth

conditions were at their best with abundant forage resources and crop residues and low
paradtic pressure. Morantel treetment might have an even greater effect in lambs born

during the second lambing peak from March to May, when ewe nutritional stress would
be grestest. Because multiple births were frequent in Kolda (43% of the lambings in this

sample), the use of morantel for deworming ewes during the rainy season should have an
important effect on flock productivity. A thorough assessment of the benefit of
deworming should teke into account its effect on other. production parameters (e.g.

mortdity, fertility, prolificacy) as wel as the cost of treatment. This was done in a
companion study (Lesnoff et d., 2000). Using a seasond population-dynamics modding
goproach (eady-state modd), a podtive effect of deworming was found, with the
financial benefit-cost ratio etimated at 3.7 [1.9, 5.4] (95% confidence interval in
brackets).

However, the persstency of this positive morantel-effect on growth at older ages needs
to be assessed in further field studies. Published data are available with other drugs -but
to our knowledge, not with morantel for Djalonke sheep.

At the herd and lamb leves, intercept and linear-age random effects were highly
correlated. The persistence of this cor-relation a older ages should be checked to
determine whether early weights are as good predictors for mature weight as for 90-day
weights. The mgjor consequence would be for the selection of femaes. In an experiment
with Scottish Blackface sheep, Gunn (1977) demondrated that ewe mature size, sexud
precocity and lifetime productivity can be affected by insufficient early growth. However,
in Nigeria, an analysis of station records of Y ankasa ewes showed no association between
sexud precocity and litter-size, birth weight and weaning weight (Osuhor et d., 1997).
However, these are not strong data (observational rather than experimental and from a
Specific gation).

The identification of herd and lamb random effects provide important targets for
specific sudies to improve lamb growth. The presence of herd random effects is
potentidly related to differences in management, feeding and herd-hedth practices.
Thus, dudies contragting these features in flocks with low and high growth rates
should be conddered. Lamb random effects might be associated with genetic
differences, ewe nutritiond and hedth datus, lamb diseases and other factors a the
lamb leve.

Graphicd methods are useful in highlighting the best- and worgt-performing flocks or
herds. A quick examination of Fig. 8 shows that 20% of herds (nine out of 45, bottom
line) were responsible for most low weights and approximately 20% for most high
weights (top ling). Stetistical methods that ignore these herd differences are likdy to
rnake incorrect inferences on fixed effects — particularly with respect to too small
variance edimates (McDermott et a., 1994). There are particular benefits in better
specifying the fixed and random-effects sructures with graphical methods. Random-
effect deviaions from populaion averages are intuitively agppeding in such multileve
field studies — and if correctly specified, are more powertul at detecting differences than
rmargind (e.g. Zeger and Liang, 1986) or generdized-least-squares (e.g. Box et al., 1994)
models (van der Leeden et al., 1996).
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Another important modeing issue to which graphica tools can be applied is in the
decision Of how parsmonious or complex a model should be. For example, in these data,
autocorrelation pattems were complex. Even an ungtructured A, malrix (one parameter
for each lag pair, for a totd of 21 corrdation parameters) could not remove resdua
autocorrdation. Gragphica assessment (Fig. 2) showed that a smal proportion of lambs
(less than 10%) grew irregularly and poorly and that their growth was not essily modeled
by age and age-squared random effects. Deleting these poor-growing lambs to improve
model fit is not an option. Heroic measures to better model their growth is probably not
wise dther. The use of a smple AR(1) model to parsmonioudy explain resdud
autocorrelaion for most of the lambs, the recognition that poor-growing lambs have hard-
to-model growth curves (for which specific sudies could be initiated if consdered
important) and the use of graphica methods to investigate when poor model fit may
influence inferences about fixed and random effects seems a sensble compromise.
Structured grgphica andysis with trellis graphs and other recently developed methods are
important tools in efforts to effectively summarize and test biologicd processes with
sufficient and not excessve complexity.

5. Conclusion

The graphical methods presented here are an important adjunct to the consideration Of
linear-multilevel growth modes. Users can specify rdevant starting points for the fixed
and the random effects, check model goodness of fit and assess digtributiona assumptions
within the same computing and graphic environment. Until recently, this process was
cumbersome and required different software packages to perform different steps
(Mazumdar et d., 1999). The use of grgphicd methods in model building and assessment
should gredtly enhance the ability of veterinary epidemiologids to explore different
random structures and to effectively communicate their findings.

In this example, grgphicd analyses gregtly aded in highlighting important fixed and
random effects. Of particular importance was the positive effect of ewe deworming on the
preweaning liveweght growth of multiple-birth lambs. In addition, the reationships
between early weight measures and subsequent growth and the lar ge variability of growth
between herds were nicely demongtrated by graphical analysis of correlation patterns and
herd random effects. In future, we foresee that grgphicd tools will become more user-
friendly, alowing for interactive outputs to explore specific questions of both researchers
and ther clients. This should alow for more their broader gpplication and the better
integration of results from individud sudies into a more generd livestock systems
context.
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