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Abstract

The experiment was carried out on 52 lactations of 37 multiparous Massese ewes. Milk yield was recorded weekly, starting

before the 15th day from lambing. Due to the mating practice of the breed, three types of lactation were detected: Type 1, a

short lactation initiated in autumn; Type 2, a short lactation initiated in spring, following the Type 1 lactation; Type 3, a long

lactation initiated in autumn. The Wood model (W) and a bi-exponential function (CB) were applied to ®t milk yield data of

individual lactations. Milk yield of the whole lactation was estimated both by integrating the W and CB functions, and by

using the Fleischmann of®cial method. The W model, after the restriction of b>0, ®tted the original data better than the CB

model, particularly in late lactation. However, the CB model was more adequate for describing the initial sudden rapid

increase of milk yield. Differences among the three methods for the estimate of total milk yield were very small, even though

the CB model slightly overestimated late lactation. Among the three types of lactations, Type 2 had a much earlier peak, a

higher peak yield and a lower persistency than the other two types. The ewe's age at lambing in¯uenced only the total milk

yield, which reached the maximum at about 4 years of age. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

To study the lactation curve of dairy sheep, several

papers dealt speci®cally with the application of

Wood's model (W model) to various sheep breeds

(Torres-Hernandez and Hohenboken, 1980; Cappio-

Borlino et al., 1989; Sakul and Boylan, 1992; Groe-

newald et al., 1995, 1996; Portolano et al. (1996a).

Cappio-Borlino et al. (1995), however, proposed a

non-linear modi®cation of Wood's equation (a bi-

exponential function) for the lactation curve of Sarda

ewes in order to make it ®t better the rising phase of

lactation which is often not adequately described by

the b parameter of the W model because of the very

early occurrence of peak yield. The bi-exponential

function (CB model) has also been successfully

applied to the lactation curve of Comisana, another

Italian sheep breed (Portolano et al., 1996b).

The Massese is one of the most important Italian

dairy sheep breeds, producing about 200±300 kg milk

per lactation. The reproductive performance of this

sheep breed is characterized by a partial aseasonality

of oestrus which can occur at any time during the year,

though lambings are more frequent in autumn and in

spring. The mating season is therefore continuous and

often the rams are left among the freshly lactating

ewes. Generally, lactation starts in the late summer or
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in autumn and lasts until May±June, but it is fre-

quently interrupted, after a few months, by a new

pregnancy, and followed by a new, shorter lactation in

the spring. Normally, Massese ewes have three lamb-

ings every 2 years, alternating two short lactations in

the ®rst year with one long lactation the following

year.

The aim of the present paper was to compare the W

and CB models in their application to the lactation of

Massese ewes and to analyse the in¯uence of lacta-

tion-type and age at lambing on the parameters of the

milk production curve.

2. Materials and methods

The experiment was carried out on 52 lactations of

37 Massese ewes that were at least in their second

lambing and that belonged to the same ¯ock. The milk

yield, the sum of the two daily milkings, was recorded

weekly during the whole lactation. Early weaning of

the lambs made it possible to hand-milk the ewes and

to obtain the ®rst milk yield before the 15th day from

lambing. Lambing occurred in autumn (September±

November), after which ewes were again continuously

exposed to rams for mating, according to the usual

breeding system with Massese sheep. Fifteen ewes

conceived and lambed again in March±April, follow-

ing a dry period of about 1 month. Those ®fteen

animals, therefore, had two short lactations in the

year; one was in autumn (Type 1), which lasted on

average 136 (sd�19.5) days; the second, initiated in

the following spring (Type 2), which lasted 93.7

(SD�9.3) days. The remaining 22 ewes of the ¯ock

had only one long lactation (Type 3), which lasted on

average 204.8 (SD�51.6) days.

The incomplete gamma function Eq. (1) (Wood,

1967) and the bi-exponential function Eq. (2) (Cap-

pio-Borlino et al., 1995) were applied to ®t the milk

yield data of individual lactations:

y � a � xb � eÿc�x (1)

y � a � x�b�exp�ÿc�x�� (2)

where y is the milk yield at day x from lambing, e is the

base of natural logarithm, and a, b and c are the

parameters which characterize the shape of the curve

and which were estimated from a non-linear regres-

sion analysis using the NLIN procedure of SAS (1996)

with Marquardt methodology.

Peak yield, time of peak yield, and persistency were

estimated for each lactation as indicated in the original

reports (Wood, 1967; Cappio-Borlino et al., 1995).

Speci®cally, for Eq. (1) peak yield a � �b=c�b � eÿb

occurs at time b/c, while cÿ�b�1� is a measure of

persistency. In Eq. (2) the time at peak yield is calcu-

lated iteratively by Tm � e�1=�c�Tm�� and relative yield

is obtained by substituting Tm in the original function;

the persistency is estimated as 1=�b�c�.
Total milk production of individual lactations was

calculated from lambing and again from the 31st day

post-partum to the end of lactation integrating the W

and CB models or using the Fleischmann method

according to the following expression:

Y � y1 � t1 ����yi � yi�1�=2 � �ti�1 ÿ ti��
where Y is total production; y1, yi are yields at ®rst or

ith test day (i�1..., kÿ1); t1, ti are times (in days) from

lambing or from the 30th day at ®rst or ith test day.

Preliminary processing with the W model revealed

that in a substantial proportion of lactations (about

50%), the b coef®cient was negative, as already noted

by other researchers (Cappio-Borlino et al., 1995;

Portolano et al., 1996b). This ®nding, which can be

attributed to the limited adaptability of the model to

lactations characterized by sudden rapid increase in

milk yield post-partum, contradicts the biological

meaning of the parameter, which is to describe the

rising phase of the curve: as a result with a negative

coef®cient the model estimated peak yield as occur-

ring before the onset of lactation. For this reason

Wood's model was ®tted to individual data by adding

the restriction that the b parameter could only be

positive, and that peak yield could not occur before

day 1.

The ®tness of the models was estimated by means of

the residual standard deviation for each lactation. The

residuals (observed minus predicted) of both models

were regressed on time (days in milk) up to the fourth

degree to identify any de®nite pattern that might

emerge.

A comparison between the ability of the W and CB

models to estimate the characteristic parameters for

lactation (time of peak yield and peak yield), and of W,

CB and the Fleischmann method to estimate total yield

was carried out using ANOVA, which considered the
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effects of method and individual lactation. Each lacta-

tion-type was also analysed individually since the

factor-type of lactation in¯uenced the shape of the

lactation curve, as explained below.

Analysis of covariance was carried out on the peak

time, peak yield, persistency and total milk yield

estimated by the two models and the Fleischmann

method using the model:

yik � a� ti � b � xik � c � x2
ik � eik

where y is the observation of individual lactation; a is

the intercept; t is the ®xed effect of the lactation type

(i�1,.., 3); x is the age of the ewe at lambing (from 738

to 3303 days) tested up to the second degree; b and c

are linear and quadratic regressions coef®cients,

respectively, of yield on age; and e is the residual

error. The continuous effect of ewe age was preferred

to the discrete effect of lactation number because it

produced a smaller residual variance. Statistical ana-

lysis was performed using the GLM procedure of SAS

(1996).

3. Results and discussion

3.1. Comparison between models

The W function exhibited a lower residual standard

deviation of milk yield than the CB model (223 vs.

232 g). A signi®cant (p<0.01) fourth degree polyno-

mial trend in the plot of residuals x days was found for

both models, even though R2 values of regression were

always very low (0.013 for W and 0.028 for CB).

Generally there was an underestimation of the true

values in the ®rst month and in the middle of the

lactation period, and an overprediction during late

lactation, particularly with the CB model. A similar

trend for errors x days in lactation was found by

Grossman and Koops (1988), Williams (1993) and

Montaldo et al. (1997), using the W model, and by

Cappio-Borlino et al. (1995) using the CB model. This

result, however, indicates that with Massese ewes the

W model ®tted the yield data better than the CB

model, particularly during late lactation. Moreover,

the original W model (without restriction for the b

parameter) exhibited a still lower standard deviation of

residuals (216.1 g) and no signi®cant trend of resi-

duals x days.

A comparison of estimates obtained with the meth-

ods is shown in Table 1. The CB model estimated the

time of peak yield to occur about 9 days later than the

W model. This delay persisted at the same level with

all three types of lactation. Peak yield estimates were

similar with both methods even though for Type 2

lactation (short, in spring) the CB estimate was almost

10% higher than the Wood estimate. Portolano et al.

(1996b) compared the ability of these models to

estimate the lactation of Comisana sheep, and they

likewise found that the W model forecasted peak yield

as occurring a week earlier, and at a slightly lower

level, than the CB model.

The pooled total milk yield was underestimated by

the CB model, especially when compared with the

Table 1

Comparison between the methods to estimate peak yield, time to

peak yield and total milk yield in the three types of lactation

Lactation typed Pooled

1 2 3

Peak time (d)

W model 15.3a 3.4a 9.4a 9.3a

CB model 24.1b 9.2b 19.4b 17.8b

Residual standard

deviation

7.31 2.79 6.72 6.08

Peak yield (g)

W model 2063 2158a 1767 1965

CB model 1937 2346b 1770 1984

Residual standard

deviation

216.1 223.6 157.1 209.8

Total milk yield (kg)e

W model 169.1a 144.6 218.2a 182.8

CB model 163.3b 147.4 215.9b 181.0a

Fleischmann 173.2c 144.4 219.5a 184.5b

Residual standard

deviation

5.24 7.09 2.35 5.48

Conventional milk

yield (kg)e

W model 114.9a 86.8 169.1 129.7a

CB model 116.3b 91.1 169.9 131.7b

Fleischmann 116.1 87.4 169.3 130.3

Residual standard

deviation

1.78 7.24 2.06 4.22

a, b, c means within column having different letters differ (p<0.05).
d 1�short, initiated in autumn; 2�short, initiated in spring, 3�long,

initiated in autumn.
e Calculated from the 31st day.
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estimates of the Fleischmann method, but this was

evident only with Type 1 and Type 3 lactations. For

yields after the 30th day the estimates of the three

models were more similar, but the CB model still

tended to overestimate with respect to the W model.

Portolano et al. (1996b), on the other hand, on Comi-

sana sheep, found that W and CB models basically

gave the same results, though with both these methods

estimates were lower than with the Fleischmann

method, probably because with the last method the

productive period was projected for 14 days beyond

the last control date.

3.2. Effect of age of ewe and lactation type

The effects of the type of lactation and ewe age at

lambing on peak time, peak yield and persistency are

shown in Table 2 for the Wood and CB model. Gen-

erally, the rather low R2 values, especially with the W

model, indicate that there remained a important

amount of residual variation, which is to be ascribed

to individual lactation behaviour.

As regards the type of lactation, the rank of esti-

mates was the same in both methods. Type 2 lactation

(short, in spring) had a much earlier peak, a lower

persistency and a higher peak yield than Types 1 and 3,

although differences between Type 2 and Type 1

lactations were not signi®cant in the W model. Types

1 and 3 were more similar, though they differed

statistically in peak yield with W, and in time of peak

yield with CB model. It should be noted that these

®ndings were not affected by the duration of lactation,

as was obtained by a separate analysis on only those

lactations that started in autumn (Types 1 and 3). A

certain effect of the lambing season on the parameters

of the lactation curve was also found on the Comisana

breed (Portolano et al., 1996a, b). These researchers

reported that winter-initiated lactations (January±

March) showed an earlier and higher peak yield and

a lower persistency than autumn lactations, which are

generally consistent with the ®ndings of the present

study.

Though estimated values with other sheep breeds in

other studies may not be strictly comparable, it should

Table 2

Effect of lactation type and of age at lambing on lactation parameters estimated by the W model and the CB model

Peak time (d) Peak yield (g) Persistency

W model

Lactation typed

1 15.4 a 2060 a 5.32 a

2 2.9 b 2166 a 4.93 b

3 9.6 a 1763 b 5.35 a

Regression on ewe age, (d)

Linear 0.003 (NS) ÿ0.05 (NS) 0.0001 (NS)

Quadratic (NS) (NS) (NS)

Residual standard deviation 9.95 414.9 0.56

R2 0.22 0.17 0.11

CB model

Lactation typed

1 24.1 a 1939 a 97.9 a

2 9.2 c 2338 b 54.7 b

3 19.4 b 1774 a 126.6 a

Regression on age

Linear 0.0001 (NS) 0.05 (NS) ÿ0.016 (NS)

Quadratic (NS) (NS) (NS)

Residual standard deviation 6.35 339.8 55.34

R2 0.48 0.36 0.28

a, b, c; within column means with different letters differ (p<0.05).
d1�short, initiated in autumn; 2�short, initiated in spring, 3�long, initiated in autumn.

NS, Not significant (p>0.1).
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be noted that the time of peak yield obtained here by

the W model (average 9.3 days) was earlier than that

reported for Comisana sheep (14.3 days) by Portolano

et al. (1996a), for various crossbreeds (16.5 days) by

Torres-Hernandez and Hohenboken (1980), for Mer-

inos (3 weeks) by Groenewald et al. (1995), and for

Sarda sheep (4.6 weeks) by Cappio-Borlino et al.

(1989), and that generally actual peak yield is higher

than the estimates for those sheep breeds. It therefore

seems that the milk yield of Massese ewes exhibits a

more sudden and rapid increase than that of other

sheep breeds, and it may be for this reason that the W

model does not ®t this yield so well in the initial phase.

Ewe age did not affect the parameters in any de®nite

trend. By contrast, Portolano et al. (1996a) found an

increase in peak yield from the ®rst to the third

lambing, but no clear trend for time of peak yield.

In the present study, the absence of ®rst lactations may

have reduced a possible in¯uence of ewe age on the

parameters considered.

Table 3 shows the overall yields for the three types

of lactation with each model of estimation. A general

correspondence among the models was con®rmed: the

rank of the three types of lactation was similar. Type 2

lactation was the least productive, even though it did

not differ signi®cantly from Type 1. Type 3 lactation

had the greatest yield, as expected. However, average

daily yield (not tabulated for brevity) revealed that

Type 2 lactation was the most intense, followed by

Types 1 and 3, in that order (estimates of average daily

yield obtained 30 days in advance with the W model

were 1353�47; 1086�48; and 963�40 gdÿ1, respec-

tively). Overall yield was always in¯uenced by age of

ewe at lambing, following a parabolic pattern that

reached its maximum at about 1500 days. This de®nite

trend, which partially con¯icts with the results for

peak yield, indicates considerable variability in the

shape of the curves obtained for this sheep breed and

calls for further investigation, perhaps on a larger

sample.
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