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The aim of the study was to compare several methods for estimating daily milk yield on 
the basis of one milking – morning or evening – of cows evaluated by the AT4 method. 
The material consisted of data from milking robots, obtained from the Polish Federation 
of Cattle Breeders and Dairy Farmers (PFCBDF). A total of 43,309 milkings carried out 
between the 5th and 305th day of milking in cows milked once or twice a day were selected. 
The intervals between a given milking and the previous one were assigned to classes (MIC), 
and the lactations were divided into 10 one-month stages. Daily yield was estimated on the 
basis of linear regression equations. Three equations were compared: for first and later 
milkings (variant 1, models 1-3) or for all lactations combined (variant 2, models 4-6). The 
coefficients for model 1 were determined for time of milking, MIC and stage of lactation. 
The coefficients for model 2 were calculated for time of milking, while the interval between 
a given milking and the previous one was taken into account as an additional covariate. 
The coefficients for model 3 were determined for time of milking and MIC, while stage of 
lactation was replaced with day of milking. Implementation of model 1 is recommended, 
as it is a simple regression model that is easy to implement in practice. Determination of 
coefficients for lactations divided into first and later lactations allows for more precise es-
timation of daily milk yield.  

KEY WORDS: AT4 method / morning milking / evening milking 

Three A group methods are used in Poland to assess the milk performance of cows, 
A4, AT4 and A8, which have been accepted by the International Committee for Animal 
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provided by the PFCBDF, and the publication was financed from grants for scientific research awarded by 
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Recording (ICAR). The reference method is A4. Using the A4 method the assessing 
zootechnician visits the cow barn every month and conducts test-day milking 11 to 
13 times a year. The amount of milk obtained is measured for each milking during 
a 24-hour period. The AT4 method is similar, but test-day milking is conducted only 
once during the 24-hour period, in the morning one month and in the evening the next 
month. Daily milk yield is calculated as the amount of milk obtained during test-day 
milking multiplied by two. In the A8 method the system for recording milk obtained 
during test-day milking is the same as in the A4 reference method, except that test-day 
milking is conducted every 8 weeks [5]. To reduce costs many farmers choose less 
expensive methods, mainly AT4, instead of A4. In Poland about 67% of assessed cows 
are currently evaluated by the AT4 method, 28% by the A4 method, and 5% by the A8 
method [4]. 

Because the AT4 method is used so often to assess the milk yield of cows, in recent 
years an attempt has been made to estimate daily yield of milk and its components on 
the basis of one milking record by a method more accurate than simply multiplying by 
two. Research evaluating the accuracy of the AT4 method as compared to the standard 
A4 method has been conducted by authors such as DeLorenzo and Wiggans [2], Cas-
sandro et al. [1] and Liu et al. [3]. Most studies have shown that regression methods 
give more accurate estimates of daily yield than doubling the amount of milk from 
milking performed once in a 24-day period. This research has confirmed the substantial 
effect of the milking interval on estimated daily yield, whereas consideration of factors 
such as day in milk or lactation number is less significant in estimating daily yield.  

The aim of the study was to compare several methods of estimating the daily milk yield 
of Polish Black-and-White Holstein Friesian cows on the basis of morning and evening 
milking.  

Material and methods

The calculations were based on data on the daily yield of milk, fat and protein of 4,349 
Polish Black-and-White Holstein Friesian cows. The data were obtained from milking 
robots and were provided by the Polish Federation of Cattle Breeders and Dairy Farmers 
(PFCBDF). We selected 43,309 test-day milking records from between days 5 and 305 of 
lactation for cows that were milked once or twice a day. Data on cows that were milked 
more often than twice a day were not considered. The data came from 9 lactations, which 
were divided into first and subsequent lactations (1, ≥2). 

Data from morning milking (AM) accounted for 66% of the data (n=28,677), and 
data from evening milking (PM) for 34% (n=14,632). There were fewer milking re-
cords from first lactations (n=16,204, 37%) than from later ones (n=27,105, 63%). The 
intervals between a given milking record and the previous one were divided into classes 
(MIC). Eight MIC classes were formed for AM milking, i.e. ‹6-7), ‹7-8), ‹8-9), ‹9-10), 
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‹10-11), ‹11-12), ‹12-13), and ‹13-18) hours, and six classes for PM milking: ‹6-7), 
‹7-8), ‹8-9), ‹9-10), ‹10-11), and ‹11-18) hours. A criterion used to form the MIC 
classes was a similar number in each class, and therefore fewer classes were formed in 
the case of PM milking than for AM milking. Each lactation was divided into ten 30-day  
stages. 

The daily yield of cows was estimated on the basis of three linear regression equations 
[2, 3]:

(1) 			   yTD = b0 + b1×yAM/PM	

(2) 			   yTD = b0 + b1×yAM/PM + b2×MI

(3) 			   yTD = b0 + b1×yAM/PM + b2×(DIM – 153)

In each regression equation (1)-(3) the independent variable was the yield of milk, fat 
or protein from morning or evening milking (yAM/PM), and the dependent variable was the 
daily yield of these same features (yTD). Equation (2) also took into account the milking 
interval (in minutes) as covariate MI, and equation (3) took into account covariate DIM, 
i.e. the day in milk, with respect to the middle day of lactation (i.e. day 153 in milk). The 
coefficients b0, b1 and b2 represented regression coefficients. 

Regression coefficients were determined for six different models, using equations (1)-
(3) in two variants: with a division into first and subsequent lactations (variant 1) or for 
all lactations combined (variant 2). Coefficients for model 1 were based on equation 
(1) within the following subclasses: lactation number (1, ≥2) x milking time (AM, PM) 
x milking interval (MIC) x stage of lactation. Coefficients for model 2 were estima-
ted using equation (2) within the subclasses lactation number x milking time, and the 
milking interval (MI) was a covariant. Coefficients for model 3 were obtained using 
equation (3) within the subclasses lactation number x milking time x milking interval 
(MIC), and the stage of lactation was replaced by an additional covariate, i.e. the day in 
milk (DIM). Models 4-6 correspond to models 1-3 described above, but in these models 
regression coefficients were determined for all lactations combined, with no distinction 
between first and subsequent lactations. 

In the case of each model (1-6) the linear regression coefficients for yield of milk, fat 
and protein were used to calculate the daily yield of these features. Daily yield estimated 
in this manner was compared with the milk yield determined by the currently used me-
thod, i.e. yTD = 2·yAM/PM, and with actual yield, using the following criteria:

– linear regression coefficient between estimated ( )TDŷ  and actual ( )TDy  daily yield

– mean squared error (where the error = TDTD yy ˆ− )

– standard deviation of estimated daily yields 

– mean error in each stage of lactation 

TDTD yy ˆ−
( )TDŷ ( )TDy
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The model characterized by the highest correlation coefficient, the lowest mean squared 
error and the standard deviation closest to the value of this deviation for actual yields is the 
one that most accurately estimates the daily yield of cows. In addition, a standard deviation 
for the estimated yields which is lower than the value of this deviation for actual yields in-
dicates a better estimation of daily yield, and for this reason such a model is recommended 
for implementation.  

The computations were performed using the SAS/STAT procedures of the SAS statistics 
package [6].

Results and discussion

Tables 1 and 2 present the means, standard deviations and coefficients of variation for 
daily yield of milk, fat, and protein, estimated using each of the models and arranged 
according to the time of day and lactation number. Means for daily yield of the three 
traits calculated by models 1-3 are similar to actual yields. The standard deviations (SD) 
for yield estimated using each of the six models and the currently used method are about 
2-4% lower than the SD for actual yield. Models 4-6 somewhat overestimate daily yield 
of all traits in the case of first lactations, especially model 5. In the case of later lactations 
actual yields are slightly underestimated by the models which do not distinguish between 
first and subsequent lactations (models 4-6). The results obtained for the current method 
differ most from actual daily yield. In this case there is a substantial underestimation of 
daily yield, even up to 9 kg of milk (for lactations ≥2 and PM milking). The coefficient 
of variation for the currently used method is highest (Tab. 1 and 2).

The ranking of the models (1-6) according to each of the criteria presented in Table 
3 is similar. Linear correlation coefficients (r) between estimated and actual yields of 
milk and protein are high: from 0.88-0.91 (model 5) to 0.92-0.94 (model 1). The values 
for r for fat yield are lower, ranging from 0.83 (model 5) to 0.87 (model 1). Ranking of 
the models taking into account the accuracy of the fit, measured as the size of the mean 
squared error (MSE), is the same as according to the size of correlations, i.e. model 1 
has the smallest error  and model 5 the largest. In the case of each of the 6 models and 
each of the three traits, the standard deviation for estimated daily yield is lower than the 
SD for actual yield. Standard deviations estimated using model 1 are the most similar 
to the standard deviations for actual yield. The greatest difference between the standard 
deviations for actual yield and estimated yield were observed for model 5. This means 
that model 1 best approximates the actual distribution of yield of milk, fat and protein, 
with the most accurate estimate in the case of daily yield of milk, followed by protein 
and then fat. 

The model currently used to estimate milk yield in the AT4 method differs from the 
regression models and gives the least accurate estimates of daily yield. In the case of 
this model the correlation coefficient ranges from 0.66 to 0.75, and MSE is over 5 times 
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higher (milk and protein) and 3 times higher (fat) than the MSE for model 5, which was 
the least accurate of the models analysed.

The figure presents the mean errors in estimating daily milk yield in successive stages 
of lactation. For clarity, the results for the currently used method are not included in the 
chart. It should be noted that in the currently used method all daily yields are undere-
stimated; for example, the mean underestimation of daily milk yield ranges from 3.5 to 
9.5 kg in successive stages of lactation (our own information), as compared to ±1 kg 
in the regression models (1-6). Models 1 and 4 are fitted to AM or PM yield within the 
largest number of subclasses which include the stage of lactation, which means that the 
mean error of the estimates is close to zero in each month (stage) of lactation. The re-
maining models (2, 3, 5 and 6) underestimate daily yields in the first months of lactation 
(stages 1-5) and overestimate these yields in the second half of lactation (stages 6-10). 
The least accurate is estimation of daily yields based on the simplest models (2 and 5), 
which do not take into account the stage of lactation. In this case the errors in estimating 
yield reach up to ±1 kg for milk (Fig.), ±0.06 kg for fat and ±0.03 kg for protein (our own 
information). Models 3 and 6, which are modified versions of the model by DeLorenzo 

Fig. Mean errors of daily milk yield in successive lactation stages estimated using six models
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and Wiggans [2], only slightly overestimate or underestimate daily milk yield. A similar 
tendency for all models compared (1-6) was also observed in the case of daily yield of 
fat and protein (our own information).  

Model 1 is recommended due to its simplicity and ease of implementation in practice.  
This is confirmed by Liu et al. [3], who compared several regression models and found 
that model 1 most accurately estimates daily yields on the basis of morning and evening 
milking. These authors observed that the model by DeLorenzo and Wiggans [2], which 
corresponds to models 3 and 6 in the present study, less accurately estimated daily yields 
than model 1. Moreover, Liu et al. [3] found that model 1 least accurately estimated daily 
yields from afternoon milking during the first lactation.

Regression coefficients within lactations divided into two classes, first and sub-
sequent,  enable more accurate estimates of daily yield of the traits analysed than 
combined treatment of all lactations (as in model 4). There are two arguments in 
favour of fitting regression equations separately for AM and PM: 1) higher values 
for correlation coefficients and lower MSE in the case of the use of PM milking than 
for AM milking, and 2) the differences in the size of estimated parameters of simple 
regressions within MIC classes in individual models (our own information). It seems 
advisable to shorten the milking interval, because the accuracy of the daily yield esti-
mate was low if the milking interval was less than 8 or more than 13 hours. Cassandro 
et al. [1] found that the milking interval is the main source of variation in estimating 
milk yield.  

It should also be added that the percentage content of milk components (fat and pro-
tein) should be calculated on the basis of estimated daily yields of milk, fat and protein, 
and estimated regression coefficients should be periodically re-estimated. 
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