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Abstract: 

The knowledge and modeling of lactation curves make it possible to identify factors that 

help explain environmental and genetic variations that allow the implementation of a 

selection program. This work aimed to evaluate different models for milk production, fat, 

and protein curves in Holstein cattle in Mexico and some factors that affect them. The 

information used was from 125,982 lactations belonging to 68,804 animals born from 2000 

to 2020. The effect of calving number, season of the year, and herd was evaluated. R’s 

Lactcurves package was employed to fit the 38 models included in the package, of which 

the best four (Wood, Wilmink, Ali & Schaeffer, and modified Pollot) were chosen and then 

used to model the individual curves through a nonlinear regression model. The parameters 
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calculated for each model were statistically different among the number of lactations 

(P<0.05), as well as the number of calving, calving season, and herd (P<0.01). The 

modeled curves have similar shapes to those reported in other studies, except those 

obtained for protein in the third and fourth or more calvings with the modified Pollot 

model. The equation proposed by Wilmink was the one that presented the best fit for the 

study population according to the different evaluation criteria. Using the model that best 

suits the data will give a closer predictions to reality, and it can be applied to different 

areas, such as genetic improvement. 
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Introduction 

 

 

The lactation curve, defined as the graphical representation of milk production during the 

production cycle, can be described through mathematical functions explaining a biological 

production process subject to genetic and environmental influences(1,2). Proper modeling of 

lactation curves allows for a good forecast of total production from partial samples, herd 

planning based on reliable production prediction, and animal selection through knowledge 

of the different parts of the curve. Therefore, it is essential to find the mathematical 

function that best describes the lactation curve of animals in each system of production(2,3). 

 

The lactation curve is usually analyzed through four consecutive sections: a) Initial 

production, estimated by the average production during days 4 to 6 after the colostrum 

period, b) Ascending or increasing production phase, which is the rate of ascent, until 

reaching the maximum level of production, c) Maximum point or peak of production, 

determined by the highest level of production that the cow reaches within the first 90 days 

of lactation, and d) Decline or reduction in production, also called persistence, which refers 

to the decrease in milk secretion from peak production(4). 

 

The use of mathematical models has made it possible to know the lactation curves in 

different dairy production systems. However, not all populations and production systems 

adjust to a typical lactation curve, with its different parameters and phases, such as start, 

ascending phase, peak, and decrease. The parameters of a model that fit the lactation curve 

must reflect various factors, such as genetic, physiological, productive, and environmental 
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factors, and the interactions between them(2,3). Therefore, it is possible to generate as many 

curves as there are lactations and sources of variation. Hence, it is essential to know the 

standard levels of milk production by groups of animals with similar characteristics, such as 

the same lactation stage, calving season, production level, or lactation number(5). 

 

Nonlinear models to represent lactation curves were initially proposed by Wood and have 

been used in cattle, sheep, goats, buffaloes, and South American camelids(2). The different 

mathematical models proposed have presented advantages in the specific modeling of 

sections of the lactation curve, or they fit correctly to various production systems. For 

example, Wood’s model fits milk production data well, better predicts actual data during 

early and late lactation, and less accurately predicts data during middle lactation than other 

nonlinear models(2,6). Wilmink’s model is also widely used to describe lactation curves in 

dairy cattle, mainly used to detect environmental effects; however, it has been reported that 

in some populations, this model tends to underestimate the middle part of the curve and 

overestimate the final part. The Ali-Schaeffer model fits well for lactations that start with 

low production and peak earlier than usual(7). 

 

One of the main problems with empirical models is that it has been difficult to give 

physiological meaning to the parameters derived from them. Several modifications have 

been made to some models in order to have an interpretation closer to the physiological 

aspects of the lactation curve, such as those proposed by Pollot(8), where the resulting 

parameters have a biological interpretation, based on changes in the number of cells in the 

mammary gland during gestation, lactation, and involution, and their effects on milk 

production(9). 

 

This work aimed to evaluate different mathematical models and some factors that affect the 

lactation curves of milk production and its components (fat and protein) in a population of 

Holstein cattle in Mexico. 

 

 

Material and methods 
 

 

Data editing and description 

 

 

The study included information on milk production in kilograms and fat and protein 

percentages from 68,804 Holstein cows born from 2000 to 2020, belonging to 198 herds of 

the intensive production system. The data comes from 17 states of the country: 

Aguascalientes, Baja California, Coahuila, Chihuahua, Durango, Guanajuato, Hidalgo, 
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Jalisco, State of Mexico, Michoacán, Nayarit, Puebla, Querétaro, San Luis Potosí, Tlaxcala, 

Veracruz, and Zacatecas, where temperate (central zone) and semi-desert climates (northern 

zone) usually predominate. Querétaro, Guanajuato, Chihuahua, and the State of Mexico 

concentrate most information. The Holstein Association of Mexico provided the data. The 

database excluded lactations that did not have production weighing in the first 30 d, those 

greater than 500 d, and those that had double or triple peak production since it does not 

correspond to a standard production curve. Each lactation had information from 4 to 12 

weightings, and lactations that had fewer than four useful weightings were eliminated. 

 

The milk days of each weighing were adjusted to minimum and maximum values from 5 to 

305 d. When the record was outside this range, it was not included in the analysis. Milk 

production in kilograms, and fat and protein in percentage were adjusted to the mean ±3 

standard deviations. When no fat or protein information was available, information on both 

components was removed. To define the calving season variable, the animals were grouped 

into three categories according to the month in which they calved, which correspond to 

cold, hot, and rainy seasons, respectively. The first group covers from November to 

February, the second from March to June, and the third from July to October. 

 

After the edition, the study included information from 68,804 Holstein cows, with 

information from 125,982 lactations (72,979 belonging to the first lactation, 31,371 to the 

second, 11,922 to the third, and 9,710 to 4 or more lactations), and there were 1,319,810 

weightings in total. 

 

RStudio(10) was used to evaluate different mathematical models to describe the 

representation of lactation curves. A total of 38 models included in the R(11) Lactcurves 

package were fitted, and the four best models were chosen according to the following 

selection criteria (Table 1): residual standard error (RSE), coefficient of determination (R2), 

adjusted coefficient of determination (R2 adjus), log-likelihood (LogL), Akaike information 

criterion (AIC), corrected Akaike information criterion (CAIC), Bayesian information 

criterion (BIC), and Durbin-Watson coefficient (DW). 

 

The best models were adjusted to lactations per animal by means of a nonlinear (NLIN) 

regression model using the Statistic Analysis System(12) program. The parameters that 

describe the curve, persistence, days to the peak, and peak yield were obtained from each 

curve. 

 

In addition, through the process of generalized linear models (PROC GLM) in SAS(12), it 

was evaluated whether, in each model, the number of calving, the herd, and the calving 

season were statistically important in milk production, with the intention of evaluating 

parameters that could be incorporated into the prediction model. The ggplot package of R 

was used to plot the curves by lactation. 
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The Wood(2) model used was as follows: 

 
Where: yt= milk yield at t days in kg, a= initial yield, b= phase of increase in the curve, c= 

phase of decline in the curve, and t= days. 

 

From the calculated parameters, it is possible to estimate the days to the peak ( ), maximum 

yield at the peak ( ), and persistence ( ). 

 

Wilmink’s (13) model is described as: 

 
Where: yt= milk yield at t days in kg, a= initial yield, b= phase of increase in the curve, c= 

phase of decline in the curve, k=parameter associated with the days to the peak, and t= days 

in production. 

 

The calculated parameters are used to estimate the persistence ( ), days to the peak 

( ), and peak yield ( )(14). 

 

The Ali-Schaeffer model(15) is: 

 
Where: t= days in milk, a= related to peak production, b and c= related to decreased 

production, d and f= related to increased production. 

 

The modified Pollot model(8) is described as: 

 

 

 

Where: yt= milk production at day t, t= days in milk, a= maximum lactation secretion 

potential, b= related to milk production potential, c= relative proliferation rate of secretory 

cell number during early lactation, and d= relative decrease in cell number as lactation 

progresses. 

 

 

Results 

 

 

According to the selection criteria, the best-evaluated models were Wood, Wilmink, Ali-

Schaeffer, and modified Pollot. Table 1 shows the results of the four models and the values 
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of the selection criteria for estimating the milk production curves for Holstein cattle in 

Mexico in the intensive production system. In most of the criteria, Wilmink’s model is the 

one with the best results. 

 

Table 1: Selection parameters of Wood, Wilmink, Ali-Schaeffer, and modified Pollot 

models in Holstein cattle in Mexico 

Models R2 R2 adj RSE LogL AIC CAIC BIC DW 

Wood 0.1378 0.138 8.911 -4998010 9996029 9996025 9996078 0.555 

Wilmink 0.1381 0.138 8.910 -4997858 9995726 9995721 9995786 0.555 

Ali-Schaeffer 0.1380 0.138 8.911 -4997941 9995894 9995888 9995967 0.555 

Pollot modified 0.1381 0.138 8.910 -4997874 9995758 9995753 9995819 0.555 

R2= coefficient of determination, R2adj= adjusted coefficient of determination, RSE= residual standard error, 

LogL= log-likelihood, AIC= Akaike information criterion, CAIC = corrected Akaike information criterion, 

BIC= Bayesian information criterion, DW= Durbin-Watson coefficient. 

 

Table 2 shows the results of the ANOVA and Tukey tests for the parameters of the four 

selected models, differentiated by the number of lactations, and the mean of all the animals. 

In Wood’s model, it is observed that estimators a, b, and c are statistically different 

between the different lactation numbers, except for the estimator c for lactations 3 and 4 or 

more. The values of persistence, peak production, and days to the peak for each lactation 

are also presented. 

 

Regarding Wilmink’s model, parameter a of lactation 1 differed from those of lactations 2 

and 3, which in turn differed from that obtained for 4 or more lactations. Regarding 

parameters b and k, there were no significant differences between the groups; in contrast, in 

parameter c, lactations 2 and 4 are the same but differ from the rest. Ali & Schaeffer’s 

model shows that parameters a, b, c, d, and f in lactations 1 and 4 are statistically different 

from those in lactations 2 and 3. 

 

For the modified Pollot model, it is observed that parameter a is different between the first, 

fourth, and second-third lactations; as for parameter c, that of the first lactation differs from 

that of all the others; as for parameters b and d, they are different between lactations. 

 

Table 2 also shows the estimated values of persistence, peak production in kilograms, and 

days to the peak by lactation for Wood, Wilmink, Ali-Schaeffer, and modified Pollot by 

calving number, as well as the mean for all animals. Figure 1 shows the lactation curves for 

each of the models. 

 

In the evaluation of factors that affect the lactation curve presented in Table 2, it was found 

that the number of calving, calving season, and herd are significant (P<0.05) in the models 

used, except for the herd in the Ali-Schaeffer model. Table 3 shows the parameters for fat 



Rev Mex Cienc Pecu 2024;15(3):483-500 
 

489 

and protein with the different models used, where it can be seen that all the parameters are 

different between the number of calvings (P<0.05). Table 4 shows the estimates for the 

components of the curve with the different models, while Figures 2 and 3 show the curves 

calculated for fat and protein, respectively. In the modified Pollot model for protein, the 

parameters did not model a curve in lactations 3 and 4 or more, so it was not possible to 

obtain the days to the peak, peak production, and persistence. 

 

Figure 1: Lactation curves for milk production by lactation number with Wood, Wilmink, 

Ali & Schaeffer and modified Pollot models 
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Figure 2: Lactation curves for milk fat percentage by lactation number using Wood, 

Wilmink, Ali & Schaeffer and modified Pollot models 

 
 

Figure 3: Lactation curves for protein percentage by lactation number with Wood, 

Wilmink, Ali & Schaeffer and modified Pollot models 
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Discussion 

 

 

The mean square error was similar among the different models, being slightly lower in the 

first lactation. The same is true for the other model selection criteria, with Wilmink’s model 

being slightly better. 

 

The parameters obtained by the model proposed by Wood are different in lactation 

numbers, results that are far from those found by Duque et al(16) with Wood’s model in the 

Colombian tropics with grazing Holstein cattle. Duque et al (2018) estimated a mean of 

parameter b (0.12) and peak production (26.5 kg) lower than what was found in the present 

study; the same happens with the days to reach maximum production among the different 

numbers of lactations (between 28 to 32 d). It is known that milk production in the tropics 

is usually lower due to various factors that limit production, such as temperature, where 

Holstein cows do not adapt adequately to hot climates; in addition to this, being in an 

extensive system, grazing feed tends to vary at different times of the year. In terms of 

persistence, they had higher values (66 to 82 %) than reported in this study, which ranges 

from 15 to 19 %. This may be because they are subjected to less production stress in 

addition to the variation in diet depending on the time of year and heat stress. 

 

In a study conducted by Vázquez et al(17), where they evaluated cows mostly of the 

Holstein breed under an intensive system in Lima, Peru, the values of parameters a and c of 

Wood’s model among the different lactations (16.41 to 18.11, and 0.0023 to 0.004, 

respectively) and the peak production (31.13 to 43.91 kg) are similar to those found in the 

Holstein population of Mexico. In both studies, the animals were subjected to intensive 

production systems, and the climatic conditions were similar, corresponding to a 

subtropical desert climate. For parameter b and days to peak production, Vázquez et al(17) 

show lower values (0.1880 to 0.3043 and 66 to 82 d, respectively). This difference could be 

attributed to the fact that the cows in the Peruvian study were milked 3 times a day, so the 

amount of milk produced in the first stage of the curve increases compared to cows that are 

milked 2 times a day, as is the case of the majority of the Mexican population. 

 

In a study by Boujenane & Btissam(18) in semi-intensive production herds in Morocco with 

Holstein animals, the results show some differences compared to this study. The values by 

lactation reported in Morocco for parameter a in the first three calvings (15.9, 16.9, and 

17.2, respectively) present a higher value, especially for first-calving animals. The mean of 

parameter b (0.1039) is the one with the biggest difference, which is reflected in the results 

of each lactation, where they are also higher (0.073, 0.091, and 0.096 for the first, second, 

and third lactations). In the same study, the parameter c is slightly higher in each lactation. 
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In terms of lactation components, there are differences in both studies. The three 

components shown by Boujenane & Btissam(18) (41.4 for days to the peak, 23.6 for peak 

production, and 6.56 for persistence) are lower than those found in the present study (Table 

2), especially in days to the peak and peak yield. This is possibly caused by the semi-

intensive production system and the high temperatures of the African country. In general, 

production in the animals in the Moroccan study is lower. 

 

Regarding fat percentage, Gołębiewski et al(19) conducted a study on Holstein cattle in 

Poland, reporting values of 3.05, -0.07, and 0.04 for parameters a, b, and c, respectively, 

with Wood’s model; and for protein percentage, they report values of 4.59, -0.19, and 0.04, 

for parameters a, b, and c, values similar to those found in the Holstein population of 

Mexico (Table 3). Both the Polish and Mexican Holstein animals in both studies were 

under an intensive system, so the environmental conditions are similar. 

 

Regarding Wilmink’s model, the results presented by Bouallega et al(20) in Holstein cows in 

Tunisia, the value of the parameters differs from that obtained in the Mexican Holstein 

population. The authors show values close to 28 and -7 for parameters a and b. The 

parameter c was similar to what was obtained (-0.3), while the value of k was set to 0.05. 

The values calculated in the present study for peak production and days to the peak (Table 

4) were higher than those presented by the authors (26 kg and 48 d). In terms of 

persistence, they report values around 94 %. The number of animals used in the study was 

small (5,649), where the authors mention that a larger amount of data is suggested; the 

main difference between the cows in the Tunisian research and the Mexican population was 

temperature. The former were subjected to heat stress due to the climate in Tunisia, which 

can reduce production in Holstein cattle since animals of this breed do not usually adapt 

well to this type of climatic conditions. 

 

Regarding parturition, the results found in this study are similar to those reported by 

Bouallega et al(20), which reiterates that the number of lactations is a significant source of 

variation, showing differences in animals with 1, 2, and 3 or more births, because first-

calving animals have not completed the mammary gland maturation process; therefore, 

their production is usually lower than in subsequent lactations. In addition, Bouallega et 

al(20) recommend using the age at calving as a source of variation. Regarding herd as a 

factor affecting lactation curves, the aforementioned authors found that it is significant, 

attributing 30 % of the variation in milk production to it. This highlights the importance of 

environmental conditions in modeling the production curve, which are different between 

herds. 

 

The protein percentage parameters show little similarity compared to what was reported in 

the present study (Table 4). An example is the peak and days-to-peak results shown for 

Tunisian animals (2.84 % and 53.4 d, respectively), which are lower than those of the 
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Mexican population. In terms of fat percentage, the biggest differences in comparison to 

this study are observed in parameter b (1.19), where the authors present slightly higher 

values, while the days to the peak (50.63) they show are much lower than those found in 

this study (Table 4). The differences in some results for protein and fat may be due to the 

high Mediterranean temperatures to which the animals were exposed; however, the 

percentage of fat tends to vary less due to environmental conditions and during lactation 

than the percentage of protein. 

 

Torshizi et al(7) found that, in first-calving Holstein cows under intensive production 

systems in Iran, herd and calving season are sources of significant variation using 

Wilmink’s model to model lactation curves, similar to what was found in the Mexican 

population. In addition, they used 4 fixed values for parameter k in their analyses (0.05, 

0.065, 0.61, 0.10), the first being the one that yielded the highest correlation between the 

observed and predicted production values. 

 

Regarding the other parameters, they are also very different, being most evident in 

parameters b and c (-20.227 and -0.036). Peak day and peak production (66 d and 32 kg, 

respectively) are lower in Iranian cows. These differences may be due to the length of 

lactations since Torshizi et al(7) study included animals with production cycles adjusted to 

200 d, contrary to the usual in Mexico, which is to adjust to 305 d, and minimum 

productions of 3 kg of milk. This is due to the variation in production due to climatic 

issues. The authors mention that the best model for first-calving animals is Wood’s. 

 

Results presented by Gök et al(21), with first-calving Holstein cows in the Turkish province 

of Konya, where they used the Ali-Schaeffer model, show values similar to those found in 

the present study for parameter b (138). Regarding parameters a and f, these authors show 

higher values (-51.92 and -3.62); in contrast, the estimates for parameters c and d (-648.66 

and 32.68) are lower compared to those found in the Mexican Holstein population (Table 

4). In the same way, days to the peak and peak production are lower in animals from 

Konya. The main difference with this study was the production system. Turkish animals 

were under a grazing system, and where the climate is usually extreme in the different 

seasons of the year. 

 

In their study of Holstein cattle from Turkey, where they classified the animals by lactation 

number (from 1 to 3), Koçak & Ekiz(15), by using the Ali-Schaeffer model, reported values 

for parameter b (165.3, 259.3, and 280.9) and c (-101.3, -121.1, and -127.0, respectively) 

similar to those found in this study (Table 2). In contrast, the rest of the parameters were 

higher in the research carried out in Turkey (-49.0, -55.7, and -50.7 for a; 103.36, 126.97, 

and 41.58 for c; -0.10, -6.91, and -14.71 for f). These differences in parameters are reflected 

in the days to the peak, where Turkish cows have their maximum production (74.94, 47.62, 

and 39.62 for the first, second, and third lactations, respectively) earlier than Mexican 
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cows, despite the fact that productions at this stage are similar. The animals in Koçak & 

Ekiz’s(15) study belonged to semi-intensive production systems and were milked three times 

a day; in said study, despite the high environmental temperatures, the houses had 

temperature regulation systems, unlike what happened in Mexico, where the environmental 

conditions of the animals are not usually controlled. 

 

On the other hand, Nanda et al(22) carried out a study on a housed herd in Indonesia, where 

they modeled the curves using Ali & Schaeffer’s model by calving numbers (from 1 to 4). 

The parameters a, c, and f in each of the lactations of the cows in Java were higher than the 

parameters calculated in the present study (-40.79, -16.19, -20.86, and -26.89 for a; -16.50, 

-7.06, -14.74, and -25.00 for c; -6.83, -4.59, -4.52, and -4.59 for f); with respect to 

parameters b and d, they report lower values (68.32, 32.87, 44.25, and 59.15 for b; 38.85, 

24.43, 25.52, and 26.83 for d). These values may indicate that the curves of the animals in 

the Indonesian study show peak production in a shorter time and yield lower than in the 

Mexican population. The hot and humid climate of the island of Java may be an important 

factor explaining the differences in the curves, as these animals were not housed in places 

where temperature was controlled. 

 

In Holstein cows in Australia under a grazing system in a warm climate, Adediran et al(23) 

used the modified Pollot model and found that parameter a (13.36) was lower than that 

obtained in the present work, while parameter b was higher (1.23). Parameters c and d (2.80 

and 0.0012) were similar in both studies. The main difference with the Mexican population 

is the type of production system. In the study in Australia, as the animals are grazing, there 

is less control of the environmental conditions, coupled with the intense heat reported by 

the authors, which may limit milk production, unlike the population in this study, which 

was in a housed system. 

 

Information on the parameters of the fat and protein production curves with the different 

models is scarce, especially for Ali-Schaeffer and Pollot modified, so the results were 

compared with other models; however, it should be noted that the results presented in this 

study will serve as a reference for these characteristics in intensive production systems. 

 

 

Conclusions and implications 
 

 

Of the models evaluated in this study, the one proposed by Wilmink was the one that best 

fit the data of the Holstein population of Mexico. The importance of choosing a model that 

best suits the information lies in obtaining more accurate predictions, which translates into 

values that are closer to reality. In addition, the study evaluated environmental factors such 
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as calving number, calving season, and herd; they were significant for the modeling of 

lactation curves, so it is essential to consider them as a source of variation in the predictions 

made with the different models. Future research could investigate other environmental 

factors that may affect the curves. The practical application of lactation curve modeling is 

extensive, including genetic improvement, so having identified environmental sources of 

variation and choosing the most appropriate model will allow the selection of animals with 

the highest genetic value. 
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Table 2: Lactation curves parameters, days to the peak (Dpeak), peak production (peak), and persistence of the curve (persistence) for 

Wood, Wilmink, Ali-Schaeffer, and modified Pollot by lactation number. 

 

Lactation 
Parameters 

Lactation curve components 

 MSE (kg) 

a b c d k f Dpeak Peak Persistence 

 

 

Wood 

Mean 

1 

2 

3 

4 or more 

14.600 

11.920a 

16.120b 

15.770c 

16.290d 

0.380 

0.370a 

0.380b 

0.400c 

0.370d 

0.004 

0.003a 

0.004b 

0.005c 

0.005c 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

85.020 

102.970 

76.620 

74.870 

72.760 

41.140 

36.780 

43.400 

44.370 

42.990 

16.990 

15.970 

17.730 

19.260 

15.560 

 

7.27 

8.27 

9.29 

9.64 

 

 

Wilmink 

Mean 

1 

2 

3 

4 or more 

258.040 

282.120a 

250.040b 

243.320b 

227.920c 

-316.000 

-192.180a 

-432.310a 

-453.410a 

-317.580a 

-0.337 

-0.320a 

-0.340b 

-0.350c 

-0.330b 

- 

- 

- 

- 

- 

0.027 

0.017a 

0.033a 

0.038a 

0.041a 

- 

- 

- 

- 

- 

85.940 

107.340 

75.010 

72.250 

69.480 

42.100 

37.340 

44.560 

46.110 

44.260 

-47.440 

-36.0050 

-54.240 

-53.510 

-55.730 

 

7.27 

8.87 

9.29 

9.64 

 

 

Ali & Schaeffer 

Mean 

1 

2 

3 

4 or more 

-91.640 

-69.020a 

-127.120b 

-138.560b 

-74.110a 

184.090 

159.520a 

233.080b 

247.320b 

151.350a 

-77.400 

-72.310a 

-93.630b 

-98.880b 

-67.760a 

93.570 

70.810a 

120.330b 

130.450b 

86.210a 

- 

- 

- 

- 

 

-20.680 

-15.530a 

-26.300b 

-28.620b 

-19.600a 

87.250 

116 

79 

79 

75 

39.990 

34.870 

41.330 

42.610 

41.160 

9.270 

5.930 

9.690 

10.930 

10.540 

 

7.27 

8.87 

9.29 

9.64 

Pollot modified Mean 

1 

2 

3 

4 or more 

99.250 

105.300a 

97.800b 

94.170b 

89.350c 

-31.930 

-37.620a 

-50.650b 

-64.980c 

-35.810d 

2.95’ 

1.850a 

3.740b 

3.940b 

3.370b 

-0.001 

-0.000a 

-0.001b 

-0.001c 

-0.001d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

72.250 

103 

63 

62 

61 

40.710 

35.420 

42.150 

43.420 

41.860 

5.720 

2.980 

6.280 

6.940 

6.700 

 

7.27 

8.87 

9.29 

9.64 

Dpeak= days to the peak, Peak= peak production, MSE= mean square error. 
abcd Significant differences at P<0.05. 
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Table 3: Parameters of lactation models for protein and fat percentages with Wood, Wilmink, Ali-Schaeffer, and modified Pollot 

models by lactation for the models with better goodness of fit 

    Protein        Fat    

 

MSE 

(kg) 

 

Lactations 

Parameters 

 MSE 

(kg) 

Parameters 

a b c d k f a b c d k f 

 

 

Wood 

Mean 

1 

2 

3 

4 or more 

3.630 

3.600a 

3.660b 

3.640c 

3.630d 

-0.055 

-0.051a 

-0.056b 

-0.057c 

-0.057d 

0.0009 

0.0008a 

0.0009b 

0.0009c 

0.0009d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 

0.24 

0.26 

0.26 

0.27 

5.250 

5.310a 

5.080b 

5.370c 

5.250d 

-0.126 

-0.132a 

-0.120b 

-0.130c 

-0.123d 

0.001 

0.001a 

0.001b 

0.001c 

0.001d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 

0.62 

0.65 

0.66 

0.67 

 

 

Wilmink 

Mean 

1 

2 

3 

4 or more 

2.920 

2.940a 

2.920b 

2.900c 

2.900d 

0.832 

0.798a 

0.799b 

0.90c 

0.89d 

0.001 

0.001a 

0.001b  

0.001c  

0.001d 

- 

- 

- 

- 

- 

0.082 

0.084a 

0.075b 

0.087c 

0.087d 

- 

- 

- 

- 

- 

 

0.24 

0.26 

0.26 

0.27 

3.040 

2.960a 

3.020b 

3.100c 

3.140d 

1.201 

1.221a 

1.138b 

1.276c 

1.230d 

0.001 

0.002a 

0.002b  

0.001c  

0.001d 

- 

- 

- 

- 

- 

0.032 

0.029a 

0.031b 

0.035c 

0.037d 

- 

- 

- 

- 

- 

 

0.62 

0.65 

0.66 

0.67 

 

 

Ali & 

Schaeffer 

Mean 

1 

2 

3 

4 or more 

3.090 

2.950a 

2.940b 

3.380c 

3.360d 

0.657 

0.913a 

0.917b 

0.148c 

0.117d 

-0.284 

-0.441a 

-0.355b 

-0.037c 

-0.045d 

-0.230 

-0.150a 

-0.150b 

-0.420c 

-0.400d 

- 

- 

- 

- 

 

0.083 

0.06a 

0.07b 

0.11c 

0.10d 

 

0.24 

0.26 

0.26 

0.27 

1.980 

2.650a 

1.700b 

1.980c 

0.930d 

2.151 

0.864a 

2.648b 

2.288c 

4.138d 

-0.400 

0.249a 

-0.594b 

-0.537c 

-1.439d 

0.59 

0.23a 

0.75b 

0.59c 

1.18d 

- 

- 

- 

- 

 

-0.01 

0.03a 

-0.04b 

-0.09c 

-0.09d 

 

0.62 

0.65 

0.66 

0.67 

Pollot 

modified 

Mean 

1 

2 

3 

4 or more 

2.940 

2.860a 

2.970b 

3.000c 

3.050d 

-0.044 

-0.079a 

-0.039b 

-0.019c 

-0.000d 

-0.004 

-0.004a 

-0.005b 

-0.003c 

-0.002d 

-0.0004 

-

0.0006a 

-

0.0002b 

-

0.0004c 

-

0.0003d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 

0.25 

0.27 

0.45 

0.44 

2.960 

2.890a 

2.940b 

3.040c 

3.090d 

-0.312 

-0.323a 

-0.302b 

-0.316c 

-0.302d 

0.025 

0.022a 

0.025b 

0.028c 

0.030d 

0.0008 

0.0009a 

0.0009b 

0.0007c 

0.0006d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 

0.63 

0.66 

0.68 

0.67 

MSE= mean square error. abcd Significant differences at P<0.05. 
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Table 4: Days to the peak, peak yield, and persistence for milk protein and fat percentages with Wood, Wilmink, Ali-Schaeffer, and 

modified Pollot models. 

Model Lactation 

number 

 Lactation curve 

components 

   Lactation curve 

components 

 

  Protein  Fat 

  Days to 

the peak 

Peak yield (%) Persistence  Days to 

the peak 

Peak yield (%) Persistence 

Wood Mean 

1 

2 

3 

4 or more 

60.890 

61.020 

59.950 

60.040 

63.340 

3.050 

3.030 

3.080 

3.090 

3.050 

1.670 

1.690 

1.670 

1.670 

1.660 

 103.130 

105.290 

97.370 

105.650 

106.120 

3.050 

3.030 

3.080 

3.090 

3.050 

1.420 

1.410 

1.440 

1.410 

1.430 

Wilmink Mean 

1 

2 

3 

4 or more 

44.650 

44.370 

46.030 

43.190 

44.320 

3.020 

3.030 

3.030 

3.000 

2.990 

17.820 

16.480 

19.140 

19.020 

17.180 

 92.650 

97.270 

89.430 

91.050 

85.5500 

3.280 

3.250 

3.270 

3.310 

3.330 

19.850 

21.110 

21.510 

17.770 

15.990 

Ali & Schaeffer Mean 

1 

2 

3 

4 or more 

49.250 

50 

50 

47 

50 

3.010 

3.040 

3.030 

3.000 

3.000 

0.150 

0.140 

0.160 

0.160 

0.140 

 49.250 

105 

93 

97 

90 

3.010 

3.260 

3.270 

3.310 

3.320 

0.150 

0.190 

0.180 

0.160 

0.130 

Pollot modified Mean 

1 

2 

3 

4 or more 

 

85 

144 

- 

- 

 

3.07 

3.04 

- 

- 

 

0.20 

0.08 

- 

- 

 96.50 

101 

92 

99 

93 

3.270 

3.24 

3.27 

3.27 

3.31 

0.140 

0.16 

0.17 

0.13 

0.13 
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