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Estimation of sustained peak yield interval of dairy cattle lactation curves
using a broken-line regression approach
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Abstract
A broken-line regression model with three straight lines and two breakpoints was used to estimate
the sustained peak yield of the lactation curve. A sample of 1548 lactation records of 425 Holstein-Friesian
cows was provided by the Research and Application Farm of the Agriculture Faculty of Çukurova University
in Adana, Turkey. A total of 13463 test-day milk yields (kg/day), recorded once a month with electronic
identification and automatic milking recording systems, between November 1994 and January 2006, were
used. The data was classified as first, second, third, fourth, fifth, sixth and seventh parity, and included 4105,
3238, 2495, 1800, 1113, 641 and 71 test-day records, respectively. Times (days) at the beginning and end of
sustained peak yield per parity were 73.9 - 160.2, 70.6 - 131.9, 70.8 - 130.7, 71.0 - 130.3, 71.3 - 130.4,
71.2 - 128.2 and 71.1 – 129.8, respectively. The peak yields of lactation curves were 19.1 kg/d, 21.8 kg/d,
23.8 kg/d, 24.2 kg/d, 24.2 kg/d 24.4 kg/d and 21.3 kg/d, and days in milk (DIM) at peak yields of lactation
curves per parity were 126, 103, 102, 104, 106, 103 and 104, respectively. Persistency values (days) and total
lactation milk yields (kg/lactation) per parity were 86.4, 61.3, 59.9, 59.3, 59.1, 57.0, 58.7 and 4852.2, 5105.7,
5503.5, 5503.7, 5449.3, 5416.3, 4802.4, respectively. Results showed that the first parity had a lactation
curve with the lowest milk yield at peak that reached the peak point at the latest time (DIM) after parturition,
but the largest interval between the beginning and end of the sustained peak yield among all parities. This
means that the cows in the first lactation were more persistent than those in the later lactations.
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Introduction
A lactation curve, namely the variation in milk production during lactation, represents the relationship
between milk yield and time after parturition (Ruvuna et al., 1995). The shape of lactation curves provides a
valuable tool for identifying characteristics that best describe superior lactation potential (McGill et al.,
2006) and also valuable information about the biological and economic efficiency of the animal or herd
under consideration (Grossman & Koops, 1988). The shape of a typical lactation curve may be described as
increasing at a high rate up to the first breakpoint (the beginning of Sustained Peak Yield (SPY)), after which
the increase in daily milk yield tapers off (almost ceases) abruptly, until the peak production point is
obtained. After this it declines at a slower rate until the second breakpoint (the end of SPY), followed by a
rapid decrease until the end of the milk production cycle. Milk yield between the first and second
breakpoints is constant, and at around that of the peak level of lactation. Thus, the lactation curve can be
considered as comprising three linear segments: in the first segment there is an increase from the initial yield
at calving to the starting point of SPY, in the second segment is the SPY between the first and second
breakpoints, and in the third one there is a decrease from the end of SPY to the end of lactation. The first and
second breakpoints are the two points around the peak and indicate the starting point and the endpoint of the
time interval over which the high milk production or SPY is obtained in the lactation cycle. The breakpoint
and peak values of a lactation curve vary according to biological factors and various environmental factors,
such as a cow's age, parity, fertility, feeding, and the calving season (Wood, 1967; Whittemore, 1980; Ferris
et al., 1985). Determination of the beginning and end of SPYs of the lactation curve is important to explain
the main features of the dairy cattle milk production pattern, such as persistency during lactation, and is
useful in directing herd management and extending partial records.
Inconsistent definitions of persistency of lactation yield are used in the literature (Wood, 1967;
Lombard, 2006). Grossman et al. (1999) define the persistency as the number of days between the beginning
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and end of SPY, and present a mathematical model that includes a measure of persistency to describe the
lactation curve. In this model there are straight lines with different slopes, which intersect, and there is a
continuous transition from one slope to the next. They stated that the cows are persistent if they tend to
maintain their peak yield within a lactation period. A cow with a flatter lactation curve is therefore
considered to be more persistent than a cow with the same total yield but with a curve that decreases abruptly
after the peak. Therefore, the persistency of lactation yield is an important element of total yield and
significantly affected by parity, season of calving and level of total production (Sölkner & Fuchs, 1987;
Gipson & Grossman, 1990; Ruvuna et al., 1995).
The aim of this study was to estimate the interval between the beginning (R1) and end (R2) of SPY of
the lactation curves by using a breakpoint estimation procedure, using a broken-line regression technique, for
use in the estimation of measures of persistency of the lactation curves.

Materials and Methods
A sample of 1548 lactation records of 425 Holstein-Friesian cows were provided by the Research and
Application Farm of the Agricultural Faculty of Çukurova University, Adana, Turkey. A total of 13463 testday milk yields (kg/day), recorded once a month with electronic identification and automatic milking
recording systems between November 1994 and January 2006, was used. Data included the cow’s
identification number, calving date, the parity, the test-day date, the test-day milk yield (kg), and the number
of times the cow was milked per day. The data were classified according to parity and days in milk (DIM)
and results tabulated in Table 1. Means of daily milk yield according to parity are given in Figure 1(h).
Various mathematical functions were used to describe lactation curves. The incomplete gamma
function (IG) and its variants proved relatively powerful in terms of fitting observed daily yields (Wood,
1967; Scott et al., 1996; Tekerli et al., 2000; Vargas et al., 2000; Sahinler & Karakok, 2008). The gamma
function, called the Wood model, proved to be relatively powerful and one of the most popular models in
fitting observed daily yields. Observed daily milk was presented as:

Yt = aX b e − cX

(1)

where: Yt is the observed milk yield at day t; a is linked to milk yield at the beginning of lactation, b to the
ascending phase before peak yield, and c to the decreasing phase after peak yield.
Three straight lines with two breakpoint broken-line regression models were used to estimate the
breakpoints of the lactation curve:
Y = L + UX , X < R 1
}
(2)
Y = L + UR 1 + V ( X − R 1 ), R 1 < X < R 2

Y = L + UR 1 + V ( R 2 − R 1 ) + W ( X − R 2 ), X > R 2
where: L is a constant, U is the slope of the line until the first breakpoint, R1 is the first breakpoint, V is the
slope of the line between the first and second breakpoints, R2 is the second breakpoint, and W is the slope of
the line after the second breakpoint (Vito, 2003).
Persistency for lactation yield (P) was calculated as:
P = R2 − R1
(3)
where: R1 and R2 are the first and second breakpoints of the lactation curve, P is a measure of persistency and
indicates the number of days between the beginning (R1) and end (R2) of SPY (Grossman et al., 1999).
Peak yield and DIM at peak yield (DIMP) were calculated as:
a(b/c)be−b and (b/c), respectively (Wood, 1967; Rekik et al., 2003).
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Table 1 Average of test-day milk yield (kg/day) and number of test-day milk yield records (n) according to parity in 425 Holstein-Friesian cows
Parity
1

DIM

Mean ± s.e.

2
n

Mean ± s.e.

3
n

Mean ± s.e.

4
n

Mean ± s.e.

5
n

Mean ± s.e.

6
n

Mean ± s.e.

7
n

Mean ± s.e.

n

30

10.4 ± 1.3

304

12.2 ± 2.2

278

13.0 ± 3.3

209

12.2 ± 3.1

158

11.3 ± 3.6

93

11.9 ± 3.5

48

10.4 ± 3.1

30

60

18.2 ± 1.1

419

22.7 ± 2.6

350

24.6 ± 3.3

267

24.8 ± 4.5

202

24.6 ± 4.7

128

24.1 ± 5.3

71

21.9 ± 5.1

44

90

19.1 ± 1.1

417

22.1 ± 2.7

345

24.4 ± 3.3

264

25.0 ± 5.2

198

24.9 ± 4.3

122

25.5 ± 5.4

69

21.6 ± 5.2

44

120

18.8 ± 1.0

410

20.9 ± 2.3

337

22.8 ± 3.2

263

23.2 ± 4.7

193

23.0 ± 4.9

119

23.6 ± 5.3

68

20.8 ± 6.1

40

150

18.2 ± 0.9

406

19.4 ± 2.1

332

20.8 ± 2.7

259

21.5 ± 4.0

188

21.4 ± 4.1

115

21.6 ± 5.0

66

18.1 ± 5.3

38

180

17.5 ± 0.9

401

18.0 ± 1.7

322

19.4 ± 2.5

252

19.5 ± 3.2

181

19.3 ± 4.3

113

18.6 ± 4.2

65

16.8 ± 5.8

36

210

16.7 ± 0.8

393

16.0 ± 1.5

317

17.7 ± 2.0

245

17.4 ± 2.7

175

17.7 ± 3.1

106

17.4 ± 4.1

61

15.8 ± 4.6

32

240

15.8 ± 0.9

385

14.6 ± 1.2

305

15.5 ± 2.0

239

15.5 ± 2.4

165

15.8 ± 3.3

101

15.0 ± 3.7

60

14.1 ± 4.0

29

270

14.8 ± 0.9

372

13.2 ± 1.1

282

13.7 ± 1.7

215

13.3 ± 2.1

146

13.6 ± 2.6

94

12.7 ± 3.7

56

10.8 ± 3.0

26

300

13.8 ± 1.0

340

11.4 ± 1.2

229

11.7 ± 1.9

180

11.9 ± 1.7

116

11.4 ± 2.1

76

11.1 ± 2.5

45

09.9 ± 4.4

17

330

12.6 ± 1.2

258

10.3 ± 1.4

141

11.1 ± 2.2

102

11.1 ± 2.2

78

10.0 ± 1.9

46

09.9 ± 2.4

32

09.5 ± 4.1

8

DIM – Days in milk.
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The parameter estimations of the Wood model were made, using the SPSS 13.0 for Windows,
breakpoint estimations were made, using the NLIN procedure of SAS system V7 (Sahinler & Sener, 2007),
aiming to minimize the residual sum of squares by using the Gauss-Newton iteration method. Graphs of the
models were plotted using GraphPad Prism trial version 4.03.

Results and Discussion
The Wood model in equation 1 was fitted to data, and the parameter estimates, peak production and
DIM for parities are given in Table 2. In this table the R2 value is the proportion of explained variance in the
data set from the Wood model.
Table 2 Wood model parameter estimates, peak, days in milk (DIM) at peak production and R2 values for
parities
a

Parameters
b

c

1

1.3110

0.6974

2

1.1780

3

Peak

DIM at
peak

R2

0.005518

19.07

126

0.902

0.8035

0.007836

21.77

103

0.914

1.1010

0.8474

0.008295

23.79

102

0.919

4

0.8256

0.9268

0.008926

24.15

104

0.913

5

0.6148

1.0030

0.009477

24.20

106

0.916

6

0.5867

1.0250

0.009917

24.43

103

0.938

7

0.6418

0.9610

0.009256

21.27

104

0.903

Parity

a is linked to milk yield at the beginning of lactation;
b - the ascending phase before peak yield;
c - the decreasing phase after peak yield.

Table 2 shows that the R2 value ranged from 0.902 to 0.938. The regression was significant (P <0.01)
and therefore the fit of the Wood model was considered good in all parities. The peak was predicted as 19.1
kg/d, and occurred at 126 DIM for the first parity. For other parities, the peaks were 21.8 kg/d, 23.8 kg/d,
24.2 kg/d, 24.2 kg/d 24.4 kg/d and 21.3 kg/d, which were reached at 103 DIM, 102 DIM, 104 DIM, 106
DIM, 103 DIM and 104 DIM, respectively. Total lactation milk yields (kg/lactation) per parity were 4852,
5106, 5504, 5504, 5449, 5416 and 4802, respectively. Lactation curve characteristics in Table 2 show that
the cows in the first lactation reached their peak of production the latest (126 DIM), but had lower peak
levels (19.1 kg/d) than in later lactations. The peak yields were greater (21.8 - 24.4 kg/d) and DIMs at peak
were lower (102 - 104 DIM) for the cows in the later lactations than the cows in the first lactation. The
highest peak was obtained from the cows in the 6th lactation while it was similar in the 4th and 5th lactations.
Cows in their 4th lactation had the highest lactation milk production (5504 kg/lactation) among all parities.
These results are similar to the findings of Rekik et al. (2003). These authors compared the lactation curve
characteristics of primiparous and multiparous cows. Horan et al. (2005) also reported that parity has
significant effects on lactation curve characteristics.
The expected lactation curve (thin solid line), confidence band of the lactation curve (dotted line) and
the expected three straight lines with two breakpoints for all parities are represented in Figure 1(a), 1(b),
1(c), 1(d), 1(e), 1(f), 1(g). Lactation curves in the first and later lactations were clearly and consistently
different.
A broken-line regression model with three straight lines with two breakpoints, in Equation 2, was
fitted to the expected values of the Wood model and parameter estimations, and summarized statistics given
in Table 3.
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Table 3 Estimates of model parameters, standard error of estimates and 95% confidence limits (CL) of parameters for the broken-line regression
model in Equation 2, and persistency and milk yields (Y1,Y2) corresponding to the first and second breakpoints, respectively

L
s.e.
95%CL

1
7.46
0.396
6.442 – 8.478

2
8.88
0.307
8.100 – 9.660

3
9.16
0.398
8.140 - 10.185

Parity
4
8.10
0.464
6.906 – 9.294

5
6.89
0.506
5.589 – 8.191

6
6.95
0.651
5.276 – 8.624

7
6.7
0.456
5.529 – 7.871

U
s.e.
95%CL

0.148
0.0084
0.127 – 0.169

0.181
0.0064
0.165 – 0.198

0.206
0.0084
0.184 – 0.227

0.224
0.0098
0.199 – 0.249

0.238
0.0107
0.210 – 0.265

0.243
0.0137
0.207 – 0.278

0.202
0.0096
0.178 – 0.227

V
s.e.
95%CL

0.008
0.0042
–0.003 – 0.017

-0.003
0.0064
–0.019 – 0.014

-0.004
0.0084
–0.026 – 0.018

-0.001
0.00979
–0.025 – 0.025

0.003
0.0107
–0.024 – 0.031

-0.002
0.0137
–0.037 – 0.033

-0.001
0.0096
–0.026 – 0.024

W
s.e.
95%CL

0.041
0.0014
0.037 – 0.044

0.0623
0.0009
0.060 – 0.065

0.0704
0.0011
0.068 – 0.073

0.0746
0.0013
0.071 – 0.078

0.0767
0.0014
0.073 – 0.080

0.0796
0.0018
0.075 – 0.084

0.0667
0.0013
0.064 – 0.070

R1
s.e.
95%CL

73.85
2.479
67.48 – 80.23

70.6
1.664
66.32 – 74.87

70.78
1.917
65.85 – 75.70

71.02
2.078
65.68 – 76.36

71.31
2.172
65.73 – 76.89

71.24
2.678
65.36 – 78.13

71.11
2.256
65.32 – 76.91

R2
s.e.
95%CL

160.2
5.12
147.1 – 173.4

131.9
3.75
122.3 – 141.6

130.7
4.32
119.6 – 141.9

130.3
4.48
118.8 – 141.8

130.4
4.52
118.8 – 142.1

128.2
5.73
113.4 – 142.9

129.8
4.89
117.2 – 142.4

Persistency
Y1
Y2
SSR
F

86.35
18.39
19.06
0.1569
445.12**

61.3
21.68
21.52
0.7259
381.68**

59.92
23.72
23.48
0.159
1506.36**

59.28
24.03
23.99
1.2407
322.57**

59.09
23.84
24.04
0.2559
1099.56**

56.96
24.26
24.15
0.424
734.2**

58.69
21.06
21.01
0.2076
1039.69**

Parameters

L - a constant; U - the slope of the line until the first breakpoint; R1 - the first breakpoint; V - the slope of the line between the first and second break-points;
R2 - the second breakpoint; W - the slope of the line after the second breakpoint (formula of Vito, 2003).
SSR - residual sum of squares of the broken-line regression model; ** - significant at α = 0.01.
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(b)
(a)

(c)

(d)

(e)

(f)
28

M ilk Yield (kg)

24

1. lact.
2. lact.
3. lact.
4. lact.
5. lact.
6. lact.
7. lact.

20
16
12
8
30

60

90

120 150 180 210 240 270 300 330
Days in Milk

(g)

(h)

Figure 1 Actual (•) and predicted test-day average milk yields from Wood (thin line) and three intersecting
straight lines of a broken-line regression model (bold line), confidence band (dotted line) and the beginning
and end time (DIM) of SPY (breakpoints, R1, R2) of the Wood model for (a) 1st lactation, (b) 2nd lactation, (c)
3rd lactation, (d) 4th lactation, (e) 5th lactation, (f) 6th lactation and (g) 7th lactation. Fig. 1(h) shows the daily
milk yield according to parity.
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The time at transition from increasing to maintain the yield (R1) of lactation curves was 73.9 DIM,
70.6 DIM, 70.8 DIM, 71.0 DIM, 71.3 DIM, 71.2 DIM and 71.1 DIM for each parity from the first to seventh,
respectively. Therefore, these results show that the beginnings of the SPY of the lactation curves from all
parities are close to each other. An increase in milk yield continues from initial yield at calving to about the
70th DIM (10th week of lactation). Increasing milk yield after 70 DIM stops abruptly and variation in milk
yield continues horizontally at the same level through the second breakpoint, which varies in different
parities. Cows in the first lactation have lower milk yields (18.4 kg/d) at the beginning of SPY than cows in
later lactations (21.1 - 24.3 kg/d) (Table 3 and Figure 1). However, the rate of increase in daily milk yields
was not the same for the different parities.
The time at the end of the SPY, or the beginning of the fast decreasing in milk yield (R2) of lactation
curves, were 160.2 DIM, 131.9 DIM, 130.7 DIM, 130.3 DIM, 130.4 DIM, 128.2 DIM, 129.8 DIM for each
parity from the first to seventh, respectively. These results show that the cows in the first lactation reached
the end of SPY later (160.2 DIM, ca. the 23rd week of lactation) than the others (128.2 - 131.9 DIM, ca. 18th
week of lactation) (Table 3, Figure 1). In other words, fast decreasing in milk yield after the SPY starts later
in first lactation than in the other parities. Cows in the first lactation had lower milk yields at the end of the
SPY (19.06 kg/d) than the cows in later lactations (21.0 - 24.2 kg/d) (Table 3, Figure 1).
Persistency measures, defined by Grossman et al. (1999) as the number of days for which the level of
constant yield is maintained, were calculated by taking differences between the first and second breakpoint
values (equation 3) as 86.4 d, 61.3 d, 59.9 d, 59.3 d, 59.1 d, 57.0 d and 58.7 d (Table 3) for the parities,
respectively.
It was clear that the cows in the first lactation were more persistent than in the later lactations. The
period of SPY was 86.4 d for the cows in the first lactation, which is larger than in the later lactations (57.0 61.3 d). However, the level of the SPY in the first lactation was lower than in the later lactations (Table 3). It
was found that parity is an important factor which influences the lactation curve characteristics as the
persistency measure. Therefore, the milk yield and live weight of the young cows in the first lactation are
lower than those in later lactations. So, the young cows may compensate for their lower nutritional
requirements longer than the cows in later lactations during the peak of lactation. Similar results have been
reported by Rowlands et al. (1982), Sölkner & Fuchs (1987), Tekerli et al. (2000) and Lombard (2006). It
does not mean that the cows in the first lactation have the highest lactation milk yield, because the
maintained peak of lactation occurred at a low level. Obtaining a high lactation milk yield is possible in the
case of the high persistency at sustained high peak yield level. High persistency does not mean high lactation
milk yield because high lactation milk yield depends not only on persistency, but also on the sustained peak
yield level.

Conclusions
The first parity has a lactation curve with lowest milk yield and the latest DIM at the beginning of the
SPY after parturition but the highest persistency among parities. According to some previous literature, the
persistency is defined as the number of days between the beginning and end of the SPY. The broken-line
regression technique can be used as a practical approach to calculate persistency easily. The outputs are in
agreement with the definition of persistency, although literature does offer different definitions of the
persistency measure.
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