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ABSTRACT The objectives of our study were to pro-
pose a new definition for persistency of egg production
and to develop a mathematical model to describe the egg
production curve, one that includes a new measure for
persistency, based on the proposed definition, for use
as a selection criterion to improve total egg production.
Persistency of egg production is an important determin-
ing factor for total egg production. Hens with the same
total production, however, can exhibit different egg pro-
duction curves because of differences in persistency.

We propose a new definition for persistency of egg
production: the number of weeks during which a level
of constant production is maintained. No egg production
model exists that includes a measure of persistency in
terms of duration of time or that allows this measure of
persistency to be derived from model parameters. It was
necessary, therefore, to develop a new model to describe
an egg production curve for a flock:
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INTRODUCTION

A typical egg production curve for a flock increases
rapidly during the first 8 or 9 wk of production and then
decreases at a constant rate to the end of the production
period (North and Bell, 1990). A typical egg production
curve for an individual, however, increases rapidly dur-
ing the first 2 wk, maintains a constant production for
some time, and then decreases slowly (North and Bell,
1990). A hen with a flatter egg production curve is consid-
ered to be more persistent than a hen with a curve that
decreases rapidly after the peak. Persistency of egg pro-
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and for an individual:
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where yt = egg production at time t, t1 and t2 = times at
transition, r = duration of transition, yP = level of constant
production, b4 = rate of decline in production, and P
= persistency of constant production. These parameters
measure directly the important biological characteristics
of an egg production curve. To illustrate the model, six
data sets were used: two from flocks (one pullet flock
and one hen flock) and four from two pairs of individuals.
The proposed definition of persistency should be im-
portant for genetic selection because it might be desirable
to select for increased persistency. The novel approach
to the definition and measure of persistency presented
here should provide a better understanding of the rela-
tionship between the new measure of persistency and
other characteristics of egg production.

duction, therefore, is an important determining factor for
total egg production. Hens with the same total produc-
tion, however, can exhibit different egg production curves
because of differences in persistency.

Although the notion of persistency seems clear, the
definition of persistency of egg production used in the
literature seems to vary. For example, early definitions
of persistency were related to “date of last egg” (Zander
et al., 1942) or to the level of production “during the
summer and fall” (Winter and Funk, 1956). Persistency of
production has been defined implicitly as the correlation
between early and late parts of the production period
(Dixit et al., 1986); high correlation implies high persis-
tency. Persistency of production also has been defined

Abbreviation Key: D-W = Durbin-Watson statistic; EPPM = egg
production persistency model; REPPM = reduced egg production persis-
tency model; RSE = residual standard error.
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explicitly as “average weekly or monthly drop in egg
production after peak” or “number of weeks in produc-
tion until the flock has to be replaced at, say, 60% produc-
tion” (Flock, 1980); as “percentage egg production up to
70 [annual record] or 88 [whole record] weeks of age” or
“percentage egg production in the residual period (from
42 to 70 weeks of age)” (Mou and Kolstad, 1990); or as
“postpeak regression of egg production per unit of time”
(Muir, 1990).

Measurements of persistency of egg production vary
similarly. Some are based on dates (Zander et al., 1942)
or weeks (Flock, 1980); on correlation (Dixit et al., 1986);
on level of egg production (Winter and Funk, 1956; Mou
and Kolstad, 1990); or on rate of decline in production
over time (Flock, 1980; Muir, 1990).

Mathematical models have been used to describe egg
production curves for a flock (Fairfull and Gowe, 1990)
or for an individual (Koops and Grossman, 1992). Models
for egg production have been used to predict total pro-
duction from partial production or to predict decline in
postpeak production, but there is no mathematical model
for egg production for a flock or for an individual that
includes an explicit measure of persistency as a model pa-
rameter.

The objectives of our study, therefore, were to propose
a new definition for persistency of egg production and
to develop a mathematical model to describe the egg
production curve. This model includes a new measure
for persistency, based on the proposed definition, for use
as a selection criterion to improve total egg production.
To illustrate the model, six data sets were used: two from
flocks (one pullet flock and one hen flock) and four from
two pairs of individuals.

MATERIALS AND METHODS

General Model

We propose a new definition for persistency of egg
production: the number of weeks during which a level
of constant production is maintained. No mathematical
model exists for an egg production curve that includes a
measure of persistency in terms of duration of time or
that allows this measure of persistency to be derived from
model parameters. It was necessary, therefore, to develop
a new model to describe an egg production curve, one
that included a measure for persistency based on the
proposed new definition.

To develop a mathematical model to describe an egg
production curve, we followed the approach of Koops
and Grossman (1993), who presented a model to describe
intersecting straight lines with different slopes and with
a continuous transition from one slope to the next. This
approach was used successfully to model persistency of
lactation yield in dairy cows (Grossman et al., 1999).

An egg production curve can be described as a series
of intersecting straight lines (Figure 1 for a flock and
Figure 2 for an individual), smoothed to form a curve.
For two intersecting lines, let the rate of change (yt′) in

FIGURE 1. A typical egg production curve for a flock represented as
four intersecting lines. The b1, b2, b3, and b4 are slopes of the intersecting
straight lines; t1, t2, t3, and t4 are times at transition between slopes; and
yt1 is production at time t1, yP is level of constant production, and yt4
is production at time t4.

dependent variable y with respect to independent vari-
able time t be the weighted average slope for each of the
two lines:

yt′ = b1(1 − qt) + b2qt [1]
= b1 + qt(b2 − b1)

where b1 = slope of the first line, b2 = slope of the second
line, and qt = weighting or transition function of time t
(0 < qt < 1), such that qt → 0 as t → −∞ or qt → 1 as t →
+∞. A weighting function that allows a smooth transition
between the two slopes is the logistic function:

qt = 1
1 + e−(t − t1)/r1

[2]

where t1 = time at transition from the first slope to the
second slope, and r1 = measure of the duration of transi-

FIGURE 2. A typical egg production curve for an individual repre-
sented as three intersecting lines. The b2, b3, and b4 are slopes of the
intersecting straight lines; t2, t3, and t4 are times at transition between
slopes; and yP is level of constant production and yt4 is production at
time t4.
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tion. A smaller r1 results in a shorter duration, or less
curvature, and hence a more abrupt transition. A larger
r1 results in a longer duration, or more curvature, and
hence a more smooth transition. Note that for t = t1, qt =
¹⁄₂, and yt′ = ¹⁄₂(b1 + b2); for t < t1, qt → 0, and yt′ → b1;
and for t > t1, qt → 1, and yt′ → b2.

Substitution of Equation [2] into Equation [1] and inte-
gration with respect to t yields a model for two inter-
secting straight lines with a smooth transition:

yt = b0 + b1t + r1(b2 − b1)Ln(et/r1 + et1/r1) [3]

where b0 = constant of integration and Ln denotes the
natural logarithm.

To include a parameter for the intercept in Equation
[3], assume an initial condition yt = y0 for t = 0 and solve
for b0:

b0 = y0 − r1(b2 − b1)Ln(1 + et1/r1) [4]

Substitution of Equation [4] into Equation [3] and re-
arrangement yields

yt = y0 + b1t + r1(b2 − b1)Ln
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which can be extended easily to n intersecting straight
lines:
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where t1, t2, …, tn−1 are times at transition from one slope
to the next, and r1, r2, …, rn−1 are durations of transition.
Furthermore, for 0 < t < t1, the slope is close to b1; for ti

< t < ti+1 (i = 1, 2, …, n−1), the slope is close to bi+1; and
for t = ti, the slope is ¹⁄₂(bi + bi+1).

Egg Production Persistency Model

Based on the general model for n intersecting lines,
Equation [6], we proposed a new model to describe an egg
production curve, called the egg production persistency
model (EPPM), which included a parameter for per-
sistency.

An egg production curve can be characterized, in gen-
eral, by successive periods of slow increase, rapid in-
crease, and constant production, followed by a period of
decreased production (Figure 1). Based on these charac-
teristics, we derived the EPPM from Equation [6] by using
four intersecting straight lines (n = 4). To permit a period
of constant production, furthermore, we set the slope for
the third line to zero (b3 = 0), which allowed estimation
of persistency as duration of constant production (Figure
1). Assuming initial egg production is zero (y0 = 0) yields

yt = b1t + ri(b2 − b1)Ln
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where yt = egg production at time t; b1 = slope of slow
increase, b2 = slope of rapid increase, and b4 = slope of
decline in production; t1, t2, and t3 = times at transition;
and r1, r2, and r3 = corresponding durations of transition.

An important characteristic of an egg production curve
is the level of constant production yP. In Figure 1, observe
that b1 = (yt1 − 0)/(t1 − 0) and b2 = (yP − yt1)/(t2 − t1),
where yt1 = level of production at t1. Substitution for
b1 and b2 in Equation [7] yields
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Based on our definition, we proposed a new measure
for persistency of egg production P: the number of weeks
during which the level of constant egg production is
maintained, i.e., the number of weeks between t2 and t3

(Figure 1):

P = t3 − t2. [9]

To express Equation [8] in terms of persistency P, sub-
stitute t2 + P for t3 and obtain the EPPM:
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. [10]

Reduced Egg Production
Persistency Models

In some situations, frequent data are available (e.g., 1-
wk totals), so that all parameters in the EPPM can be
estimated. In other situations, however, less frequent data
are available (e.g., 2-wk or 4-wk totals), so that not all
parameters can be estimated because of lack of observa-
tions around the points at transition from one slope to
the next. The number of parameters in the EPPM, there-
fore, must be reduced to retain only those parameters
that denote important biological characteristics of an egg
production curve, namely: t1 and t2, times at transition
from increasing production to a level of constant produc-
tion; yP, level of constant production; b4, rate of decline
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in production from the end of constant production to
the end of the production period; and P, persistency of
constant production.

Durations of transition r1, r2, and r3 are expressed in the
same scale as time variable t and function to standardize t.
For the logistic distribution, ri = σi √3/π, where σi is the
standard deviation of the distribution (i = 1, 2, 3) (Gupta
and Gnanadesikan, 1966). Assume that about 99% of the
transition occurs within 6 σi wk. We note by observation
that each transition occurs within about 3 wk, which re-
sults in σi = 0.5. The value for ri, therefore, is 0.5 × 0.6 =
0.3. Because it is not always possible to obtain sufficient
data to estimate the durations of transition, we assumed
that the transitions were equal and redefined them as r.
These two assumptions led to the reduced egg production
persistency model (REPPM):
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Flock Production. Not all pullets in a flock begin pro-
duction at the same age; there can be as much as 7 to 10
wk difference in age at first egg (North and Bell, 1990).
Variability in age at first egg, in part, causes the egg
production curve for a flock to differ from the curve for
an individual; the initial increase in egg production for
a flock is smoother than for an individual (Fairfull and
Gowe, 1990; North and Bell, 1990). This phenomenon has
been recognized for a response curve in general (Curnow,
1973) and for an egg production curve in particular (Yang
et al., 1989). If individuals are synchronized for age at
first egg, the production curve for a flock is the average
production curve for individuals (Gavora et al., 1982).

For our data, preliminary analyses indicated that yt1

(Figure 1) was not significantly different from zero, so
that yt1 in Equation [11] was set to zero, which led to a
further reduction in the REPPM for a flock:
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Individual Production. A notable difference between
the production of an individual and that of a flock is that
for an individual there is no variability in age at first
egg, which means that for weekly data increase to peak
production is more rapid for an individual than for a
flock (North and Bell, 1990). The periods of slow and
rapid increase at the start of production, therefore, are
indistinguishable for an individual, so that b1 = b2 (Figures
1 and 2). Substituting yP/t2 for b2 in Equation [7] and

setting durations of transition r1, r2, and r3 equal to r,
similar to the development of REPPM for a flock, led to
REPPM for an individual:
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Estimation of Total Egg Production

Total egg production yT could not be computed by
integrating Equations [11], [12], or [13]. Numerical inte-
gration methods, however, could be used to approximate
total egg production. Alternatively, a simple method to
approximate total egg production is to divide the area
under the curve into polygons, compute the area for each
polygon, and then sum areas. Figures 1 and 2 help to
illustrate this method.

From Figure 1, between Weeks 0 and t1, assuming that
y0 = 0, the area of the triangle is ¹⁄₂ t1 yt1. Between Weeks
t1 and t2, the area of the triangle is ¹⁄₂ (t2 − t1)(yP − yt1)
and that of the rectangle is (t2 − t1) yt1. Between Weeks
t2 and t3, the area of the rectangle is (t3 − t2) yP. Between
Weeks t3 and t4, the area of the triangle is ¹⁄₂ (t4 − t3)(yP

− yt4) and that of the rectangle is (t4 − t3) yt4. The sum of
areas under the curve from 0 to t4, therefore, is

yT = ¹⁄₂t1yt1 + ¹⁄₂(t2 − t1)(yP − yt1) + (t2 − t1)yt1

+ (t3 − t2)yP + ¹⁄₂(t4 − t3)(yP − yt4) + (t4 − t3)yt4, [14]

which simplifies to

yT = ¹⁄₂[t2 yt1 + (t3 + t4 − t1 − t2) yP + (t4 − t3) yt4]. [15]

Note that b4 = (yt4 − yP)/(t4 − t3), so that yt4 = yP + b4(t4

− t3). Recall also from Equation [9] that t3 = t2 + P, so that
now yt4 = yP + b4(t4 − t2 − P). To express yT (Equation
[15]) only in terms of parameters in REPPM (Equation
[11]), therefore, substitute t2 + P for t3 and yP + b4(t4 − t2

− P) for yt4 in Equation [15] to obtain

yT = ¹⁄₂[t2yt1 + (2t4 − t1 − t2) yP + b4(P + t2 − t4)2]. [16]

To obtain total number of eggs for a flock, when data
are expressed as weekly percentage hen-day egg produc-
tion, it is necessary to convert each percentage to number
of eggs, assuming a maximum of seven eggs per week:

yT = ¹⁄₂ 7 [t2yt1 + (2t4 − t1 − t2) yP

+ b4(P + t2 − t4)2]/100. [17]

Because we set yt1 to zero, Equation [17] could be re-
duced to

yT = ¹⁄₂ 7 [(2t4 − t1 − t2) yP + b4(P + t2 − t4)2]/100. [18]
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TABLE 1. Actual weekly percentage hen-day egg production for a pullet flock1 and a hen flock2

Week Pullet flock Hen flock Week Pullet flock Hen flock

1 0.3 1.2 25 84.7 70.5
2 4.2 21.5 26 84.8 71.0
3 15.0 56.1 27 84.2 69.9
4 32.5 70.2 28 82.9 69.0
5 53.0 77.8 29 83.1 67.1
6 69.6 79.1 30 82.1 69.1
7 78.7 80.6 31 82.0 68.2
8 86.7 80.1 32 80.3 66.5
9 87.1 80.5 33 79.5 67.2

10 89.6 80.4 34 80.5 65.2
11 89.7 79.2 35 79.9 66.1
12 89.3 78.2 36 79.6 64.9
13 89.4 78.2 37 78.8 65.1
14 89.5 77.1 38 78.5 65.0
15 89.9 76.0 39 76.2 66.7
16 88.8 74.7 40 76.5
17 89.4 75.5 41 79.1
18 87.0 74.2 42 76.6
19 88.1 75.8 43 75.1
20 86.9 74.6 44 75.0
21 87.1 73.3 45 74.5
22 86.1 73.1 46 73.9
23 85.7 72.0 47 73.6
24 85.5 72.1

1Source: Cason, 1990.
2Source: Cason, 1991.

From Figure 2, a similar development for an individual
led to

yT = ¹⁄₂ [yP(2t4 − t2) + b4(P + t2 − t4)2]. [19]

To obtain total number of eggs for an individual, when
data were expressed as number of eggs per week, it was
not necessary to convert values.

Data

To illustrate the model, six data sets were used: two
from flocks (one pullet flock and one hen flock) and four
from two pairs of individuals.

For the pullet flock (Cason, 1990), data were weekly
percentage hen-day egg production for one first-cycle
flock selected from among 45 flocks with an average of
about 43,000 pullets per flock (Table 1). This data set
was used previously to compare linear and curvilinear
decreasing terms for pullet flocks (Cason, 1990).

For the hen flock (Cason, 1991), data were weekly per-
centage hen-day egg production for one flock selected
from among 47 molted flocks with an average of about
44,000 hens per flock (Table 1). This data set was used
previously to compare egg production models for hen
flocks (Cason, 1991).

For individual hens, data were provided by W. M.
Muir (1999, Purdue University, West Lafayette, IN 47907,
personal communication). Hens selected for this study
started production between 15 and 19 wk of age. Eggs
were collected daily, and number of eggs was summa-
rized weekly for each hen for 52 wk from start of produc-
tion. For illustration, pairs of hens were selected that
produced the same number of eggs over a 52-wk produc-

tion period. Hens 3073 and 3127 produced 291 eggs (Table
2), and Hens 3129 and 3272 produced 299 eggs (Table 3).

Although each hen in a pair produced the same total
number of eggs over 52 wk, they appeared to have
achieved that number with different patterns of egg pro-
duction curves. For each pair, moreover, each hen dis-
played a different persistency.

In practice, it might be difficult to obtain weekly pro-
duction summaries; data might be summarized, for exam-
ple, only on a 2-wk or 4-wk interval. Interval of summary,
therefore, might affect estimation of model parameters,
so it might be important to determine the optimum inter-
val of summary to estimate model parameters. For indi-
vidual hens, therefore, number of eggs was summarized
by 2-wk and by 4-wk intervals (Tables 2 and 3) to examine
the effect of interval of summary on estimates of model
parameters.

It might be of interest, furthermore, to use early part-
record egg production to predict full-record production,
especially as a selection criterion to improve annual egg
production (Bohren et al., 1970; Muir, 1990). To examine
the feasibility of using partial records to predict full-rec-
ord production, we set the length of the early part record
to 22 wk for flocks and to 24 wk for individuals, because
24 wk can be factored into 1-wk, 2-wk, and 4-wk intervals.

Statistical Analysis

Nonlinear regression (NLREG; Sherrod, 1998) was used
to fit REPPM for flock production, Equation [12], to actual
egg production for the pullet flock and for the hen flock
(Table 1). Total egg production yT for a flock was com-
puted with Equation [18].

Nonlinear regression was used also to fit REPPM for
individual production, Equation [13], to actual weekly,



GROSSMAN ET AL.1720

TABLE 2. Actual number of eggs for Hen 3073 and Hen 3127 for 1-wk, 2-wk,
and 4-wk intervals (291 eggs in 52 wk)1

Intervals Intervals

Hen 3073 Hen 3127 Hen 3073 Hen 3127

Week 1 2 4 1 2 4 Week 1 2 4 1 2 4

1 2 1 27 6 5
2 6 8 2 3 28 6 12 23 5 10 22
3 4 6 29 5 6
4 6 10 18 7 13 16 30 6 11 5 11
5 6 6 31 4 4
6 6 12 4 10 32 4 8 19 5 9 20
7 6 7 33 6 5
8 7 13 25 7 14 24 34 6 12 6 11
9 6 6 35 6 5

10 7 13 7 13 36 6 12 24 6 11 22
11 6 7 37 5 6
12 6 12 25 6 13 26 38 5 10 5 11
13 6 6 39 6 6
14 6 12 7 13 40 5 11 21 6 12 23
15 6 7 41 6 4
16 6 12 24 7 14 27 42 5 11 6 10
17 6 4 43 6 6
18 6 12 6 10 44 5 11 22 5 11 21
19 6 6 45 5 5
20 6 12 24 6 12 22 46 5 10 5 10
21 7 6 47 5 5
22 7 14 7 13 48 5 10 20 6 11 21
23 5 6 49 5 5
24 6 11 25 6 12 25 50 5 10 6 11
25 6 6 51 6 5
26 5 11 6 12 52 5 11 21 6 11 22

1Source: W. M. Muir, Purdue University, West Lafayette, IN 47907.

TABLE 3. Actual number of eggs for Hen 3129 and Hen 3272 for 1-wk, 2-wk,
and 4-wk intervals (299 eggs in 52 wk)1

Intervals Intervals

Hen 3129 Hen 3272 Hen 3129 Hen 3272

Week 1 2 4 1 2 4 Week 1 2 4 1 2 4

1 1 3 27 6 6
2 5 6 3 6 28 6 12 24 6 12 24
3 6 5 29 4 7
4 7 13 19 6 11 17 30 6 10 5 12
5 7 5 31 5 6
6 7 14 7 12 32 5 10 20 6 12 24
7 7 7 33 6 3
8 7 14 28 6 13 25 34 5 11 6 9
9 7 7 35 5 6

10 6 13 7 14 36 6 11 22 6 12 21
11 7 7 37 6 5
12 6 13 26 6 13 27 38 6 12 5 10
13 7 7 39 5 6
14 6 13 7 14 40 6 11 23 6 12 22
15 6 7 41 6 4
16 5 11 24 7 14 28 42 5 11 6 10
17 6 5 43 6 3
18 6 12 7 12 44 6 12 23 5 8 18
19 7 5 45 4 6
20 6 13 25 7 12 24 46 5 9 5 11
21 6 7 47 6 6
22 6 12 6 13 48 5 11 20 4 10 21
23 6 7 49 6 6
24 6 12 24 7 14 27 50 5 11 5 11
25 6 6 51 5 5
26 6 12 6 12 52 5 10 21 5 10 21

1Source: W. M. Muir, Purdue University, West Lafayette, IN 47907.
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TABLE 4. Estimates of model parameters,1 SE of parameter estimates, total egg production yT, adjusted R2, residual standard error (RSE),
and Durbin-Watson statistic (D-W) for full-record and part-record weekly percentage egg production for pullet and hen flocks

Parameter Goodness-of-fit
yT

Flock t1 (wk) t2 (wk) yP (%) P (wk) b4 (%/wk) (eggs) R2 RSE D-W

Full-record production
Pullet (47 wk) 2.03 (0.07) 7.27 (0.08) 88.86 (0.39) 9.52 (1.19) −0.504 (0.024) 247.3 0.997 1.157 1.85
Hen (39 wk) 1.36 (0.09) 3.75 (0.10) 79.21 (0.61) 6.31 (1.60) −0.526 (0.031) 186.6 0.991 1.422 1.91

Part-record production
Pullet (22 wk) 2.03 (0.10) 7.27 (0.10) 88.85 (0.55) 9.23 (3.35) −0.478 (0.412) 247.8 0.997 1.597 1.83
Hen (22 wk) 1.36 (0.11) 3.75 (0.12) 79.25 (0.73) 6.53 (2.51) −0.530 (0.147) 186.9 0.992 1.734 2.09
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, for r = 0.3.

2-wk, and 4-wk numbers of eggs for Hens 3073 and 3127
(Table 2) and for Hens 3129 and 3272 (Table 3). Persistency
parameter P was constrained to values between 0 and 52,
when necessary, to avoid negative estimates. Total egg
production yT for an individual was computed using
Equation [19], but yT was divided by two for 2-wk num-
bers and by four for 4-wk numbers (Tables 2 and 3).

The convergence criterion for the iterative nonlinear
estimation procedure was set at 1 × 10−10. Goodness-of-
fit criteria were adjusted R2, residual standard error (RSE),
and Durbin-Watson statistic (D-W), which is a measure
of first-order autocorrelation of residuals. For the D-W
statistic, values around 2 indicate lack of autocorrelation
(Neter et al., 1985).

RESULTS

Pullet and Hen Flocks

Estimates of model parameters, SE of parameter esti-
mates, total egg production yT, adjusted R2, RSE, and D-
W for full-record, weekly percentage egg production are
in Table 4 for the pullet and hen flocks. Each parameter
estimate was significantly different from zero (P ≤ 0.001).
Goodness-of-fit criteria indicated that REPPM for a flock
(Equation [12]) provided an excellent fit to the data. Ac-
tual and predicted weekly egg production are in Figure
3 for the pullet and hen flocks.

Time at transition from slow to rapid increase in pro-
duction t1 was later for pullets (2.0 wk) than for hens (1.4
wk), and time at transition from rapid increase to constant
production t2 also was later for pullets (7.3 wk) than for
hens (3.8 wk). Level of constant production yP was higher
for pullets (88.9%) than for hens (79.2%). Persistency of
production P was longer for pullets (9.5 wk) than for hens
(6.3 wk). Rate of decline in production b4 from end of
constant production was about the same for pullets
(0.50%/wk) as for hens (0.53%/wk). End of constant pro-
duction, however, was later for pullets (16.8 wk = 7.3 wk
+ 9.5 wk) than for hens (10.1 wk = 3.8 wk + 6.3 wk) (Table
4 and Figure 3).

Total number of eggs produced, computed according
to Equation [18], was higher for pullets (247.3) than for
hens (186.6). Total number of eggs produced by these
flocks was not reported (Cason, 1990, 1991), so there is

no basis for direct comparison. If, however, one assumes
that the maximum number of eggs produced by pullets
was 329 over the 47-wk period (47 wk × 7 eggs/wk), then
the estimated average weekly percentage egg production
was (247.3 × 100)/329 = 75.2%, which is close to the aver-
age for the data of 76.0% (Cason, 1990). If, furthermore,
one assumes that the maximum number of eggs produced
by hens was 273 over the 39-wk period (39 wk × 7 eggs/
wk), then the estimated average weekly percentage pro-
duction was (186.6 × 100)/273 = 68.4%, which is close to
the average for the data of 69.0% (Cason, 1991).

Estimates of model parameters, SE of parameter esti-
mates, total egg production yT, adjusted R2, RSE, and D-
W for part-record, weekly percentage egg production are
also in Table 4 for the pullet and hen flocks. Each parame-
ter estimate was significantly different from zero (P ≤
0.001), except persistency P and rate of decline b4. Good-
ness-of-fit criteria indicated that REPPM (Equation [12])
for part-record production provided an excellent fit to
the data. Actual and predicted weekly egg production to
22 wk are in Figure 4 for the pullet and hen flocks.

Parameter estimates for the part record compared
closely with those for the full record. The RSE and stan-
dard errors of parameters, however, were higher for the
part record than for the full record, as expected, especially

FIGURE 3. Full-record weekly percentage egg production for a pullet
flock (� actual, —— predicted) and for a hen flock (� actual, – – – pre-
dicted).
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FIGURE 4. Part-record weekly percentage egg production to 22 wk
for a pullet flock (� actual, —— predicted) and for a hen flock (�
actual, – – – predicted).

for P and b4. Note that total number of eggs predicted
from the part record also compared closely with that
predicted from the full record.

In summary, the egg production curves described by
REPPM for pullet and hen flocks (Table 4 and Figures 3
and 4) show that pullets took longer than hens to rise to
a level of constant production, attained a higher level of
constant production, and maintained that constant level
longer. Pullets and hens were more similar for rate of
decline in production for the full record than for the
part record.

Individuals

Estimates of model parameters, SE of parameter esti-
mates, total egg production yT, adjusted R2, RSE, and D-

TABLE 5. Estimates of model parameters,1 SE of parameter estimates, total egg production yT, adjusted R2, residual standard error (RSE),
and Durbin-Watson statistic (D-W) for number of eggs for the full record (52 wk), for each of two pairs of individuals

Parameter Goodness-of-fit
Interval yT
(wk) t2 (wk) yP (eggs) P (wk) b4 (eggs/wk) (eggs) R2 RSE D-W

Hen 3073
1 2.19 (0.37) 6.03 (0.17) 15.02 (9.99) −0.029 (0.011) 289.4 0.427 0.6578 2.18
2 3.03 (0.46) 12.02 (0.40) 15.31 (12.01) −0.058 (0.027) 287.0 0.375 1.0958 2.16
4 5.55 (0.58) 25.00 (1.53) 4.40 (16.33) −0.111 (0.036) 283.1 0.597 1.5239 2.89

Hen 3127
1 3.71 (0.56) 6.26 (0.34) 6.46 (16.03) −0.027 (0.010) 290.3 0.518 0.8166 1.98
2 4.38 (0.68) 12.47 (0.79) 6.68 (18.66) −0.054 (0.025) 287.9 0.594 1.3617 2.44
4 6.21 (0.76) 24.85 (1.41) 6.08 (18.29) −0.107 (0.047) 282.7 0.621 1.7323 2.26

Hen 3129
1 3.11 (3.94) 6.73 (7.89) 0.13 (228.62) −0.035 (0.006) 297.9 0.638 0.6065 2.17
2 4.11 (3.6 × 105) 13.41 (1.2 × 106) 0 (1.72 × 107) −0.070 (0.013) 294.7 0.740 0.8564 1.88
4 5.62 (6.0 × 105) 26.70 (2.8 × 106) 0.00 (2.12 × 107) −0.138 (0.036) 291.2 0.683 1.4539 2.06

Hen 3272
1 3.94 (0.56) 6.60 (0.27) 10.69 (8.44) −0.048 (0.013) 296.7 0.439 0.8630 2.53
2 4.69 (0.48) 13.21 (0.48) 10.49 (7.27) −0.098 (0.022) 294.8 0.688 1.0737 2.38
4 6.23 (0.69) 26.45 (1.15) 9.85 (9.12) −0.197 (0.054) 291.5 0.738 1.7352 2.62
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FIGURE 5. Weekly egg production for Hen 3073 (� actual, ——
predicted) and for Hen 3127 (� actual, – – – predicted).

W for number of eggs for the full record are in Table 5,
for each of the two pairs of individuals. Time at transition
t2 and level of constant production yP were different from
zero (P < 0.001), except for Hen 3129. Persistency P was
not different from zero, but rate of decline b4 was different
(P < 0.05). Goodness-of-fit criteria indicated that the
model provided a good fit to data from individuals, but
not as good as to data from flocks.

Actual and predicted weekly egg production are in
Figure 5 for Hens 3073 and 3127. Hen 3127 took longer
to increase to a level of constant production t2 (3.7 wk)
than Hen 3073 (2.2 wk), produced at a slightly higher
constant level yP (6.3 eggs) than Hen 3073 (6.0 eggs), and
had a shorter persistency P (6.5 wk) than Hen 3073 (15.0
wk). Rate of decline b4, however, was about the same
(0.03 eggs/wk). Recall that each hen produced 291 eggs
in 52 wk (Table 2). Estimated total egg production yT was
about 290 eggs for each individual (Equation [19]), which
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is a difference from actual production of only about
one egg.

When intervals of summary doubled to 2 wk and then
to 4 wk, level of constant production yP and rate of decline
b4 also about doubled, as expected. Time at transition to
a level of constant production t2 increased as interval of
summary increased. Persistency P, however, remained
about the same, except for the 4-wk interval for Hen
3073, which declined to about 4 wk. Total egg production
decreased slightly as interval increased.

Actual and predicted weekly egg production are in
Figure 6 for Hens 3129 and 3272. Hen 3272 took slightly
longer to increase to a level of constant production t2 (3.9
wk) than Hen 3129 (3.1 wk), had a longer persistency P
(10.7 wk) than Hen 3129 (0.1 wk), and had a faster rate
of decline b4 (0.048 eggs/wk) than Hen 3129 (0.035 eggs/
wk). Level of constant production yP, however, was about
the same (6.7 eggs). Recall that Hens 3129 and 3272 each
produced 299 eggs in 52 wk (Table 3). Estimated total egg
production yT was about 297 eggs for each hen (Equation
[19]), which is a difference from actual production of only
about two eggs.

When intervals of summary doubled to 2 wk and then
to 4 wk, level of constant production yP and rate of decline
in production b4 also about doubled, as expected. Time
at transition to a level of constant production t2 increased
as interval of summary increased. Persistency P, however,
remained about the same. Total egg production decreased
slightly as interval increased.

We also estimated model parameters, SE of parameter
estimates, total egg production yT, adjusted R2, RSE, and
D-W for number of eggs for the part record (results not
shown), for each of the two pairs of individuals. Parame-
ter estimates for the part record compared closely with
those for the full record, especially time at transition t2

and level of constant production yP. Estimated total egg
production yT, however, was not as good for the part
record as for the full record. Standard errors of parameters
were higher for the part record than for the full record,

FIGURE 6. Weekly egg production for Hen 3129 (� actual, ——
predicted) and for Hen 3272 (� actual, – – – predicted).

as expected, especially for P and b4 whose estimates de-
pend to an extent on the missing residual record.

DISCUSSION

A new definition for persistency of egg production was
proposed, and a mathematical model to describe the egg
production curve based on this definition was presented.
Persistency of egg production is defined commonly as
decline in egg production after peak production and is
measured, therefore, by slope of the decline. We defined
persistency, however, as duration of time and measured
it as the number of weeks during which a level of constant
production is maintained. The new model was based on
intersecting straight lines with smooth transitions and
included a parameter for persistency P for use as a selec-
tion criterion to improve total egg production. The model
was illustrated for egg production data on flocks and
on individuals.

The REPPM model fitted full-record production well,
and parameters of the model were easily interpreted bio-
logically. Precision of parameter estimates was better for
flocks (Table 4) than for individuals (Table 5), as expected
from the smaller variation in data for flocks (Figure 3)
than for individuals (Figures 5 and 6). This smaller varia-
tion is because production for flocks was based on per-
centages, whereas production for individuals was based
on counts. Production for individuals, furthermore, con-
tains variability due to clutch length, which was not ac-
counted for in the model.

For individuals, parameters yP and b4 and their stan-
dard errors doubled as expected with doubling of interval
of summary. Time at transition t2 and its standard error
increased as interval of summary increased, which was
expected but was undesirable. This expected increase in
t2 is related to the reduction in number of observations
in the domain of t2, as a result of doubling the interval
(Tables 2 and 3). Persistency P was unaffected generally
by doubling of interval, except for the 4-wk interval for
Hen 3073. There seems to be no explanation for this result.
Estimates of total egg production yT decreased as interval
of summary increased, which was also undesirable; the
decrease was less from 1-wk to 2-wk than from 2-wk to
4-wk. Based on results for t2 and yT, we conclude that a
summary interval of 1 or 2 wk is necessary for a reason-
ably good fit of the model to the data.

The REPPM model for flocks (Table 4) fitted part-record
production to 22 wk (Figure 4) as well as it did full-
record production (Figure 3). The model for individuals,
however, fitted full-record production better than part-
record production. We might expect, therefore, that the
REPPM model fitted to part-record production for flocks
would be useful to estimate persistency P and total pro-
duction yP.

It is not possible, in general, to compare directly the
usual measures of persistency (e.g., rate of decline in
production after peak) with the proposed measure of
persistency P (duration of constant production) and with
b4 (rate of decline in production after the end of constant
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production). It might be possible, however, to compare
rate of decline in production during a specific period
with b4, if this period starts after the end of constant
production, which might be the case for rate of decline
after 8 wk of production (Muir, 1990). It also might be
possible to compare rate of decline in production after
peak with b4 if persistency P is zero; this is the case for
Hen 3129.

In this study, pairs of individuals that produced the
same number of eggs during 52 wk were selected to illus-
trate differences in laying patterns. Using the new model,
differences in patterns (Figures 5 and 6) can be seen in
terms of estimated parameters (Table 5). For Hens 3073
and 3127, a shorter persistency P of Hen 3127 compared
with that of Hen 3073 was compensated for by a slightly
higher level of constant production yP. For Hens 3129
and 3272, however, a lack of persistency P of Hen 3129
was compensated by a slower rate of decline b4.

The proposed definition and measure of persistency
should be important for genetic selection because it might
be desirable to select for increased persistency. Hens that
are more persistent might be more desirable because the
producer can depend on a longer period of constant pro-
duction. Heritability estimates for different measures of
persistency will vary according to the definition and mea-
sure of persistency. Heritability estimates for the pro-
posed measure of persistency P, however, are not yet
available. We might expect heritability for P to be differ-
ent from that reported in the literature, because it is a
different measure of persistency. We might also expect
heritability of b4 to be similar to some heritabilities for
persistency reported in the literature [e.g., 0.25 for BP23
(Muir, 1990)], because it might be a similar measure of
persistency. The novel approach to the definition and
measure of persistency presented here should provide a
better understanding of the relationship between the new
measure of persistency and other characteristics of egg
production.
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