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A B S T R A C T

Mathematical models of the egg-laying curves for Yangzhou geese exposed to both natural and
artificial photoperiods were established to optimise the parameters for maximising geese re-
productive performance and for the development of precision feeding methods. With the natural
photoperiod, egg-laying starts in autumn when daily photoperiod decreases, but accelerates after
the winter solstice, and reaches the peak in spring when photoperiod increases. An accumulating
model was constructed based on the hypothesis that the egg-laying capacity of geese was de-
termined by two components of the photoperiod: photo-stimulation and photo-inhibition. In
addition, a second segmented model was constructed based on the hypothesis that the photo-
stimulation only occurred with lengthening photoperiods after the winter solstice, and the lesser
laying rate in autumn could be attributed to the non-photo-dependent animal-husbandry tech-
nologies. This model consists of a logistic model before the winter solstice, and an accumulating
model after this solstice. The use of the logistic and accumulating resulted in more precise pre-
dictions that occurred with use of Model 1 with a greater R2 and lesser RMSE, AIC and BIC.
Likewise, the egg-laying curves when there was consideration of artificial photoperiods could
also be constructed with consideration of stimulatory and inhibitory photoperiodic effects. The
model consists of an initial logistic and subsequently a quadratic polynomial model. With use of
this model, there is consideration of changes in egg-laying patterns when there is a fixed pho-
toperiod, with the model parameters reflecting the effects by photoperiod control-programs and
age of the geese. In conclusion, new mathematical models have been developed to best fit egg-
laying curves when there are both natural and artificial photoperiods. These models can con-
tribute to development of precision-feeding technologies for breeding geese in future.

1. Introduction

The reproduction of geese, like those of most avians, has a distinct seasonality that is mostly entrained by the photoperiod (Wang
et al., 2002). With artificial lighting conditions, the breeding season of geese can be substantially modified, and the egg-laying curves
can be changed into entirely different shapes compared to that with natural photoperiods. Such egg-laying curves may be expressed
in equations or mathematical models (Cason and Britton, 1988; Lokhorst, 1996; Narushin and Takma, 2003) similar to other
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controlled systems, so that the egg or gosling production can be more predictable and the precision feeding can be realised for the
efficient management of geese breeding. The reproductive functions of birds are regulated by stimulatory and inhibitory factors,
which are both affected by photoperiod (Dawson, 2015). Geese egg-laying patterns or curves when there are both natural and
artificial photoperiods, however, were described only qualitatively in association with the physiological or endocrine status brought
about by photoperiodic changes (Huang et al., 2008; Zhu et al., 2017).

Numerous mathematical models have been developed for modelling the egg-laying rate of poultry (Mcnally, 1971; Adams and
Bell, 1980; McMillan, 1981; Yang et al., 1989; Fialho and Ledur, 1997). In these models, either segmented or elementary functions
were used to formulate the egg-laying curve of flocks. The segmented models are more flexible, dividing the laying curves into two or
more stages according to the curve shape, and describing these separately. Linear equations and polynomial functions are widely
used. The segmented polynomial model (Fialho and Ledur, 1997), for example, uses three types of mathematical functions (constant-
cubic-linear) to describe the three egg-laying stages of hens. The Adams-Bell model (Adams and Bell, 1980) exploits a growth curve to
describe the pre-peak increase and a linear function to mimic the post-peak decrease of the egg-laying rate. These models, however,
did not correlate the model parameters to the physiological regulation of the fowl reproductive status. In contrast, the Wood
(Mcnally, 1971), McMillan (McMillan, 1981), and YangNing (Yang et al., 1989) models provided for more precise physiological
interpretations and have had greater application. These models have been applied to describe the flock egg-laying curves of chickens
(McMillan et al., 1986; Shi, 1993; Li et al., 2013; Agnieszka et al., 2016) and ducks (Lü et al., 2014) that were bred when there were
artificial lighting conditions. The R2 is generally used to evaluate the goodness of curve fit, which was considered as an inadequate
measure for nonlinear models (Spiess, 2010). Further improvements with more precise models are needed to improve predictive data
for bird egg-laying curves.

There have been no mathematical models developed for simulating the egg-laying performances of geese that were bred when
there was natural photoperiod. The objective of the present study, therefore, was to develop mathematical models for the egg-laying
curves of geese that were exposed to either natural or artificial photoperiods for the development of precision feeding technologies. In
addition, the model parameters were analysed with the goal of predicting quantitatively, rather than qualitatively as has previously
occurred, the stimulatory and inhibitory regulation of the reproductive functions of geese by the photoperiod, as well as variations in
the egg-laying performances due to age differences.

2. Materials and methods

2.1. Experiments and data collection

Data (listed in Table 1) used in this study were obtained from a series of experiments of geese breeding flocks that were conducted
on Sunlake Swan Farm (32.4 °N, 119.42 °E) in Changzhou, China. In Experiment 1, there was recording of the data for egg-laying
from a flock of 520 2-year old geese that were exposed to a natural photoperiod. Experiment 2 was conducted to evaluate the egg-
laying performances when there were three different artificial photoperiod programs (Zhu et al., 2017). The basal program consisted
of an 8 h short photoperiod for 2 months followed by a 12 h long photoperiod to induce out-of-season breeding in geese (Buckland
and Guy, 2001). The 8 h short photoperiod treatment usually started from January each year. With the second program, there was use
of an additional 18 h long photoperiod treatment for 1 month prior to the short 8 h photoperiod to improve the egg-laying perfor-
mance. The reduction of the 12 h photoperiod in the second program to 11 h in the laying phase gave rise to the third program. In
Experiments 3 and 4, there were comparisons of the egg-laying curves of geese of different ages when there was consideration of
imposing the second and third photo-program, respectively. In Experiment 5, there was comparison of the stimulatory effect of
different lengths of photoperiod on initiation of geese’ egg-laying. There were totally four groups, with each group having 1120
breeding geese and there were three replications of the groups. The first and second phase photoperiod for the four groups of geese
were the same as those previously described in this manuscript for the third photo-program, but the third phase photoperiod in-
creased to 13.5 (group E1 and E2) and 15 (group E3 and E4) h respectively, and lasted for 50 days.

Table 1
Detailed information of the egg-laying data used in this study.

Experiment No. Group No. Geese age
(year)

Number of goose (female:male =
4:1)

Photo-programs

1 A 2 520 Production flock exposed to the natural photoperiod of Changzhou
(32.4°N, 119.42°E)

2 B1 1 375 Experimental flock treated with the photo-program of 8h-12h
B2 1 375 Experimental flock treated with the photo-program of 18-8-12 h

3 C1, C2 1 1100 Production flocks treated with the photo-program of 18-8-12 h
C3, C4 2 1030
C5, C6 3 1100

4 D1, D2 1 1100 Production flocks treated with the photo-program of 18-8-11 h
D3, D4 2 1030
D5, D6 3 1100

5 E1, E2 1 1120 Experimental flock treated with the photo-program of 18-8-13.5 h
E3, E4 1 1120 Experimental flock treated with the photo-program of 18-8-15 h
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In these five experiments, there was management of the geese flocks in standard husbandry conditions with free access to feed and
drinking water, and in houses where photoperiod, temperature and ventilation were controlled. There was daily recording of the
number of eggs produced throughout the experimental periods and number of eggs was divided by the number of geese in the study
on the same day to calculate the daily egg-laying rate.

2.2. Modelling egg-laying curves when there was a natural photoperiod

2.2.1. Model 1
When there was a natural photoperiod, Yangzhou geese started to lay eggs in the autumn when the daily photoperiod was

decreasing (Shi et al., 2008). Though increasing, the egg-laying rate was relatively less when the decreasing photoperiod prevailed
before the winter solstice. The egg-laying rate increased further as the daily photoperiod increased after the winter solstice, and
reached a peak in spring (March to April), after which it rapidly decreased to zero in June (Fig. 1). According to a hypothesis
regarding the photo-regulation of seasonal reproductive activities, two factors, stimulatory (S) and inhibitory (I) effects that are both
regulated by photoperiod, act in tandem to regulate the seasonal egg-laying pattern (Dawson, 2015). Results of previous studies
(Farner and Lewis, 1971; Follet and Maung, 1978) indicate photoperiodic effects modulate reproductive performance to the greatest
extent in the early stages of reproduction. To quantify the relationship between the photoperiod and photo-stimulation, the slopes of
the initial egg-laying rate when there were different long photoperiods (11 h, 12 h, 13.5 h, 15 h) were calculated with the data
recorded from Experiments 2, 3, 4 and 5. Egg-laying rate curve data from these experiments are depicted in Fig. 2. The initial increase
in rate of egg-laying was proportional to the effects of the long photoperiod (Fig. 3). The regression between the photo-stimulation (S)
and photoperiod (p) was determined by using Equation 1. The standard errors for the slope (0.3767) and the intercept (3.5101) were
0.0325 and 0.4218, respectively.

= −S p0.3767 3.5101 (1)

During the laying period, the daily egg-laying rate was the sum of the difference between the values attributed to photo-

Fig. 1. Daily egg-laying rate curve (a) of Yangzhou geese when there was a natural photoperiod in Changzhou, China (b, 32.4 °N, 119.42 °E).

Fig. 2. Egg-laying rate curve for geese in their first year of egg production when there was a change from ab 8 h short photoperiod to different longer
photoperiods; Egg-laying data when there was 13.5 (E1, E2) and 15 (E3, E4) h photoperiods were from Experiment 5 to compare variation in egg-
laying curves with imposition of different long photoperiods; 13.5 h and 15 h photoperiods lasted for 50 days rather than the whole laying period,
but it was enough to calculate initial increase of the egg-laying; Egg-laying data with a 12 h photoperiod were from Experiments 2 (B2) and 3 (C1,
C2); Experiment 2 was conducted to induce geese out-of-season breeding and Experiment 3 was the pevailing production practice; Egg-laying data
with use of a 11 h photoperiod were from Experiment 4 (D1, D2); In each experiment, the increase in egg-laying did not change until laying rate
exceeded 3% (the dotted black line above).
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stimulation and photo-inhibition. Thus, the photo-inhibition could be calculated by subtracting the daily egg-laying increment from
the values attributed to photo-stimulation. The regression between the photo-inhibition (I) and photoperiod (p) was calculated using
Eq. (2). The standard errors for the multiplier (0.002) and the rate constant (0.492) were 0.0006 and 0.0189, respectively.

= ⋅I p0.002 exp (0.492 ) (2)

This output from use of this equation indicated the photo-inhibition was less when there was a shorter photoperiod, but the effects
of photo-inhibition became greater in an exponential form as the photoperiod increased, especially when approaching the summer
solstice. As a result, the egg-laying rate could be expressed as follows:

∑= ⋅ + − ⋅ ⋅y p a p b c k p( ) exp ( )i i (3)

where y(p) is the egg-laying rate corresponding to photoperiod p; a∙p+b and c∙exp(k∙p) are the photo-stimulation and photo-inhibition
effects on the egg-laying, respectively, a and k are the two photo-responsive parameters; b and c are constant coefficients.

2.2.2. Model 2
For the actual egg-laying rate curve, there was a slight decrease around the winter solstice before there was a further increase to

the peak (Fig. 1, b). This slight decrease was similar to a lengthened medium level plateau until the winter solstice in geese that
became sexually mature and started laying in early September (Zhao et al., 2004). This slight decline in the egg-laying curve or delay
in the laying rate increase in the autumn is consistent with the theory that the shortening days in autumn lead to a decrease in
response to photorefractoriness to the previously inhibitory long photoperiod. This photoperiodic pattern is non-stimulatory to
reproduction, and other factors such as genetics and nutrition intake affect the basal reproductive functions during this period of the
year (Shi et al., 2008). A segmented model was proposed to incorporate this physiological regulation theory when modelling the egg-
laying curve for geese. In the first pre-winter solstice period, a logistic model was proposed to simulate the curve for the initiation and
rate of egg-laying, which was hypothesised to be determined by the genetic potential and animal-husbandry technologies such as the
nutrition intake, rather than the prevailing decrease in the photoperiod. The second post-winter solstice part was an accumulating
curve based on the photo-simulation and inhibition effects, as described with Model 1. In the pre-winter solstice phase, the egg-laying
rate changed to a plateau over time t, which essentially followed a logistic model:

= ⋅ ⋅ ⋅ + ⋅ ⋅ −y t f s r t f s r t( ) exp( )/( (exp( ) 1)) (4)

where f is the theoretical maximum egg-laying rate (the asymptote), s is the initial egg-laying rate, and r is an increase parameter
determined by the genetic potential and animal-husbandry technologies. After the winter solstice, the egg-laying rate increased from
the previous level to a peak through the spring and finally decreased in early summer as the photo-inhibition effects exceeded those of
photo-stimulation. Thus, in the second post winter solstice phase, starting at the initial laying rate of y(t0) at the winter solstice, the
curve can be fitted the same as in Model 1 by

∑= + ⋅ + − ⋅ ⋅y t y t a p t b c exp k p t( ) ( ) ( ) ( ( ))i i i0 (5)

Then, the combined model can be expressed by the following segmented function:

= ⎧
⎨⎩

≤

+ ∑ ⋅ + − ⋅ ⋅ >

⋅ ⋅
+ ⋅ −y t

t t

y t a p t b c exp k p t t t
( )

( ) ( ) ( ( ))

f s rt
f s rt

i i

exp( )
(exp( ) 1) 0

0 0 (6)

Fig. 3. Initial increase of egg-laying (a, mean ± S.D.) following an acute change in photoperiod from 8 to 15, 13.5, 12, and 11 h photoperiods; Data
for seven consecutive days after laying rate exceeded 3% were used to calculate the initial increase rate 3% was selected according to Fig. 2, because
there were no differences in egg-laying rate between the groups under different photoperiod before egg-laying exceeded 3%; Fig. b depicts the liner
relationship between increase egg-laying rate and photoperiod.
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2.3. Modelling of egg-laying curves when there is imposing of artificial photo-programs

Modern geese breeding utilises an artificial photo-program to control egg-laying at the desired times and improve the egg-laying
performance (Huang et al., 2008; Shi et al., 2008; Zhu et al., 2017). The common photo-programs used in production consist of three
segments: an initial 18 h long photoperiod lasting for 1 month, followed by 2 months of a short 8 h photoperiod, and a final 12 or 11 h
photoperiod to induce egg-laying. Following treatment with such a photo-program, the egg-laying curves of Yangzhou geese change
in an asymmetric pattern. The egg-laying starts slowly and rapidly increases to the peak, followed by a more or less stable laying
plateau and then there is a nonlinear decrease in egg-laying rate. To model such a curve, the following assumptions were made.

Before the peak egg-laying rate, the amount of geese that start laying eggs were assumed to follow a normal distribution when
there is an increase from a shorter to a moderately long photoperiod. A logistic model, therefore, could be used to describe the egg-
laying rate as described by Lokhorst (1996). The mathematical expression was the same as that for Eq. (4), where f is the theoretical
maximum egg-laying rate (the asymptote), s is the initial egg-laying rate, and r is the increase parameter determined by the pho-
toperiod (or the photo-stimulatory parameter). The second assumption is that there will be a delay in initiation of photo-inhibitory
effects when there are 11 to 12 h photoperiods for several days. This effect is greatest in inducing the decreasing phase of the egg-
laying rate curve. According to the observed egg-laying data, use of a quadratic polynomial is justified to describe the gradual
decrease in egg-laying. Comprehensively, the egg-laying rate y corresponding to time t during the entire laying period can be ex-
pressed as follows:

= ⎧
⎨⎩

≤

⋅ − + ⋅ − + >

⋅ ⋅ ⋅
+ ⋅ ⋅ −y t

t t

a t t b t t y t t t
( )

( ) ( ) ( )

f s r t
f s r t

exp( )
(exp( ) 1) 0

0
2

0 0 0 (7)

where y(t0) is the practical maximum egg-laying rate, t0 is the time when egg-laying rate starts to decrease, a and b are the photo-
inhibitory parameters, which reflect the acceleration in rate of decrease and initial decrease in rate of egg-laying.

To prove the validity of use of Model 7 in describing geese egg-laying curves, a comparison was made of Model 7 and other two
commonly used models, the Wood Model ( = ⋅ ⋅ −y t A t kt( ) exp( )t0 ) and the Yang Ning Model ( = ⋅ − + − ⋅ −y t A kt b t t( ) exp( )/1 exp( ( ))0 ).
In the Wood model, the A, t0 and k are parameters to be estimated and these have no biological significance. In the Yang Ning Model,
A is the theoretical maximum egg-laying rate, k is the rate of decrease in laying ability, b is the reciprocal indicator of the variation in
sexual maturity, and t0 is the mean age of sexual maturity of the birds.

2.4. Statistical analysis

Testing of Model 1 proposed for Yangzhou geese when there is a natural photoperiod was done in Excel 2007 using the automatic
accumulation function. Testing of Models 7 and 2 (the pre-winter solstice phase) was accomplished by using R 3.3.3 with the
nonlinear least square method. The performance and comparison of all the models were assessed using goodness-of-fit, including R2,
RMSE, residual plots, AIC and BIC (Spiess, 2010). Differences of model parameters considering the three photo-programs were
analysed with one-way analyses of variance (ANOVA). Effects of the age of geese on model parameters were analysed using a two-
way analyses of variance (two-way ANOVA) with age and the two photo-programs as the main fixed effects. The significance level
was set to probability or P-value less than 0.05. The statistical analyses of model parameters were performed with SPSS statistics 17.0.

3. Results

3.1. Models of egg-laying curve when there is a natural photoperiod

3.1.1. Model 1
In the model ∑= ⋅ + − ⋅ ⋅y p a p b c k p( ) exp ( )i i , it was assumed that both photo-stimulation and photo-inhibition occurred si-

multaneously, but that there were differential relative responses to these two factors that regulated changes in the laying curve, as is
depicted in Fig. 4 a. In September of each year, the stimulatory effect of the photoperiod became greater than the inhibitory effect.
Consequently, egg-laying began approximately 20 days later and gradually increased to a maximum in April. After April, the effects
on egg-laying of photo-inhibition became much greater than the photo-stimulation because of photo-refractoriness, which rapidly led
to the termination of egg-laying. The high value of R2 (0.930) and the low value of RMSE (3.796) depicted in Fig. 4 c indicate that this
model could well explain the changes of egg-laying rate when there is a natural photoperiod. Most of the residuals were within -5% to
˜5% and residuals at the peak egg-laying were relatively large, with the maximum value being± 10% (Fig. 4 d). The AIC and BIC
values for Model 1 were 1417.47 and 1431.65, respectively.

3.1.2. Model 2
Model 2 was a segmented model that consisted of a logistic model = ⋅ ⋅ + ⋅ −y t f s rt f s rt( ) exp( )/( (exp( ) 1)) before the winter sol-

stice, and afterwards an accumulating model = + ∑ ⋅ + − ⋅ ⋅y t y t a p t b c k p t( ) ( ) ( ) exp( ( ))i i i0 , which was similar to Model 1. In Fig. 5
there is a depiction of the fitted results. Before the winter solstice, egg-laying was slowly initiated being 1.147 ± 0.054% (parameter
s) from 1 October and gradually increasing to a theoretical plateau value of 19.23 ± 0.68% (parameter f) at an infinite time (Fig. 5
b). This moderate egg-laying when there was a decreasing photoperiod in the autumn was hypothesised to be a result of the genetic
potential and animal-husbandry technologies such as the nutrition intake rather than the prevailing reduction in photoperiod.
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Parameter r (0.0699 ± 0.0059) reflected the increase rate of the egg-laying to the peak values. After the winter solstice, the egg-
laying rate was determined by the sum of the difference between the photo-stimulation ( = −S p0.3767 3.5101) and photo-inhibition
( = ⋅I p0.002 exp(0.492 ) effects based on y(t0) (18.36%), which served as the end point of the first segment and starting point of the
second segment. In early April, the egg-laying rate peaked at 40% and subsequently decreased as the photo-inhibition effects became
greater than the photo-stimulation effects. The rate of decrease in the egg-laying was much greater than the increase, because the
effects of photo-stimulation were proportional to the photoperiod while the inhibition changed based on an exponential function with
photoperiod. Thus, the model parameter k (0.492) was greater than parameter a (0.3767). The negative value of parameter b
(-3.5101) in the equation for the photo-stimulation indicated that a completely dark environment inhibited egg production in geese.
As Fig. 5 c depicts, the values for RMSE (3.459), AIC (1375.85) and BIC (1400.67) were less than those when Model 1 (RMSE, AIC and
BIC were 3.796, 1417.47, and 1431.65, respectively) was utilised for these estimations. Most of the residuals were within -5% to ˜5%
and the values at the greater egg-laying rate were relatively large, with the maximum value being±10% (Fig. 5 d).

3.2. Models of egg-laying curve when there was imposing of artificial photo-programs

3.2.1. Fitting and comparison results
There is depiction of the fitted results with use of the Model 7, Wood Model and Yang Ning Model of three sets of egg-laying data

(group B2, C3 and C5 in Table 1) in Figs. 6–8. Estimated model parameters and goodness-of-fit (AIC and BIC) are listed in Table 2.
Overall, R2 for the all the model fittings was greater than 0.9 (Fig. 7). There was the minimum value with use of the Wood Model,

with this value was 0.912 (Fig. 7 g). With use of Model 7, most of the residuals were within -5% to +5% ranges and were randomly
distributed (Fig. 8 a–c). By contrast, the use of the Yang Ning and the Wood Models resulted in residuals distributed in certain
relationships with the predicted values (Fig. 8, e–i). Such lack of fit effects were evident especially at the onset and end of egg-laying
(Fig. 6 e–i). The average values of AIC and BIC with use of Model 7 (848.6 and 864.9) were less than with use of the Yang Ning (971.4

Fig. 4. Fitting results of Model 1; Photo-stimulation (a, dotted line) was calculated using Equation 1 ( = −S p0.3767 3.5101) and the photo-inhibition
(a, dashed line) was calculated using Equation 2 ( = ⋅I e0.002 p0.492 );Daily increment (positive or negative) in the egg-laying rate was the difference
between the photo-stimulation and photo-inhibition; Egg-laying began approximately 20 days later after the photo-stimulation exceeded photo-
inhibition and decreased when the photo-inhibition exceeded photo-stimulation (b, solid line); Model 1 described well the geese egg-laying data
with high R2, low RMSE (c) and residuals (d).
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and 984.5) and Wood (970.3 and 980.0) Models, which indicated there was a better fit with use of Model 7 (Table 2).
The estimated parameters with use of Model 7 are included in Table 2 and there were indications that the geese started egg-laying

slowly (s = 1.074 ± 0.150%) and there was a rapid increase to the theoretical maximum level f (41.78 ± 0.43%). Parameter r
(0.154 ± 0.006) reflected the rate of increase of egg-laying. After about 70 to 120 days (parameter t0), the egg-laying rate began to
decrease from the maximum y(t0) (41.71%), with parameter b (-0.1510 ± 0.00146) reflecting the initial decreasing rate and
parameter a (-0.00139 ± 0.00018) the acceleration in rate of decrease in egg-laying. Values of model parameters were consistent
with the biological significance of the parameter.

3.2.2. Effect of artificial photo-programs on model parameters
Photo-programs had significant effects on the shapes of egg-laying curves. The estimated parameters of egg-laying curves when

there are different artificial photo-programs are included in Table 3.
Treatment with an 18 h long photoperiod for 1 month prior to imposition of the 8 h short photoperiod resulted in an accelerated

rate of increase in egg-laying (parameter r) and enhanced maximum egg-laying rate (parameter f), but there was no effect on the
decreasing rate as a result of this photoperiodic regimen. Rate of increase in egg-laying without the prior 18 h long photoperiod
treatment (0.132 ± 0.007) was slower than that (0.167 ± 0.007) with use of the three-phase photoperiodic (18 h-8 h–12 h) re-
gimen. Egg-laying rate of the two groups both peaked around the 70th day of egg production, but the theoretical maximum egg-
laying rate increased from 38.40 ± 0.69% to 44.20 ± 0.38%, with an increment of 5.86 percentage points. After the peak egg-
laying rate, there was a decreasing trajectory for both of the two curves with the rate of decrease being similar (Fig. 9).

The photoperiod during the laying phase also affected the shapes of the egg-laying curves. Parameter r for geese when there was
imposition of the 12 h photoperiod was 0.167 ± 0.007, while with imposition of the 11 h photoperiod it was 0.127 ± 0.003. The
value for parameter r, however, was greater for the third phase when there was the longer (12 h) photoperiod. As a result, egg-laying

Fig. 5. Fitted results of Model 2; Modelled annual photo-stimulation (a, dotted line) and photo-inhibition (a, dashed line) were the same as in Fig. 4;
From the onset of laying to the winter solstice, the egg-laying rate curve (b, solid line) was fitted using logistic Eq. (4); During this period,
photoperiod was non-stimulatory to the egg-laying; The egg-laying curve, after the winter solstice, was modelled using Eq. (5); During this period,
the daily increment (positive or negative) in egg-laying was the difference between the photo-stimulation and photo-inhibition; Use of Model 2
resulted in a better fitting performance than Model 1 with a greater R2 and lesser RMSE (c) and residuals (d).
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rate increased more rapidly, though there were no significant differences on the maximum egg-laying rate (41.44 ± 0.17% and
44.20 ± 0.38%%, respectively). With the 11 h photoperiod, there was a more consistent egg-laying performance with the post peak
laying rate decreasing very slowly (Fig. 9). This was associated with a much lesser decreasing rate parameter |b| at 0.0313 ± 0.0061
as compared with the 0.2252 ± 0.0103 when there was a 12 h photoperiod.

3.2.3. Effects of age on model parameters
The egg-laying performances of geese of different ages differed considerably. Estimates of model parameters are listed in Table 4.

The variance in model parameters can well describe the shape differences of egg-laying curves caused by age difference.
There were no significant differences in parameter f between the geese in their first (41.06 ± 0.34) and second (43.18 ± 0.56)

year of egg production, but it was less (P < 0.05; 38.59± 0.32) for geese in their third year of egg production. As a result, the
maximum egg-laying rate of the third year geese was the least. Different values of parameters r, a and b indicated that geese of
different ages had different sensitivities to a given photo-program. A greater value of r reflected a more rapid increase in the egg-
laying rate to the laying peak, and a larger value of |a| or |b| implied that the egg-laying rate would decrease more rapidly. Results in
Table 3 indicate egg-laying rate of the geese during their second year of egg production peaked the earliest as indicated by the greater
(P < 0.05) value for parameter r (0.214 ± 0.012) than the geese in their first (0.132 ± 0.005) and third year (0.112 ± 0.004) of
egg production. The value (-11.5 ± 2.2) of parameter |a| for geese in their third year of egg production was slightly less than for the
other age groups, however, the greater value for parameter |b| (0.1950 ± 0.0136) resulted in a more rapid decrease in egg pro-
duction (Fig. 10 a) for the post peak egg-laying rate. Besides, for geese of three ages, the model parameters r and |b| with imposition
of a 12 h photoperiod were greater than that with imposition of a 11 h photoperiod (Table 4 and Fig. 10 b).

4. Discussion

In the present study, mathematical models of the egg-laying curves of geese exposed to both natural and artificial photoperiods
were developed for Yangzhou geese that bred when there was both natural and artificial photoperiods. Two effects of photoperidic
regulation, photo-stimulation and photo- inhibition, were considered in construction of the models. The models were improved from
the original single equation model into segmented models, and by inclusion of RMSE, AIC and BIC values as evaluation measures
apart from consideration of the R2 alone. These improvements not only illustrated the biological significances of photo-stimulation
and photo-refractoriness that affect reproductive or egg-laying cycles of birds, but also indicated quantitatively the subtle effects on

Fig. 6. Fitted egg-laying curves of geese with different artificial photo-programs and of different ages using Model 7 (a, b, c), Yang Ning Model (d, e,
f) and Wood Model (g, h, i).
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egg-laying rate changes and laying performance as affected by different photoperiods or ages of geese.
Model 1 for geese egg-laying curves when there is a natural photoperiod was proposed based on the previous photoperiod

regulation theories (Sharp and Blache, 2003; Dawson, 2015). Construction of Model 1 was based on the two independent but
interacting components of the photoperiodic effects, namely the photo-stimulation and photo-inhibition (Fig. 4 a). In this way,
representation of the two photoperiodic effects by mathematic parameters aided in the enhanced understanding of regulation of
seasonal egg-laying in geese. This approach also conforms to the theory of Dawson (Dawson, 2015) regarding the annual cycle in the
testicular size of quail and starlings. The egg-laying rate was the sum of the difference in effects because of photo-stimulation and
photo-inhibition. A decrease in the photoperiod in late summer and early autumn suppressed the photo-refractoriness effects caused
by the long days in summer (Sharp and Blache, 2003). Subsequently, the positive net stimulation of the photoperiod induced egg-
laying approximately 20 days later because it took approximately 20 days for large ovarian follicles to develop to the extent that
ovulation occurred (Huang et al., 2008; Qin et al., 2013). This also explained the necessity of using an increasing long artificial
photoperiod approximately 1 month before the expected time of egg-laying in some out-of-season breeding experiments (Huang
et al., 2008; Wang et al., 2008; Zhu et al., 2017).

For the actual egg-laying curves of geese, there is a slight suppression in egg-laying rate around the winter solstice before there is a
further increase to a peak. This period of suppression corresponds to a prolonged medium plateau in egg-laying in the autumn in
geese that were produced from hatchings that occurred in January with these animals becoming sexually mature and initiating egg-
laying earlier (i.e., September; Zhao et al., 2004). Results of previous studies indicate that poultry egg production is affected by many
factors, both intrinsic genetic traits of the bird itself (Tůmová et al., 2017) and extrinsic effects of the environment, such as tem-
perature (Sebastian et al., 2014) and nutrition intake (Ding et al., 2016). Thus, it could be assumed that the moderate egg-laying
before the winter solstice could be regulated by animal-husbandry technologies other than the photoperiod, which was not con-
sidered to be stimulatory to the reproductive system (Sharp, 1993; Sharp and Blache., 2003). Thus, Model 2, a segmented model that
consists of a logistic model before the winter solstice and subsequently as an accumulative model, was proposed based on the
previous single equation model. This use of this model resulted in a greater fitting performance than with use of Model 1 in describing
the characteristics of the egg-laying curves with a lesser value of RMSE, AIC, and BIC. This segmented Model 2 is especially useful for

Fig. 7. Predicted compared with observed egg-laying rate using Model 7 (a, b, c), Yang Ning Model (d, e, f) and Wood Model (g, h, i).
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describing the egg-laying curves of geese that were hatched in January and became sexually mature and started laying earlier (i.e.,
early September), for the laying curve provided evidence for a lengthened medium level plateau until the winter solstice (Zhao et al.,
2004).

There was development of Model 1 and Model 2 based on the photo-stimulation and photo-inhibition theory without considering
any other factors. For example, geese egg-laying rates were influenced by animal-husbandry technologies such as temperature and
nutrition intake in addition to photoperiod (Shi et al., 2015). Further, that’s why some residuals were large in Figs. 4 b and Fig. 5b.
Unlike the 24-hour oviposition cycle in chicken hens (Johnston and Gous, 2007), the interval between oviposition of two eggs for
geese is approximately 46 h (Qin et al., 2013), which could lead to greater fluctuations in egg-laying rate for two consecutive days,
reducing the uniformity of egg-laying rate, especially during the peak production period. This could lead to the fitting residues to the
observed egg-laying data to enlarge to as great as 10%.

The geese egg-laying curves when there are artificial photo-programs had a similar pattern as observed in hens (McNally, 1971;
Yang et al., 1989; Alvarez and Hocking, 2007). The mathematical models for laying hens, however, were not suitable for geese
because of the inconsistencies of the model parameters to the actual geese egg-laying curve, as well as the lack of predictive capacity,
such as the greater estimated maximum egg-laying rate A with use of the Yang Ning Model and the larger value for AIC and BIC with
use of both the Yang Ning and Wood Models (Table 2). For a group of laying hens, the theoretical maximum egg-laying rate was
usually assumed to be 100% (Adams and Bell, 1980; McMillan, 1981) or 80% (Yang et al., 1989) dependent on genetic potential and
animal-husbandry technologies. For Yangzhou geese, however, the maximum egg-laying rate reported is approximately 50% (Zhao
et al., 2004; Zhu et al., 2017). The estimated maximum egg-laying rate of 90% with use of the Yang Ning Model in Table 2 was
impossible to achieve for geese. Although the R2 values with use of both the Yang Ning and Wood Models were greater than 0.9,
which were generally considered good fits. Values of AIC and BIC, as well as the special relationship between residuals and the
predicted values, however, indicated that use of the R2 value alone was an inadequate criterion for assessing nonlinear models
(Spiess, 2010). By contrast, the use of a modified segmented model, which consists of an initial logistic and subsequently a quadratic
polynomial model, allows for the capacity to predict geese egg-laying curves and the shape difference caused by photoperiod and age
differences. The larger residuals at high predicted egg-laying rates could be attributed to the effect of the relatively greater tem-
peratures in the summer (Shi et al., 2015) and the intervals between oviposition of two eggs (Qin et al., 2013).

Imposition of an additional 18 h long photoperiod treatment for 1 month prior to the imposition of the basal programme of 8 to
12 h enhanced the maximum egg-laying rate (parameter f) and enhanced the rate of increase (parameter r) in egg-laying for geese.
Consequently, laying performance of the geese improved by approximately 32% (Zhu et al., 2017). These photoperiod induced
changes in the curve parameters that explained the enhanced reproductive functions or performances, which resulted from greater
FSH and LH gene expressions which led to an enhanced ovarian follicle development (Zhu et al., 2017). Enhanced reproductive
functions by imposing a long photoperiod prior to the short photoperiod was also evident in both European starlings (Sockman et al.,
2004) and house finches (Salvante et al., 2013).

Fig. 8. Residuals compared with predicted egg-laying rate using Model 7 (a, b, c), Yang Ning Model (d, e, f) and Wood Model (g, h, i).
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On the basis of the second photo-program, the reduction in the photoperiod from 12 h to 11 h during the laying phase also
resulted in a changed shape of the egg-laying curve of geese. The results of the present study indicate that imposition of different
photoperiods resulted in changed shapes of the egg-laying curve by affecting model parameters r, a and b. When there were greater
values for parameters |a| and |b|, there was a reduction in geese egg-laying performance as a result of the acceleration in the decrease
of egg-laying rate, while there was a comparatively greater value for parameter r for enhanced laying performance as a result of
shortening the time for the egg-laying rate to reach its peak. The egg-laying of geese exposed to a 12 h photoperiod increased more
rapidly but was less persistent than in geese where there was imposing of the 11 h photoperiod, which resulted in reduction in egg
production during the entire laying period. This was because exposure to a longer photoperiod, though more stimulatory to gona-
dotropin secretion by the anterior pituitary (Lewis and Gous, 2006; Lewis et al., 2010), also induced a more rapid development of
photo-refractoriness and cessation of egg-laying (Dawson, 1987). For example, transferring starlings from an 8 to 18 h photoperiod
induced testis regression in 3 weeks compared with 5 weeks when there was a 13 h photoperiod (Sharp, 1993). In Hungarian White
geese, the peak in egg-laying rate was on day 33 when there was a 14 h photoperiod as compared with the peak on day 53 when there
was a 11 h photoperiod. An increase from shorter (8 h) to a relatively longer photoperiods (11 h) resulted in a stimulation of the
neuroendocrine system and led to an enhancement in reproductive functions being sustained for a longer period (lesser values of |a|
and |b|), which resulted in a greater egg-laying performance (Zhu et al., 2019).

Age of the geese also affects egg-laying curves. The egg-laying performance decreased with increases in age. For example, in the
third year of production of geese there was the least laying performance as indicated by the least r and f values, which indicated there
was a comparatively long period before the laying peak occurred, and the maximum egg-laying rate was the least for these older
geese. The greater value of |a| and |b| for geese in the third year of egg production meant that the egg-laying rate would decrease
more rapidly in geese of this age. Thus, the laying performance was the least in the geese that were in their third year of egg
production in the present study. Compared to the geese in their first year of egg production, the total egg production of the geese in
their second year of production decreased markedly as described by Zhao et al. (2004). Model parameters can well explain this
phenomenon, such as the basically the same value in parameter f and b, but a relatively greater value of r and |a| for geese in their
second year of egg production. There were no differences in the maximum egg-laying rate and the time when the decreasing rate of
egg-laying started for geese in their first and second year of egg production, but there was a slightly greater value of |a| in geese in
their second year of egg production the led to a more rapid decrease in egg-laying rate. There were similar outcomes in both laying
hens and broiler breeders where aged birds had a lesser egg-laying rate (Johnston and Gous, 2003). The underlying mechanisms
causing the reduction in egg-laying rate of older geese could be changes in the ovulation and oviposition intervals, which could lead
to increases in the number of days between ovipositions (Zakaria et al., 1983; Zakaria, 1999). In addition, the egg-laying rate of geese
in their second year of egg production increased more than that of geese in their first year of egg production. This may have been the
result of the effect of the prior photo-experience, rather than age per se, because the previous photo-experience can sensitise the
neuroendocrine system to the photoperiod, and enhance some aspects of early photo-induced reproductive development (Salvante

Table 3
Estimates of model parameters of egg-laying rate of geese of the same age when there were different artificial photo-programs.

Photo- programs Group No. Parameter estimates

f S.E. s S.E. r S.E. a (*103) S.E.(*103) b S.E. t0 y(t0)

8h-12 B1 38.40b 0.69 1.920 0.306 0.133b 0.007 −0.42 0.03 −0.2558 0.0129 69 38.01
18-8-12h B2 44.20a 0.38 0.286 0.063 0.167 a 0.007 −0.31 0.03 −0.2252 0.0103 72 44.15
18-8-11h D 41.44 a 0.17 1.302 0.116 0.127 c 0.003 −2.21 0.38 −0.0313 0.0061 110 41.44

Values in the same column with different superscript letters (a–c) are different (P< 0.05); Parameter estimates for group D were average values of
group D1 and D2.

Fig. 9. Decreasing rate of egg-laying rate for geese when there are three different photoperiod programs; There were no significant differences
between 8 h–12 h and 18-8-12 h group, however, egg-laying rate of 18-8-11 h group decreased less rapidly for about 50 days after the peak rate of
egg-laying.
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et al., 2013).
In conclusion, the proposed models in the present study could well describe the egg-laying curve of Yangzhou geese, revealing the

two effects of photoperiod on the egg-laying capacity when there are natural and artificial photoperiods, as well as the physiological
significance of the model parameters. In addition, the results of the proposed model also provide for quantitative, rather than
qualitative estimations of egg-laying as compared with that of previously-developed models with the effects of changes in egg-laying
changing tendencies being exerted by both photoperiod programs that were imposed and ages of the geese. Practically, such models
can also be used to provide a mathematical controlling system for the future development of precision feeding technologies.
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