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Abstract: Ascites syndrome (AS) causes major economic losses in commercial meat-type chickens. The objectives of the
current study were to select the best non-linear growth curve functions (GCFs) of the ascitic and healthy chickens, and to investigate
the association of ascites incidence with the growth pattern. A total of 5584 body weight (BW) records belonging to 823 chickens (381
male and 442 female) from a paternal pure Arian broiler line were used. The birds were categorized into; healthy male and female,
ascitic male and female. Five GCFs including Logistic, Gompertz, Lopez, Richards, and \Von baretanalffy were fitted to the BW records
of all groups, separately. After the estimation of growth curve parameters for all the chicks individually, the effect of sex and health
status on the growth curve parameters were assessed. The results revealed that the Richards function is the best for all the groups.
Comparison of the growth curves showed that the ascitic chickens reach the inflection point of the curve earlier than their healthy
counterparts (P<0.05). The average growth rate of the healthy birds in the rearing period was significantly higher than that of the ascitic
birds (P<0.05), thereby suggesting that there is no direct relationship between the rapid growth rate and the incidence of ascites.
Therefore, genetic improvement of the used population for both rapid growth rate and reduced ascites incidence may be possible and
the utilization of growth curve parameters in the selection index might be beneficial.
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Introduction

Ascites syndrome (AS) (also called pulmonary
hypertension syndrome) is a metabolic disorder in modern
meat-type chickens that are associated with pathological
accumulation of excessive fluid in the abdominal cavity.
AS is affected by both environmental and genetic factors
(4, 9). The incidence of AS in commercial meat-type
chickens is more prevalent and the range of mortality can
rate from O to 30 %, therefore, AS could result in massive
economic losses to poultry producers (15, 16). There is a
direct association between the local elevation of broiler
houses (sea level above 3500 m) and the prevalence of AS,
so that it has historically been called high altitude disease
(5, 10). However, it is now widely seen even at low
altitude areas, as well (6). In such a condition, the
incidence of AS is attributed to the rapid growth rate,
especially in male chickens (18). The growth rate of
broiler chicken is higher at early ages and the slope of the
growth curve is steeper as compared to later ages. The
growth rate subsequently decreases progressively to

finally reach zero at maturity (8). The growth rate of
ascitic birds is much slower than that of healthy ones and
their final weight is lighter at the end of the rearing period
(4). Nowadays, the growth curve has various applications
and could be used in the optimization of management
practices, evaluation of nutritional requirements, and
improvement of breeding programs (1). Growth curves
functions (GCFs) are nonlinear regression equations that
predict body weight (BW) at different stages of animal life
(12, 14). Understanding the biological meanings of the
growth curve parameters and their relationship with other
important economic traits may pave the way for experts to
use this information in breeding plans (23). To this end,
the study of the growth curves of the birds is necessary for
the breeder to genetically evaluate the birds (2). Besides,
the growth curves can be used as an appropriate tool by
breeders to make important decisions about the nutritional
and management strategies of farms (1, 2, 12, 26). The
GCFs that are used more commonly are Gompertz,
Richards, Von Bertalanffy, Brody, Logistic, Negative
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Exponential, Morgan - Mercer - Flodin, and recently the
Hyperbolastic models (12, 14, 25). These GCFs have been
developed to model both the unprecedented and
intraspecific population dynamics and more general
biological growth. Most predictive models are based on
variations of Verhulst's classic logistic growth equation
(25). The Gompertz function, which was first presented
for the prediction of animal growth, is one of the best
models to describe the growth patterns of birds (3, 13, 21).
The parameters of the Gompertz function are flexible,
however, the Richards model has variable flexibility (19).
The intense genetic selection of modern meat-type broilers
for fast growth rate, high marketing weight, maximum
white meat yield, and heavy final BW has augmented the
incidence of AS (5, 15, 16). It seems that internal organs
of modern broiler chickens such as heart, lungs, and liver,
especially those with AS characteristics, are not well
developed as compared with those of healthy birds or layer
hens (6, 8, 18). Because of the inherent differences
between the growth patterns of the healthy and ascitic
birds (8), we aimed to select the best non-linear GCFs
including Gompertz, Logistic, Lopez, Richards, and Von
Bertalanffy in the fitting of the growth curves of four
groups including healthy male, healthy female, ascitic
male, and ascitic female and to investigate the association
of ascites incidence with the growth pattern.

Materials and Methods

In this research, we examined different GCFs and the
incidence of ascites under standard rearing conditions
using 5584 body weight records of 823 chicks belonging
to one paternal commercial broiler line of Arian. All birds
were wing-banded at the hatchery for pedigree
registration. Then, Chicks were immediately transformed
to the Poultry Research Unit, located in Khalatposhan
Agricultural Research Station of University of Tabriz,
Tabriz, Iran and were raised on the deep floor according
to Arian management guidelines to 45 d of age. The
lighting schedule was near-continuous lighting (23L: 1D)
throughout the experimental periods. The broiler chickens
were housed in pens in a litter floor and reared under
similar managerial and hygienic conditions. The
temperature of rearing room was controlled at 32°C for
first 3 d, then decreased gradually to 20°C until 21 d of age
and maintained as such until 42 d. The water and feed were
supplied ad libitum throughout the experimental period.
The water was supplied by a bell-shaped drinker, and feed
was provided to each pen by a plate feeder to 10 days of
age and then by an 8 kg grower feeder from 10 to 45 days
of age. The metabolizable energy (kcal/kg) and crude
protein (%) contents of the starter (1 to 14d), grower (15
to 28d), and finisher (29 to 45d) diets were 2900 kcal/kg
and 20.5 %, 3075 kcal/kg and 20 %, and 3120 kcal/kg and
18 %, respectively. The ingredients and chemical
composition of the basal diets were listed in Table 1. The

Table 1. The ingredients and nutrient composition of the basal diet (%, as-fed bases).

Ingredients (%)

Starter, d 0-10

Grower, d 11-24 Finisher, d 25- 42

Yellow corn 62.10
Soybean meal (440 g/kg CP) 34.10
Wheat bran 0.98
Dicalcium phosphate 0.20
CaCOs 1.10
DL-Methionine 0.33
L- Lysine 0.22
I- Threonine 0.08
NaCl 0.22
NaCOs3 0.17
Vitamin premix * 0.25
Mineral premix 2 0.25
Coccidiostat -
Total 100
Analyzed nutrient levels

Metabolizable energy, kcal/kg 2900
Crude protein (CP), % 20.50
Ether exact, % 3.37
Calcium, % 1.00
Auvailable phosphorus, g/k 0.45
Lysine, g/kg 1.17
Methionine, g/kg 0.55

69.00 71.73
28.30 25.70
0.20 0.19
1.00 0.95
0.29 0.26
0.20 0.17
0.07 0.07
0.24 0.23
0.15 0.15
0.25 0.25
0.25 0.25
0.05 0.05
100 100
3075 3120
20.00 18.00
3.35 3.29
0.95 0.95
0.43 0.43
1.10 1.08
0.51 0.45

! Provided per kilogram of diet: vitamin A, 8000 IU; vitamin D3, 1600 1U; vitamin E, 10 IU; vitamin B1, 0.8 mg; vitamin B2, 2.5 mg;
vitamin B6, 0.1 mg; vitamin B12, 0.009 mg; D-pantothenic acid, 2.2 mg, folic acid 0.25 mg; nicotinic acid 20 mg; biotin 0.1 mg.
2 Provided per kilogram of diet: 6 mg (MnOz); 80 mg (ZnSO4:7H20); 8 mg (CuSOas-5H20); 60 mg (FeSO4-7H20); 0.35 mg (K1) and

0.3 mg (NazSeOs-5H20).
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body weights of the chicks were individually taken with a
precision digital scale sensitive to £0.01 g by weekly and
the dead birds were necropsied for determination of the
cause of death. All birds with yellow fluid at the peritoneal
cavity or in pericardium were considered as ascitic, while
the remaining birds were considered as healthy. After the
end of the rearing period, the birds were divided into four
groups including healthy male (n=317), ascitic male
(n=64), healthy female (n=424), and ascitic female
(n=18). The sex determination was done by gender
appearance differences. In this method, male broilers have
a larger body size, comb, and wattle in comparison with
female broiler chicks.

The effects of sex and health status on BW at
different ages were studied using the GLMSELECT
procedure of SAS software version 9.2 (22) and found to
be significant (P<0.05) on weekly recorded BW (results
not shown). For this reason, the fitting of the different
GCFs was done separately for ascitic males, ascitic
females, healthy males, and healthy females, using the
nonlinear (NLIN) procedure of SAS software (22).
Consequently, in the first step five nonlinear models
including Gompertz (G), Logistic (L), Lopez (Lo),
Richards (R), and VVon Bertalanffy (VB) were employed
to fit the average weekly weighed BW records. The
mathematical equations of the functions are shown in
Table 2.

Table 2. Growth curve functions used to fit bodyweight records.

Model Function*

Gompertz  Wt=WO0xexp((1-exp(-bxt))x(log(W{/WO0)))
Logistic Wt = (WOxWT) / (WO-+(WT -WO0)xexp(-bxt))
Lopez Wt = ((WO0 x kb)+(WEx t2)/ (kP +t?)
Richard Wt = (WoxWp) / (W)+(WP-W2)xexp(-bxt))(1/n)
gggalan try Wi @x(1-bxexp(kxt)?

* Wt is the body weight (g) at age t (day), WO is the initial
weight, Wf is body weight at maturity, b the maturity index, k
and n are the parameters of the functions.

The adjusted coefficient of determination (Adj-R?),
Akaike information criterion (AIC), and Durbin-Watson
(DW) criteria were used to assess the goodness of fits of
the functions. The calculation formula of these criteria
were as follow:

1- Adj-R? statistic:

(n—1)
(n—p)

In which, R?is the explanation factor, n is the number
of observations, and p is the number of parameters of the
model.

Adj—R*=1-

(1-R?»

2- AlCc statistic:

AlCc = nlog(RSS/n) + 2p(n/(n —p — 1))

In which, SSR is the sum of squares corresponds to
the models, and n and p are the number of observations
and the number of parameters of the model, respectively.

3- Durbin-Watson (DW) statistic:

I, (e — eq)?

I ef

In which, e; and er.1 are the residual values at days t
and t-1.

Comparison of the different goodness of fit criteria
proved that the Richards function as the best for all of the
groups and, therefore, in the second step this model was
employed to fit the individual BW records of the birds.

After estimating the parameters of the Richards
function for individual birds, the parameters were used to
calculate the time (Tp) and weight (Wip), at the inflection
point of the growth curve (as Tip and Wp, respectively) as
below:

DW =

ro L W= Wo
P =y n| nW; ]
Wie = Gy pim

Then, the GLM procedure of SAS software was used
to assess the effect of sex and health status (healthy or
ascites) on the growth curve parameters, using the
following model:

Vijk = H+ S; + HSj + ey

In which, yij is any parameters of Richards function,
w is overall mean, S; and HS; are the fixed effects of sex
and health status (healthy or ascitic), respectively, and eijx
is the random residual.

At last, the correlation coefficients between the
growth curve parameters were estimated using the CORR
procedure of SAS software (22).

Results

Descriptive statistics and selection of the best
growth model: Table 3 describes the descriptive statistics
of the used data. The growth curves of the four groups
were fitted using all of the studied functions and the
resulted curves are shown in Figure 1 (labelled as A, B, C,
D and E). As can be seen in Figure 1, before the age of 28
days, all groups had almost similar growth patterns, with
the ascitic birds being slightly heavier than their healthy
counterparts. After the age of 28 days, the growth rate of
all groups diminished gradually. But, the reduction of growth
rate was more considerable for the ascitic male and ascitic
female groups than their corresponding healthy groups.

The goodness of fit of the GCFs was assessed using
Adj-R?, AICc, DW statistics, and the results are shown in
Table 4. Function with the highest Adj-R?, the lowest
AICc, and DW around 2 was considered as the most
suitable.
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A: Fitting growth curve of the Gompertz model for healthy and ascitic
male and female broiler chickens.

B: Fitting growth curve of the Richards model for healthy and
ascetic male and female broiler chickens.
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C: Fitting growth curve of the Lopez model for healthy and ascetic male
and female broiler chickens.
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D: Fitting growth curve of the Logistic model for healthy and
ascetic male and female broiler chickens.
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E: Fitting growth curve of the Von Bertalanffy model for healthy and
ascetic male and female broiler chickens.

Figure 1. Fitting five different growth curves for healthy and ascitic male and female broiler chickens.
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Table 3. Descriptive statistics of used BW records in different ages.

Age (Day) Mean (g) SD! (g) CV? (%) Minimum (g) Maximum (g)

1 45 3.9 8.8 33 60

7 127 75.1 14.6 68 184
14 274 53.4 194 104 443
21 574 98.7 171 230 885
28 972 164.1 16.8 420 1485
35 1519 242.8 15.9 470 2200
42 2133 301.7 141 1070 3025
45 2363 338.4 143 1205 4425

1SD: standard deviation, 2 CV: coefficient of variance.

Table 4. The goodness of fit criteria of Richards, Lopez, Logistic, Gompertz and Von Bertalanffy functions for fitting the growth
curves of healthy and ascitic male and female birds.

Criteria RZagj AlCc? DW 3
Function G L Lo R VB G L Lo R VB G L Lo R VB
Group

;i]t:é;hy 0998 0.975 0.998 0999 0.998 78.2 68.62 789 67.8 8394 204 207 215 251 1.69

;?;tl?s/ 0.997 0.995 0.994 1 0999 655 7042 706 542 7614 182 122 212 238 146

':;Z?ét:s 0.998 0.995 0.997 0.999 0998 76.6 6957 764 66.2 8328 191 237 228 3.07 158
Ascites
females 0.995 0.997 0.995 0.999 0995 854 7834 843 782 8910 197 283 230 28 1.72

*G: Gompertz, L: Logistic, Lo: Lopez, R: Richards, and VVB: Von Bertalanffy.
! adjusted coefficient of determination, 2 Akaike information criterion, ® Durbin-Watson criteria.

Table 5. Least square means (LSM) comparison of growth curve parameters among different groups of gender and health status.

Healthy male Ascitic male Healthy female Ascitic female
Wo 5572 56.52 479° 63.92
Ws 3967 2877 ¢ 5001 @ 2112°¢
b 0.219° 0.666 2 0.118° 0.414 %
n 2.34°b 7.01° 1.06° 4,08 %
Wip 1862° 1457 ¢ 20432 1158 ¢
Tip 37.3° 334°¢ 406° 29.7¢

W is the hatching weight, Wr is the weight at maturity, b the maturity index, n is the parameters of the model, Wi and Tip are
weight- and age at the inflection point of the growth curve, respectively.
LSM within the same row with different superscripts are significantly different (P<0.05).

Table 6. Correlation between the growth curve parameters in healthy (above diagonal) and ascitic chickens (below diagonal).

Parameters” Wo Wi b n Wip Tie
Wo - -0.35 0.35 0.37 -0.18 -0.25
Wi -0.372 - -0.20 -0.19 0.96 0.90
b 0.60 -0.19 - 0.99 -0.10 -0.07
n 0.61 -0.19 0.99 - -0.09 -0.06
Wip -0.01 0.90 0.08 -0.08 - 0.92
Tip -0.25 0.89 -0.10 -0.09 0.85 -

*Wo is the initial weight, Wy is the maturity, b the maturity index, n is the parameters of the model, Wir and Tip are weight- and age
at the inflection point of the growth curve, respectively.
@ All correlations are statistically significant (P<0.05).
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Effect of sex and health status on growth curve
parameters: Generally based on the mentioned criteria in
table 4, Richards's function was revealed to be the best for
all of the four groups which followed by, Logistic,
Gompertz, Lopez and VB (based on AIC criterion).
Therefore, the Richards function was employed to be
fitted to the BW records of all birds, individually. The
growth curves of 115 chickens did not reach the
convergence criterion or possessed inappropriate shapes
and were excluded from further analyses. Therefore, the
number of fitted curves reduced to 708 (330 male and 378
female). The growth curve parameters, as well as time and
weight at an inflection point of the curve, were estimated
for these birds.

In Table 5, the comparison of least-square means of
Richards’ growth curve parameters among the four groups
are shown. There were significant differences between the
estimated hatch weight (W) of the four groups (P<0.05).
The mature weights (Ws) of the healthy males and healthy
females were significantly higher than those of the ascitic
males and ascitic females, respectively (P<0.05). There
were significant differences between the b and n
parameters of the four groups (P<0.05). The healthy
chickens reached the inflection point of the growth curve
later and at a heavier weight than the ascitic chickens
(P<0.05). This indicates that the growth pattern of the
ascitic birds is not as similar to that of the healthy birds.

Correlation between the growth curve parameters
within the ascitic and healthy chickens: Table 6 shows
the correlation coefficients between the growth curve
parameters of healthy and ascitic chickens. The
correlation coefficients are almost similar in the healthy
and ascitic chickens with the highest correlation between
W;sand Wp parameters and the lowest correlation between
Tip and n parameters.

Discussion and Conclusion

AS, a serious metabolic disorder in commercial
modern broilers, is one of the most important non-
infectious causes of losses in the broiler production
industry and the incidence of it has increased worldwide
over the past several years (7). Meat-type chickens are
sensitive to AS due to their genetic improvement history
of intense genetic selection for production traits such as
rapid growth rate and efficient feed conversion.
Furthermore, non-genetic factors are also blamed for
predisposing the broilers to AS. These factors are for
example high ambient temperature, continuous lighting,
improper ventilation, high altitudes, and pellet form of
high-energy diets (4, 7, 15). Many studies have suggested
that mortality due to AS could be attributed to metabolic
burdening. These conditions have raised great challenges
in meat-type chickens during rapid growth for fulfilling

tissue demands for oxygen, resulting in relative
hypoxemia, with a decrease in arterial oxygen saturation
and high hematocrit values with increased red blood cell
production (erythropoiesis). Although the pathological
progression of AS has been known for years, the
underlying molecular mechanism during AS development
is still not fully understood (18).

As shown in figure 1, the growth rate of ascitic birds
was slightly higher than that of healthy ones before the age
of 28 days. Thus, we investigated the possible relationship
of early rapid growth rate with the incidence of ascites. We
observed no visible, statistical differences between the
BW records of healthy and ascites birds before age 28
(results not shown). Therefore, it seems that the slightly
faster growth rate of the ascitic birds may not be the
causative factor predisposing them to ascites. As such, we
should look for other reasons to explain their susceptibility
to ascites. The results concluded by Julian (10), was
consistent with our results that report the rapid growth of
broilers were no the pathogenic mechanism of
cardiovascular or musculoskeletal defects. At the end of
the rearing period, the BW of the ascitic chickens was
much lower than that of healthy birds which was the case
for both males and females. This is inconsistent with the
previous findings that considered a positive relationship
between the rapid growth rate and the incidence of ascites
(6, 9, 20).

The high correlation of both WIP and TIP with Wf
indicates that birds with later inflection point have heavier
weight at an inflection point as well as at maturity (Table
6). As mentioned above, healthy chicks have growth
curves with later TIP and heavier WIP. Therefore, genetic
selection for later TIP can assist in indirectly select for
reduced ascites incidence (13, 17, 23, 24, 26). Indeed,
poultry farmers frequently plan to slower the early growth
rate of broiler chickens to postpone the inflection point of
the growth curve and to help the chicken to cope with the
high metabolic pressure which they experience during the
early ages (11). Furthermore, more recently there have
been some attempts to develop broiler strains that grow
slowly during early ages but grow more rapidly during
later ages, something that is so-called compensatory
growth (9, 25, 27).

The birds that suffered from AS showed different
and inappropriate growth patterns as compared to the
healthy birds. Despite the previous findings, in the studied
population, the ascitic birds grew as similar to healthy
birds in early ages but at a slower rate at later ages. The
inflection point of the growth curve of the ascites birds
happened earlier than that of healthy birds indicating that
the hindrance of inflection point, via genetically or
management strategies, might cause the incidence of
ascites to be reduced.
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