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ABSTRACT The objective of this study was to in-
vestigate the effects of dietary iron (Fe) on reproduc-
tive performance of Chinese Yellow broiler breeder hens
during the egg-laying period. A total of 480, 55-wk-
old hens were balanced for laying rate and then ran-
domly allotted into 5 groups, each with 6 replicates (8
cages for each replicate with 2 birds per cage). The
trial was for 10 wk. Birds were fed diet with 44, 58,
72, 86, or 100 mg/kg Fe contained feed. Laying per-
formance, biochemical indices and reproductive hor-
mones in plasma, egg quality, ovarian and oviductal
variables, tibial breaking strength, and hatching per-
formance were determined. The key performance vari-
ables hematocrit, hatchability of live embryos, and
tibial breaking strength were selected for analysis by
quadratic polynomial (QP) and broken-line (BL) re-
gressions to better determine optimal dietary Fe level.
Qualified egg (excluding those with double-yolk, soft-
shell, cracked, very small malformed, etc.) rate tended

to decrease with the lowest and highest dietary Fe lev-
els. Hematocrit was affected (P = 0.003) by dietary
Fe, along with linear (P = 0.017) and quadratic (P =
0.002) effect. There was a significant effect (P = 0.034)
of dietary Fe level on tibial breaking strength of breeder
hens with a quadratic (P = 0.044) effect. Breeder hens
fed inadequate (44 mg/kg diet) or excess (100 mg/kg)
Fe both had lower (P < 0.05) tibial breaking strength
compared to that of hens fed 86 mg/kg Fe. Hatchability
of live embryos was affected (P = 0.004) by diet; with
both linear (P = 0.014) and quadratic (P = 0.001) ef-
fects. Maximal hatching of live embryos occurred with
diets of breeder hens containing 72 mg/kg Fe. From the
QP and BL models fitted to hematocrit, tibial break-
ing strength, and hatchability variables, the optimal di-
etary Fe level for Chinese Yellow broiler breeder hens
in the laying period was 70–90 mg/kg. The daily Fe fed
(allowance) was about 8–11 mg.
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INTRODUCTION

Iron (Fe) is an essential trace mineral for all living
organisms, and it plays an important role in oxygen
and electron transport as well as in DNA synthesis
(Bothwell et al., 1979). This element is widely spread
on earth and is present in almost all feed ingredients
used in commercial poultry diets (NRC, 1994).

Limited research data focus on Fe nutrition of poul-
try, particularly for broiler breeders (Bess et al., 2012;
Taschetto et al., 2017). Available recommendations of
dietary Fe of broiler breeder vary widely, from 20 to
140 mg/kg (Leeson and Summers, 2009; Cobb-vantress,
2013; Aviagen, 2016; Taschetto et al., 2017). Recom-
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mended amount of Fe currently available in the litera-
ture are based on statistical analyses and from deriv-
ing estimates utilizing diverse models (Taschetto et al.,
2017). It is noteworthy that current references for Fe
use are mainly targeted on fast-growing broiler breeder
lines such as Arbor Acres, Ross, and Cobb. Research on
proper supplementation of Fe in diet of slower-growing
Chinese Yellow broiler breeder hens is lacking, though
China is the third largest producer of chickens, with ap-
proximately 4 billion Chinese Yellow broilers produced
every year.

Pollack et al. (2011) indicated that Fe levels are
associated with hormone levels in the body. Iron is
essential for oxygen transport, DNA synthesis, and
energy production (Mackenzie et al., 2008). Hor-
mones and other physiological variables including en-
ergy metabolism strictly control egg production in
chickens (Onagbesan et al., 2006). The coordinated
activity of the hypothalamus–pituitary–gonadal axis
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maintains the production of reproductive endocrine
hormones including luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) to initiate and
maintain ovarian follicle growth and ovulation for egg
production (Furr et al., 1973; Etches et al., 1984). Lewis
et al. (2005) suggested that plasma LH and FSH con-
centrations during the rearing period might be useful
predictors of egg production rate in chickens. On the
other hand, Fe deficiency may potentiate the absorption
and accumulation of Mn. Manganese acts centrally to
stimulate LH secretion (Pine et al., 2005); thus, Fe may
affect reproductive hormones. To the authors’ knowl-
edge, effects of dietary Fe on reproductive hormones of
hens have not been reported.

Hens maintained in cages had a lower bone break-
ing strength and a lower tibial ash than those kept in
floor pens (Rowland et al., 1968). Several factors that
may lead to osteoporosis or bone fragility include a de-
ficiency of sex hormones, calcium deficiency, and mal-
nutrition (Rowland and Harms, 1970), but a potential
effect of Fe deficiency on tibial breaking strength is un-
known.

Laying performance, hematocrit and hemoglobin of
hens, and egg quality and hatchability of eggs are
influenced by dietary Fe content in highly selected
Western breeds (Morck and Austic, 1981; Taschetto
et al., 2017). It was hypothesized here that laying per-
formance, biochemical indices, and reproductive hor-
mones in plasma, egg quality, ovarian and oviductal
variables, tibial breaking strength, and hatching per-
formance could be affected by dietary Fe levels in Chi-
nese Yellow breeder hens. To test this hypothesis, these
variables were measured in birds fed 5 levels of dietary
Fe and regressions were fitted for key performance vari-
ables. The optimal dietary Fe level of the breeder hens
in the laying period was determined using quadratic
polynomial (QP) and broken line (BL, 2-slope BL or
BL with plateau) models.

MATERIALS AND METHODS

Chickens and Husbandry

A total of 480, 55-wk-old Chinese Yellow broiler
breeder hens (Lingnan, an improved local breed, heavy
body weight line) were obtained from Guangdong
Wiz Agricultural Science & Technology Co., Ltd.
(Guangzhou, China). Birds were balanced for laying
rate and then randomly allotted into 5 groups, each
with 6 replicates (8 cages for each replicate with 2
birds per cage). All experimental methods conformed
to guidelines established by the Guangdong Academy
of Agricultural Sciences Institutional Animal Care and
Use Committee. The breeder hens were under study
for 10 wk until the trial was finished at 64 wk of age.
All birds received 16 h of daily lighting from 06:00 AM
to 10:00 PM. Room temperature and humidity were
recorded daily.

Table 1. Composition of the basal diet.

Ingredient, % Value
Nutritional

level2 Value

Corn 65.0 ME, Kcal/kg 2795
DDGS 10.0 CP, % 16.0
Soybean protein concentrate 13.6 Lysine, % 0.80
Soybean oil 0.91 Methionine, % 0.40
L-Lysine HCl 0.01 Calcium, % 3.00
DL-Methionine 0.26 Non-phytate

phosphorus, %
0.41

Tryptophan 0.01 Fe, mg/kg3 45.4
Calcium carbonate (analytically pure) 6.27 Fe, mg/kg4 44.0
Dicalcium phosphate (food-grade) 1.75
Salt (NaCl) 0.25
Maize cob meal 0.94
Premix1 1.00

1Provided per kg of diet: vitamin A, 15,000 IU (retinyl acetate,
Guangdong Newland Feed Science & Technology Co., Ltd., Guangzhou,
China); vitamin D3, 3,600 IU (cholecalciferol); vitamin E, 47 IU (dl-α-
tocopheryl acetate, Guangdong Newland Feed Science & Technology Co.,
Ltd., Guangzhou, China); vitamin K, 6 mg; thiamine, 3 mg; riboflavin,
9 mg; niacin, 60 mg; pantothenic acid, 16 mg; vitamin B6, 6mg; folic
acid, 1.5 mg; cobalamin, 0.03 mg; biotin, 0.06 mg; 50% choline chloride,
900 mg; CuSO4

�5H2O, 28 mg; ZnSO4
�H2O, 210 mg; MnSO4

�H2O, 280
mg; NaSeO3, 0.60 mg; Ca(IO3)2

�H2O, 1.46 mg; ethoxyquin, 150 mg;
calcium propanoate, 1.00 g; maize cob meal (carrier), 4.61 g.

2Values were calculated based on the data provided by Feeding Stan-
dard of Chicken (Ministry of Agriculture, China, 2004).

3Calculated Fe content based on Fe analyses in Corn, DDGS, soybean
protein concentrate, calcium carbonate, dicalcium phosphate and corn
gluten meal.

4Iron was analyzed by atomic absorption spectrophotometry.

Diets

The basal diet was formulated to meet or exceed the
nutritional requirements of breeder hens (Ministry of
Agriculture, China, 2004) with no addition of Fe (cal-
culated 45.4 mg/kg, analyzed 44.0 mg/kg). Calcium
and non-phytate phosphorus contents in the basal diet
were 3.0 and 0.41%, respectively. The composition of
the basal diet is shown in Table 1. Additional Fe (0, 14,
28, 42, and 56 mg/kg Fe of diet) was added as FeSO4

�

H2O (Guangdong Newland Feed Science & Technology
Co., Ltd, Guangzhou, China) and final contents were
measured by atomic absorption spectrophotometry. All
breeder hens received about 120 g diet (as needed, con-
sistently increased or decreased by a few grams based
on egg production) every day and had ad libitum ac-
cess to fresh water. The water was filtered to eliminate
possible source of Fe before drinking by breeder hens.
The apparatus for removing Fe from water was bought
from Guangzhou Chenxing Environmental Protection
Technology Co., Ltd. (Guangzhou, China). Iron in wa-
ter was absorbed by silica sand and further eliminated
by ion exchange. All birds were fed the basal diet for
2 wk for partial depletion of iron stored in the body. Af-
ter this 2-wk adaption, feeding with the experimental
diets started and continued for 8 wk.

Measurements

Laying Performance. Mortality was checked daily
and dead birds were recorded to adjust estimates of
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egg laying rate and egg mass as appropriate. Number
of total laid eggs, defective eggs (including those with
double-yolk, soft-shell, cracked, very small malformed,
etc.) and total egg weight were recorded daily. At 64 wk
age (end of trial), egg laying rate, average egg weight,
egg mass (egg weight of each breeder laid per day),
and qualified egg rate (1-total defective eggs/total eggs
laid) were calculated. Qualified eggs met the criteria
described by Xu et al. (2010).

Sampling. Two birds, representative of average egg
production in each replicate, and having laid eggs the
previous day (to standardize status in the laying cy-
cle), were individually weighed and 7 mL blood was
sampled from the brachial vein into evacuated tubes
containing EDTA-K2 (1 mg/mL blood). Two milliliters
of non-clotted blood were held to measure hematocrit
and hemoglobin. The remainder (5 mL) was held on
ice for <1 h and then centrifuged at 860 × g for
15 min at 4◦C and plasma aliquots were kept at −80◦C
until analysis. The birds were electrically stunned and
exsanguinated to obtain tissues. Ovarian and oviductal
weights were weighed and recorded. Ovarian index (%)
= 100 × ovarian weight/live weight, and oviductal in-
dex (%) = 100 × oviductal weight/live weight. Oviduc-
tal length was measured with a ruler. The number of
dominant follicles with diameter greater than 8 mm was
recorded. The tibia was dissected from the right leg
and its breaking strength was determined in an Instron
Universal Testing Machine with 50-kg-load cell at 50-
kg-load range with a crosshead speed of 50 mm/min
(Park et al., 2003).

Biochemical Indices and Reproductive Hor-
mones in Plasma. Concentration of Fe, malondi-
aldehyde (MDA) in plasma was measured using kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Hematocrit was measured with a precision ESR
(erythrocyte sedimentation rate) tube (inside diameter,
5 mm; length, 112 mm).

Concentrations in plasma of the reproductive hor-
mones, LH, FSH, progesterone, and estradiol were de-
termined with kits (Guangzhou KingMed Center for
Clinical Laboratory Co., Ltd., Guangzhou, China).

Egg Quality. At completion of the feeding (64 wk
of age) of the breeder hens, 2 eggs per replicate,
representative of the mean egg weight, were used to
measure related indices of egg quality. Egg shape in-
dex, the ratio of vertical length to diameter at mid-
length, was calculated from measurements made with a
Vernier caliper. Shell strength was determined with an
Egg Force Reader (EFR-01, Orka, Ramat HaSharon,
Israel). Eggshell was separated from albumen and
yolk, washed to remove residual albumen and dried at
65◦C for 4 h, and then weighed. Eggshell proportion
(%) = 100 × eggshell weight/egg weight. Shell thick-
ness, yolk color, and Haugh unit were measured us-
ing an egg multi tester EMT-5200 (Robotmation Co.,
Ltd., Tokyo, Japan). Shell thickness was calculated as
the average thickness at the blunt end, sharp end,
and middle of eggs. The yolk color was determined

according to the La Roche scale (scores 1–15) (Zita
et al., 2013).

Hatching. During the last 2 wk, all breeder hens
were artificially inseminated every 3 d with 30 μL
pooled semen. Fifty qualified eggs (55 to 70 g) from
each replicate were collected in the last week, weighed
individually, and incubated under standard conditions
for hatching. On the 5th day after the start of incuba-
tion, unfertilized eggs were recorded and eliminated. On
the 18th day, eggs with dead embryos also were recorded
and eliminated. The number of hatched chicks on day
21 and 22 was recorded and hatchling weight per repli-
cate was recorded.

Statistical Analysis

The effects of dietary Fe treatment were assessed by
one-way GLM ANOVA procedures of SAS (version 8.0)
with replicates as the experimental unit for each vari-
able. When needed for normality and homogeneity of
variance, data were transformed. When the main effect
was significant (P < 0.05), linear and quadratic effects
of Fe content were determined. For key performance
variables, optimal dietary Fe level of the breeder hens
in the laying period was determined using QP (Pesti
et al., 2009) and broken-line (BL, 2-slope BL or BL
with plateau) (Kapš and Lamberson, 2004) regression
models. The QP model (Y = α + β × Fe + γ × (Fe)2)
had Y as the dependent variable; α was the intercept;
β was the linear coefficient; and γ was the quadratic
coefficient. The maximum response for Fe was defined
as Fe = – β/(2 × γ). The 2-slope BL model (Y = α +
β × Fe, Fe ≤ γ; Y = δ + ε × Fe, Fe > γ) had Y as the
dependent variable; α and δ were both intercepts; and
β and ε were slopes of the 2 lines. The Fe level at the
break point (γ) was considered as providing maximum
responses. The BL with plateau model (Y = α + β ×
Fe, Fe ≤ γ; Y = α + β × γ, Fe > γ) had Y as the de-
pendent variable; α was the intercept; β was the slope
of line; and the value (α + β × γ) was the plateau.
The Fe level at the break point (γ) was considered to
be that providing maximum responses.

RESULTS

Laying Performance of Chinese Broiler
Breeder Hens

Egg laying rate, egg weight, and egg mass of the
breeder hens were not influenced (P > 0.10) by the
different levels of Fe fed (Table 2). Qualified egg rate
tended to decrease (P = 0.085) with the lowest and
highest dietary Fe levels.

Biochemical Variables

Hematocrit was affected (P = 0.003) by dietary Fe,
along with linear (P = 0.017) and quadratic (P = 0.002)
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Table 2. Effects of different dietary iron on laying performance of Chinese Yellow broiler breeders.

Dietary Fe content, mg/kg P-value

Variable 44 58 72 86 100 SEM1 Fe level

Egg laying rate, % 45.8 48.8 47.0 48.0 45.8 1.22 0.366
Egg weight, g 64.8 64.8 65.3 64.4 64.6 0.454 0.725
Egg mass, g/d 29.7 31.6 30.6 30.9 29.6 0.801 0.374
Qualified egg rate, % 94.9 96.6 96.6 95.4 95.2 0.513 0.085

1Standard error of the mean from ANOVA (n = 6).

Table 3. Biochemical indices in plasma of Chinese Yellow broiler breeders fed diets with different iron contents.

Dietary Fe content, mg/kg P-value1

Variable 44 58 72 86 100 SEM1 Fe level Linear Quadratic

Iron, mg/L 5.22 5.37 5.27 5.22 5.71 0.365 0.866
Hematocrit2, % 27.3 30.1 30.4 33.1 29.9 0.899 0.003 0.017 0.002
Hemoglobin2, g/L 106 103 110 115 100 3.51 0.055
MDA3, nmol/mL 2.49 3.12 3.31 3.66 4.06 0.395 0.094

1Standard error of the mean from ANOVA (n = 6), linear and quadratic contrasts examined only when Fe level was significant.
2Measured in whole blood.
3MDA: Malondialdehyde.

Table 4. Reproductive hormones in plasma of Chinese Yellow broiler breeders fed diets with different iron contents.

Dietary Fe content, mg/kg P-value1

Hormone2 44 58 72 86 100 SEM1 Fe level Linear Quadratic

LH, mIU/mL 4.82 4.53 4.63 4.71 5.23 0.148 0.041 0.104 0.007
FSH, mIU/mL 2.02 1.98 1.98 2.25 1.65 0.179 0.241
Progesterone, ng/mL 0.140 0.224 0.167 0.145 0.148 0.025 0.605
Estradiol, pg/mL 626 799 899 882 722 102 0.328

1Standard error of the mean from ANOVA (n = 6), linear and quadratic contrasts examined only when Fe level was significant.
2LH: luteinizing hormone; FSH: follicle-stimulating hormone.

Table 5. Egg quality of Chinese Yellow broiler breeders fed diets with different iron contents.

Dietary Fe content, mg/kg P-value1

Variable 44 58 72 86 100 SEM1 Fe level Linear Quadratic

Egg shape index 1.31 1.33 1.34 1.35 1.30 0.010 0.037 0.873 0.027
Shell strength, kgf 3.45 3.53 3.10 3.11 2.78 0.174 0.037 0.004 0.013
Shell thickness, mm 0.322 0.311 0.306 0.308 0.302 0.006 0.154
Eggshell proportion, % 8.65 8.37 8.23 8.42 8.37 0.143 0.409
Yolk color score 8.58 9.17 8.70 8.83 8.80 0.120 0.028 0.805 0.410
Haugh unit 68.3 72.1 69.9 69.7 67.6 1.79 0.464

1Standard error of the mean (n = 6), linear and quadratic contrasts examined only when Fe level was significant.

effect. Hematocrit was the greatest with 86 mg/kg Fe
(Table 3). The same dietary level of Fe resulted in
highest blood hemoglobin content and differences (P =
0.055) among the diets were observed. Plasma Fe con-
centration were highest in breeder hens fed 100 mg/kg
Fe, but no significant (P = 0.866) effects were demon-
strated. The same dietary level of Fe resulted in high-
est plasma MDA content and differences (P = 0.094)
among the diets were demonstrated.

Reproductive Hormone

Of the reproductive hormones measured (Table 4),
only concentrations of LH were affected (P = 0.041)

by different levels of dietary Fe; highest values oc-
curred with 100 mg/kg Fe with a quadratic (P = 0.007)
effect.

Egg Quality

Relevant indices of egg quality, viz. egg shape index,
shell strength, shell thickness, eggshell proportion, yolk
color score, and Haugh unit are presented in Table 5.
There was a significant (P = 0.037) effect of dietary Fe
on egg shape index with a quadratic (P = 0.027) effect.
Shell strength was affected (P = 0.037) by dietary Fe
with both linear (P = 0.004) and quadratic (P = 0.013)
effects. The highest value of egg shape index occurred
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Table 6. Ovarian variables of Chinese Yellow broiler breeders fed diets with different iron content.

Dietary Fe content, mg/kg P-value

Variable 44 58 72 86 100 SEM1 Fe level

Ovarian weight, g 48.3 48.3 48.4 50.0 43.7 2.39 0.426
Ovarian index, % 1.49 1.49 1.61 1.60 1.48 0.089 0.738
Oviductal weight, g 56.8 56.3 60.3 58.0 54.1 2.38 0.509
Oviductal index, % 1.94 1.78 1.79 1.78 1.73 0.095 0.502
Oviductal length, cm 65.0 63.6 66.3 63.4 66.8 1.43 0.300
Number of dominant follicles 4.75 4.58 4.70 4.92 4.42 0.231 0.339

1Standard error of the mean (n = 6).

SEM

b

ab ab
a 

b 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

44 58 72 86 100

kgf

Dietary Fe content, mg/kg

Tibial breaking strength

Figure 1. Effect of dietary iron on tibial breaking strength. Means
not sharing the same letter differ (P < 0.05); the vertical bar shown
is the SEM from the error mean square of the ANOVA (n = 6). Tib-
ial breaking strength was affected (P = 0.034) by dietary Fe with a
quadratic (P = 0.044) effect.

with 86 mg/kg Fe. Egg yolk color was affected (P =
0.028) by dietary Fe.

Ovarian and Oviductal Variables

The relevant variables, ovarian weight, ovarian index,
oviductal weight, oviductal index, oviductal length, and
number of dominant follicles are presented in Table 6;
none was affected (P > 0.10) by dietary Fe content.

Tibial Breaking Strength

There was a significant effect (P = 0.034) of dietary
Fe level on tibial breaking strength of breeder hens with
a quadratic (P = 0.044) effect (Figure 1). Breeder hens
fed inadequate (44 mg/kg diet) or excess (100 mg/kg)
Fe both had lower (P < 0.05) tibial breaking strength
compared to that of hens fed 86 mg/kg Fe.

Hatching Performance

Some relevant data on hatching performance, fertil-
ity rate, hatchability, and birth weight of chicks are pre-
sented in Table 7. Of the variables examined, only the
proportion of live embryos that hatched was affected
(P = 0.004) by dietary Fe; with both linear (P = 0.014)
and quadratic (P = 0.001) effects. Maximal hatching
percentage, based on numbers of fertilized eggs or live

embryos, occurred with diets of breeder hens containing
72 mg/kg Fe.

Regression Analyses

The data of hematocrit, hatchability of live embryos,
and tibial breaking strength were selected for further
analysis by QP and BL regressions related to the di-
etary Fe level (Figures 2–4 and Table 8). According
to the maximum dietary Fe response from regression
models in Table 8 and the average daily feed allowance
of 119 g, the daily Fe fed allowance of Chinese Yellow
broiler breeder hens in laying period were calculated
(Table 9). Hematocrit indicated Fe deficiency when
hens were fed the basal diet without additional Fe sup-
plementation. The optimal Fe concentration estimated
for hematocrit was 80.4 mg/kg (9.57 mg/d) based on
QP regression or 86.4 mg/kg (10.28 mg/d) based on
the 2-slope BL model. The optimal Fe levels that max-
imized tibial breaking strength of hens using QP and
2-slope BL regression models were 77.4 mg/kg (9.21
mg/d) and 89.0 mg/kg (10.59 mg/d), respectively. A
maximum response for hatchability of live embryos was
observed at 90.5 mg/kg (10.77 mg/d) and 72.0 mg/kg
(8.57 mg/d) for QP and BL with plateau models, re-
spectively.

DISCUSSION

Laying performance of broiler breeder hens is a
commercially important aspect of reproductive perfor-
mance. Supplementary Fe did not improve egg laying
rate, egg weight, and egg mass in the current study.
These results with Chinese Yellow breeders are con-
sistent with the lack of significant effect of dietary
Fe on egg production and egg mass of Cobb 500
broiler breeder hens (Abbasi et al., 2015). In contrast,
Taschetto et al. (2017) investigated Fe requirements of
Cobb 500 slow-feathering broiler breeder hens during
the egg-laying period and found that egg production
responded with a significant increase as Fe was added.
Depletion of Fe (only 24.6 mg/kg Fe in the basal diet)
was of longer duration (11 wk) may lead to an extreme
lack of the element in breeder hens (Taschetto et al.,
2017). In laying hens, a significant effect of dietary
Fe on egg production was also observed (Morck and
Austic, 1981).
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Table 7. Hatching performance of Chinese Yellow broiler breeders fed diets with different iron content.

Dietary Fe content, mg/kg P-value1

Variable 44 58 72 86 100 SEM1 Fe level Linear Quadratic

Hatching egg weight, g 62.5 62.4 62.3 62.2 61.5 0.459 0.571
Fertility rate, % 94.0 97.2 96.0 94.7 92.7 1.10 0.095
Proportion of live embryos 95.7 96.2 97.4 95.8 94.1 1.48 0.635
Hatchability of fertilized eggs, % 82.4 84.0 89.4 87.6 83.5 2.06 0.090
Hatchability of live embryos, % 83.8 87.7 93.2 91.5 90.0 1.49 0.004 0.014 0.001
Hatching weight of chicks, g 42.1 41.9 41.4 41.7 40.5 0.461 0.140

1Standard error of the mean (n = 6), linear and quadratic contrasts examined only when Fe level was significant.
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Figure 2. Hematocrit (%) in blood of broiler breeder hens fed
diets supplemented with Fe. Regression equations obtained using
the increasing dietary Fe in the current study (44, 58, 72, 86, and
100 mg/kg). Dashed line is the quadratic polynomial (QP) regression
(Y = 8.46 + 0.583 × X − 0.003627 × X2; the maximum response
arrow pointing at 80.4 mg/kg Fe, R2 = 0.407, P = 0.002); solid line is
the 2-slope broken-line estimation [Y = 22.1 + 0.126 × X (X ≤ 86.4)
and Y = 52.3 − 0.224 × X (X > 86.4), the maximum response at
86.4 mg/kg Fe, R2 = 0.475, P < 0.001].
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Figure 3. Tibial breaking strength (kgf) of broiler breeder hens
fed diets supplemented with Fe. Regression equations obtained using
the increasing dietary Fe in the current study (44, 58, 72, 86, and
100 mg/kg). Dashed line is the quadratic polynomial (QP) regression
(Y = 2.68 + 0.725 × X − 0.00469 × X2; the maximum response arrow
pointing at 77.4 mg/kg Fe, R2 = 0.229, P = 0.002); solid line is the
2-slope broken-line estimation [Y = 20.0 + 0.139 × X (X ≤ 89.0)
and Y = 71.5 − 0.439 × X (X > 89.0), the maximum response at
89.0 mg/kg Fe, R2 = 0.294, P < 0.001].

The minimum hematocrit in hens fed 44 mg/kg Fe
here are indicative of Fe deficiency. Hematocrit and
hemoglobin are often considered to be key indices re-
flecting presence or absence of Fe deficiency (Morck
and Austic, 1981; Bess et al., 2012; Taschetto et al.,
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Figure 4. Hatchability of live embryos (%) of broiler breeder hens
fed diets supplemented with Fe. Regression equations obtained using
the increasing dietary Fe in the current study (44, 58, 72, 86, and
100 mg/kg). Dashed line is the quadratic polynomial (QP) regression
(Y = 53.5 + 0.834 × X − 0.00461 × X2; the maximum response arrow
pointing at 90.5 mg/kg Fe, R2 = 0.291, P = 0.019); solid line is the
broken-line with plateau estimation [Y = 65.3 + 0.354 × X (X ≤ 72.0)
and Y = 90.8 (X > 72.0), the maximum response arrow pointing at
72.0 mg/kg Fe, R2 = 0.337, P = 0.009].

2017). Effects of Fe supplementation for breeder hens
were studied by Taschetto et al. (2017), also using QP
and BL models. These authors showed that hematocrit
in blood increased with graded dietary levels from 24.6
to 99.6 mg/kg of Fe. They showed maximal responses
of hematocrit occurring between 130 and 135 mg/kg
dietary Fe, which exceeded those (70 to 90 mg/kg di-
etary Fe) found in the present study. Breeder hens fed
100 mg/kg dietary Fe in this study may ingest ex-
cess Fe because this level caused the decreased hema-
tocrit, highest blood MDA, a lipid peroxidation prod-
uct, and poor egg quality (lowest egg shape index and
shell strength). Excess ingested Fe may induce oxida-
tive damage and produce highly reactive hydroxyl radi-
cals (Gutteridge, 1994; Troost et al., 2003; Troost et al.,
2006) and MDA (Rimbach et al., 1997; Carrier et al.,
2001; Lund et al., 2001). In the previous study with Chi-
nese Yellow broilers, high doses of dietary Fe increased
production of MDA and oxidative stress occurred (Gou
et al., 2018).

Differences in egg laying performance have long been
considered to relate to differences in plasma levels of
reproductive hormones such as LH, FSH, and pro-
gesterone (Wilson, 1978; Yu et al., 1992; Bruggeman
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Table 8. Dose response regressions for Chinese Yellow broiler breeder hens fed diets with different iron content.

Variable Model Regression equation1

Maximum
dietary Fe

response, mg/kg P-value R2

Hematocrit, % QP2 Y = 8.46 + 0.583 × X − 0.003627 × X2 80.4 0.002 0.407
2-slope BL3 Y = 22.1 + 0.126 × X (X ≤ 86.4) 86.4 <0.001 0.475

Y = 52.3 − 0.224 × X (X > 86.4)
Tibial breaking strength, kgf QP Y = 2.68 + 0.725 × X − 0.00469 × X2 77.4 0.044 0.229

2-slope BL Y = 20.0 + 0.139 × X (X ≤ 89.0) 89.0 0.015 0.294
Y = 71.5 − 0.439 × X (X > 89.0)

Hatchability of live embryos, % QP Y = 53.5 + 0.834 × X − 0.00461 × X2 90.5 0.019 0.291
BL with plateau4 Y = 65.3 + 0.354 × X (X ≤ 72.0) 72.0 0.009 0.337

Y = 90.8 (X > 72.0)

1Regression equations obtained using the analyzed Fe in the trial diets (44, 58, 72, 86, and 100 mg/kg).
2QP: Quadratic polynomial; QP model: Y = α + β × X + γ × X2, where Y is the response variable, X is the dietary Fe, α is the intercept; β and

γ are the linear and quadratic coefficients respectively. The maximal response was obtained by – β / (2 × γ).
3BL: Broken line; 2-slope BL model: Y = α + β × Fe, Fe ≤ γ ; Y = δ + ε × Fe, Fe > γ , where Y is the response variable, X is the dietary Fe, both

α and δ are intercepts, and both β and ε are slopes of lines. The Fe level at the break point (γ) was considered as the one providing the maximal
response.

4BL with plateau model: Y = α + β × Fe, Fe ≤ γ ; Y = α + β × γ , Fe > γ , where Y is the response variable, X is the dietary Fe, α is the
intercept, β is the slope of line, the value (α + β × γ) is the plateau. The Fe level at the break point (γ) was considered as the one providing the
maximal response.

Table 9. Daily iron fed allowance of Chinese Yellow broiler breeder hens.

Variable Model
Optimal dietary
iron level, mg/kg

Daily iron fed
allowance, mg

Hematocrit, % QP1 80.4 9.57
2-slope BL2 86.4 10.28

Tibial breaking strength, N QP 77.4 9.21
2-slope BL 89.0 10.59

Hatchability of live embryos, % QP 90.5 10.77
BL with plateau3 72.0 8.57

1QP: Quadratic polynomial; QP model: Y = α + β × X + γ × X2, where Y is the response
variable, X is the dietary Fe, α is the intercept; β and γ are the linear and quadratic coefficients
respectively. The maximal response was obtained by − β / (2 × γ).

2BL: Broken line; 2-slope BL model: Y = α + β × Fe, Fe ≤ γ ; Y = δ + ε × Fe, Fe > γ
where Y is the response variable, X is the dietary Fe, both α and δ are intercepts, both β and ε
are slopes of lines. The Fe level at the break point (γ) was considered as the one providing the
maximal response.

3BL with plateau model: Y = α + β × Fe, Fe ≤ γ ; Y = α + β × γ , Fe > γ where Y is the
response variable, X is the dietary Fe, α is the intercept, β is the slope of line, the value (α + β
× γ) is the plateau. The Fe level at the break point (γ) was considered as the one providing the
maximal response.

et al., 1999; Lovell et al., 2001). In the current study,
breeder hens consuming the highest quantities of Fe
had highest plasma concentrations of LH. The LH
levels were not related to egg laying rate here, agreeing
with Onagbesan et al. (2006), but not with earlier
reports from egg-type hens (Tanabe et al., 1981; Wang
and Johnson, 1993). Hassan et al. (2016) demonstrated
that enhanced egg production may be due to increased
serum concentrations of FSH and estradiol, along with
increased ovarian follicle number, but that was not
observed in the current study. Iron deffiency or Fe
excess in the current study could not result in atrophy
or hypertrophy of the functionally mature ovary and
oviduct of the hens. Therefore, ovarian and oviductal
variables were not affected by dietary Fe content.

Another indicator reflecting dietary Fe deficiency or
excess in the present study was tibial breaking strength.
Rats fed an iron-deficient diet demonstrated anemia as
reflected by significantly lower hematocrit readings and

developed decreased bone mass and increased fragility
(Medeiros et al., 2002). Analogously, decreased hema-
tocrit level was observed in excess aluminum (Al) in-
toxicated rats, which induced a negative effect on bone
tissue, affecting collagen synthesis and matrix miner-
alization (Mart́ınez et al., 2011). Minerals such as cal-
cium (Ca) and phosphorus are usually considered to
have the major impact on tibial quality (Bishop et al.,
2000; Onyango et al., 2003; Han et al., 2013), while
zinc, manganese, and copper have recently received
more attention (Aksu et al., 2011; El-Hussein et al.,
2012; Favero et al., 2013). Chen et al. (2015) demon-
strated that tibial breaking strength of laying ducks was
decreased with decreasing dietary calcium, but tibial
weight and length were not affected. Here, with breeder
hens, tibial weight, length, and even tibial perimeter
were not affected by dietary Fe (data not shown), but
tibial breaking strength was reduced when hens were
fed insufficient or excess dietary Fe. Maximal tibial
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breaking strength here required dietary Fe 77.4 (QP)
and 89.0 mg/kg (2-slope BL), so in the range of 70 to
90 mg/kg.

Morck and Austic (1981) demonstrated that hatch-
ability of fertile eggs laid by White Leghorn hens was
significantly affected by dietary Fe. Likewise, in the
current study with Chinese Yellow broiler breeder hens,
the significant effect of dietary Fe on hatchability of live
embryos was observed. A deficient Fe status may lead
to embryonic malformations and delayed development
even causing post-hatch death (Abbasi et al., 2015).
Iron is essential for oxygen transport and energy pro-
duction (Mackenzie et al., 2008). Lower percentage of
haematocrit in hens along with lower hatchability were
also observed (Ebrahem et al., 2014). In the current
study, among hens fed the basal diet with inadequate
dietary Fe, many embryos that were alive on the 18th
day of incubation died between the 19th to 22th day,
during the hatching period; some of the chicks may
have had delayed development and lacked sufficient
energy to be able to pip. The QP and BL estimates,
with plateau adjustments, derived here occurred with
maximum hatchability at 90.5 and 72.0 mg/kg dietary
Fe, also within or close to the 70 to 90 mg/kg range.
These values of dietary Fe requirement exceeded
that of 55 mg/kg required for maximal hatchability
of fertile eggs laid by White Leghorns, obtained by
Morck and Austic (1981).

These data from Chinese Yellow broiler breeder hens
in the laying period indicate that a dietary deficiency of
the trace element Fe is reflected by lowest blood hemat-
ocrit, in blood, a negative impact upon egg shape index
and yolk color score, and notably led to the lowest tib-
ial breaking strength and hatchability of live embryos.
Similarly, excess dietary Fe, was reflected in highest
plasma content of the lipid peroxidative product MDA
and led to poor hematocrit, impaired egg shape index,
and shell strength, with even lower hatchability of live
embryos. Therefore, from the QP and BL models of the
key performance variables hematocrit, tibial breaking
strength and hatchability, the optimal dietary Fe levels
were 70 to 90 mg/kg, and daily Fe fed allowance was 8 to
11 mg.
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