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ABSTRACT Decades of intensive genetic selection in
commercial layers has resulted in earlier maturation,
while sustaining high production rates to 100 wks of age
(woa). To support eggshell formation while maintaining
a healthy skeletal frame, substantial adaptations of cal-
cium metabolism in the hen are necessary. Thus, skeletal
growth, bone density, and egg quality were compared in
3 strains of layers, with the Lohmann LSL-lite as the
current commercial strain, the heritage Shaver white
leghorn as the mid-2000s strain, and the white-leghorn
derived Smoky Joes as the non-selected 1960s strain.
Tibia and Femur (n = 4/strain) were collected at 12, 17,
20, 25, 45, 60, 75, and 100 woa. Bones were measured
and weighed, with bone mineral density assessed within
medullary (mBMD) and cortical (cBMD) regions of
the tibia using micro-Computed Tomography. Egg anal-
yses including weight, eggshell thickness (EST) and egg-
shell breaking strength (EBS), were conducted
throughout lay. Blood samples were collected to measure
plasma calcium immediately prior to lay (18 woa) and
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periodically throughout the laying cycle. Femur and
tibia weight, or size, did not increase beyond 12 woa,
indicating that all hens reached maximum skeletal size
by this time. An interaction (P = 0.005) was observed
between strain and tibia mBMD, as all three strains
demonstrated an accumulation of medullary bone from
12 to 100 woa. Regarding egg weight, while Lohmann
hen eggs displayed the highest quality at 26 woa, an ele-
vation in egg weight in Lohmann and Shaver hens (P <
0.001) resulted in a decline in EST and EBS over time
(P < 0.01). Yet, at 100 woa, no strain differed in EST or
EBS, despite larger variations in cumulative egg num-
bers (P < 0.001). Plasma calcium levels were signifi-
cantly elevated between the immature state and peak of
lay but remained unchanged throughout lay in all
strains. In conclusion, our results show that although
genetic selection of layer hens resulted in tremendous
improvement in productivity, no detrimental effects on
cBMD or mBMD were observed throughout an extended
laying period up to 100 woa.
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INTRODUCTION

In most animal species, the purpose of bone is primar-
ily for structural support, as well as forming a complex
reservoir for minerals, such as calcium and phosphorous
(for review: Datta et al. 2008). However, in the case of
avian species, the additional requirement for eggshell
formation necessitates greater mobilization of calcium
reserves beyond levels provided by the diet. In fact, early
studies showed that while approximately 60 to 75% of
the calcium destined for the shell comes directly from
intestinal absorption (Driggers and Comar, 1949), up to
36% could be traced to bones (Mueller et al., 1964). This
bone source is critical since shell calcification occurs dur-
ing the scotophase, also known as the dark period, when
the hen is not feeding. Since the calcium storage capacity
will influence the reproductive efficiency of the adult,
proper skeletal development is integral during pullet
growth. This should be achieved prior to sexual matura-
tion, with long bones reaching their maximum length
and cortical bone reaching optimal thickness
(Whitehead and Fleming, 2000). Upon activation of the
reproductive axis and in preparation for the laying cycle,
increasing estradiol 17-beta (E2) concentrations shift
the activity of osteoblasts toward the formation of med-
ullary bone (Benoit and Clavert, 1945; Common et al.,
1948; Miller, 1992), with cortical bone accumulation ter-
minated (Hudson et al., 1993). This medullary bone is
deposited on the interior, endosteal surface of the cortex
in the marrow cavities of long bones (Bloom et al., 1958;
Mccoy and Reilly, 1996), with the largest reserve in the
femur, followed by the tibia (Clunies et al., 1992). Breed-
ing programs have focused on improving bone strength,
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as well as bone mineral density (BMD), to improve the
health and welfare of hens in the context of increasing
peak egg production and extending the laying period.
Although the heritability (h2) of BMD in hens is moder-
ately high (h2 = 0.40) (Bishop et al., 2000), suggesting
bone weakness could be alleviated through breeding, the
incidence rate of bone fractures remains relatively high
(Clark et al., 2008) and further improvements are
required. This is particularly critical as the selection
pressure increases for the extended laying cycle up to
100 wk of age (woa) (van Sambeek, 2010; Bain et al.,
2016), and careful consideration must be given to cal-
cium requirements in the diet, housing environment,
and phenotypes for genetic selection.

While bone quality remains a welfare concern in
layers, there are additional economic costs associated
with egg quality traits (Fathi et al., 2007; Iqbal et al.,
2017; Lopez et al., 2018). The eggshell is vital for the
integrity and protection of the internal components of
table eggs (Bain et al., 2016), as well as embryo develop-
ment in breeder flocks (Qi et al., 2016; Torres and
Korver, 2018), thus directly impacting market value.
During an extended laying phase, the quality of eggs
decreases as the hen ages (Zita et al., 2009), with the
incidence of cracked eggs significantly increasing from 6
to 8% during a normal 52-wk cycle (Hamilton et al.,
1979; Dunn et al., 2008) and up to 20% during this
extended period (Nys et al., 1999). However, these num-
bers are largely dependent upon the housing conditions.
The average hen requires 2.2 g of calcium for each egg-
shell (Bouvarel et al., 2011), yet as the hen ages, the egg
weight will increase due to a longer interval between
ovulations, resulting in a greater accumulation of yolk
(Zakaria et al., 1983). This resulting increase in egg
weight corresponds to a decline in eggshell strength
(Chang-Ho et al., 2014), as calcium deposition in the
shell does not proportionately increase (Roland, 1979).
Although eggshell thickness (EST) has been considered
a critical indirect measure of eggshell breaking strength
(EBS), there is little evidence supporting such a rela-
tionship (Kemps et al., 2006; Chang-Ho et al., 2014;
Sirri et al., 2018). While egg characteristics have been
shown to vary between strains (Kocevski et al., 2011),
few investigations monitoring improvements in eggshell
quality that have occurred since the initiation of layer
breeding programs within these strains exist. Con-
versely, multiple nutritional programs have been devel-
oped to optimize calcium levels for the purpose of bone
and egg quality (Leeson and Summers, 2005;
Duran et al., 2018). Many of these studies report no ben-
eficial effects of additional calcium beyond 52 woa
(Keshavarz and Nakajima, 1993) or later in the day, cor-
responding to the time of shell formation (Sauveur, 1991;
Keshavarz, 1998a,b). However, the inclusion of calcium
sources such as coarse eggshell particles and oyster shell
have been shown to improve BMD of the tibia
(Lee et al., 2021), indicating that the source of dietary
intervention can be beneficial.

As bone quality remains critical to the successful for-
mation of the eggshell and the overall health of the hen,
recent efforts to improve reproductive capacity must
continue to prioritize these traits. Therefore, this study
aimed to investigate the impact of higher productivity
on the skeletal integrity and eggshell quality of layers,
utilizing 3 strains of hens representing a span of over
50 yr of intensive genetic selection. Thus, by subjecting
all strains to the current standardized nutrition and
management programs, this study will identify physio-
logical alterations due to the genetic potential of the
birds, particularly in regard to changes in calcium stor-
age and utilization in the hen. This will not only charac-
terize the bone and egg quality through to 100 woa, but
also determine the ability of these hens to sustain bone
and eggshell quality despite elevated production
demands, particularly during sexual maturation and the
extended laying cycle.
MATERIALS AND METHODS

This study was approved by the University of Guelph
Animal Care Committee with all management con-
ducted and samples collected in accordance with the
guidelines from the Canadian Council for Animal Care
(CCAC, 2009). All birds were housed at the Arkell Poul-
try Research Station at the University of Guelph
(Guelph, ON, Canada).
Animals and Housing

Three strains of laying hens were used in this study to
examine the impact of genetic selection for improved
sexual maturation, production rate, and laying persis-
tency on bone and eggshell characteristics, as described
in Hanlon et al. (2021). These strains included: the mod-
ern commercial strain, Lohmann LSL lite; the 2000s-
equivalent commercial strain, heritage Shaver White
Leghorns, which were donated to and maintained by the
University of Guelph since 2003 (Smith, 2010); and the
1960s-equivalent commercial strain, Smoky Joe White
Leghorn derivative (Len et al., 1964; Baxter et al.,
2014). As the Smoky Joe line has a recessive genetic
mutation for retinal degeneration (Salter et al., 1997),
only the sighted hens were used.
Experimental design and management protocols were

previously described in Hanlon et al. (2021). Briefly, fer-
tile Lohmann LSL-lite eggs were acquired from Archer’s
Hatchery (Brighton, Ontario, Canada), while Shaver
and Smoky Joe eggs were collected from the breeding
colony maintained at the University of Guelph. A total
of 300 eggs from each strain were placed in a single incu-
bator to ensure identical conditions. At hatch, due to
differences in hatchability and unexpectedly high ratios
of males: females, a total of 120 Lohmann chicks, 101
Shaver chicks, and 94 Smoky Joe chicks were included in
the study. From placement (1 d of age; doa) until 6
woa, birds were housed in brooding cages (n = 12 cages),
with Lohmann chicks placed in 5 cages (n = 24 chicks
per cage), Shaver chicks placed in 4 cages (n = 25 chicks
per cage), and Smoky Joe chicks placed in 3 cages
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(n = 22 to 23 chicks per cage). Chick numbers were
adjusted after starve out. From 6 to 12 woa, chicks were
further divided into 24 cages (n = 10 Lohmann; 8
Shaver; 6 Smoky Joe cages). All pullets were transferred
to 2 identical rooms at 12 woa. Each room was equipped
with 80 standard unfurnished cages (18” £ 10” £ 18”;
Ford Dickison Inc., Mitchell, ON, Canada) and 2 birds
of the same strain were allocated randomly to each cage
throughout the rooms. Pullets were reared under white
light-emitting diode (LED) lights and photostimulated
at 18 woa with 12 hours (h) of light, increasing through
a step-up program by 1 h per week, up to 16 h of light
(22 woa). Diets were formulated to meet or exceed NRC
requirements (NRC, 1994). All birds were provided the
same diet within each growth phase, including a starter
crumble from 0 to 6 woa (21% crude protein, 1.06% cal-
cium, 0.77% phosphorus), a grower crumble from 6 to 18
woa (18% crude protein, 1.00% calcium, 0.78% phospho-
rous), and a layer diet ration from 18 woa through to the
end of the study (18% crude protein, 4.24% calcium,
0.68% phosphorous). Feed and water were provided ad
libitum throughout the experiment.
Bone Collection and Analysis

Specific time points were selected around sexual matu-
ration and during the extended egg laying period to ana-
lyze bone quality. These time points included an
immature baseline (12 woa), pre-lay (17 woa), initiation
of lay (20 woa), peak of lay (25 woa), and throughout the
remainder of the laying period (45, 60, 75, and 100 woa).
Two cages per strain were randomly selected, with both
birds in the cage chosen for sampling at each time point
(n = 4/strain). Birds were weighed, sacrificed via cervical
dislocation, and the right leg was removed to collect the
femur and tibia. Bones were autoclaved at 121°C for
19 min in order to loosen the muscle and remove any
debris, as previously validated by Cloft et al. (2018).
Bones were then left to dry overnight before recording the
absolute weight. Relative weight was then calculated
based on the body weight of the individual. The length
and width of tibia and femur were also measured using a
caliper at themid-point of the shaft.

All right tibia samples underwent micro-computed
tomography (mCT) imaging, with a region of the diaph-
ysis, or central shaft of the bone, analyzed for each hen.
Scans were completed using the GE Medical Systems
Locus Explore (General Electric, Milwaukee, WI) and
image analyses were performed using the GE Medical
Systems MicroView program (Parallax Innovations
v.2.5.0, Ilderton, ON, Canada). To standardize the
region of interest (ROI) for the diaphysis, the advanced
ROI polygon option was used and 1 slice every 50 slices
was outlined with 18 outlines created for each section.
Once the ROIs were developed, the Bone Analysis tool
was used to determine the bone mineral content (BMC;
mg) and bone mineral density (BMD; mg/cc) for both
the medullary (mBMC; mBMD) and cortical regions
(cBMC; cBMD). Cortical bone thickness along the
diaphysis of the tibia was measured at three points along
the shaft (225 slices apart) at the posterior, medial, ante-
rior, and lateral regions and averaged.
Blood Samples

Approximately 2 mL of blood was collected from the
brachial vein of each of the tissue sampled hens described
above and placed in 4 mL sodium heparin tubes, immedi-
ately prior to euthanasia. These samples were used to
assess the relationship between bone parameters and
estradiol. To assess the calcium profile over time, addi-
tional repeated blood samples were collected using the
method described above from 10 focal individuals per
strain at 18, 28, 42, 56, 64, 82, and 94 woa. All samples
were collected between 2 and 4 h after the lights were
turned on for each time point to remove circadian fluctu-
ations, with the same sampling order maintained
throughout the study. All blood samples were centrifuged
(Centrifuge J6-MI, Beckman Coulter Inc., Brea, CA) for
15 min at 900 £ g at 4°C to recover plasma. The plasma
was stored at �20°C until analyses were completed.
Calcium Analysis Samples to be used for calcium anal-
ysis were then sent to the Animal Health Laboratory at
the University of Guelph and plasma calcium concentra-
tion was measured using the photometric test method
(Immunochemistry Analyzer, Cobas c311, Roche, Hi-
780 tachi, Indianapolis, IN).
Estradiol Analysis For estradiol analysis, only the
blood samples collected at the time of bone collection
were used. To remove fat, the cold ethanol extraction
procedure was used as outlined by Baxter et al. (2014)
and extracted samples were stored at �20°C until
assayed. The DetectX commercial estradiol ELISA kit
was used to measure estradiol concentrations (DetectX
17b-estradiol enzyme immunoassay #K030-H5, Arbor
Assays, Ann Arbor, MI). Manufacturer’s protocols were
followed, and samples were measured in duplicates. Opti-
cal densities were measured using a microplate spectro-
photometer at 450 nm (Model 550, Bio Rad, Hercules,
CA) and data was analyzed using a 4-parameter logistic
curve in the MyAssays software (www.myassays.com/
arbor-assays-estradiol-eia-kit.assay). The intra-assay and
interassay coefficient of variance were <15%.
Reproductive Performance

Daily egg production from each cage was recorded.
Cumulative egg production was calculated on a hen-
housed basis, defining the cage as the unit. Laying status
was calculated based on the daily egg production of all
hens for a 7-d period (3 d of egg analysis § 2 d). This
was used to indicate the percentage of hens per strain
which were represented during each egg analysis period.
Egg Analysis

Egg analysis was conducted at 26, 40, 60, 70, 80, 90, and
100 woa to determine the egg quality at different time
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points throughout the laying cycle. Eggs were collected
from all individual cages for 3 consecutive days at each
time point to ensure the best possible representation of
the two individuals per cage and analyzed within 12 h of
their daily collection. Eggs were individually weighed, and
width and length were measured at the widest and longest
point of each egg using a caliper. Eggshell thickness was
determined with the precision ultrasound device (Orka
Egg Shell Thickness Gauge-1, Orka Food Technology
Ltd.,West Bountiful, UT), andEBS, defined as the break-
ing force in kg (kgF), was conducted with the Egg Force
Reader (Orka Food Technology Ltd.).
Statistical Analysis

All statistical analyses were completed using a two-
way analysis of variance (ANOVA) in SAS (v 9.4).
Proc MIXED models were used with means separated
(LSMEANS) using the test of least significant differen-
ces (PDIFF statement) and Tukey’s multiple compari-
son. Data from the mCT was log2 transformed for
normality. Significance was reported at the P < 0.05
level. Strain and age and the interaction between them
were included as the fixed effects, while room, cage, tier,
and location in the room were included as random
effects. Pearson correlations (Proc CORR) were deter-
mined within each individual strain regarding the femur
(weight, width, length, and age) and tibia (weight,
width, length, age, mBMC, mBMD, cBMC, cBMD, and
Table 1. Interaction effect of strain and age on the absolute (g) and re

Tibia w

Absolute (g)

Effect Strain Age1 Mean SEM

Strain £ Age Lohmann 12 5.41 0.28
17 5.61 0.18
20 4.86 0.31
25 5.23 0.17
45 6.19 0.37
60 5.69 0.47
75 5.84 0.27

100 5.69 0.20
Shaver 12 5.64b 0.08

17 6.52ab 0.12
20 7.02ab 0.35
25 7.04ab 0.34
45 7.05a 0.85
60 6.91ab 0.54
75 6.66ab 0.22

100 6.50ab 0.49
Smoky Joe 12 5.96b 0.23

17 6.20b 0.21
20 6.64ab 0.05
25 6.76ab 0.18
45 7.37ab 0.37
60 7.77ab 0.19
75 7.51ab 0.83

100 8.11a 0.33
Source of variation
Age < 0.001
Strain < 0.001
Age £ Strain 0.031

1Age was recorded in weeks.
a-cSimple effect LSMeans are presented within each strain of the strain £ ag

are different (P < 0.05).
E2), as well as the egg quality traits (weight, length,
width, EST, and EBS).
RESULTS

Bone Measurements

Tibia and Femur Weight Absolute and relative
weights of the femur and tibia demonstrated an age (P
< 0.001), strain (P < 0.001), and an interaction effect (P
< 0.05), as seen in Table 1. While there was no difference
in absolute tibia weight in Lohmann hens, relative tibia
weight declined between 12 and 20 woa (P = 0.006). In
Shaver hens, absolute weight of the tibia increased
between 12 and 45 woa (P < 0.05), while relative weight
declined during this same period (P < 0.05). In Smoky
Joe birds, weight increased between 17 and 100 woa
(P = 0.033), despite no differences in relative weight for
this strain. In terms of the femur, Lohmann birds did
not demonstrate any differences in absolute weight, yet
the relative weight declined from 12 to 25 woa
(P = 0.009). There were no differences in either absolute
or relative femur weight observed in Shaver birds. In
Smoky Joe birds, femurs were found to be heaviest in
hens at 60 and 100 woa compared to pullets from 12 to
20 woa (P < 0.05), yet no differences in relative weight
were observed. This resulted in the Smoky Joe femur
being heavier than the Lohmann hens at 60 and 100 woa
(P < 0.01), and heavier than that of the Shaver hens at
100 woa (P = 0.042).
lative (% of live body weight) weight of the tibia and femur.

eight Femur weight

Relative (%) Absolute (g) Relative (%)

Mean SEM Mean SEM Mean SEM

0.52a 0.02 3.90 0.15 0.37a 0.01
0.47ab 0.03 3.95 0.09 0.33ab 0.02
0.35bc 0.01 3.72 0.27 0.26ab 0.01
0.33bc 0.01 3.70 0.08 0.23b 0.01
0.33c 0.02 4.81 0.53 0.25b 0.03
0.29c 0.01 4.37 0.31 0.23b 0.01
0.29c 0.01 4.48 0.15 0.22b 0.01
0.34bc 0.03 4.41 0.31 0.26ab 0.03
0.54a 0.02 4.02 0.05 0.38 0.01
0.50ab 0.02 5.01 0.17 0.39 0.02
0.42abc 0.01 5.62 0.45 0.34 0.01
0.42abc 0.02 4.96 0.55 0.30 0.03
0.34bc 0.04 5.53 0.47 0.27 0.02
0.35c 0.02 5.63 0.30 0.29 0.01
0.33c 0.01 5.29 0.24 0.27 0.02
0.36c 0.03 5.14 0.43 0.28 0.02
0.57 0.01 4.27c 0.20 0.41 0.01
0.51 0.01 4.65bc 0.13 0.38 0.01
0.47 0.01 4.95bc 0.08 0.35 0.01
0.46 0.01 5.45abc 0.13 0.37 0.01
0.45 0.01 6.34ab 0.45 0.39 0.02
0.47 0.01 6.89a 0.17 0.41 0.02
0.56 0.10 6.35ab 0.91 0.47 0.07
0.43 0.03 7.07a 0.32 0.38 0.02

P-value
< 0.001 < 0.001 < 0.001
< 0.001 < 0.001 < 0.001
0.009 0.016 < 0.001

e interaction. Time points within each strain lacking a common superscript



Table 2. Effect of strain and age on the length (mm) and width (mm) of the tibia and femur.

Tibia size Femur size

Length (mm) Width (mm) Length (mm) Width (mm)

Effect Strain Age1 Mean SEM Mean SEM Mean SEM Mean SEM

Strain Lohmann 116.2c 0.55 6.7a 0.11 78.9c 0.43 7.2b 0.07
Shaver 118.1b 0.57 7.2b 0.11 81.1b 0.44 7.8a 0.08
Smoky Joe 120.3a 0.56 7.3b 0.11 84.0a 0.44 7.1b 0.08

Age 12 115.7b 0.92 6.8ab 0.18 77.8c 0.72 7.0c 0.12
17 118.2ab 0.92 6.9ab 0.18 81.6ab 0.72 7.4abc 0.12
20 116.0ab 0.92 6.5b 0.18 79.0bc 0.72 7.1c 0.12
25 118.8ab 0.89 7.0ab 0.17 82.4a 0.69 7.4abc 0.12
45 119.2ab 0.94 7.3ab 0.18 82.4a 0.69 7.4abc 0.12
60 119.8a 0.92 7.5a 0.18 82.7a 0.72 7.8a 0.12
75 118.3ab 0.92 7.5a 0.18 82.3a 0.72 7.7ab 0.12
100 119.5ab 0.92 7.2ab 0.18 82.4a 0.72 7.2b 0.12

Source of variation P-value
Age 0.010 0.001 < 0.001 < 0.001
Strain < 0.001 < 0.001 < 0.001 < 0.001
Age £ Strain 0.257 0.622 0.615 0.782

1Age was recorded in weeks.
a-cSimple effect LSMeans are presented within each strain of the strain £ age interaction. Time points within each strain lacking a common superscript

are different (P < 0.05).

Table 3. Effect of strain and age on the cortical region bone min-
eral content (cBMC; mg) and bone mineral density (cBMD; mg/
cc) of the tibia bone.
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Tibia and Femur Size Tibia and femur size were con-
sidered to determine changes in calcium storage capac-
ity. As seen in Table 2, there was an effect of both strain
and age for both the length and width of the tibia (P <
0.05). The tibiae of Smoky Joe birds were longer and
wider than that of the Lohmann birds (P < 0.01). The
age effect translated into pullets at 12 woa demonstrat-
ing the shortest tibia compared to hens at 60 woa
(P = 0.038), and widest at 60 and 75 woa compared to
20 woa (P < 0.01), with no other differences present.
There was also an effect of strain and age for the length
and width of the femur (P < 0.001). Smoky Joe hens had
the longest femur (P < 0.01), while Lohmann hens had
the shortest (P < 0.001), with the femur width of Shaver
hens being the largest (P < 0.001). Overall, the length of
the femur increased between 20 and 25 woa, although
femurs at 17 woa were similar in length to all time points
beyond 20 woa. Additionally, the width was found to
increase between 12 and 60 woa (P < 0.001). There was
no interaction present between strain and age regarding
tibia or femur size.
Cortical Region

cBMC (mg) cBMD (mg/cc)

Effect Strain Age1 Mean SEM Mean SEM

Strain Lohmann 564.6b 20.09 345.6 13.97
Shaver 612.6b 20.35 312.6 14.14
Smoky Joe 722.6a 20.35 347.4 14.14

Age 12 667.4ab 33.23 477.9a 23.10
17 749.5a 33.23 456.8a 23.10
20 684.8ab 33.23 381.1ab 23.10
25 490.3c 32.10 272.3ab 22.31
45 577.2bc 33.23 287.8bc 23.10
60 679.4ab 33.23 283.5bc 23.10
75 533.0c 33.23 257.3c 23.10
100 684.4ab 33.23 264.9c 23.10

Source of variation P-value
Age < 0.001 < 0.001
Strain < 0.001 0.193
Age £ Strain 0.227 0.378

1Age was recorded in weeks.
a-dSimple effect LSMeans are presented within each strain of the

strain £ age interaction. Time points within each strain lacking a common
superscript are different (P < 0.05).
Micro-CT Analysis of Tibia

Cortical Bone Analysis The cBMC and cBMD within
the diaphysis region of the tibia were determined via
mCT scans and displayed in Table 3. There was an age
effect (P < 0.001) observed on cBMC and cBMD. Fluc-
tuations in cBMC were observed, with the highest con-
tent from 12 to 20 woa and at 60 and 100 woa, while the
lowest content was observed at 25 and 75 woa (P <
0.05). Interestingly, there was no difference between 20
and 100 woa. There was also a strain effect (P < 0.001)
for cBMC with Smoky Joe hens demonstrating the high-
est content overall. Unlike cBMC, the cBMD was more
consistent, with a decline between 17 and 45 woa
(P = 0.011). No interaction was present within the corti-
cal region.
Medullary Bone Analysis The mBMC and mBMD
within the diaphysis region of the tibia were analyzed
via mCT scans and shown in Table 4. These parameters
were used to assess the calcium availability for eggshell
synthesis. Strain (P < 0.001) and age (P < 0.01) effects
on mBMC and mBMD were observed. An interaction
effect between strain and age was determined (P <
0.05), with all strains demonstrating a progressive accu-
mulation of medullary bone in the tibia reaching signifi-
cance between 12 and 100 woa (P < 0.05). Overall,
mBMC and mBMD was higher in Smoky Joe hens than
Lohmann hens only at 60 woa (P < 0.05).
Cortical Bone Thickness Cortical bone thickness was
measured across four regions of the diaphysis of the tibia
bone: the anterior, posterior, lateral, and medial sections
and presented Table 5. A strain and an age effect were



Table 4. Interaction effect of strain and age on the medullary region bone mineral content (mBMC; mg) and bone mineral density
(mBMD; mg/cc) of the tibia bone.

Medullary region

mBMC (mg) mBMD (mg/cc)

Effect Strain Age1 Mean SEM Mean SEM

Strain£Age Lohmann 12 16.8b 10.57 25.7b 15.57
17 81.7ab 7.48 123.5ab 12.24
20 71.7ab 24.27 92.2ab 24.06
25 88.2ab 45.80 96.0ab 46.98
45 95.5ab 17.35 124.5ab 22.93
60 106.5ab 19.70 122.5ab 25.07
75 196.3a 42.25 253.6ab 57.76
100 190.9a 25.85 222.5a 30.53

Shaver 12 37.1d 4.31 51.9c 9.63
17 68.5bcd 5.08 85.3abc 8.79
20 138.3abcd 33.47 143.2abc 34.93
25 62.4cd 45.73 50.7bc 34.90
45 207.8abc 51.50 192.2abc 38.47
60 274.1ab 24.15 245.3ab 24.80
75 217.9abc 59.29 262.1ab 76.43
100 374.1a 119.26 352.1a 76.31

Smoky Joe 12 29.4d 6.23 48.0d 13.36
17 50.4cd 14.28 73.5cd 21.20
20 63.4bcd 13.02 74.9bcd 9.84
25 144.8abc 14.58 178.7abcd 29.89
45 186.2abc 33.37 276.9ab 37.91
60 549.3a 89.28 624.7a 87.24
75 269.9abc 153.05 344.8abc 22.24
100 501.3a 60.84 597.6a 88.38

Source of variation P-value
Age 0.008 0.009
Strain < 0.001 < 0.001
Age£ Strain 0.020 0.005

1Age was recorded in weeks.
a-dSimple effect LSMeans are presented within each strain of the strain£ age interaction. Time points within each strain lacking a common superscript

are different (P < 0.05).

Table 5. Interaction effect of strain and age on the cortical bone thickness (mm) of the tibia across 4 regions, including the anterior, lat-
eral, posterior, and medial sections.

Anterior (mm) Lateral (mm) Posterior (mm) Medial (mm)

Effect Strain Age1 Mean SEM Mean SEM Mean SEM Mean SEM

Strain x Age Lohmann 12 0.85a 0.058 0.65a 0.016 0.65a 0.024 0.66a 0.043
17 0.77a 0.057 0.70a 0.060 0.70a 0.012 0.65a 0.056
20 0.98a 0.088 0.74a 0.034 0.71a 0.045 0.68a 0.030
25 0.88a 0.081 0.62a 0.037 0.74a 0.030 0.69a 0.052
45 1.00a 0.153 0.70a 0.065 0.70a 0.022 0.69a 0.028
60 0.78a 0.089 0.59a 0.054 0.59a 0.054 0.61a 0.042
75 0.68a 0.064 0.56a 0.074 0.68a 0.057 0.58a 0.061
100 1.04a 0.116 0.77a 0.076 0.62a 0.050 0.70a 0.095

Shaver 12 0.86a 0.042 0.58b 0.014 0.63a 0.015 0.69a 0.047
17 0.82a 0.083 0.68ab 0.015 0.65a 0.025 0.63a 0.044
20 0.98a 0.079 0.70ab 0.031 0.69a 0.029 0.72a 0.033
25 0.75a 0.050 0.69ab 0.076 0.63a 0.030 0.60a 0.009
45 1.00a 0.117 0.81a 0.023 0.69a 0.011 0.68a 0.014
60 0.90a 0.092 0.68ab 0.054 0.63a 0.022 0.62a 0.027
75 0.75a 0.120 0.70ab 0.103 0.72a 0.081 0.65a 0.032
100 0.73a 0.051 0.53b 0.028 0.60a 0.033 0.58a 0.018

Smoky Joe 12 0.74b 0.042 0.67bc 0.014 0.70b 0.042 0.66b 0.087
17 0.99ab 0.021 0.73bc 0.027 0.75b 0.006 0.67b 0.069
20 1.14ab 0.031 0.86b 0.034 0.74b 0.042 0.78ab 0.006
25 1.05ab 0.059 0.78bc 0.075 0.78b 0.029 0.73ab 0.050
45 1.08ab 0.066 0.86b 0.019 0.90ab 0.046 0.77ab 0.054
60 1.02ab 0.102 0.70bc 0.019 0.74b 0.029 0.74ab 0.036
75 0.76b 0.048 0.61c 0.041 0.69b 0.022 0.62b 0.021
100 1.32a 0.224 1.10a 0.269 1.03a 0.267 0.92a 0.189

Source of variation P-value
Age < 0.001 < 0.001 0.027 < 0.001
Strain < 0.001 < 0.001 < 0.001 < 0.001
Age £ Strain 0.018 < 0.001 < 0.001 < 0.001

1Age was recorded in weeks.
a-cSimple effect LSMeans are presented within each strain of the strain £ age interaction. Time points within each strain lacking a common superscript

are different (P < 0.05).
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Table 6. Effects of strain and age on the plasma calcium concen-
tration (mmol/L).

Calcium (mmol/L)

Effect Strain Age1 Mean SEM

Strain Lohmann 6.75 0.371
Shaver 5.61 0.373
Smoky Joe 6.01 0.343

Age 18 1.96c 0.371
28 5.35b 0.471
42 6.77ab 0.371
56 7.42a 0.371
64 6.87ab 0.396
82 7.41a 0.371
94 7.07a 0.371

Strain £ Age Lohmann 18 2.09 0.154
28 5.13 0.745
42 7.27 0.313
56 8.24 0.393
64 7.72 0.601
82 9.59 1.132
94 7.40 0.715

Shaver 18 2.08 0.262
28 5.16 0.339
42 7.35 0.255
56 6.57 0.677
64 5.67 0.785
82 5.70 0.871
94 6.39 0.589

Smoky Joe 18 1.71 0.098
28 5.46 0.842
42 5.70 0.882
56 7.44 0.475
64 7.26 0.718
82 6.94 1.007
94 7.43 0.959

Source of variation P-value
Age < 0.001
Strain 0.112
Age £ Strain 0.031

1Age was recorded in weeks.
a-cSimple effect LSMeans are presented within each strain of the strain

x age interaction. Time points within each strain lacking a common super-
script are different (P < 0.05).

Table 7. Interaction effect of strain and age on the plasma estra-
diol-17b concentration (pg/mL).

Estradiol (pg/mL)

Effect Strain Age1 Mean SEM

Strain £ Age Lohmann 12 354.2b 44.50
17 652.2ab 99.63
20 656.2ab 59.29
25 867.4ab 75.93
45 944.6a 145.63
60 890.7ab 99.85
75 867.0ab 123.58
100 887.0ab 245.64

Shaver 12 266.3c 18.34
17 512.8bc 112.34
20 736.7abc 36.69
25 850.5ab 151.67
45 889.5ab 113.61
60 900.6ab 115.55
75 1,178.7a 118.59
100 1,102.9ab 73.69

Smoky Joe 12 268.8b 58.92
17 465.0ab 44.86
20 976.6a 98.57
25 604.3ab 23.88
45 693.0ab 100.05
60 740.0ab 61.57
75 455.4ab 28.50
100 758.2ab 108.49

Source of variation P-value
Age 0.001
Strain < 0.001
Age £ Strain 0.007

1Age was recorded in weeks.
a-cSimple effect LSMeans are presented within each strain of the

strain £ age interaction. Time points within each strain lacking a common
superscript are different (P < 0.05).
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observed for all regions (P < 0.01). An interaction
between strain and age was also detected for all regions
(P < 0.05). While the Lohmann hens did not display any
differences, Shaver hens had a thicker lateral region at
45 woa, compared to 12 and 100 woa (P < 0.05). In
Smoky Joe hens, all regions were found to be thickest at
100 woa, with no differences observed from 12 to 75 woa
(P < 0.05). This resulted in Smoky Joe hens demonstrat-
ing the thickest cortical bone in all regions at 100 woa
compared to the other strains (P < 0.05).
Hormone and Calcium Analysis

Plasma Calcium Plasma calcium was measured to
determine the available circulating levels for both medul-
lary bone formation and eggshell synthesis in these hens.
As displayed in Table 6, while there was no strain effect,
there was an age effect on calcium plasma concentration.
Birds at 18 woa demonstrated the lowest concentration
(P < 0.001), with an elevation at 28 (P < 0.05), and the
highest concentrations present at 56, 82, and 94 woa (P
< 0.05). Due to the lack of strain effect, the interaction
between strain and age (P = 0.031) was disregarded.
Estradiol Plasma concentration of E2 was dependent
on strain (P = 0.001) and age (P < 0.001), as seen in
Table 7. There was a significant interaction between age
and strain (P = 0.007). Lohmann hens displayed an ele-
vation between 12 and 45 woa (P = 0.010), while this
increase occurred between 12 and 25 woa in Shaver hens
(P < 0.05) and between 12 and 20 woa in Smoky Joe
hens (P = 0.002).
Correlations Across Bone Parameters

The femur (Table 8) and tibia (Tables 9 and 10) of all
strains demonstrated moderate correlations between
weight, length, and width (P < 0.05). Very strong associ-
ations between mBMD and mBMC (P < 0.001) were
observed for the tibia in all 3 strains, as well as moderate
correlations between cBMD and cBMC (P < 0.001) in
Lohmann and Shaver hens. Conversely, cBMD was
found to have a moderately negatively correlation with
mBMC and mBMD in all strains (P < 0.001), as well as
a moderate positive correlation with cBMC in Lohmann
and Shaver hens (P < 0.05). While tibia weight, length,
and width were not correlated with any BMC or BMD
traits in Lohmann or Shaver hens, there was a positive,
moderate correlation between tibia weight and cBMC
(r2 = 0.382; P < 0.05) in Smoky Joe hens (not shown).
Additionally, Lohmann and Shaver hens demon-

strated moderate negative correlations between E2 and



Table 8. Correlations between femur weight, length, and width in the Lohmann, Shaver, and Smoky Joe hens.

Lohmann Shaver Smoky Joe

Trait Weight Length Width Age Weight Length Width Age Weight Length Width Age

Weight 1 0.391* 0.369* 0.393* 1 0.490** 0.538*** 0.229 1 0.586*** 0.591*** 0.746***

Length 1 0.572*** 0.421* 1 0.619*** 0.279 1 0.641*** 0.385
Width 1 0.310 1 0.120 1 0.239
Age 1 1 1

*P < 0.05, **P < 0.01, ***P < 0.001.

Table 9. Correlations between tibia weight, length, width, and age in Lohmann, Shaver, and Smoky Joe hens.

Lohmann Shaver Smoky Joe

Trait Weight Length Width Age Weight Length Width Age Weight Length Width Age

Weight 1 0.420* 0.468** 0.289 1 0.778*** 0.506** 0.077 1 0.638*** 0.479** 0.674***

Length 1 0.365* 0.398* 1 0.369* 0.044 1 0.755*** 0.298
Width 1 0.372* 1 0.435* 1 0.295
Age 1 1 1

*P < 0.05, ** P < 0.01, ***P < 0.001.
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cBMD (P < 0.05), and moderate positive correlations
between E2 and mBMD (P < 0.05). While only Shaver
hens were found to have a moderate negative correlation
between E2 and cBMC (P = 0.046), E2 and mBMC were
positively correlated in all three strains (P < 0.05).
Production Performance

Cumulative Egg Number The average number of
cumulative eggs per hen at the time of egg quality analy-
sis was recorded per strain and shown in Table 11. There
was an interaction between strain and age (P < 0.001),
with Lohmann hens laying the greatest number of cumu-
lative eggs at each time point and Smoky Joe hens laying
the least (P < 0.001). This resulted in a final cumulative
egg total at the end of the study (100 woa) of 523, 408,
and 240 eggs for the Lohmann, Shaver, and Smoky Joe,
respectively (P < 0.001).
Laying Status The percentage of hens per strain laying
during the 3 consecutive days of collection for egg analy-
sis § 2 d (7 d total) was determined and additionally
reported in Table 11. There was an effect of age, strain,
and an interaction (P < 0.001). All Lohmann hens
remained in lay throughout the study. Shaver hens dem-
onstrated a decline in the number of hens laying at 80
woa, with some returning to lay by 90 woa and further
declining by 100 woa (P < 0.05). This fluctuation was
similar to Smoky Joe hens, in which hens dropped out of
Table 10. Correlations between tibia cortical bone mineral content
mineral content (mBMC), medullary bone mineral density (mBMD), a

Lohmann S

Trait cBMC cBMD mBMC mBMD E2 cBMC cBMD mBM

cBMC 1 0.605*** 0.220 0.303 �0.190 1 0.624*** �0.1
cBMD 1 �0.527** �0.400* �0.391* 1 �0.7
mBMC 1 0.976*** 0.406* 1
mBMD 1 0.376*
E2 1

*P < 0.05, **P < 0.01, ***P < 0.001.
lay between 80 and 90 woa (P < 0.05), with some return-
ing to lay by 100 woa. Apart from 60 woa, Lohmann and
Shaver hens had a higher percentage of laying birds
than the Smoky Joe (P < 0.05). In the case of Smoky Joe
hens, this was associated with spontaneous moulting, as
reported in Hanlon et al., (2021).
Egg Analysis

Egg Size Egg weight, length and width were recorded
at 26, 40, 60, 70, 80, 90, and 100 woa and are summa-
rized in Table 12. There was an effect of strain and age
on weight, length, and width (P < 0.001). For egg
length, Smoky Joe eggs remained shorter than that of
the other strains throughout (P < 0.001), while length
was only observed to increase between 26 and 40 woa
across strains (P < 0.001). Egg weight and width were
also found to have a significant interaction of age and
strain (P < 0.05), while this was not significant with
length. The weight of eggs from Lohmann hens increased
from 26 to 40 woa, 40 to 60 woa, as well as 80 to 90 woa
(P < 0.01). Similarly, the width increased from 26 to 40
and 80 to 90 woa (P < 0.05). Weight of eggs from Shaver
hens increased from 26 to 40 woa and from 40 to 60 woa
(P < 0.001), with an elevation in width occurring
between 26 to 40 woa and 40 to 90 woa (P < 0.01). Eggs
from Smoky Joe hens only displayed an elevation in
weight and width between 26 and 40 woa (P < 0.001),
(cBMC), cortical bone mineral density (cBMD), medullary bone
nd estradiol (E2) in Lohmann, Shaver, and Smoky Joe hens.

haver Smoky Joe

C mBMD E2 cBMC cBMD mBMC mBMD E2

43 �0.117 �0.355* 1 0.291 0.202 0.246 0.198
39*** �0.668*** �0.658*** 1 �0.684*** �0.652*** �0.101

0.979*** 0.570*** 1 0.988*** 0.375*
1 0.584*** 1 0.331

1 1



Table 11. Cumulative number of eggs and percentage of hens in lay at 26, 40, 60, 70, 80, 90, and 100 wk of age (woa) in Lohmann,
Shaver, and Smoky Joe hens.

Cumulative number of eggs Percentage of hens in lay (%)

Effect Strain Age1 Mean SEM Mean SEM

Strain £ Age Lohmann 26 43.4g 0.42 100.0a 2.39
40 138.4f 0.16 100.0a 2.39
60 274.2e 0.26 100.0a 2.43
70 339.9d 0.36 100.0a 2.48
80 402.8c 0.42 100.0a 2.54
90 463.5b 0.43 100.0a 2.60
100 523.4a 0.45 96.5a 2.60

Shaver 26 39.2g 0.49 98.8a 2.63
40 124.5f 0.31 97.6a 2.63
60 236.0e 0.45 96.2a 2.73
70 287.0d 0.40 95.9a 2.80
80 331.7c 0.56 77.1b 2.90
90 369.4b 0.66 85.3ab 2.92
100 408.4a 0.64 80.3b 2.96

Smoky Joe 26 19.9f 0.56 82.7a 3.34
40 71.5e 0.59 82.0a 3.41
60 149.0d 0.51 95.5a 3.63
70 182.1c 0.50 80.0ab 3.81
80 206.3bc 0.66 50.0c 4.01
90 222.0ab 0.46 52.8c 4.01
100 240.2a 0.78 61.1bc 4.01

Source of variation P-value
Age < 0.001 < 0.001
Strain < 0.001 < 0.001
Age £ Strain < 0.001 < 0.001

1Age was recorded in weeks.
a-gSimple effect LSMeans are presented within each strain of the strain £ age interaction. Time points within each strain lacking a common superscript

are different (P < 0.05).
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remaining unchanged thereafter. While eggs from Loh-
mann and Shaver hens were significantly heavier and
wider than Smoky Joe eggs at all time-points through-
out the study (P < 0.001), eggs from Lohmann hens
Table 12. Interaction effects of strain and age on egg weight (g), le
breaking strength throughout the laying cycle.

Weight (g) Length (m

Effect Strain Age1 Mean SEM Mean

Strain £ Age Lohmann 26 57.57d 0.34 56.2
40 62.93c 0.37 58.2
60 64.62b 0.45 60.1
70 65.02b 0.63 60.5
80 65.59b 0.45 60.3
90 67.55a 0.38 61.5
100 68.76a 0.48 62.1

Shaver 26 56.04c 0.48 56.3
40 61.38b 0.60 60.4
60 63.58a 0.71 59.0
70 64.24a 0.67 59.1
80 62.95ab 0.68 58.8
90 65.18a 0.75 60.3
100 66.09a 1.04 60.2

Smoky Joe 26 42.35b 0.99 51.6
40 49.40a 0.50 54.2
60 50.78a 0.69 55.2
70 50.53a 1.00 54.3
80 51.39a 1.08 55.2
90 49.98a 1.25 58.5
100 51.97a 0.47 56.3

Source of variation
Age < 0.001 <0.00
Strain < 0.001 <0.00
Age £ Strain < 0.001 0.475

1Age was recorded in weeks.
a-fSimple effect LSMeans are presented within each strain of the strain £ age

are different (P < 0.05).
were also heavier than from Shaver hens at 100 woa (P
< 0.05).
Eggshell Quality Eggshell quality was assessed
through measurements of EST and EBS (Table 12). A
ngth (mm), width (mm), eggshell thickness (EST), and eggshell

m) Width (mm) EST (mm) EBS (kgF)

SEM Mean SEM Mean SEM Mean SEM

0.15 42.7d 0.09 0.440a 0.002 4.894a 0.060
0.35 43.7c 0.14 0.428ab 0.003 4.623b 0.079
0.23 43.8c 0.11 0.411bc 0.003 3.854c 0.081
0.23 44.0bc 0.13 0.401cd 0.003 3.706c 0.102
0.19 44.0bc 0.22 0.400cd 0.002 3.498d 0.060
0.16 44.6a 0.09 0.394cd 0.002 3.264e 0.056
0.19 44.6ab 0.25 0.382d 0.003 2.970f 0.062
0.54 42.3c 0.12 0.410a 0.004 3.769a 0.051
0.29 43.6b 0.18 0.393ab 0.003 3.395b 0.070
0.30 44.0ab 0.19 0.414a 0.003 2.945c 0.073
0.60 44.2ab 0.18 0.388ab 0.005 2.967c 0.098
0.30 43.9ab 0.16 0.382ab 0.004 2.836cd 0.082
0.24 44.6a 0.15 0.373b 0.005 2.744cd 0.068
0.74 44.7a 0.18 0.373b 0.004 2.583d 0.067
0.51 38.6b 0.23 0.354 0.006 3.547ab 0.071
0.41 40.2a 0.49 0.374 0.004 3.843a 0.122
0.50 40.3a 0.25 0.374 0.006 3.508ab 0.095
1.67 40.8 0.32 0.370 0.009 3.463ab 0.241
0.61 41.1a 0.30 0.363 0.010 3.029bc 0.189
0.71 40.0ab 0.38 0.349 0.008 2.752c 0.180
0.57 41.1a 0.21 0.377 0.004 3.562ab 0.124

P-value
1 < 0.001 < 0.001 < 0.001
1 < 0.001 < 0.001 < 0.001

0.029 < 0.001 < 0.001

interaction. Time points within each strain lacking a common superscript
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strain and an age effect were determined on both param-
eters (P < 0.001). Additionally, there was an interaction
between strain and age for both parameters (P < 0.001),
as EST and EBS progressively declined over the course
of the study in Lohmann hens (P < 0.01). In fact, EST
declined between 26 and 60 woa, and 60 and 100 woa,
while EBS declined consistently, with only 60 and 70
woa displaying similar EBS. Eggs from Shaver hens also
demonstrated a steady decline in EST and EBS over
time (P < 0.05), although to a lesser extent, with a
decline in EST between 60 and 90 woa, and a decline in
EBS between 26 and 40, 40 and 60, and 60 and 100 woa.
While there was no decline in EST in eggs from Smoky
Joe hens over time, there was a significant decline in
EBS between 40 and 80 woa (P < 0.01), with a signifi-
cant elevation at the end of the study between 90 and
100 woa (P < 0.05). This resulted in a higher EST and
EBS for eggs from Lohmann hens at 26 and 40 woa com-
pared to the other strains (P < 0.01). At 60 woa, EST
and EBS of eggs from Smoky Joe hens were significantly
lower than that of eggs from Lohmann and Shaver birds
(P < 0.05) and this pattern persisted for EBS at 70 woa.
From 80 to 90 woa, EBS of eggs from Lohmann hens
was higher than from Shaver hens, while eggs from the
Smoky Joe were intermediate (P < 0.05). Interestingly,
by the end of the study, at 100 woa, EBS for eggs from
Smoky Joe hens was higher than that of the remaining
strains (P < 0.05).
Relationship Between Egg Quality Parameters The
correlations between egg quality traits are listed in
Table 13. For all 3 strains, egg weight was found to be
positively correlated with the length and width (P <
0.001), and egg length displayed low to moderate corre-
lations with egg width (P < 0.01). Interestingly, while
EST was found to have a weak negative correlation with
weight, length, and width in eggs from Lohmann hens
(P < 0.001), EST had a weak positive correlation with
weight and length in Smoky Joe hens (P < 0.001), and
no correlation was present in eggs from Shaver hens.
EST was also found to have a weak to moderate positive
correlation with EBS among all three strains (P <
0.001). Additionally, EBS was also negatively correlated
with width and weight in eggs from Shaver and Loh-
mann hens (P < 0.001) and only eggs from Lohmann
hens demonstrated a negative correlation between EBS
and length (P < 0.001). Furthermore, the age of all
strains was positively correlated with weight and width
(P < 0.05; not shown). This resulted in a negative
Table 13. Correlation between egg weight, length, width, eggshell th
Shaver, and Smoky Joe hens.

Lohmann

Trait Weight Length Width EST EBS Weight Length W

Weight 1 0.720*** 0.507*** �0.222*** �0.324*** 1 0.146*** 0
Length 1 0.370*** �0.305*** �0.397*** 1 0
Width 1 �0.136*** -0.165*** 1
EST 1 0.551***

EBS 1

*P < 0.05, ** P < 0.01, ***P < 0.001.
correlation between age and EBS in all strains (P <
0.001; not shown). Intriguingly, EST was negatively cor-
related with age for Lohmann and Shaver hens, but no
correlation was observed for Smoky Joe hens (not
shown).
DISCUSSION

As the integrity of the skeletal system is critical not
only for the health of the laying hen but also for eggshell
quality, it is essential to ensure hens can maintain proper
calcium homeostasis from the pullet stage to the end of
an extended production cycle. In birds, due to the pres-
ence of the medullary bone, calcium storage capacity
will be influenced by the size of the bones. Therefore,
this study was conducted to assess and compare these
parameters across different strains of White Leghorns
laying hens, which represent different levels of genetic
selection as the breeding objectives within the industry
primarily focused on increasing the rate of production
and the overall cumulative egg numbers
(van Sambeek, 2010; Bain et al., 2016).
Interestingly, regardless of strain, the femur and tibia

were not found to grow in length or width beyond 12
woa within each strain. As it has been previously pro-
posed that tibial length is the best indicator of structural
body height and size (Rising and Somers, 1989), our
results suggest that these long bones, and thus the skele-
tal structure height, have completed their growth prior
to sexual maturation. Previous studies have indicated
that the initiation of lay and the initial rise in E2 are
responsible for switching the deposition of calcium from
structural bone formation to medullary bone in prepara-
tion for lay and thus terminating growth
(Whitehead and Wilson, 1992; Hudson et al., 1993;
Fleming et al., 1998). However, our data indicate growth
is terminated prior to the elevation in E2 concentration
in all strains. Interestingly, the strain differences in bone
length suggest differences in structural size, with Loh-
mann hens having the shortest femur and tibia, and the
Smoky Joe hens having the longest. This may suggest
that while selection focused on production efficiency,
this resulted in a smaller overall skeletal structure, as
per the size of long bones. This is consistent with a study
conducted by Hocking et al. (2003), who observed that
the tibial length in traditional strains was greater than
in commercial layers. This smaller structure was also
ickness (EST), and eggshell breaking strength (EBS) in Lohmann,

Shaver Smoky Joe

idth EST EBS Weight Length Width EST EBS

.787*** 0.045 �0.263*** 1 0.622*** 0.401*** 0.246*** 0.012

.093** 0.001 �0.007 1 0.168** 0.196*** �0.080
0.016 �0.227*** 1 0.076 0.081
1 0.140*** 1 0.400***

1 1
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reflected in the overall weight of both the femur and
tibia of Lohmann hens, with values similar to the dry
weight previously reported in numerous studies
(Kim et al., 2004; Akbari Moghaddam Kakhki et al.,
2019, 2020a; Khanal et al., 2019, 2020a, 2021). Further-
more, the relative weight of the femur and tibia to the
bodyweight of Lohmann birds decreased over time as
body weight is known to increase during maturation.
The relative tibia weight of the Smoky Joe did not
change throughout, while the relative tibia weight of
Lohmann and Shaver hens declined up to 20 and 45
woa, respectively. This is likely a reflection of a combina-
tion of the slower growth rate of the Smoky Joe estab-
lished in Hanlon et al. (2021) and lower cumulative
production. As Smoky Joe hens demonstrate delayed
entry into lay and significantly lower cumulative egg
numbers throughout, the positive correlation between
tibia weight and cBMC suggests that cortical bone depo-
sition is responsible for this elevation in bone weight at
the end of the study. This is further supported by the
increased thickness in all regions of the cortical bone
observed in this strain. The findings in tibia and femur
dry weight are consistent with several studies which
reported no weight differences throughout maturation
and an extended laying period, despite various nutri-
tional interventions to stimulate growth of the long
bones, such as increasing calcium, phosphorous and
other nutrient inclusion rates in the diet (Frost and
Roland, 1991; Kim et al., 2004, 2005; Safaa et al., 2008;
Pastore et al., 2012).

While many of the previous studies assessing BMC
and BMD in laying hens were conducted using quantita-
tive CT (QCT; Korver et al., 2004) or dual-energy x-
ray absorptiometry (DEXA; Schreiweis et al., 2003,
2005), the current study was completed using mCT anal-
ysis. This recently validated method was established as a
highly accurate indicator of bone-breaking strength and
mineral status in chickens (Donk�o et al., 2018). We
selected the tibia, as this bone is the most commonly
studied in laying hens due to its unique rapid growth
and utilization during lay. Since the tibia is highly sus-
ceptible to calcium imbalance (Cloft et al., 2018), it is
able to provide an adequate overview of the skeletal
health of the individual. However, it is important to
note that the tibia, while recognized as the second larg-
est reserve of medullary bone, is only one of many sour-
ces (Clunies et al., 1992), and our results represent only
a subset of the medullary content available to the hen
during egg formation. During sexual maturation, no sig-
nificant changes in tibia bone thickness, cBMC, or
cBMD were observed regardless of strain. This signifies
that in addition to the lack of cortical bone accumula-
tion during the later growth period, this bone source was
not being reabsorbed at this time (van de Velde et al.,
1984; Dacke et al., 1993; Kerschnitzki et al., 2014). Fur-
thermore, despite a numerical increase in all 3 strains,
no significant differences were observed in mBMC or
mBMD during entry into lay (17−20 woa). This indi-
cates that, contrary to previous reports (Whitehead and
Fleming, 2000), while the medullary bone in the
diaphysis of the tibia does begin to accumulate, this was
not a rapid process shown to be synchronized with the
initial rise in E2 and the corresponding onset of lay in
any strain. Accordingly, these results reveal that the sex-
ual maturation process did not impact the overall skele-
tal structure in our study. It is also important to note
that both the blood and bone samples were collected fol-
lowing oviposition, approximately 3 to 6 h after the
lights turned on, meaning that while eggshell formation
was not concurrently occurring, the hens had not yet
consumed all of the dietary calcium necessary to replen-
ish the medullary content (van de Velde et al., 1984;
Dacke et al., 1993). While variation due to the influence
of time was controlled in this study, further studies
should consider the 24 h variation in mBMC and
mBMD within the tibia and other medullary bone sour-
ces in the laying hen. As expected, since Smoky Joe hens
displayed the lowest production rate, the mBMD of
these hens was greatest overall by 100 woa. However,
cBMD was not found to differ between strains. This
indicates that while displaying a smaller bone at matu-
rity and maintaining the highest production rate
throughout, the cortical density of the tibia in Lohmann
hens was not negatively impacted.
While the influence of estrogen on the period sur-

rounding medullary bone formation has been well stud-
ied (Ali, 1992; Whitehead and Fleming, 2000;
Whitehead, 2004), the impact of intensive selection on
this relationship is less clear. Previous studies have con-
sidered the immediate effects of increasing E2 levels
throughout maturation compared to treatment with the
aromatase inhibitor, letrozole (LZ; reviewed by:
Haynes et al., 2003; Dowsett et al., 2005), with LZ
shown to reduce circulating E2 levels by 33 to 50%
(Deng et al., 2010). Overall, LZ treatment in pullets
increased cortical bone area and cBMD at 6 and 9 woa
compared to untreated animals (Li et al., 2019). Mean-
while, plasma calcium concentration was lower in LZ
treated hens (Deng et al., 2010), with a reduction in cal-
cium-binding protein in the duodenum (Li et al., 2018)
and a decline in estrogen receptors (Deng et al., 2010;
Li et al., 2018). Taken together, these studies demon-
strate that higher levels of E2 are associated with medul-
lary bone formation, while lower levels support the
formation of cortical bone. This is in line with the results
of the current study, with E2 found to be positively cor-
related with mBMC in all strains, as well as positively
associated with mBMD in Lohmann and Shaver hens,
while negative correlations were observed between E2
and cBMC in Shaver hens and between E2 and cBMD in
the Lohmann and Shaver strains. This was accompanied
by an anticipated negative correlation between cortical
and medullary parameters in all strains.
Surprisingly, no changes in cBMC or cBMD were

observed in the tibia of Lohmann hens during the
extended laying period, indicating an absence of cortical
bone breakdown despite an enhanced cumulative egg
number. This finding, combined with the lack of changes
in cortical bone thickness during the persistent laying
cycle, suggests a lack of osteoporosis in the diaphysis of
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the tibia, as defined by Whitehead and Fleming (2000).
While this contrasts with a previous report showing a
loss of structural bone, especially the overall cBMD,
from the initiation of lay to the end of the cycle regard-
less of strain (Wilson et al., 1992), a study by
Kim et al. (2007), using a more contemporary strain
reported no changes in cBMD regardless of laying status.
This may be explained by the moderate heritability of
BMD reported in hens (h2 = 0.35 to 0.40; Bishop et al.,
2000; Guo et al., 2017) and its possible association with
body size and egg production (Rennie et al., 1997;
Fleming et al., 2004), as both of these traits are part of
the current breeding programs. In fact, genetics have
been estimated to be responsible for up to 40% of the
variation in bone quality (Bishop et al., 2000). Nonethe-
less, in addition to genetics, improvements in diet and
housing have also contributed to successfully alleviating
osteoporosis in laying hens (Whitehead, 2000;
Bouvarel et al., 2011; Soko»owicz et al., 2018).

Beyond sexual maturation and the lay of the first egg,
our study identified significant differences between
strains throughout the laying cycle in the medullary
bone. Specifically, mBMC significantly increased by 45
woa in Shaver and 25 woa in Smoky Joe hens while it
did not increase until 75 woa in Lohmann hens. At this
age, Shaver and Smoky Joe hens were producing at a
lower rate than the Lohmann, resulting in a lower
requirement for calcium to be transported to the ovi-
duct, hence reducing bone resorption (Whitehead, 2004;
Mazzuco and Hester, 2005). Intriguingly, all 3 strains
displayed the highest mBMC and mBMD at 100 woa,
suggesting that as reported by Whitehead (2004), these
hens continued to deposit calcium as medullary bone
throughout the laying cycle. Interestingly, in Smoky Joe
hens, this corresponded to a period (75−100 woa) when
spontaneous moult was observed with only one sampled
hen remaining in lay at 75 woa and 2 having initiated a
second laying cycle at 100 woa. Spontaneous moult trig-
gering bone remodeling could have resulted in a second-
ary deposition of cortical bone observed at 100 woa.
This is supported by Mazzuco and Hester (2005), who
showed that total BMD declines during moult, recover-
ing only once the second laying cycle has begun. Surpris-
ingly, while a previous study by Pongmanee et al. (2020)
reported a declining thickness in the cortical region,
which was then replaced with medullary bone, this was
not the case in our study.

The ability to maintain bone quality throughout the
extended laying cycle is critical as layers require a sub-
stantial amount of calcium for each eggshell. In fact, the
ability of the bone to store this calcium for deposition
when the dietary source is insufficient will determine egg
quality. As classified by the Canadian Food Inspection
Agency (CFIA, 2019), Smoky Joe hens laid pee-wee (less
than 42 g) to small (42−49 g) eggs at 26 woa, corre-
sponding to the age at which all hens had entered lay.
While smaller eggs during the initial weeks of the cycle
were anticipated, this continuous production of pee-wee
eggs by Smoky Joe hens beyond the peak of lay is indica-
tive of the breeding objectives at that time, with no
emphasis placed on early egg production rate or egg
weight. In contrast, eggs from Lohmann and Shaver
hens were classified as large (56−63 g) by 26 woa, which,
in combination with an earlier entry in lay, is indicative
of the success of breeding programs and consistent with
previous studies (Akbari Moghaddam Kakhki et al.,
2020b; Khanal et al., 2020b). This is no surprise, as an
increase in egg weight from initiation to 37 woa was
found to be moderately heritable (h2 = 0.36), although
the heritability of early egg weight and egg weight at 37
woa were independently determined (h2 = 0.39 and
0.45, respectively) (Poggenpoel and Duckitt, 1988).
Additionally, genetic correlations have been observed
between egg weight increase and 2 traits of interest, age
of first egg and production rate (Poggenpoel and Duck-
itt, 1988). However, while the correlation was positive
for production rate up to 273 d (0.44), the genetic corre-
lation between egg weight increase and age of first egg
was negative (�0.50) (Poggenpoel and Duckitt, 1988).
Furthermore, deviation from pullet target body weight
has been shown to influence the mean egg weight during
the early laying phase, with a correlation of 0.85. This
translated to egg weight increasing by 0.7 g per 100-g
increase in pullet live body weight at the onset of lay
(Bouvarel et al., 2011). This may explain the smaller
size of the eggs at the beginning of the cycle and partly
explain the continuation of small eggs produced by
Smoky Joe hens as they remained lighter than the other
strains during peak production (Hanlon et al., 2021).
With Smoky Joe hens and eggs remaining lighter
throughout the entire laying cycle, the present study
suggests that body weight may play a larger role in con-
trolling egg weight throughout the production cycle
than initially suspected, as demonstrated by Leeson and
Summers (2005). Although, rather than body weight,
body composition appears more important to directly
influence egg weight (Bouvarel et al., 2011). Beyond
weight, our results also show that eggs from Lohmann
hens displayed the highest shell quality during the early
laying phase with a moderate, positive correlation
between EST and EBS. Interestingly, De Ketelaere
et al. (2002) found an EST of 0.370 mm at 36 woa in
Lohmann LSL hens, lower than any of the measure-
ments presented in this study for this strain. This sug-
gests that, due to the heritability of this trait
(h2 = 0.446 § 0.126) (Sreenivas et al., 2013), early egg-
shell quality has improved over the last 8 yr for this
strain. These improvements are further highlighted
when considering a study by Tyler and Geake (1958),
which reported white leghorn eggs with an EST of
0.340 mm, prior to the inclusion of shell quality in the
breeding programs and improvements in dietary supple-
mentation.
Shell thickness was found to decrease in both Loh-

mann and Shaver hens, consistent with previous litera-
ture suggesting that a constant quantity of calcium and
minerals is supplied to the shell gland at the time of
deposition, despite the increasing egg weight or yolk size
(Roland, 1979; Buss, 1988). While the decrease in shell
quality of eggs produced beyond 72 woa has been a
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concern in commercial strains (De Ketelaere et al.,
2002), based on our results and more recent literature
(Chang-Ho et al., 2014; Moln�ar et al., 2016), this may
become less of an issue. Nonetheless, Moln�ar et al.
(2016) reported a significant weekly decline in EST of
0.23 mm between 60 and 80 woa. Notably, the EST
reported during the early laying cycle in the study men-
tioned above was similar to the current findings, demon-
strating values well above those reported in older studies
(De Ketelaere et al., 2002; Kemps et al., 2006). Similar
to EST, EBS declined over time in all strains, as previ-
ously reported (Chang-Ho et al., 2014; Sirri et al., 2018;
Fathi et al., 2019). However, while Chang-
Ho et al. (2014) reported no correlation between EST
and EBS, Sirri et al. (2018) found a strong positive cor-
relation (0.456) between these two traits, in agreement
with the current study. This relationship has allowed
breeding companies to use EST as a noninvasive method
to study the shell strength of their flocks (Bain et al.,
2016). Though EBS was found to decline steadily over
time in Lohmann and Shaver hens, this decline was less
consistent in the Smoky Joe. This could potentially be
due to the spontaneous moult observed for this strain
and the very low productivity, allowing more time for
the formation of a stronger shell. Overall, this study
hypothesizes that the lack of differences observed
between strains at 100 woa was due to the relatively
recent incorporation of the extended laying period into
commercial breeding programs with further room for
improvement. This is critical as the strength of the egg-
shell continues to be an economically important trait
(Fathi et al., 2007; Iqbal et al., 2017; Lopez et al., 2018).
Nonetheless, it is imperative to highlight that Lohmann
hens were the only strain that did not undergo a sponta-
neous moult while maintaining similar eggshell quality
at 100 woa.

While insufficient dietary calcium would have an
adverse effect on eggshell quality (Classen and
Scott, 1982; Hartel, 1990) and bone strength (White-
head, 2004), the lack of changes in plasma calcium
levels during the entire laying cycle for all three
strains indicates that the hens in this study met their
calcium requirements. As anticipated, plasma calcium
levels were lowest at 18 woa, prior to photostimula-
tion and the initiation of lay. This corresponded to
the last sampling period during which hens were pro-
vided with a grower diet with a 1.0% calcium inclu-
sion. At 19 woa, hens were switched to a breeder diet
containing 4.24% calcium in preparation for lay. This
change in the diet most likely contributed to the ele-
vated levels in plasma calcium observed from 28 to
94 woa in all strains. This is similar to the findings of
Bar et al. (1996), who showed plasma calcium levels
were approximately 2.5 mmol/L during the immature
state, rising to 5 to 6 mmol/L for the remainder of
the laying period. These findings were attributed to a
combination of dietary changes and the rise in E2
associated with the formation of medullary bone,
leading to an increase in mobilized calcium. In fact,
treatment with E2 was shown to elevate plasma
calcium levels, while the opposite result occurred
when the hens were treated with the anti-estrogen,
Tamoxifen (Bar et al., 1996). Therefore, the elevation
in plasma calcium observed between 18 and 28 woa,
partly due to the increased dietary calcium content,
was also associated with the elevated E2 concentra-
tions observed during maturation. Without correcting
the dietary calcium levels for the production rate, the
lack of detected differences in plasma calcium levels
aligns with previous findings (Bacon et al., 1980;
Qin and Klandorf, 1995). Furthermore, the lack of
change in plasma calcium levels within the Lohmann
and Shaver throughout the remainder of the laying
cycle corresponded to an increase in mBMD, while
eggshell thickness decreased and egg size increased.
As previously reported by Roland (1979) and
Buss (1988), our results indicate that the quantity of
eggshell deposited remains constant regardless of egg
size, leading to thinning of the shell with an increase
in surface area. This occurs despite the availability of
the medullary source, as additional calcium content is
not mobilized within the plasma. This is further sup-
ported by the lack of change in calcium concentration
observed in Smoky Joe hens, as EST and egg weight
remained constant throughout lay, despite an
increase in mBMD. Interestingly, it has been shown
that calcium absorption declines in the ageing hen,
contributing to the deterioration of shell and bone
quality (Abe et al., 1982; Joyner et al., 1987) . In our
study, plasma calcium levels did not decline over
time, while medullary bone content increased in all
strains at the end of the study. This suggests that
even if absorption was reduced, the constant plasma
calcium levels were maintained through bone reab-
sorption. In fact, despite displaying increased produc-
tivity, current commercial hens demonstrate the
potential to maintain calcium absorption better than
previous studies have suggested.
In conclusion, results from this study highlight that

modern commercial laying hens sustained high pro-
duction rates, reaching over 500 eggs in 100-wk, with
no apparent detrimental impact to medullary and
cortical BMC or BMD in the long bones assessed. In
fact, despite producing half of the cumulative number
of eggs in the same laying cycle, the Smoky Joe hens
demonstrated a larger overall skeletal structure, yet
no significant improvements in bone quality over the
modern commercial strain. In addition, egg quality
was found to be significantly improved during the
early laying cycle in Lohmann hens, and while a
decline in shell quality due to increasing egg weight
was observed over time, the overall quality remained
higher in Lohmann hens than both Shaver and
Smoky Joe hens in the latter part of the cycle. Alto-
gether, this study demonstrates that despite the ele-
vated production rate of the current commercial hens
throughout a 100-wk study, improvements in eggshell
quality, along with the maintenance of the skeletal
structure, have been achieved, allowing for a success-
ful persistent laying period.
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