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Figure 3. Commercial site production data from laying hens housed in conventional cage, cage-free aviary (aviary), and enriched colony
cage. Data graphed is over 15 periods (28 d per period) beginning at 20 wks of age: A) Hen-day egg production, B) cumulative mortality on a
percentage basis, C) feed usage g/hen/day, and D) hen BW.

unit, static compression vitelline membrane strength
and deformation, shell thickness, and whole egg to-
tal solids. Shell thickness was determined using a shell
thickness gauge (BC Ames, Inc., Melrose, MA), with
three measurements made from the equatorial region
of each egg. The remaining egg quality methods and
sources of instrumentation are described by Jones et al.
(2014).

Statistical Analysis

Analyses were divided into two parts dealing with: 1)
production and mortality data and 2) egg quality data.
The egg quality data were obtained monthly while the
production and mortality data were obtained weekly.
In comparing the different housing systems, we utilized
an analysis of covariance (ANCOVA) approach using
model selection and a Bayesian statistical framework as
described below.

The covariates of interest in this ANCOVA analysis
were nutrients consumed by laying hens in each housing

system. The formulated values for each diet were mul-
tiplied by the feed intake (weighted average as weekly
and monthly) per 100 hens to arrive at the nutrient and
energy intake for each production period. Additionally,
house temperature was added as a variable of interest
for a total of thirteen covariates. To simplify the analy-
sis we utilized a principle components analysis approach
(PCA; Johnson and Wichern, 1992) to reduce the di-
mensionality of the problem by replacing these vari-
ables by the first two PCA’s explaining about 70% of
the total variability for these variables. Figures 1 and 2
illustrate the correlations for the first and second PCA
modeled components for the weekly (production and
mortality) and monthly (egg quality) analyses, respec-
tively. Our model selection approach evaluated the sig-
nificance of the relationship between the response vari-
ables and these PCA components to identify if one or
both could explain the variability in the data. In many
cases both PCAs showed significance and our presenta-
tion focused on that component that better highlighted
the trends in the observed data.
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Table 5. Performance summary of Lohmann LSL white hens in conventional cage,
cage-free aviary, and enriched colony cage systems over 15 production periods.

Housing System
Production Parameter Conventional Aviary Enriched Colony Reference1

No. of Hens House−1 (wk 20) 193,424 49,830 46,795 -
No. of Hens House−1 (wk 78) 184,322 44,082 44,404 -
Cumulative Mortality (%) 4.7 11.5 5.1 4 to 6
Avg. hen-day Egg Prod. (%) 87.3 86.6 90.5 87.0
Eggs per Hen Housed 352 340 363 349
Egg Weight (g) 58.5 58.4 59.1 66.9
Feed Use (g hen−1 day−1) 105.0 107.7 107.3 105 to 115
Water use (g hen−1 day−1) 221.0 182.9 195.0 -
Water/Feed (kg/kg) 2.06 1.64 1.73 -
Feed Conversion (kg/doz. egg) 1.44 1.49 1.42 -
Feed Conversion (kg feed/kg egg) 2.02 2.12 1.99 2.0 to 2.1
Body weight at wk 78 (kg) 1.56 1.53 1.55 1.72 to 1.86

1Breeder company reference for Lohmann LSL white hen (20 to 78 wk).

Figure 4. Example output of the principle component approach (PCA). a represents one of the PCA variables (PCA 1) increasing from
negative to positive value along the x-axis. b represents the y-axis and variable that is being modeled. c are the gray headers above each panel
with increasing value (0 to 1) to represent the third dimension (PCA 2). The colored bands (red for aviary, green for conventional, and blue for
enriched) illustrate the model responses representing the 95% credibility interval. Any overlapped areas indicate no significant difference while
band separation indicates significant difference in the housing system.

This PCA analysis indicates that, on a weekly ba-
sis, the first PCA (PCA 1) forms a weighted average
of all nutrient and energy intakes. The weekly PCA 1
is negatively correlated with these variables (Figure 1).
PCA 2 for the weekly analysis forms a contrast between
crude fiber and ME (and to a lesser extent Ca and P)
and variables Met, Met/Cys, temperature, Na, and Lys.
The weekly PCA 2 is negatively correlated with crude
fiber, ME, Ca, and P and positively correlated with the
others. This reflects that an increase in crude fiber in-
dicates a reduction in the weekly PCA 2 and vice versa
for temperature, for example. Met and Met/Cys were
found to be highly correlated with one another, which
is not surprising. A similar story can be observed for
the monthly data with PCA 1 representing a weighted
average of most nutrient and energy intake, except for

crude fiber (Figure 2). A correlation analysis indicates
that these variables are negatively correlated with this
PCA, hence a reduction in relatedness within the PCA
is associated with an increase in these variables. The
monthly PCA 2 seems to show a contrast between the
variables crude fiber, Cl, ME (negatively correlated to
PCA 2) and variables Met, Met/Cys, temperature, Lys,
and fat (positively correlated to PCA 2; Figure 2).

A Bayesian framework was used for the ANCOVA,
referred to above, with PCA 1 and PCA 2 taken as the
covariates. This analysis was chosen for the flexibility in
comparing the different housing systems to one another
at any fixed level of application of the covariates. One
hundred and ninety-six models were compared that had
different levels of complexity to determine a model that
best described the data. This was done for each of the
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Figure 5. A) Hen-day egg production and B) Mortality. Weekly
production data analyzed with principle component approach (PCA)
evaluating nutrient and energy intake values for laying hens during
the production period. The figures present the 95% credibility intervals
with red (aviary), green (conventional cage), and blue (enriched colony
cage) with overlapping colors indicating no significant difference.

variables that were studied and was completed using
the Deviance Information Criterion (DIC; Spiegelhal-
ter et al., 2002). The compared models included a base-
line null model that assumed no difference in behavior
between the different housing systems. More complex
models included linear and quadratic trends between
the response variables and the covariates. The variance
structure was also compared by relaxing the assumption
of equality of variance for the three housing systems.
The model was chosen that had the minimum DIC score
as best representative of the data. Residual plots used
to further assess model fit and credibility intervals were
utilized to assess significance in differences between
the different housing systems. All analyses were per-
formed in R (R Core Team, 2014) and utilizing JAGS
(Plummer, 2003). Table 4 reports models used for data

analysis. Data was used beginning after 20 wk, as the
system appears to have not been in a steady state ini-
tially, and the observed outcome might have been de-
ceiving. Comparisons were made at predefined PCA
values to simplify visualization of the results and re-
stricting the graphs to levels that are biologically rel-
evant. This was done to assess differences between the
housing systems at different levels of nutrition and
temperature.

Model Presentation and Interpretation

The remainder of the figures (Figures 5 to 13) will
present the 95% credibility intervals as expected at each
computed PCA 1 and PCA 2 value. Figure 4 is an ex-
ample explaining how to interpret these figures. As re-
flected in figure 4, the x-axis will represent one of the
PCA variables (PCA 1 or PCA 2) as indicated in the
legend and figure title and the write up for each figure.
In the current figure the x-axis increases from −4 to
4 for PCA 1. The y-axis will reflect the variable un-
derstudy. In many of these figures, as in Figure 4, the
third dimension (PCA 2 in this case) of the plot will
be represented by a number of panels with values in-
creasing from the bottom to the top, which will be re-
flected in the gray headers of each panel (here the val-
ues will increase from 0 to 1). The colored bands show
the model responses for the different housing systems
with red representing the aviary system, green the con-
ventional cage, and blue the enriched colony housing
system and are defined by the shown legend per figure.
The overlapped areas indicate no significant difference
while band separation indicates significant difference in
the housing system.

RESULTS AND DISCUSSION

Laying hen production performance parameters are
essential to the evaluation and expression of economic
and environmental impacts (e.g., air pollutant emis-
sions per hen or per kg egg produced), and to the com-
parative assessment of the three housing systems. The
data presented is considering the nutrient and energy
intake of the laying hens in the different housing sys-
tems and assessing the impact on egg quality. Although
there was only a single house of each production sys-
tem, the nutrient and energy intake and the impact on
the egg quality parameters can be considered.

Weekly Production and Mortality Data

The weekly production data, including hen inven-
tory numbers, cumulative mortality, hen-day egg pro-
duction, feed use, and body weight (BW) in the three
housing systems are found in Figure 3. Table 5 sum-
marizes the means of 12 weekly production parameters
as compared to the Lohmann breeder reference values
for LSL white hens (Lohmann Tierzucht, 2014). The
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Figure 6. Egg weight. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and energy intake
values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green (conventional cage),
and blue (enriched colony cage) with overlapping colors indicating no significant difference.

hen-day egg production was similar amongst housing
systems until period 8 at which point the hens in the
enriched colony cage had higher production and main-
tained a higher level through the end of the produc-
tion period (Figure 3A, Table 5). The mortality rates
were similar amongst the housing systems (Figure 3B,
Table 5) until period 4 at which the aviary continued
to increase rapidly compared to the other housing sys-
tems resulting in cumulative mortality being 2.5 times
higher in the aviary compared to the other systems.
Although the reasons attributed to the difference is
unknown, the increase might be due to the learning
curve of managing a new housing system and larger
hen groups within the pen resulting in pecking and
crowding. Figure 3C and Table 5 reveal that the feed

supplied was slightly higher in the aviary but hen BW
(Figure 3D, Table 5) were similar amongst the housing
systems. Since the enriched colony system used feed
on the forage mat, the feed might or might not have
been consumed. Therefore, the increase in feed supplied
might be related to factors like temperature, feed usage,
or hen activity level.

The hen-day production (Figure 5A) model did not
show any significance in the PCA 1 direction though it
did indicate a linear and a nonlinear trend in the PCA 2
direction. These trends were observed to be similar for
all housing systems with production increasing as PCA
2 increased and reaching an inflection where produc-
tion started to decrease at higher levels of PCA 2. The
figure indicates a range between −1 and 2 of PCA 2
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Figure 7. Haugh unit. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and energy intake
values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green (conventional cage),
and blue (enriched colony cage) with overlapping colors indicating no significant difference.

where production seems to be optimal (Figure 5A). The
model for mortality was the simplest of all models with
one intercept and one linear slope in association with
all housing systems (Table 4). Figure 5B shows the out-
come model indicating a linear increase in mortality as
PCA 2 increases with no effect observed for PCA 1.

Monthly Egg Quality Data with Concurrent
Nutrient and Energy Intake

Egg Weight. Table 4 reports the resulting model
chosen in association with the egg weight variable. The
best-fit model included nonlinear trends that were only
different in the PCA 1 direction and linear trends that
were only different in the PCA 2 direction. Figure 6 de-

picts the outcome and indicates a decrease in egg weight
as PCA 2 increases for all housing systems. The figure
also shows a decrease in egg weight for the laying hens in
enriched colony cages as PCA 1 increases. This trend
is nonlinear for the other housing systems where egg
weight rebounds after the zero level of PCA 1. The neg-
ative relationship in the PCA 2 with crude fiber would
suggest there could be a level at which the amount of
crude fiber consumed by the laying hen could impact
egg weight. Shalash et al. (2010) reported a slight (<0.5
g) decrease in egg weight across diets that had approx-
imately a 1% increase in crude fiber content. However,
the type of laying hen utilized by Shalash et al. (2010)
for the study is not a common breed and, therefore,
might be a reflection of strain differences and not nec-
essarily nutrient and energy intake.
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Figure 8. Whole egg solids. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and energy
intake values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green (conventional
cage), and blue (enriched colony cage) with overlapping colors indicating no significant difference.

Haugh Unit. The best model chosen for this variable
included different intercepts, a different linear slope in
the PCA 1 direction, and different nonlinear trends in
the PCA 2 direction (Table 4). Additionally, the model
shows similar linear slopes in the PCA 2 direction and a
similar nonlinear trend in the PCA 1 direction. Again,
the trends are presented in the PCA 2 direction to high-
light the nonlinear trend (Figure 7). This figure indi-
cates that the hens in the aviary housing system show
a profound nonlinear component in the PCA 2 direction
with a minimum Haugh Unit (HU) attained at the zero
PCA 2 access. At that point, the aviary system has a
lower HU than that for the other two housing systems
when nutrients are high (PCA 1 = −4 and 0) especially
as compared to the conventional housing system. The

conventional housing system shows a decrease in the di-
rection of the increase in PCA 1 more so than the other
two housing systems and is significantly different than
both at the low and high PCA 2 values.

Valkonen et al. (2006) reported higher HU when lay-
ing hens were fed a low protein diet (14%) compared
to a high protein diet (19%). Contradictorily, several
articles have reported no impact on HU when evaluat-
ing different energy and protein intake levels (Valkonen
et al., 2008; Gunawardana et al., 2009; Wall et al.,
2010). The confound of the housing system has only
slightly been explored with Valkonen et al. (2010) re-
porting no differences in HU between conventional and
furnished colony cages. Figure 7 illustrates at specific
nutrient and energy intake levels in the conventional
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Figure 9. Vitelline membrane strength. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient
and energy intake values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green
(conventional cage), and blue (enriched colony cage) with overlapping colors indicating no significant difference.

cage and enriched colony cage (PCA 1 levels of −4 to
0; PCA 1 levels −1 to 1) that this is the case.

Whole Egg Solids. The model chosen for this vari-
able showed a difference in linear and nonlinear trends
only in the PCA 2 direction. Figure 8 shows this trend
difference in the PCA 2 direction with the enriched
housing system showing a different, reversed nonlin-
ear trend than that observed for the conventional and
aviary housing systems. A maximum value for whole
eggs solids for the aviary and conventional housing
systems is attained around the value 0 for the PCA
2, while the enriched housing system has a minimum
around that value. Significant differences are only ob-
served between the enriched and aviary housing systems
at the highest levels of PCA 2. Several articles have re-
ported no nutritional impact on whole egg solids when
evaluating different nutrient and energy intake levels
(Gunawardana et al., 2009; Yuan et al., 2009) as well
as no differences between housing systems when eval-
uating changes in long-term egg storage (Jones et al.,
2014).

Vitelline Membrane Strength and Deformation.
The selected model for this variable (Table 4) included
equal intercepts and equal linear slopes in the PCA 1
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Figure 10. Vitelline membrane deformation. Monthly egg quality
data analyzed with principle component approach (PCA) evaluating
nutrient and energy intake values for laying hens during the produc-
tion period. The figures present the 95% credibility intervals with red
(aviary), green (conventional cage), and blue (enriched colony cage)
with overlapping colors indicating no significant difference.
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Figure 11. Shell strength. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and energy
intake values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green (conventional
cage), and blue (enriched colony cage) with overlapping colors indicating no significant difference.

direction, housing system dependent linear slopes in the
PCA 2 direction, and a housing system dependent non-
linear trend in the PCA 1 direction. Figure 9 clearly in-
dicates a significant difference between the aviary and
conventional housing systems at the high levels of PCA
1 at low to moderate levels of PCA 2. The observed
trend indicates vitelline membrane strength increases
and then decreases as nutrient and energy intake de-
clines in both the conventional and enriched colony
systems. This trend is reversed in the aviary housing
system. Vitelline membrane strength increases in all
housing systems as PCA 2 increases.

Vitelline membrane deformation resulted in a sim-
pler model than that for vitelline membrane strength
(Table 4). The model did not indicate any particu-

lar trend in the PCA 1 direction for this variable. A
common intercept was present for all housing systems
though different linear slopes in the PCA 2 direction
and no nonlinear trend. Figure 10 shows the result-
ing outcome indicating a significant linear increase in
vitelline membrane deformation in the direction of in-
crease of PCA 2. This has not been previously re-
ported, but the increase might be associated with the
decrease in crude fiber, Cl, ME, and the increase in Met
(Figure 2).

Shell Strength. The chosen model to fit the data
(Table 4) included different intercepts, different linear
slopes in the PCA 2 direction, but similar linear slopes
in the PCA 1 direction. Figure 11 provides a plot of the
change in shell strength force as PCA 1 changes at each
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Figure 12. Shell dynamic stiffness. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and
energy intake values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green
(conventional cage), and blue (enriched colony cage) with overlapping colors indicating no significant difference.

level of PCA 2 (as presented in each of the panels). The
figure indicates, as expected, that an increase in PCA 1,
a reduction in nutrient and energy intake, is associated
with a reduction in shell strength force. The figure also
indicates that the different housing systems behave sim-
ilarly in this dimension with the aviary housing system
having a lower, flatter slope than the other two systems
in the PCA 2 direction. This indicates that change in
the composition of variables associated with PCA 2 has
less impact on shell strength force for the aviary hous-
ing system as compared to the other two. Additionally,
an increase in PCA 2 is associated with an increase in
shell strength force for the enriched colony and conven-
tional housing systems. The interpretation of this result
might indicate that a decrease in crude fiber and an in-

crease in Met and Met/Cys might result in improving
shell strength force, though this is not conclusive within
the observed range as all credibility intervals overlap.

Valkonen et al. (2006; 2008) found laying hens in con-
ventional cages had greater shell strength than hens in
the furnished cages. A high protein diet (19%) resulted
in higher shell strength and supports well our inter-
pretation, but requires further investigation (Valkonen
et al., 2006).

Shell Dynamic Stiffness. Differences between
housing systems were observed only in linear trends in
the PCA2 direction and the nonlinear trend in the PCA
1 direction (Table 4 and Figure 12). Figure 12 shows a
consistent decrease in shell dynamic stiffness as PCA
1 increases from −4 to 0. This trend continues for the
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Figure 13. Shell thickness. Monthly egg quality data analyzed with principle component approach (PCA) evaluating nutrient and energy
intake values for laying hens during the production period. The figures present the 95% credibility intervals with red (aviary), green (conventional
cage), and blue (enriched colony cage) with overlapping colors indicating no significant difference.

enriched colony and aviary housing systems but tapers
for the conventional housing system at the zero point
of PCA 1. Also, a reduction in shell dynamic stiffness
occurs as PCA 2 increases and is consistent for all hous-
ing systems. The reduction in shell dynamic stiffness is
slower in eggs from the conventional cage system, which
has a significantly higher shell dynamic stiffness than
the other two housing systems at high levels of PCA 2
for the highest and lower levels of PCA 1.

Shell Thickness. The chosen model for thickness
included linear and nonlinear trends in both the PCA
1 and PCA 2 directions with a nonlinear trend differ-
ence in the PCA 2 direction only (Table 4). Figure 13
shows the trends with differences in concavity between
the housing systems with shell thickness increasing with

PCA 2 for both the conventional and enriched colony
housing systems and tapering off at the high levels of
PCA 2 while continuing in an increasing trend for the
aviary housing system. Yuan et al. (2009) reported no
differences in shell thickness from conventional cage
eggs as a result of diets with different energy values
similar to the observations made in Figure 13.

Overall the data explores the complexity of conduct-
ing applied research at a commercial scale. While no di-
rect conclusion can be made related to housing system
and production variables, observed differences between
housing systems might be more management related,
with adjustments needed by a commercial entity adopt-
ing new housing systems, than differences due to the
actual housing system. The various egg quality traits
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(shell parameters, vitelline membrane parameters, and
whole egg solids) are more directly influenced by nutri-
tion as opposed to the laying hen housing structures.
Therefore, further research needs to be conducted in
controlled research settings to delineate any nuances of
specific housing systems on egg quality measures.
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