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Moisture content in broiler excreta is influenced by excreta nutrient contents!
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ABSTRACT: High litter moisture content, often referred
to as wet litter, is a major problem in poultry production.
Wet litter is often related to poor management, diseases,
and digestive problems. In this experiment, the objective
was to study the relationship between nutrient content
and the moisture content of the excreta of broilers. A data-
set containing 351 observations was built and contained
the nutrient contents data including moisture content of
excreta samples collected in 8 different broiler feeding tri-
als. A biological based model approach was used to cre-
ate a model with 10 and another one with 14 variables
that may explain the excreta moisture level response.
Subsequently, these models were compared with a sta-
tistical model that was built automatically and adjusted
only if this improved the biological model. The R? of the
10 variable model was 0.54, in which Zn content and the
interaction of NDF x K and Ca x P content were nega-

tively associated with excreta moisture. Sodium, P, and
Ca content and the interaction between content of NDF x
Na were positively associated with excreta moisture. The
R? of the 14 variable model was 0.58, in which Zn and K
content and the interaction of NDF x protein and Ca x P
content were negatively associated with excreta moisture,
and Na, protein, P, and Ca content and the interactions in
contents of NDF X Na, NDF X Zn, and K x Cu were posi-
tively associated with excreta moisture content. In con-
clusion, the models confirmed the effect of Na, protein, P,
and Ca on excreta moisture content. Furthermore, hitherto
unknown nutrient interactions that contribute to excreta
moisture level were identified. As excreta levels of most
nutrients can be manipulated by adjusting dietary nutrient
levels, dietary formulation can be adjusted with the find-
ings of this analysis to change levels of excreted nutrients
and, consequently, also moisture output.
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INTRODUCTION

Broilers are housed on litter, composed of bedding
material mixed with feed, feathers, and excreta (Cook
et al.,, 2011). Above a certain litter moisture content,
“wet litter” can occur causing more ammonia to be
produced and emitted into the air (Groot Koerkamp,
1994), which can negatively affect animal production
and welfare (Kristensen and Wathes, 2000).

Fresh poultry droppings contain approximately 80%
moisture (Henuk and Dingle, 2003) and significantly
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contribute to litter moisture content (Groot Koerkamp
et al.,, 1999). Dietary nutrient composition can affect
excreta moisture content through nutrient digestibility
and passage rate of digesta through the gastrointestinal
tract (GIT). Dietary mineral levels and ratios between
minerals play an important role in excreta moisture
content (Ziaei et al., 2008; Jankowski et al., 2011). In-
consistent effects of trace minerals on excreta moisture
have, however, been reported by Nishimuta et al. (2006)
and Zhong et al. (2007). A high dietary protein content
(Collett, 2012) or insoluble fibers in the diet, which can
have a high water binding capacity in the GIT (Chaplin,
2003), can increase the water content of droppings.

The effect of single dietary nutrients on excreta
moisture level in poultry has been previously studied
(Ferguson et al., 1998b; Smith et al., 2000; Namroud et
al., 2009). Comparing the effects of various nutrients
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and nutrient interactions in a single statistical analysis
on excreta moisture content may provide new insights
into the multifactorial problem of wet litter in poultry
production. The current study was undertaken to investi-
gate relationships between moisture and nutrient content
(CP, NDF, and minerals) of broiler excreta using a linear
mixed model analysis to identify hitherto undocument-
ed associations that could potentially be used in dietary
strategies for wet litter prevention.

MATERIALS AND METHODS

The experimental methods were approved by the
Ethical Committee of the Animal Science Group of
Wageningen University and Research Center, Lelystad,
the Netherlands.

Animal Experiments

The studies reported here were conducted during
2008 and 2009 at the research facilities of the Cargill
Innovation Center Velddriel, Velddriel, the Netherlands.
Birds were housed in 2 barns. Barn 1 had cages (100 by
110 cm) with a raised wire floor on top of which a rubber
plate was placed and covered with a 2 cm layer of wood
shavings. Each cage housed 18 birds and was equipped
with 2 adjustable cup drinkers and a feeder that was po-
sitioned inside the cage during the first 14 d. From 15 d
onward, feed was supplied via a feed trough in front of
the cage. Birds were housed in this barn until 35 d of age.
Continuous artificial lighting was maintained for 23 h/d
throughout the experiments. Temperature, relative hu-
midity, and ventilation were computer controlled with
the temperature gradually decreasing by 2.5°C per week,
from 34.0°C on the day of arrival (1-d-old chicks) to a
final temperature of 20.0°C at the end of the experiment

van der Hoeven-Hangoor et al.

(35 d). Relative humidity was set at 50% throughout the
experiments. Barn 2 had cages of 50 by 50 cm, each
with 6 birds. Each cage was equipped with 2 adjustable
nipple drinkers. During the first 3 d, a feeder was posi-
tioned inside the cage. From 4 d onward feed was sup-
plied via a feeder trough in front of the cage with adjust-
able access opening and placement height. Birds in this
barn were grown until 17 d of age. Continuous artificial
lighting was maintained for 23 h/d for the first 3 d of the
experiments, 20 h/d between 4 and 7 d, and 18 h/d for
the remainder of the experiments. Temperature, relative
humidity, and ventilation were computer controlled with
the temperature gradually decreasing by 0.5°C per day,
from 33.0°C on the day of arrival (1-d-old chicks) to a
final temperature of 26.1°C at the end of the experiment
(17 d). Room temperature was recorded continuously
using data loggers, and relative humidity was set at 50%
throughout the experiments.

Excreta collection during the trials was achieved us-
ing an excreta collection box, which was placed on top
of'the litter and facilitated pure excreta sampling without
litter. At the end of the experiment litter from the cages
was removed and, subsequently, excreta were collected
from metal plates that had been placed underneath the
cages. All excreta were collected on a cage basis and
feathers and feed particles were carefully removed. The
excreta samples were collected during 8 different trials
that are briefly described in Table 1.

Experimental Feedstuffs

A total of 110 different dietary formulations were fed
throughout the 8 trials. Replications differed per dietary
formulation and ranged from 1 to 12. However, as treat-
ment was not an effect of interest, this was not considered
a limitation. In all trials feed and water were provided ad

Table 1. Overview of the 8 trials from which excreta samples were collected and analyzed

Trial  Year Trial objective Bird age at collection No. of diets  Distinguishing dietary factors Relation to excreta quality
1 2009 Emulsifiers and cereal 17d 24 Additives Changed
inclusion in relation to digestibility nutrient digestibility
2 2009 Feedstuff in relation to microbiota 6and35d 12 Crude fat, crude fiber, Relation of microbiota
NDF, P, and K with excreta quality
3 2008 Additives and cereal 35d 12 Crude fat, crude fiber, Ammonia binding
in relation to excreta quality NDF, and K additives and fibers
4 2008 Dietary protein level 35d 6 CP, crude fat, crude fiber, Dietary
in relation to growth NDF, Ca, P, K, and C1 protein content
5 2008 Feedstuft form and protein 35d 6 CP, crude fat, Protein quality and GIT!
quality in relation to growth Ca, P,Na, K, and Cl stimulation due to structure
6 2008 Starch resistance 35d 14 Crude fat Starch fermentation
in relation to feed efficiency and starch by increased resistance
7 2008 Feedstuff form and NSP2 35d 12 CP, crude fat, crude fiber, Changed nutrient digestibility and
enzymes in relation to feed efficiency NDF, P, and K GIT stimulation due to structure
8 2009 Mineral levels in relation to excreta quality 14,28,and 35d 24 Range of Ca, P, Na, and Cl Mineral level and ratios

IGIT = gastrointestinal tract.
2NSP = nonstarch polysaccharides.
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libitum. There was a wide range of dietary nutrient com-
positions tested. Table 2 shows the minimum, maximum,
median, and average value of the dietary nutrients fed.

Excreta Database

To analyze the data from the trials, a database was
developed consisting of the wet chemically analyses
of the excreta samples. The samples were analyzed for
DM (Gravimetry, 6496, ISO, 1993; Memmert UNB 500;
Memmert GmbH, Schwabach, Germany), Ca, Cu, Fe,
K, Mg, Mn, Na, Zn, and P (Inductively coupled plasma
atomic emission spectroscopy, 27085:2009; ISO, 1993)
(Thermo Iris Intrepid II XSP Duo; Thermo Scientific Inc.,
Waltham, MA), CP (Combustion, 16634; ISO, 1993)
(Rapid N Cube; Elementar GmbH, Hanau, Germany),
and NDF (ANKOM Model 200, filter bag technique
“method 6” with filter bag type 57; ANKOM Technol-
ogy, Macedon, NY). Nondetergent fiber measures lignin,
hemicellulose, and cellulose as major components (Van
Soest et al., 1991) and was used as an indicator of insol-
uble fiber content. The content of soluble fibers has not
been analyzed in the samples. Before statistical analysis,
all excreta nutrient content were expressed on a DM basis.

The database contained 351 observations originat-
ing from 2008 (n = 178) and 2009 (n = 173) collected
from barn 1 (n =327) and barn 2 (n = 24). The samples
were collected at 6 (n=6), 17 (n=24), 28 (n = 36), and
35 d of age (n = 285). Most samples originated from
Ross 308 male birds (n = 291) although some samples
were obtained from Cobb 500 (n = 24) and Hubbard
Flex (n = 36) male birds. All birds originated from

Table 2. Range of dietary nutrients fed over the 8§ differ-
ent trials where excreta was collected (n = 354)

Item n Mean Minimum Maximum Median
AME! (broiler), kcal/kg 354 2,868 2,750 3,246 2,850
CP, g/kg 354 194 175 245 194
Fat, g/kg 354 78 28 115 80
Fiber, g’lkg 354 30 22 60 29
NDF, g/kg 330 102 79 180 100
Ash, g/kg 354 57 41 81 56
DM, g/kg 354 881 875 894 880
Ca, gkg 354 83 4.3 15 8.0
Cl, glkg 354 1.8 1.5 4.4 1.6
Cu, mg/kg 330 20 15 27 20
Fe, mg/kg 330 170 124 347 166
K, gkg 354 8.2 6.5 9.7 8.3
Mg, g/kg 330 1.5 1.3 2.7 1.5
Mn, mg/kg 330 84 75 101 84
Na, g/kg 354 1.5 1.4 33 1.4
P, g/kg 354 6.6 4.7 10 6.5
Zn, mg/kg 330 81 75 102 80

I AME = apparent metabolizable energy. Calculated according to Centraal
Veevoeder Bureau (2006).
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the same commercial hatchery (Lunteren, the Nether-
lands). Each trial and treatment combination was num-
bered with a unique code. Table 3 presents the number
of observations and the minimum, maximum, median,
and average value of the excreta nutrients.

Statistical Analysis

Data from the 8 trials were assembled and organized
in such a way that for each sample the data for similar in-
dependent and dependent variables were listed in columns
and trial identification was retained. Additionally, squared
terms for all predictor variables were calculated as were
all first order interaction terms. The final dataset of poten-
tial predictor variables included all main effects and their
squared terms and first order interactions that were consid-
ered nutritionally relevant. The total number of variables
offered for inclusion in the final biological models was 78.
This master dataset, containing all 78 potential variables,
was used for a first screening of potential variables for the
statistical models. A subset of 48 potential predictor vari-
ables was subsequently used in the construction of the sta-
tistical linear models—the reduced dataset.

For the biological models, general linear mixed mod-
els, using the PROC MIXED procedure of SAS (version
9.2; SAS Institute Inc., Cary, NC), were defined follow-
ing the general form Y = Xp + Zu + e, where X is the
known fixed effects design matrix, B is the vector of un-
known fixed effects parameters, Z is the known random
effects design matrix, and u and e are random effect vec-
tors. Investigation of the 78 variables to be included in the
final design matrix of fixed effects (X) was performed by
identifying their specific contribution to the performance
of the prediction equation on the basis of several factors
(Hocking, 1976). These factors included 1) the signifi-
cance of the independent variable in the mixed model (P <
0.10), 2) the contribution of the variable to the log likeli-
hood coefficient of determination as defined by Kramer

Table 3. Range in excreta nutrients included in the data-
base, corrected for DM content of the sample (n = 354)

Component, % of DM n Mean Minimum Maximum Median
DM 348 26 17 35 27
Moisture 348 74 65 83 73
CP 350 30 22 43 30
NDF 351 23 6.4 36 25
Ca 349 1.9 0.7 4.1 1.8
K 351 2.3 1.6 2.8 2.4
Mg 351 0.5 0.4 0.8 0.5
Na 350 0.3 0.2 1.1 0.1
P 351 1.5 0.9 2.8 1.4
Cu 350 0.006 0.004 0.010 0.006
Fe 351 0.068 0.045 0.110 0.065
Mn 351 0.030 0.022 0.052 0.029
Zn 350 0.063 0.020 0.181 0.060
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(2005) for a mixed model, 3) the biological importance of
the variable as defined by current nutritional understand-
ing, and 4) the relationship of the factor to others already
included in the reduced model. A cut-off value of P <0.10
was used to not exclude any trends that may be biologi-
cally still relevant. To prevent overfitting of the reduced
model (Babyak, 2004) and limit exposure to problems
arising from the inclusion of too many variables a cap on
the total number of predictor variables was arbitrary set at
10 and a second at 14 based on R? improvement as shown
in Fig. 1. The principal objective was to provide a reduced
model that permitted a clear understanding of relevant
nutritional and biological relationships and interactions.
The model, however, should not be overly complex. As is
the case when any such predictor models are constructed,
the inclusion or exclusion of certain predictor variables
is somewhat subjective especially when observing limits
placed on the total number of terms to be included in the
final models.

A third model that was constructed purely on an
objective basis of factor significance (P < 0.05) and
the maximization of the coefficient of determination
was completed after the approach detailed by Tilea et
al. (2012). In this procedure all potential independent
variables were recursively tested for their contribution
to a reduced model with 1 to n — 1 fixed effect predictor
variables. The full model (all 48 predictor variables) was
also constructed and this model provided a reference to
which all reduced models were compared. The objec-
tive recursive models were subsequently used in a com-
parison to the subjective reduced models to rationalize
the process of subjective independent variable selection
and check for omissions of variables that had significant
contributions as a predictive factor and were ranked ac-
cording to the variation they explained in the data. As
such the final reduced models presented are both statisti-
cally meaningful and have biological relevance.
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0.000
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Figure 1. The R? improvement per addition of 1 predictor variable to
the statistical model explaining excreta moisture.
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RESULTS

Best Ten-Variable Biological Model

The least square estimates (the solution to the mini-
mized sum of the squared deviations between predicted
and observed values) for the optimal model with 10 vari-
ables are presented in Table 4. Random effect variables
included in this model were year, trial number, and treat-
ment. The R? of the model was 0.542. The results show
that Zn content and the interactions between contents of
NDF x K and Ca x P were negatively associated with
excreta moisture, where greater levels of these compo-
nents resulted in lower excreta moisture levels. Sodium,
P, and Ca content and the interaction between contents
of NDF x Na were positively associated with excreta
moisture, where greater levels of these components re-
sulted in greater excreta moisture levels.

Best Fourteen-Variable Biological Model

The least square estimates for the optimal model
with 14 variables are presented in Table 5. Random ef-
fect variables included in this model were trial number
and treatment. The R? of the model was 0.583. The re-
sults show that Zn and K content and the interactions
between NDF x CP and Ca X P contents were negatively
associated with excreta moisture, where greater levels of
the components resulted in lower excreta moisture lev-
els, and Na, CP, P, and Ca content and the interactions
between NDF x Na, NDF x Zn, and K x Cu content
were positively associated with excreta moisture content.

Table 4. Least squares estimates and corresponding sig-
nificance levels for the nutrients explaining the excreta
moisture content in the excreta from the 10-variable bio-
logical linear mixed model

Component Least square estimate SE  P-value

Age <0.001
6 d* 0

17d 7.38 4.56

28 d -2.12 1.50

35d 0.40 1.42

Zn 171.95 25.56 <0.001
Na? 17.34 4.46 <0.001
P 6.62 1.08 <0.001
Ca 427 0.82 <0.001
NDF x Na 0.74 0.19 <0.001
NDF x K -0.05 0.03  0.049
CaxP -2.07 0.47 <0.001
Na -32.56 5.54 <0.001
Zn? ~721.06 136.49 <0.001

*d = days of age.
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Best Ten-Variable Automated Statistical Model

The least square estimates for the automated statis-
tical model with 10 variables are presented in Table 6.
Because of limitations in the calculation method used by
Tilea et al. (2012), no random effect variables could be
included in this model. The R? of the model was 0.399.
Results show that Zn content and the interactions be-
tween NDF x CP, NDF x K, Ca x P, and Na x P content
were negatively associated with excreta moisture, where
greater levels of the components resulted in lower excre-
ta moisture levels. Crude protein and P2 content and the
interactions between Ca x Mg, NDF x Na, and NDF x
Zn content were positively associated with excreta mois-
ture, where greater levels of the components resulted in
greater excreta moisture levels.

Best Fourteen-Variable Automated Statistical Model

The least square estimates for the automated statisti-
cal model with 14 variables are presented in Table 7. No
random effect variables could be included in this model
because of limitations in the calculation method used by
Tilea et al. (2012). The R? of the model was 0.438. Results
show that Zn, K, Cu2, and Mg content and the interactions
between NDF x CP, Ca x P, and Na X P content were nega-
tively associated with excreta moisture, where greater lev-
els of the components resulted in lower excreta moisture
levels. Calcium, CP, and P? content and the interactions in
contents of NDF x Na, NDF x Zn, and K x Cu were posi-
tively associated with excreta moisture content.

Table 5. Least squares estimates and corresponding sig-
nificance levels for the nutrients explaining the excreta
moisture content in the excreta resulting from the
14-variable biological linear mixed model

Component Least square estimate SE  P-value
Age <0.001
6 d* 0

17d 3.68 2.51

28 d —-6.55 1.78

35d -4.04 1.73

KxCu 140.93 75.26  0.062
Zn 80.48 49.17 0.104
Na? 15.87 434 <0.001
P 5.74 1.04 <0.001
Ca 3.81 0.77 <0.001
NDF x Zn 3.39 1.61 0.036
NDF x Na 1.44 0.27 <0.001
Cp 0.60 0.13 <0.001
NDF x CP -0.02 0.01 <0.001
CaxP -1.84 0.44 <0.001
K -2.13 0.96 0.026
Na —48.79 6.96 <0.001
Zn? —665.42 134.45 <0.001

*d = days of age.
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DISCUSSION

Two linear models were used in the present study to
describe the relationships between excreta composition
(CP, NDF, and minerals) and excreta moisture. An auto-
mated objective statistical approach including all single
variables, squared variables, and relevant interactions
was compared with a biologically inspired method based
on our current knowledge from the literature. As such,
the biological approach may be perceived as subjective.
In the automated model procedure an iterative process
was used to derive an optimal solution, all combinations
of variables were recursively fitted, and the fit statistics
were recorded. For the models containing 14 variables
the comparison of the automated statistical model with
the biologically compiled model showed that the 2 mod-
els had 9 components in common. These were Zn, Ca,
CP, and K content and the interactions between Ca X P,
K x Cu, NDF x Na, NDF x CP, and NDF X Zn content.
Consequently, 5 components were unique for each of
the 2 models. The automated statistical model contained
8 variables that were originally included in the biologi-
cal model with 6 variables remaining, which potentially
could mathematically improve the biological model. Of
these, one (the interaction of K x Cu) was selected for
inclusion in the biological model to improve its perfor-
mance, resulting in an improvement in R? from 0.581
to 0.583. No other changes indicated by the automated
statistical model improved the explained fraction of data
variance and inclusion of some even reduced the R2.

For the models containing 10 variables the differ-
ences between the automated and biological models were
large, with only 4 variables in common to both models.
The final biological model included K and CP content and
not the interactions of NDF x Na and NFD x K content.
Replacing K and CP by these 2 interactions as indicated
by the automated statistical model improved the model R?
from 0.530 to 0.542. Other changes reduced the explained

Table 6. Least squares estimates and corresponding sig-
nificance levels for the nutrients explaining the excreta
moisture content in the excreta resulting from the
10-variable automated statistical linear model

Component Least square estimate SE P-value
Ca x Mg 7.76 1.06 <0.001
NDF x Zn 5.72 1.26 <0.001
P2 3.95 0.41 <0.001
NDF x Na 1.89 0.22 <0.001
Cp 0.04 0.11 <0.001
NDF x CP -0.02 <0.01 <0.001
NDF x K -0.11 0.03 <0.001
CaxP —2.27 0.37 <0.001
Na x P —27.77 3.85 <0.001
Zn —134.30 29.40 <0.001
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fraction of the variance by the model. Adding additional
parameters to the model can potentially improve the vari-
ance explained by the model. However, this can lead to an
overly optimistic model (the problem of overfitting of the
model), where excreta components are added without sig-
nificantly improving model performance. This approach
does not necessarily yield an improved predictive model
and may result in models that cannot be replicated with
other datasets (Babyak, 2004). An approach was chosen
to define the number of components based on change of
RZ. Subsequent to the 14 original excreta predictor vari-
ables, the addition of a single or pair of predictor vari-
ables resulted in only a minor (<0.01) improvement in the
model R2. This approach was supported by the change in
R? values in the automated model, which showed peaks
at 10 and 14 predictor components in the model with little
subsequent improvement (Fig. 1).

The biological model contained both fixed and ran-
dom effect variables whereas a limitation of the automat-
ed model macro (Tilea et al., 2012) confined variables to
include solely fixed effects. This resulted in different out-
comes for the 2 models. The full model predictor variable
set used by the automated model macro included 48 pre-
dictor variables and explained less variation with an R2 of
0.468 compared with the mixed model with 14 variables
and an R? of 0.583. When using Kramer’s (2005) method
to calculate R?, error variance associated with random ef-
fects is partitioned from the true error reducing the true
error value and increasing the R? value. These findings in-
dicate that the inclusion of random effects (mixed model)
resulted in an improved model compared with including
fixed effects only. Furthermore, the biological model was
composed based on biological relevance and statistical
contribution whereas the automated model was assem-
bled using only a statistical algorithm.

Table 7. Least squares estimates and corresponding sig-
nificance levels for the nutrients explaining the excreta
moisture content in the excreta resulting from the
14-variable automated statistical linear model

Component Least square estimate SE P-value
K x Cu 1,889.00 529.30 <0.001
Mg 135.15 34.49 <0.001
Ca 4.69 0.80 <0.001
NDF x Zn 4.69 127 <0.001
p2 3.84 0.42 <0.001
NDF x Na 1.75 0.22 <0.001
CP 0.68 0.10 <0.001
NDF x CP -0.03 <0.01 <0.001
CaxP -2.49 0.46 <0.001
K ~14.45 3.24 <0.001
Na x P -25.53 3.91 <0.001
Mg? -107.72 29.79 <0.001
Zn ~108.60 29.70 <0.001
Cu? —318,000.00 93,608.00 <0.001

van der Hoeven-Hangoor et al.

The models indicate that mineral output makes an im-
portant contribution to excreta moisture output. Included in
the model were Na, P, Ca, and K content, where increased
excretion of Na, P, and Ca resulted in greater moisture ex-
cretion whereas increased K excretion resulted in lower
excreta moisture. The greater excreta moisture or litter
wetness scores with elevated dietary Na has been found
by various authors (Murakami et al., 1997; Smith et al.,
2000; Oviedo-Ronddn et al., 2001; Borges et al., 2003b;
Jankowski et al., 2011). This finding is related to a linear
increase in water intake with increasing dietary Na levels
(Smith et al., 2000; Ahmad et al., 2009) or increased osmo-
lality of the digesta, which prevents water reabsorption in
the hindgut. In feces of pigs, minerals have been reported
to be the main osmotic particles (Etheridge et al., 1984).
Excess in dietary Na levels increased the absorption of this
mineral and hence increased osmolality of the blood, re-
sulting in an increased Na excretion by the kidneys (Vena et
al., 1990). Dietary salt content affects the osmotic pressure
of the blood when absorbed, which is a thirst regulating
mechanism (Borges et al., 2003a). As a result, birds will
consume more water and if the digesta has a greater os-
motic value, this will result in additional water output via
the excreta (Vena et al., 1990; Smith et al., 2000).

Increased dietary P content resulted in a linear in-
crease in water intake and subsequent greater excreta
moisture in laying hens (Smith et al., 2000). The results
of P in our model were in agreement with these findings.
Decreasing dietary P levels reduces excretion of P, in-
dicating the ability to manipulate excreta P content via
diet (Ziaei et al., 2008). Increased dietary K content in
laying hens (Smith et al., 2000) or reduced K retention
in broilers (Ziaei et al., 2007) resulted in greater excreta
moisture. In contrast, a greater excreta K level reduced
excreta moisture level in our model even though the range
of dietary K levels tested was small compared with the
range tested by Smith et al. (2000). However, these au-
thors did not measure the output of the minerals in the
excreta, which may be a factor explaining the difference.
Additionally, differences in strain or age of the laying
hens may have caused variability in the response. Indeed,
an increased litter moisture with increasing broiler age
was demonstrated by Eichner et al. (2007) and was related
to an increased water to feed ratio with age (Ziaei et al.,
2008). Also, the model presented here included age as a
factor affecting excreta moisture level, indicating an age
dependent effect on excreta moisture. However, the effect
was contradictory to Eichner et al. (2007), as in the pres-
ent study increasing age reduced excreta moisture. The
age data in our analysis may have been confounded by
the effect of barn, where all samples collected at 17 d of
age were collected from barn 2. As barn was included as
a random effect variable in the models, this interaction
effect was not testable.
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Crude protein was included in the model and an in-
creased nitrogen excretion was related to greater excreta
moisture content. This is in line with results reported by
Ferguson et al. (1998a) and Namroud et al. (2008). El-
evated dietary protein content (overformulation of diets)
or an imbalanced amino acid profile has been identified
as a cause of wet litter (Collet, 2006; Namroud et al.,
2009). The excess protein supply is catabolized and used
as an energy source and the nitrogen is excreted as uric
acid by birds. Increasing the dietary CP level from 17 to
23% has been shown to result in an increased amount of
uric acid, nitrogen, and moisture excreted on an excreta
DM basis (Namroud et al., 2009). Unabsorbed dietary
nutrients (e.g., protein and carbohydrates) at the end of
the small intestine are a potential substrate for the mi-
crobiota in the distal GIT (distal ileum and ceca) (Apa-
jalahti et al., 2004). Fermentation of protein produces
metabolites that are harmful for the host and increase
digesta pH (Apajalahti, 2005). Increased protein content
of the digesta in the hindgut can, therefore, affect micro-
bial composition in the hindgut and affect water reab-
sorption. However, in a previous experiment no relation
of microbial composition and excreta moisture content
was observed (van der Hoeven-Hangoor et al., 2013b).

Besides known associations between excreta content
of nutrients and moisture in broilers, hitherto undocu-
mented associations were also observed. These included
responses to excreta Zn content and several interactions
between nutrient contents listed as follows: Ca x P, K x
Cu, NDF x CP, NDF x Na, and NDF x Zn. The majority
of experiments have measured the effect of increasing
dietary levels of a single mineral on excreta moisture
content or the ratio between Na, K, and Cl, expressed as
the dietary electrolyte balance (dEB) (Ravindran et al.,
2008). The dEB expresses the ability of Na* and K to
neutralize hydroxyl groups (OH™) and CI~ to neutralize
hydrogen ions (H). Increasing dEB increases excreta
moisture levels (Ahmad et al., 2009), because of in-
creased Na (Ravindran et al., 2008) or K intake (Ahmad
and Sarwar, 2006). An increase of dietary Ca or P lev-
els did not show consistent effects on excreta moisture
(Ferguson et al., 1998a; Smith et al., 2000; Ziaei et al.,
2008). This may be related to the lower electrolytic ca-
pacity of divalent ions compared with monovalent ions
or because of the presence of a relationship between Ca
and P, as shown here. A relationship between Ca and
P is known in relation to bone deposition, where both
minerals are required for bone mineralization and a
shortage of one mineral may result in losses of the other
(Létourneau-Montminy et al., 2010). Fecal P content has
been shown to rapidly increase when optimum tibia ash
content is reached (Waldroup et al., 2000). A negative
correlation between Na and K was reported in humans
with diarrhea (fecal moisture above 80%) (Nishimuta et
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al., 2006), with lower K levels when Na increased, re-
sulting in a greater fecal moisture content. Additionally,
in laying hens, P increased excreta moisture especially
at high dietary Na levels (Smith et al., 2000). In contrast,
our model did not identify a direct interaction between
Na and K or P. The apparently contradictory results for
some interactions could be a result of anomaly in the
different datasets used to study this relationship. Several
interactive effects between minerals (e.g., Na and Zn)
and NDF on excreta moisture were observed. These may
be explained by ion-exchange properties of insoluble
dietary fibers, where binding is dependent on the con-
centration of the minerals (Laszlo, 1987). Nondetergent
fiber measures lignin, hemicellulose, and cellulose as
major components (Van Soest et al., 1991) and was used
as an indicator of insoluble fiber content. Available data
are limited to in vitro studies and additional experiments
are required to further explore these interactions.

Trace mineral (e.g., Mn, Zn, and Cu) concentra-
tions in the excreta are closely related to dietary intake
although their level does not affect excreta moisture
(Zhong et al., 2007). In contrast, feeding increasing
dietary Mg levels increased excreta moisture output in
broilers (Van der Hoeven-Hangoor et al., 2013a), which
was not confirmed in the present experiment. In the mod-
els, increasing Zn levels reduced excreta moisture. Zinc
is well known as a diarrhea treatment in piglets (Fair-
brother et al., 2005) and humans (Patel et al., 2011). The
proposed mechanism is through inhibition of CI secre-
tion into the lumen and enhancement of Na absorption,
thereby preventing water excretion because of osmotic
differences between serum and digesta (Hoque et al.,
2009). Additionally, effects of Zn on microbial compo-
sition throughout the intestinal tract in newly weaned
piglets have been observed (Hejberg et al., 2005), which
may affect fermentation of undigested nutrients and sub-
sequent water reabsorption. Indeed, caeca and mid-colon
DM content was found to be increased (approximately
10 and 20%, respectively) when higher Zn levels were
fed to the piglets (Hojberg et al., 2005). Typically, trace
minerals are added to the diet using a premix, without
taking into account the trace mineral content of the mac-
ro ingredients, thereby supplying levels usually greater
than specified. More in-depth evaluation of the effect of
Zn on excreta moisture in broilers seems warranted.

Several nutrients such as excreta fat, soluble fiber
content, starch, uric acid, and Cl content are missing in
the database and were not taken into account by the mod-
el. They may have a relationship with excreta moisture
although literature of the effects of these nutrients on ex-
creta quality is limited. Except for the effect of soluble
nonstarch polysaccharide content, which has been ob-
served to increase digesta viscosity (Ouhida et al., 2000;
Jiménez-Moreno et al., 2013) and concomitant increased
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water intake by the birds (Langhout et al., 2000), result-
ing in increased excreta and litter moisture content. Being
part of the dEB calculation, Cl may be important to add to
the database. However, no relation between Cl and litter
wetness score (Murakami et al., 1997, 2001) or excreta
moisture (Oviedo-Rondén et al., 2001) have been ob-
served. Furthermore, diet characteristics (e.g., diet form,
particle size, and pelleting temperature) could affect water
intake or digesta composition in the hindgut and thereby
change water reabsorption due to osmotic value.
Biological and automated statistical approaches were
used to create 4 models to identify excreta nutrients that
are associated with moisture content in broiler excreta. In-
creased excretion of Na, P, and Ca was shown to be asso-
ciated with greater moisture excretion whereas increased
K excretion was associated with lower excreta moisture.
Several nutrients that have been identified previously
were confirmed to affect excreta moisture content. Fur-
thermore, hitherto undocumented excreta nutrient content
(Zn) and interactions between excreta nutrient contents
(NDF x CP, NDF x K, and Ca x P) that contribute to
excreta moisture level were identified warranting further
investigation to elaborate how they contribute to excreta
moisture levels. As excreta levels of most nutrients can
be manipulated by adjusting dietary levels, dietary formu-
lation can be informed with the findings of this analysis
permitting altered nutrient levels in the excreta.
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