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ABSTRACT

Reliable estimates of fresh manure water output from
dairy cows help to improve storage design, enhance effi-
ciency of land application, quantify the water footprint,
and predict nutrient transformations during manure
storage. The objective of the study was to construct
a mechanistic, dynamic, and deterministic mathemati-
cal model to quantify urinary and fecal water outputs
(kg/d) from individual lactating dairy cows. The model
contained 4 body water pools: reticulorumen (Qgzg),
post-reticulorumen (Qpr), extracellular (Qgc), and
intracellular (Q;c). Dry matter (DM) intake, dietary
forage, DM, crude protein, acid detergent fiber and ash
contents, milk yield, and milk fat and protein contents,
days in milk, and body weight were input variables to
the model. A set of linear equations was constructed to
determine drinking, feed, and saliva water inputs to Qrp
and fractional water passage from Qrp to Qpp. Water
transfer via the rumen wall was subjected to changes in
Qrc and total water input to Qrp. Post-reticulorumen
water passage was adjusted for DM intake. Metabolic
water production and respiratory cutaneous water loss-
es were estimated with functions of heat production in
the model. Water loss in urine was driven by absorbed
N left after being removed via milk. Model parameters
were estimated simultaneously using observed fecal and
urinary water output data from lactating Holstein cows
(n = 670). The model was evaluated with data that
were not used for model development and optimization
(n = 377). The observations in both data sets were re-
lated to thermoneutral conditions. The model predicted
drinking water intake, fecal, urinary, and total fresh
manure water output with root mean square prediction
errors as a percentage of average values of 18.1, 15.6,
30.6, and 14.6%, respectively. In all cases, >97% of the
prediction error was due to random variability of data.
The model can also be used to determine saliva produc-
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tion, heat and metabolic water production, respiratory
cutaneous water losses, and size of major body water
pools in lactating Holstein cows under thermoneutral
conditions.

Key words: dairy cow, manure water, mechanistic
model, water intake

INTRODUCTION

In recent years, manure from dairy farms has been
identified by regulatory agencies as having a potentially
negative effect on air and water quality (Van Horn
et al., 1994). Adequate manure storage is needed for
convenience and for efficient nutrient recycling and
prevention of pollution (Wilkerson et al., 1997). Water
in animal excreta and wash water predominantly deter-
mine total manure volume, which is a critical factor in
designing storage facilities. Moreover, fresh manure vol-
ume and composition directly affect chemical reactions
releasing nutrients into the environment. For example,
volume of urine produced and urea concentration in
urine are major determinants of ammonia and nitrous
oxide emissions from dairy farms (Bannink et al., 1999;
Dijkstra et al., 2013). Manure and soil models, such
as the Manure-Denitrification and Decomposition (ma-
nure-DNDC) model (Li et al., 2011), mathematically
represent postexcretion nutrient dynamics and thereby
predict chemical release to the environment. Manure
volume and associated nutrient concentrations are vital
input variables with these types of models. Moreover,
the amount and nutrient concentrations in manure play
key roles in land application. For example, with the
traditional use of manure as fertilizer, nutrient concen-
tration estimates are important in deciding on storage
and transportation requirements and matching crop
nutrient needs. Furthermore, water excretion estimates
assist in quantifying the water footprint of dairy cows
(Mekonnen and Hoekstra, 2012).

Water makes up about 90% of the urine and feces of
lactating Holstein cows (Knowlton et al., 2010; Khelil-
Arfa et al., 2012). Therefore, accuracy of fecal and

6177



6178

urinary water estimates considerably affects total fresh
manure volume estimates. Several empirical models
have been proposed to determine urinary (Holter and
Urban, 1992; Bannink et al., 1999; Fox et al., 2004;
Nennich et al., 2006; Khelil-Arfa et al., 2012) and fe-
cal (Holter and Urban, 1992; Khelil-Arfa et al., 2012)
water excretions from lactating dairy cows. The mod-
els of Holter and Urban (1992) and Khelil-Arfa et al.
(2012) were constructed using an integrated approach
that connected water inputs and excretions. Such an
approach allows evaluation of water excretion with
respect to whole water balance in dairy cows. How-
ever, the fecal and urinary water prediction equations
in these models were not optimized simultaneously.
Therefore, the corresponding parameter estimates may
not appropriately represent the real kinetics involved in
body water balance. Moreover, the majority of extant
empirical equations were constructed using relatively
small data sets (n < 375) and several of them were not
evaluated with independent data.

A mechanistic model integrates inputs (e.g., drinking
water, water in feed) and outputs (e.g., water in milk,
urine, and feces) of a system (e.g., lactating dairy cow)
while explaining the transition mechanisms (e.g., gut
water passage, absorption). Mathematical representa-
tion of transient conditions allows for understanding
the system dynamics and for estimating important
kinetics and key pools sizes, obtaining absolute mea-
surements of which is quite challenging. For example,
knowledge of gut and extracellular water volumes is
useful in determining their chemical (e.g., nutrient,
metabolite) concentrations and is also important in
calculating empty BW and thereby body composi-
tion (Andrew et al., 1995). However, predictive power
and representativeness of a mechanistic model largely
depend on appropriateness of the parameterization,
which can be considerably enhanced by solving for all
model parameters simultaneously by fitting to a large
data set. The objectives of the present study were to
(1) develop a mechanistic model representing body
water balance and related kinetics for determining fe-
cal, urinary, and total fresh manure water output from
lactating Holstein cows, (2) optimize the model for all
parameters simultaneously using a relatively large data
set, and (3) evaluate the model with data not used for
model development and optimization.

MATERIALS AND METHODS
Data Sources

A total of 1,047 measured fecal or urinary water out-
puts (kg/d), and related DMI and drinking water in-
take (both kg/d), dietary DM percentage and nutrient
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composition (% of DM), fecal N and total ash excre-
tions (both kg/d), milk yield (kg/d) and composition
(%), BW (kg/cow), and DIM were used for analysis.
The measurements were made on 315 lactating Hol-
stein cows from 50 energy balance trials conducted at
the former USDA Energy Metabolism Unit (EMU;
Beltsville, MD; Wilkerson et al., 1997). Out of a total
of 315 cows, 265 cows provided multiple observations
ranging from 2 to 24 observations per cow. Data from
33 experiments (n = 670 observations) were randomly
assigned for model development, parameter estimation,
and internal model evaluation. Data from the rest of
the experiments (n = 377) were allocated for external
model evaluation. A summary of these 2 data sets is
given in Table 1. Additionally, data on rumen liquid
volume (kg) and fractional liquid passage rate from the
rumen (/d) measured by rumen emptying, time spent
eating (Tgr) and ruminating (Tgys) 1 kg of DM (min/
kg), and salivary secretion rates (mL/min) measured
during eating, ruminating, and resting were extracted
from 51 studies in the published literature on lactating
Holstein dairy cows (Table 2). Associated DMI, diet
nutrient composition, milk production and composi-
tion, BW, and DIM were also extracted. See Table 3
for definitions of mathematical notation and parameter
abbreviations used in models.

Model Development

The model was constructed as a deterministic, dy-
namic, and mechanistic representation of major body
water kinetics (Figure 1) in lactating dairy cows. The
time unit for fluxes (Figure 1) and the mass unit
for the model were days and kilograms, respectively.
The model contained 4 body water pools: reticuloru-
men water (Qgg); water in the rest of the gut (i.e.,
post-reticulorumen compartments; Qpg); extracellular
water including that in blood and interstitial fluid
(Qgc); and intracellular water (Qpc). Water inputs
to Qgrp were saliva (Fg gg), free or drinking water
(Fpr,rr), and water in feed (Fpypg). Although water
is exchanged between the gut and Q¢ via absorption,
resorption, and secretions (Remond et al., 1996), for
model parsimony, only the net water flows across the
reticulorumen wall and rest of the gut wall (Frp pc and
Fpg pe, respectively, Figure 1) were included. Some
water in Qpc flows back to the rumen via Fg pp and
some is used for milk (Fgcan), urine (Fge ) and as
respiratory-cutaneous losses (Fgc g,). Water is continu-
ously exchanged between Q- and Q- but only a net
water transfer from Qo to Qpc (Fic,pc) was included in
the model (Figure 1). Metabolic water produced within
the cells was added into Q¢ (Fapu,1c)- Although some
water can be retained in the body, particularly in early
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Table 1. Summary of data set used in model development, optimization, and internal evaluation (data set 1) and data set used in external

model evaluation (data set 2)

EMU' data set 1 (n = 670)

EMU data set 2 (n = 377)

Variable Mean Minimum Maximum Mean Minimum Maximum
Water excretion, kg/d
Fecal 25.6 6.2 46.8 25.9 7.5 45.1
Urinary 16.3 4.2 35.8 16.1 4.7 35.8
Total 41.9 15.9 80.7 41.9 18.9 5.7
Water and DMI, kg/d
Drinking water 63.4 15.6 126.4 61.3 11.7 117.7
DMI 16.1 6.2 28.2 16.3 7.5 27.5
Diet composition
Forage percentage 49 15 95 50 0 100
DM percentage 66.1 30.2 97.4 70.3 37.3 93.3
CP, % of DM 16.5 8.2 22.3 16.4 9.2 27.2
NDF, % of DM 33.5 14.9 76.1 33.9 14.6 71.1
ADF, % of DM 19.4 7.8 47.1 19.7 7.5 41.1
Ash, % of DM 6.3 3.5 10.0 6.5 34 11.8
Milk yield and composition
Yield, kg/d 23.5 4.6 55.9 22.0 3.7 48.5
Fat percentage 3.5 1.2 7.6 3.5 1.5 5.6
Protein percentage 3.2 1.9 5.3 3.3 2.1 5.0
Cow characteristics
DIM 162 11 488 167 0 524
BW, kg 603 387 854 593 403 807
Other
N intake, kg/d 0.43 0.14 0.82 0.40 0.18 0.93
Absorbed N (Ny,), kg/d 0.26 0.06 0.58 0.27 0.11 0.45
Ny, — milk protein N, kg/d 0.16 0.01 0.38 0.16 0.03 0.31
Heat production,” Mcal/d 25.7 12.5 42.1 25.6 13.0 38.9

'"Data from indirect calorimetry experiments conducted in the USDA-Energy Metabolism Unit (EMU; Beltsville, MD).

*Estimated with the Brouwer (1965) equation.

lactation (Woodford et al., 1984), this was not included
in the model because water retained has little effect
on body water balance compared with the other fluxes
(Silanikove et al., 1997).

Reticulorumen Water Kinetics. The size of Qpp
depends on the balance between Fg pp, Fp, pr, Frinrs
Frr pe, and water passage from the reticulo-rumen to
the rest of the gut (Fgrg pr, Figure 1). Daily saliva wa-
ter input was estimated with respect to 3 attributes:
eating, ruminating, and resting. Saliva flow in each
stage was separately estimated as a product of duration
of each stage (min/d) and saliva secretion rate (kg/
min). Two linear regression equations were developed
to estimate Ty and Ty, using the data extracted from
the literature. Correlations (r) of DMI, dietary forage
percentage, dietary DM percentage, dietary CP, ADF,
NDF and total ash contents, milk yield, BW, and DIM
with Tgp and Tpry were separately tested. A full model
that included all variables having appreciable correla-
tions (R >0.25) was first constructed. Reduced models
were then formed via stepwise elimination of one vari-
able at a time. The final prediction models were chosen
by testing reduced models against full models using log-
likelihood ratio tests. Multicollinearity was considered
when choosing variables in the models. Highly corre-

lated variables (e.g., dietary forage and NDF contents)
were not included together. Models were selected based
on Bayesian information criteria (BIC) values. Both the
final models predicting Tpy and Tgy, (equations [1] and
[2] respectively; Table Al in the Appendix) included
DMI and dietary forage percentage. Numbered equa-
tions are presented in the Appendix.

Daily eating (Dgr), ruminating (Dgpy), and resting
(Dgs) durations (min/d) were calculated using equa-
tions [3], [4], and [5], respectively. Saliva secretion rates
(kg/min) during eating (Spr) and resting (Sgs) were
estimated using 2 linear equations (equations [6] and
[7], respectively) developed from literature data (Cas-
sida and Stokes, 1986; Maekawa et al., 2002; Beauche-
min et al.; 2003, 2008; Bowman et al., 2003; Mooney
and Allen, 2007). Variables and final equations were
selected with the same approach used for the T, and
Try equations. A constant saliva secretion of 0.23 kg/
min, equal to the average secretion measures reported
in the literature (Table 2), was assumed during rumi-
nating (Sgas). Daily saliva production (Fg rr) was then
calculated with the Dgp, Dgyy, and Dpg values and cor-
responding saliva secretion rates (equation [8]).

Drinking water intake was estimated with a linear
equation developed using the EMU data allocated
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6180

APPUHAMY ET AL.

Table 2. Summary of data collected from the literature’

Variable Mean Minimum Maximum
Response”
Qrp, kg (n = 81) 72.0 55.0 86.1
kpgpr, /B (n = 88) 0.12 0.08 0.16
Ty, min/kg of DMI (n = 113) 13.3 5.0 30
T min/kg of DMI (n = 110) 20.8 9.5 55
Spr, kg/min (n = 20) 0.21 0.17 0.25
Sra, kg/min (n = 7) 0.23 0.21 0.25
Srs kg/min (n = 10) 0.12 0.09 0.16
DMI and diet composition
DMI (kg/d, n = 229) 22.2 13.9 31.6
Forage percentage (n = 214) 52.5 16.0 100
DM percentage (n = 194) 55.8 15.0 90.5
CP, % of DM (n = 210) 16.5 14.5 24.7
NDF, % of DM (n = 211) 33.3 24.5 80.0
ADF, % of DM (n = 173) 19.7 12.5 49.0
Ash, % of DM (n = 207) 7.4 5.0 12.8
Production and other characteristics
Milk yield, kg/d (n = 210) 32.6 20.0 49.3
Milk protein, % (n = 210) 3.1 2.6 3.8
DIM (n = 210) 101 7 300
BW, kg/cow (n = 117) 639 523 886

'Agle et al., 2010; Alamouti et al., 2009; Beauchemin et al., 2008; Beauchemin and Yang, 2005; Beauchemin et
al., 2003; Bowman et al., 2002, 2003; Canale et al., 1988; Casper et al., 1999; Cassida and Stokes, 1986; Couderc
et al., 2006; Dado and Allen, 1995; Fernandez et al., 2004; Kammes and Allen, 2012; Kammes et al., 2012a,b;
Kargar et al., 2010; Kendall et al., 2009; Kononoff and Heinrichs, 2003a,b; Kononoff et al., 2003; Kramer et al.,
2013; Krause et al., 2003; Le Liboux and Peyraud, 1998; Lechartier and Peyraud, 2010, 2011; Lykos et al., 1997;
Maekawa et al., 2002; Mathew et al., 2011; Maulfair and Heinrichs, 2013a,b; Maulfair et al., 2010; Mooney
and Allen, 2007; Mowrey et al., 1999; Noftsger et al., 2005; Oba and Allen, 2000; Rabelo et al., 2001; Reis and
Combs, 2000a,b; Rius et al., 2012; Sairanen et al., 2005; San Emeterio et al., 2000; Soltani et al., 2009; Stensig
and Robinson, 1997; Storm and Kristensen, 2010; Teimouri Yansari et al., 2004; Woodford and Murphy, 1988;
Yang and Beauchemin, 2006a,b; Yang et al., 2001; Zebeli et al., 2007.

2 . . . .
Qrr = reticulorumen water pool size (from rumen evacuation), kzp pr = fractional rate of water passage from
rumen, Tpp = eating time, Tp) = ruminating time, Spy = saliva secretion rate during eating, Spy = saliva

secretion rate during ruminating, Spg = saliva secretion rate during resting.

for model development. Variables and final equation
were selected as described above. The final equation
included positive and independent effects of DMI, milk
yield, and dietary total ash and DM percentages (equa-
tion [9]). Moreover, the equation was evaluated using
data not used in its construction and compared with 3
extant equations for predicting drinking water intake in
lactating dairy cows (Murphy et al., 1983; Holter and
Urban, 1992; Khelil-Arfa et al., 2012). The equation
developed here performed better than the extant ones;
therefore, it was included in our model to estimate
Fp, gg- Some drinking water is passed directly to the
abomasum via the esophageal groove in cattle (Wood-
ford et al., 1984). Two studies (Woodford et al., 1984;
Cafe and Poppi, 1994) provided 4 estimates (treatment
means) for fractions of drinking water bypassing the
rumen in cattle. An average of these 4 estimates (0.17)
was used to represent drinking water entering rumen
(Fpy.rr, equation [10]). Water entering Qrp with feed
(Frarr) was calculated using DMI and dietary DM
percentage (equation [11]).

Journal of Dairy Science Vol. 97 No. 10, 2014

A mass action equation [15] was used to compute
Frp pe, which depends primarily on the osmotic pres-
sure gradient between rumen contents and blood (War-
ner and Stacy, 1972). Silanikove and Tadmore (1989)
showed a significantly high Fgg ge in response to in-
creased blood plasma osmolality in dehydrated cattle,
where the Qpc to BW ratio (ECBW, equation [12])
decreased below 0.10. Accordingly, the basal fractional
rate (k‘;RE@) was adjusted for changes in ECBW rela-

tive to a reference FECBW (Rgcpw) in determining the
fractional rate of net water passage across the reticulo-
rumen wall (kgrp pc). A sensitivity exponent (ngcpw)
was used to represent accurately the responsiveness of
Fpp pe to this adjustment. Moreover, k;R,EC was addi-

tionally adjusted for total water flow (Tgrrwater, €qua-
tion [13]) relative to a reference flow (Rgrgwater) as for
ECBW (equation [14]). This adjustment represents the
potential osmolality decrease in reticulorumen fluid,
which in turn enhances net water transfer via the ru-
men wall (Anil et al.; 1993; Storm et al., 2012). The
adjusted fractional rate of the net water transfer



MECHANISTIC MODEL OF WATER DYNAMICS IN DAIRY COWS

Table 3. Mathematical notation

6181

Symbol Description
Pools (kg)
Qrr Reticulorumen
Qrr Post-reticulorumen
Qpc Extracellular
Intracellular

Qrc
Flows (kg/d)

Fg rr Saliva to Qgp
Fp,rr Drinking water to Qpp
Fp,.pr Drinking water bypassing the reticulorumen and reaching Qpp
Frirg Water in feed to Qrp
Frppe Net water flow from Qpp to Qpc through reticulorumen wall
Frrrr Passage from Qrr to Qpr
Fpp po Net water flow from Qpp to Qpc through post-reticulorumen wall
Frope Net water from Q- to @ ge
Fpp p. Fecal water excretion
Fron Water in milk
Frop Respiratory and cutaneous water (RCW) loss
Fpeur Urinary water excretion
Fu, 10 Metabolic water to Q¢
Model input variables
Forage% Percentage of forage in the diet
DMI DMI (kg/d)
Milk Milk yield (kg/d)
Ash Dietary ash content (% of DM)
CcP Dietary CP content (% DM)
DM Dietary DM percentage
ADF Dietary ADF content (% of DM)
MilkP Milk true protein percentage
MilkF Milk fat percentage
BW BW (kg/cow)
DIM DIM
Other
Tpr Time spent eating 1 kg of DMI (min/kg)
Trur Time spent ruminating 1 kg of DMI (min/kg)
Dgr Eating duration (min/d)
Dpur Ruminating duration (min/d)
Dpg Resting duration (min/d)
Ser Saliva secretion rate during eating (kg/min)
Srum Saliva secretion rate during ruminating (kg/min)
Srs Saliva secretion rate during resting (kg/min)
krr pr Fractional rate of water passage from Qrp to Qpg (/d)
ECBW Ratio of Qpe:BW
TR Water Total water entering Qrp (kg/d)
Ny, Absorbed total N (kg/d)
B Absorbed total N remaining in the body after removal via milk (kg/d)
HP Heat production (MCal/d)

(krr,rc) was then used in the mass action equation
(equation [15]) to calculate Frp g

A linear regression equation was constructed to
determine fractional water passage from Qpp to Qpp
(krp.pr) using the literature data (Table 2). When the
random variability between studies was accounted for,
the equation included only independent and positive ef-
fects of DMI and dietary ADF content (equation [16]).
The estimated kg pp was then used in a mass action
equation to determine Fpp pp (equation [17]). The rate
at which Qpp changes (kg/d) was calculated using an
ordinary differential equation (equation [18]), repre-
senting balance between water inflows to and outflows
from Qrp (Figure 1).

Water Kinetics After Reticulorumen. Water
passage from Qrp (Frg,pr) and drinking water bypass-
ing the reticulorumen (Fp, pg equation [19]) were in-
puts to @Qpp, whereas net water transfer to blood
through the hindgut wall (Fpgrpc) and fecal water
output (Fpg p) were the major outputs (Figure 1).
Fractional rate of water passage via the hind gut wall
was initially adjusted for ECBW as in reticulorumen
compartment. However, a sensitivity analysis showed
that fecal and urinary excretions were minimally re-
sponsive to such adjustment. Therefore, a constant
fractional rate (kpg,pc) was used in a mass action equa-
tion (equation [20]) to estimate Fpp pe. Dry matter in-
take has been found to be positively associated with

Journal of Dairy Science Vol. 97 No. 10, 2014
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Figure 1. Schematic representation of water kinetics in the model. The boxes and arrows represent pools (@Q) and flows (F), respectively.
Qrp = reticulorumen pool; Qpr = post-reticulorumen pool; Qpc = extracellular pool; Q¢ = intracellular pool; Fg prp = saliva to Qrg: Fp,rr
= drinking water to Qrp; Fp,pr = drinking water bypassing the reticulorumen and reaching Qpp; Fryrr = water in feed to Qrg; Frppc = net
water flow from Qgp to Qpc through reticulorumen wall; Frp pr = passage from Qrp to Qpr; Fpr pe = net water flow from Qpp to Qg through
post-reticulorumen wall; F¢ g = net water from Qo to Qpe; Fpg e = fecal water excretion; Fyq,, = water in milk; Fpe g, = respiratory and

cutaneous water (RCW) loss; Fpc 1, = urinary water excretion; Fyp, 10 =

fractional water passage rates in both the foregut and
hindgut in cattle (Huhtanen and Kukkonen, 1995). As-
suming independent DMI effects in fore and hindgut, a
basal fractional rate (k;zz. FC) was adjusted for the posi-

tive effect of DMI (equation [21]) in determining the
final fractional rate (kpg r.), which was then used to
estimate Fpp r. (equation [22]). The rate at which Qpg
changes was determined using an ordinary differential
equation (equation [23]).

Extracellular Water Kinetics. Besides that used
for saliva production, a considerable amount of water
from Qpc is secreted in milk. Water in milk (Fgc )
was calculated (equation [24]) assuming that milk has
a fixed water content of 87% (Winchester and Morris,
1956). Absorbed N (Ny,;, equation [25]) that was avail-
able for excretion in urine (INp) was chosen to drive
urine volume and was calculated by subtracting milk
protein N from Ny, (equation [26]). Equation [25] was
constructed to estimate N, using EMU data (Table
1). As absolute regulatory mechanisms of body water
homeostasis potentially cause nonlinear relationships
(Bannink et al., 1999), the Michaelis-Menten equation
(Michaelis and Menten, 1913) and the Hill equation
(Hill, 1910) were chosen and separately tested for repre-
senting the relationship between Ny and urine volume.

Journal of Dairy Science Vol. 97 No. 10, 2014

metabolic water to Q.

The Hill equation performed better, so it was included
in the final model. Representation of the relationship
between Ny and Fg . was improved with an intercept
adjustment (a in equation [27]) to the Hill equation.
In modeling the fractional rate of respiratory-cutane-
ous water (RCW) losses (kgc,g,), a basal fractional
rate (kZC,EUS was adjusted for positive effect of heat
production (HP) that changes relative to a reference
HP (Rpyp, equation [29]). Moreover, kgc g, was modeled
to increase from a minimum rate (kgc, Bo(min);, €quation
[29]). A linear equation was developed using EMU data
for estimating HP within the model. The final equation
included only positive effects of DMI, milk protein per-
centage, and BW, and negative effects of dietary DM
percentage, DIM, and milk fat percentage (equation
[28]). As described before, variable and model selec-
tions were conducted taking into account the random
study and animal effects. The kg¢ g, was then used in a
mass action equation to calculate Fie p, (equation [30]).
The rate at which Qgc changes was determined using
an ordinary differential equation (equation [31]).
Intracellular Water Kinetics. Net water trans-
fer from Q¢ to Qpe (Fropc) was represented with a
mass action equation (equation [32]). Metabolic water
(Fypw1c) produced from combustion of carbohydrate,



MECHANISTIC MODEL OF WATER DYNAMICS IN DAIRY COWS

protein, and fat was represented using a linear function
of HP (equation [33]) derived by Morrison (1953). The
rate at which @~ changes with time was determined
using an ordinary differential equation [34].

Model Simulation, Optimization,
and Sensitivity Analysis

Input variables to the model were DMI, dietary
forage percentage, dietary DM, CP, ash, and ADF
contents (% of DM), milk yield, milk protein and fat
percentages, DIM, and BW. The model, having drink-
ing water intake, F'g pg, krp pr, Np, and HP estimated
within it, was run iteratively (interval = 0.5 d) until the
body water pools reached steady state. The simulations
used parameter values that were calculated or deter-
mined iteratively using the EMU and literature data.
Sizes of the body water pools (Qrr, Qpr, Qrc, and Q)
were calculated by numerical integration of the cor-
responding differential equations ([18], [23], [31], [34])
using a Runge-Kutta fourth-order integration method
with an integration step size of 0.5 d. The body water
pool sizes, and thereby the excretion fluxes achieved
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Figure 2. Simulated average pool sizes (QRR = reticulorumen,
QPR = rest of the gut after reticulorumen, QEC = extracellular, and
QIC = intracellular) changing over time for cows eating high-forage
diets (A, forage content >70% of the diet) and low-forage diets (B,
forage content <30% of the diet).
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steady state within 150 d, when simulated for different
input variables (e.g., high forage diets vs. low forage
diets, Figure 2). The steady-state values correspond to
predicted body pool sizes and fecal and urinary water
excretions. Observed values of urine and fecal water
output (Table 1) from the EMU database were then
set at 150 d. The EMU experiments provided total
urine weights. Thus, the observed urinary water output
values were calculated assuming that water made up
95% of total urine weight (ASAE, 2005). The model
was fitted against these observed values and solved si-
multaneously for all the model parameters in question
(Table 4) using a generalized-nonlinear least square
search algorithm (Dennis et al., 1981). The parameter
estimates were then used to conduct sensitivity analysis
to quantify the sensitivity of fecal, urinary, and total
water excretion predictions at steady state to the model
parameters. Sensitivity of all parameters were analyzed
simultaneously; therefore, the resulting coefficients
(S) were partial derivatives describing independent
sensitivities of fecal and urinary excretion responses
to each model parameter (McPhee et al., 2009). Sen-
sitivity coefficients were normalized to both parameter
values and response values. Such normalization allows
for comparisons of S not only across parameters but
also across responses (e.g., S of urinary water vs. fecal
water, Table 5).

Model Evaluation

The model was internally (with the data used for
model development) and externally (with data not used
for development) evaluated for fecal and urinary water
excretions. Additionally, the model predictions of Qg
were compared with measured values (by rumen evacu-
ation) reported in the literature (n = 81). Linear and
residual analyses were conducted for model evaluation.
Additional model adequacy statistics were calculated
to understand sources of prediction error. Square root
of mean square prediction error (RMSPE) is directly
comparable to observed values so that RMSPE was
calculated and expressed as a percentage of the average
observed value of the response variable. Mean square
prediction error was decomposed to central tendency
(mean bias), regression (slope bias), and nonsystematic
or random variability of data to give relative estimates
of sources of error (Bibby and Toutenburg, 1977).
Model development, simulations, and evaluations were
carried out using the FME and Ime4 packages in R
(version 2.12.2, R Foundation for Statistical Comput-
ing, Vienna, Austria). Model optimization and sensitiv-
ity analyses were carried out using acslXtreme software
(AEgis Technologies, Huntsville, AL).

Journal of Dairy Science Vol. 97 No. 10, 2014
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Table 4. Notation of parameters for which the model was optimized'

APPUHAMY ET AL.

Parameter

Description

Fractional rate (/d)
krp,pe

krp,pr Fractional rate of Fip pp

kpp pe Fractional rate of Fgp g,

kpp,pe Fractional rate of Fpp po

kic.pe Fractional rate of Fi¢ o

k’ga Eo Fractional rate of Fic p,

kpg po Basal rate constant adjusted for ECBW and Tgpyyse, to obtain kpp pe
k;R‘Fc Basal rate constant adjusted for DMI to obtain kpg g

kEC,EU(min) Minimum kEC,Ez:

kZ(* 2 Basal rate adjusted for HP to obtain kpc g,

Reference constants

Fractional rate of Frp pc

Rpepw Reference ECBW used to adjust kl*? REC

Ry pwater Reference Trapae, (kg/d) used to adjust k; REC
Rpur Reference DMI (kg/d) used to adjust k;R‘ e
Ryp Reference HP (MCal/d) used to adjust kpe 5,

Exponent constants
Npepw
M RRWater
pymr

Controlling responsiveness of kpp po to ECBW
Controlling responsiveness of kg o t0 Trpwaser
Controlling responsiveness of kpp g to DMI

Parameters in urinary water prediction equation adopted from the
Hill (1910) equation

a Intercept adjustment (kg/d)

Vinar Maximum urinary water excretion rate (kg/d) driven by Ny
Koy Affinity constant of Ny

n The exponent parameter

!See Table 3 for definition of mathematical notation and parameter abbreviations used in models.

Table 5. Model parameter estimates and sensitivity coefficients (S) for fecal, urinary, and total manure water output predictions

Parameter’ Estimate SD S (fecal) S (urinary) S (total)
Fractional rates (/d)
k;R'EC 1.703 0.009 -0.26 0.00 -0.16
k;R,Fc 0.641 0.019 0.57 0.00 0.35
Epe Bo(min) 0.080 0.010 —-0.11 0.00 -0.06
k;o.’EU 0.035 0.006 0.05 0.00 0.03
kpr pe 6.410 0.019 -0.57 0.00 -0.35
kre po 0.016 0.005 0.01 0.00 0.00
Reference constants
Rycpw 0.121 0.002 -0.16 0.00 —-0.10
Ry rwater 245.3 1.255 0.54 0.00 0.33
Rpuy 10.55 0.025 -0.34 0.00 —0.38
Ryp 24.01 11.40 0.05 0.00 0.03
Sensitivity exponents
Npepw 0.584 0.050 0.05 0.00 0.04
N RRWater 2.112 0.047 -0.09 0.00 -0.06
Npyr 1.111 0.013 0.28 0.00 0.17
Parameters of urinary water prediction equation
a 10.32 0.004 -0.14 0.64 0.17
Vinar 32.01 0.023 -0.08 0.36 0.09
Ky 0.302 0.000 0.16 -0.74 -0.19
n 2.481 0.001 0.09 -0.43 -0.11

!See Table 3 and Table 4 for definition of mathematical notation and parameter abbreviations used in models.

Journal of Dairy Science Vol. 97 No. 10, 2014



MECHANISTIC MODEL OF WATER DYNAMICS IN DAIRY COWS

RESULTS AND DISCUSSION

A mechanistic, dynamic, and deterministic model
was developed to determine daily urinary and fecal wa-
ter excretions from lactating dairy cows. It also allowed
estimation of drinking water intake, saliva output, and
volumes and kinetics of gut and body water pools, ab-
solute measures of which are challenging to obtain.

Drinking Water Intake

Dry matter intake, milk yield, dietary ash content,
and dietary DM percentage were positively associated
with drinking water intake (equation [9]). For each
kilogram of DMI, cows consumed 2.75 + 0.20 kg of
free water. This estimate is within the range of esti-
mates (2.38 to 3.22 kg/kg) reported by Murphy et al.
(1983), Holter and Urban (1992), and Khelil-Arfa et
al. (2012). Independent of DMI, cows consumed an
extra 0.84 4+ 0.08 kg of free water for each kilogram of
milk they produced. This was also within the range of
estimates (0.60-0.92) reported by those authors. Dry
matter intake and milk yield alone explained 75% of
measured drinking water intake variability (data not
shown). This is in agreement with Silanikove (1989),
indicating that the food:water interrelationship is de-
rived from a more basic relationship between digest-
ible energy intake and water intake because DMI and
milk yield explained 93% of digestible energy intake in
the EMU database (data not shown). Additionally, a
unit increase in dietary total ash content (% of DM)
and dietary DM percentage increased water intake by
2.32 + 0.54 and 0.27 4+ 0.05 kg/d, respectively. The
positive association between drinking water intake and
dietary total ash content was not surprising given the
previously demonstrated positive relationships between
dietary sodium and free water intake (Cardot et al.,
2008). The estimate of dietary DM percentage was less
(0.27 vs. 0.62 and 0.83) than the estimates by Holter
and Urban (1992) and Khelil-Arfa et al. (2012). More-
over, Khelil-Arfa et al. (2012) observed dietary DM
percentage to be the strongest predictor of drinking
water intake. Such an observation was not confirmed
in the present study where DMI was the strongest pre-
dictor. Measured drinking water intake (CV = 46%)
and dietary DM percentage (CV = 47%) were more
variable in the data of Khelil-Arfa et al. (2012) than in
the data used in the present study (CV = 36 and 33%,
respectively). Perhaps the equation developed here did
not capture the absolute relationship between water
in feed and drinking water intake. However, the equa-
tion we developed was parameterized while accounting
for random experiment and animal effects on drinking
water intake. A mixed-model analysis should improve
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the extrapolating power of the equation (Bolker et al.,
2009). Such adjustments were not applied in the con-
struction of the equations (equations [36] and [37]) by
Holter and Urban (1992) and Khelil-Arfa et al. (2012).

When evaluated against the data used to construct
the equation (internal evaluation), drinking water
predictions were closely related to measured values
(Figure 3A). A similar relationship was seen when the
equation was evaluated with data not used for model
development as well. The associated RMSPE was 11.1
kg/d, which was 18.1% of average observed drinking
water intake (61.3 kg/d, Table 1). Moreover, absence
of appreciable systematic errors indicates that the
equation was properly parameterized. Among the other
equations evaluated, that of Khelil-Arfa et al. (2012)
(equation [37]) gave the best RMSPE of 24.0% of av-
erage observed value but was associated with notable
slope bias. Prediction using the Murphy et al. (1983)
equation (equation [35]) was associated with substan-
tial mean bias. This was not surprising because the
equation was developed primarily to predict water
intake among early lactating Holstein cows. Nonethe-
less, better performance by the present equation could
be due, in part, to the fact that data used for model
development and evaluation were not completely inde-
pendent because all the data were obtained in common
experimental settings.

Eating, Ruminating, and Saliva Production

Dietary forage content and DMI had positive and
negative effects, respectively, on chewing time (equa-
tions [1] and [2]). Tt is well established that chewing
time increases as forage intake and forage particle
length increase (Erdman, 1988). However, the particle
length effect could not be tested due to the lack of data.
Nonetheless, the negative association of DMI with Tpr
and Tpy might partly account for the forage particle
length effect, given the negative associations of forage
particle length with DMI shown previously (Jaster and
Murphy, 1983). Equation [1] predicted Tpr with an
RMSPE of 21.1% of the average observed value (13.3
min/kg of DMI; Table 2). Moreover, 95% of the associ-
ated prediction error was random (Table 6). Equation
[2] predicted Tjy more successfully, as the RMSPE
was just 10.5% of average observed value (20.8 min/
kg of DMI, Table 2), and 93.4% of the prediction error
was due to random variability of data. With regard to
the cows represented in the EMU database, the model
estimated Ty ranging from 10 to 25 with a mean of
18 min/kg DMI (Table 7). Corresponding estimates
of Try varied between 15 and 37 with a mean of 26
min/kg of DMI. Analysis using 20 treatment means
from 6 studies (Cassida and Stokes, 1986; Maekawa et

Journal of Dairy Science Vol. 97 No. 10, 2014
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models.

al., 2002; Beauchemin et al., 2003, 2008; Bowman et
al., 2003; Mooney and Allen, 2007) showed that saliva
secretion rates during eating (Spy) were significantly
associated only with percentage of forage in the diet.
For a unit increase in forage content, cows secreted
0.88 + 0.42 g/min more saliva during eating (equation
[6]). When compared with the literature values, Spr
predictions from equation [6] were associated with a
9.6% RMSPE (Table 6). The equation predicting saliva

Journal of Dairy Science Vol. 97 No. 10, 2014

secretion rates during resting (Sgs) was developed using
10 treatment means from 3 studies (Maekawa et al.,
2002; Bowman et al., 2003; Mooney and Allen, 2007).
Taking random study effect into account, high-produc-
ing cows were associated with greater saliva secretion
rates during the resting period. For a unit increase in
daily milk yield, cows secreted 3.86 £+ 0.24 g/min more
saliva during resting (equation [7]). Predicted Sgg had
an RMSPE as percentage of average measured value
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Table 6. Model evaluation for drinking water intake (kg/d), eating time ( Ty, min/kg of DMI), ruminating time ( Ty, min/kg of DMI), saliva
secretion rates (kg/min) during eating (Spr) and resting (Sgg), fractional water passage from rumen (kggpr, /d), absorbed N (kg/d), heat

production (Mcal/d), reticulorumen water mass (Qgg, kg), and fecal (Fpp ), urinary (Fpe ), and total water excretion (kg/d)

Mean Slope Residual
Ttem RMSPE! RMSPE% bias bias bias
Evaluation with data used for model development and optimization®
Drinking water intake 10.3 16.2 1.1 4.7 94.2
Chewing time
Ter 2.66 21.1 0.1 4.9 95.0
Tru 2.08 10.5 4.8 1.8 93.4
Saliva secretion rates
Spr 0.020 9.6 0.2 0.0 99.8
Sig 0.011 9.4 1.7 26.2 72.1
kpr.rr 0.496 17.9 3.2 12.9 83.9
Absorbed N 0.002 7.3 0.5 0.1 99.4
Heat production 1.93 7.5 0.8 2.2 97.0
Qrn 11.7 16.3 31.2 19.4 49.3
Fecal and urinary water output
Fpp pe 3.67 14.3 0.0 0.1 99.9
Freur 4.75 290.1 0.3 0.1 99.6
Total water excretion 5.25 12.5 0.2 1.0 98.8
Evaluation with data not used for model development and optimization
Drinking water intake
Present model 11.1 18.1 0.8 0.7 98.5
Murphy et al. (1983) 18.9 30.8 55.4 6.5 38.1
Holter and Urban (1992) 16.2 26.4 26.5 6.0 67.5
Khelil-Arfa et al. (2012) 14.7 24.0 12.0 3.5 84.5
Fecal and urinary water output
Fpp pe 4.05 15.6 0.7 1.9 97.4
Freur 4.93 30.6 2.2 0.6 97.2
Total water excretion 6.11 14.6 0.4 1.5 98.4

'RMSPE = root mean square error of prediction.

*Data from indirect calorimetry experiments conducted in the USDA-Energy Metabolism Unit (EMU; Beltsville, MD) or from literature.

of 9.4%. These estimates led to total saliva production
estimates (Fg pp) ranging from 102 to 317 kg/d, with a
mean of 220 kg/d. On average, 14.1 kg of saliva was es-
timated to be produced per kilogram of DMI (Table 7).
The daily total saliva production estimates (absolute
and per kg of DMI) were in line with the means and
ranges of measured values reported in the literature
(e.g., Erdman, 1988).

Fractional Rate of Water Passage
from the Reticulorumen

Equation [16] was used to determine the fractional
rate of water passage from the reticulorumen (kgp pp).
When compared with literature values on which the
equation was developed, kgp pr predictions were associ-
ated with an RMSPE that was 17.9% of the average
observed value (Table 6). Only DMI and dietary ADF
content were significantly associated with kgp pg. For
each unit increase in DMI and dietary ADF content,
krrpr increased by 0.038 and 0.030/d, respectively
(equation [11]). The underlying mechanisms for these
effects could be partly explained by reticulo-omasal
orifice contractions playing a significant role in regulat-
ing liquid digesta passage from the rumen to the rest

of the gut. Seo et al. (2007) demonstrated a positive
association between DMI and reticulo-omasal orifice
contraction frequency during eating. Okine et al. (1993)
showed that the amplitude of reticulo-omasal orifice
contractions may increase as dietary ADF content in-
creases. The estimates of kgp pgr ranged between 0.09
and 0.14/h (2.13 and 3.39/d) with a mean of 0.12/h
(2.83/d, Table 7).

Body Water Pools and Related Kinetics

Although water inputs (drinking water, Fg zp, and
Fryrr) and kpp pp were determined using the equations
discussed above, the model was fitted against measured
fecal and urinary water output values and solved for
the rest of the model parameters simultaneously. Esti-
mates and sensitivity coefficients (S) of the parameters
are given in Table 5. Standard deviations (SD) of the
parameter estimates, which were <50% of the estimate
in all cases, indicate that the data were adequate to
parameterize the model. Besides the small SD, the no-
table sensitivity coefficients for the majority of model
parameters, which were moderately correlated to each
other (data not shown), indicated acceptable model
parameter identifiability (Li and Vu, 2013).
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Table 7. Model estimates of key water balance variables pertaining to USDA-Energy Metabolism Unit
(Beltsville, MD) database on lactating Holstein cows used for model development and optimization'

Variable Mean Minimum Maximum
Drinking water, kg/d 61.5 22.8 104
Frpn, kg/d 10.6 1.11 31.3
Ty, min/kg of DMI 18.0 10.0 25.0
T min/kg of DMI 26.0 15.0 37.0
Spr, kg/min 0.22 0.18 0.26
Srs, kg/min 0.09 0.02 0.22
Fg rr, kg/d 220 102 317
Fg ppDMI 14.1 9.73 25.1
Trrwater 283 126 433
Qrn, kg 61.4 42.7 73.1
Qrr, kg 24.4 14.6 30.2
pr: Qrp 0.40 0.33 0.50
Total gut water, kg 85.8 57.3 103
Total gut water:BW 0.14 0.08 0.24
Qpo; kg 113 61.3 198
Qrc:BW 0.20 0.10 0.33
Qrc, kg 197 139 261
Qie:BW 0.33 0.24 0.42
kpr.ze, /d 1.74 0.76 3.04
Fri.pe keg/d 108 37.4 192
Frp g, kg/d 159 117 184
krg,prs /d 2.83 2.30 3.21
kr’Rwa 1.02 0.47 1.65
Fpp, pes kg/d 25.7 6.04 50.0
Ny, kg/d 0.28 0.07 0.62
N, kg/d 0.16 0.04 0.39
HP, Mcal/d 25.6 14.9 37.7
Fypui0, kg/d 3.15 1.83 4.64
Frevr, kg/d 16.6 10.6 31.2
Fuop, kg/d 13.1 6.11 29.8

!See Table 3 for definition of mathematical notation and parameter abbreviations used in models.

Besides quantifying urinary and fecal water outputs,
the model allows gut and body water pool masses to
be estimated. Those estimates can then be used to
calculate chemical (e.g., nutrient and metabolite) pool
sizes of interest, given that the corresponding chemical
concentrations are known from representative samples.
Moreover, estimates of gut water volume are also im-
portant in calculating empty BW, which in turn can be
used to determine body composition (Andrew et al.,
1995). The Qpp estimates of cows used in the EMU
experiments ranged from 42.7 to 73.1 kg, with a mean
of 61.4 kg (Table 7). Challenged with literature data on
measured values (from rumen evacuation, n = 81), the
model predicted Qpp with 16.3% RMSPE as a percent-
age of the average measured value (Table 6). Fractional
rate of net water transfer via the reticulorumen wall
(krp.pc) was estimated to vary from 0.76/d (0.032/h) to
3.04/d (0.127/h) with a mean of 1.70/d (0.073/h). This
kpp pc range is in line with measured values for sheep
(0.05-0.13/h) reported by Willes et al. (1970). Esti-
mated mean net water flow via the rumen wall (Frp po)
was 108 kg/d (Table 7). Seo et al. (2007) reported an
average Frp pe of 112 kg/d for dairy cows, with a mean
Qrr of 66 kg. These estimates led to a kpp pc of 1.70/d,
which is similar to the mean kpppe in the present
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study. Estimates of @Qpp ranged from 14.6 to 30.2 kg
with a mean of 24.4 kg (Table 7). The estimated ratio
of Qpr:Qp ranged between 0.33 and 0.50 with a mean
of 0.40. Arnold and Trenkle (1986) and Andrew et al.
(1995) reported ratios varying from 0.36 to 0.64 with a
mean of 0.54 in Holstein cows and steers.

In the EMU indirect calorimetry experiments, HP
was estimated based on measurements of oxygen con-
sumption, carbon dioxide and methane production, and
urinary N excretion using the Brouwer (1965) equation
(Reynolds and Tyrrell, 2000). These estimates were
used to construct an equation for determining HP in
lactating dairy cows using more readily available data
such as dietary nutrient composition, milk yield and
milk composition, BW, DIM, and DMI. Predicted HP
was in close agreement with the HP estimates from
indirect calorimetry experiments (Figure 3C), giving
7.5% RMSPE as a percentage of average value of the
data (Table 6). Estimated HP was used to determine
metabolic water production (Fyy, jc, equation [33]) and
fractional rate of RCW losses (kpc g, equation [29]).
Estimates of F, jc ranged from 1.83 to 4.64 kg/d with
a mean of 3.15 kg/d. Expressed as a percentage of total
water input (drinking water + water in feed + Fy, 1c),
Fp 10 ranged from 3.04 to 8.35%, which is close to the
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Figure 4. Relationships for metabolic water production (A) and
respiratory-cutaneous water (RCW, B) losses with milk yield in lactat-
ing Holstein cows under thermoneutral conditions.

range of 5 to 10% reported by Beede (2012). Moreover,
Fp, 10 was positively associated (P < 0.001; data not
shown) with milk yield (Figure 4A).
Respiratory-cutaneous water losses can be sepa-
rated into passive and thermoregulatory components.
Thermoregulatory water loss is activated by panting
and sweating. Animals kept under thermoregulatory
conditions are basically associated with passive water
loss, consisting only of respiratory loss plus cutaneous
diffusion loss (Silanikove et al., 1997). Estimates of
RCW loss (Fgc p,) ranged from 6.11 to 29.8 kg/d, with
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a mean of 13.1 kg/d. All of the calorimetry studies in
the EMU database were conducted in a thermoneutral
environment, with temperatures of about 25°C and
relative humidity about 55%. Each respiration chamber
had an air conditioner and the entire building was air
conditioned with temperature controls (William Flatt,
Athens, GA; personal communication). Hence, the
present model estimates (Table 7) are related to cows
kept under thermoneutral conditions. Chew (1965) es-
timated, on average, 12.0 kg/d passive RCW loss from
a cow weighing 600 kg. The mean estimate of 13.1 kg/d
Fpo gy for cows with average BW of 603 kg (Table 1)
agrees closely with that of Chew (1965). Moreover, the
estimated Fpp, increased significantly (P < 0.001;
data not shown) as milk yield increased (Figure 4B).
Consistently, lactating cows were found to be associ-
ated with greater RCW losses than dry cows (Holter
and Urban, 1992; Silanikove et al., 1997). Under ther-
moneutral conditions, the lactating Holstein cows in
Holter and Urban (1992) produced, on average, 35 kg/d
milk and appeared to be associated with a Fy g, of 20
kg/d. The present model estimated an average F p, of
18 kg/d for cows yielding 35 kg of milk/d (Figure 4B).

When expressed as a fraction of BW, Q- and Q¢
water mass estimates ranged between 0.10 and 0.33,
and 0.24 and 0.42 with means of 0.20 and 0.33, respec-
tively. Gad and Preston (1990) and Ross et al. (1992)
determined mean Qp; and Q¢ of cattle to be 21.5 and
32.3% of live BW, respectively. Net water transfer from
the intracellular to extracellular compartment (Fj¢ g,
Figure 1) could be related to homeostatic control of
volume and thereby osmolality of extracellular fluids,
primarily blood plasma. As per the model parameter
estimates (Table 5), on average 1.6% (k¢ pc = 0.016/d)
of Qc was found to occur as a net transfer from Qq
to Qpc daily. Nonetheless, kjcpc was associated with
the smallest sensitivity coefficient (Table 5), suggesting
that water output in fresh manure is nonresponsive to
this net water transfer.

Fecal and Urinary Water Excretion Predictions

Fecal water contributes on average 61% of the to-
tal manure water output from lactating Holstein cows
(Table 1). Internal evaluation of fecal water excretion
predictions (Fpgp) gave an RMSPE of 3.67 kg/d,
which was 14.3% (Table 6) of the average observed
value (25.6 kg/d, Table 1). We detected no tendency
toward over- or under-prediction by the model (Fig-
ure 5A). In addition, residuals versus predicted values
and error decomposition analyses (Table 6) showed no
significant systematic bias, with 99.9% of the predic-
tion error being due to random variation (Table 6).
External evaluation gave an RMSPE of 4.05 kg/d for
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fecal water excretion, which was 15.6% of the average
observed value (Table 1). The majority (97.4%) of the
error was nonsystematic, with only 0.7 and 1.9% of it
due to mean bias and slope bias, respectively (Table 6).

Cattle produce urine with a fixed ceiling for urine os-
molality (Maltz and Silanikove, 1996). If urea and min-
eral concentrations in the kidneys are high, more water
is required for incorporation into urine because cattle
cannot concentrate urine above that ceiling. Maltz
and Silanikove (1996) observed a significant positive
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association between apparent digestible N (N, in the
present model) and urine output in high-yielding dairy
cows. We observed a numerically stronger relationship
of urine volume with Ny, adjusted for N removed in
milk (Np) than the relationship with just Ny, (r = 0.60
vs. 0.65; data not shown). Therefore, Ny was chosen
to model urinary water excretion rate (Fpcr,, equa-
tion [27]). The parameter estimates of the equation are
given in Table 5. Small SD (<2% of the estimates) im-
ply that the data were adequate to describe the param-



MECHANISTIC MODEL OF WATER DYNAMICS IN DAIRY COWS

eters. Figure 6A shows predicted and observed urinary
water excretion rates (kg/d) plotted against Nz When
assessed visually (Figure 6A), predicted Fy p, did not
change greatly until Ny increased to around 0.15 kg/d.
At this point, the corresponding Fy  was a little less
than 15 kg/d. The Ny increasing above 0.15 kg/d was
associated with faster Fi 1, or excessive urine produc-
tion, indicating cows were entering a diuretic phase.
Consistently, Maltz and Silanikove (1996) reported
that the upper limit for nondiuretic urine production of
dairy cows was about 15 kg/d. The 0.15 kg/d Np was
related to an N intake of about 0.40 kg/d (Figure 6B).
Given that the average N intake was 0.40 to 0.43 kg/d
(Table 1), a considerable number of cows in the EMU
database appeared to be diuretic. Furthermore, Maltz
and Silanikove (1996) pointed out that lactating dairy
cows in nutritional experiments might be exposed to
high renal osmotic loads. More successful representa-
tion of Fgc - could have been made if Na and K intake
and output data had been available. Such data allow
calculation of total renal osmolality, which could be the
greatest driver of urine volume. Absence of Na- and
K-specific effects on water intake and water excretion
in lactating dairy cows is a limitation of the present
model. Such effect representation would improve water
excretion predictions over lactation because the relative
contribution of urea and minerals to urine osmolality
could vary over lactation (Shalit et al., 1991; Maltz and
Silanikove, 1996). When evaluated with and without
the data used for model construction, urinary water
excretion predictions had an RMSPE of 4.75 and
4.93 kg/d, representing 29.1 and 30.6% of the average
observed values, respectively. Again, in both cases, a
significant proportion (>97%) of the error was due to
random variability of the data (Figure 5B, Table 6).

The present model predicted total fresh manure
water output of lactating dairy cows with appreciable
accuracy. When evaluated with data not used for model
development and optimization, the RMSPE was 14.6%
of the average observed value (Table 6). Again, a great
majority of the error (98.4%) was found to be due to
random variability of the data. The notably low system-
atic error in all cases indicated that the corresponding
mechanisms responsible for water balance in lactating
dairy cows were appropriately represented and properly
parameterized in the present model. Such success could
be expected partly because the model was optimized
for all parameters simultaneously using a relatively
large number of observations.

A limitation of the model developed here is that it
does not include temperature and humidity effects on
water balance in lactating dairy cows. The data used for
model development were from controlled calorimetric
experiments in respiratory chambers that maintained
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thermoneutral conditions with a constant temperature
of 25°C and a constant humidity level of 55%. There-
fore, satisfactory representation and parameterization
of temperature effects could not be achieved, so model
kinetics were represented assuming thermoneutral
conditions. The model should be applied to lactating
Holstein cows raised under thermoneutral conditions.
On the other hand, the equations for saliva secretion
(equations [1]-[8]) and fractional rate of water passage
from the rumen (equation [16]) were constructed using
data from published studies, some of which might not
have been carried out under thermoneutral conditions.
The model addresses variability in saliva secretion rates
(equations [1] to [8]) using variables such as dietary for-
age percentage and milk production potential. However,
more comprehensive mathematical representations ad-

Urinary water, kg/d

005 010 015 020 025 0.30

Absorbed-milk total N, kg/d

0.35 0.40

40 —

30 —

20

Predicted Urinary water, kg/d

10 —

0.2 0.4 0.6 0.8
N intake, kg/d

Figure 6. Observed urinary water output (black) and predicted
urinary water output (gray) versus N balance between absorbed flow
and flow into milk (A), and relationship between the predicted urinary
water output and total N intake (B).
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dressing other relevant factors such as fluctuating blood
osmolality would improve model predictions (Silanikove
and Tadmore, 1989).

CONCLUSIONS

The mechanistic model developed herein predicted
fresh manure water output from lactating Holstein
cows under thermoneutral conditions well. The model
predicted fecal water output with greater accuracy
than it predicted urinary water output. The model
could also be used to determine important body water
pool volumes and related kinetics such as drinking wa-
ter intake, saliva production, heat and metabolic water
production, and respiratory cutaneous water losses.
Absolute values of these fluxes are challenging to ob-
tain. The model could be integrated within manure or
soil dynamic models to assess water volumes that affect
nutrient transformations.
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APPENDIX

Table Al. Equations contained in the model"?

Equation
Equation Reference no.
Reticulorumen pool, Qg

Ty = 26.8 + 1.9—(0.68 £ 0.07 x DMT) + (0.043 + 0.013 x Forage) 1]
Ty = 35.3+£2.78—(0.88 £ 0.10 x DMI) + (0.101 + 0.022 x Forage) 2]
Dy = Typ x DMI 3]
Dy = Ty X DMI 4]
Dpg = (24 x60) = (Dpp + Dpyy) (5]
Spr = 0.1699 £ 0.0199 + (0.00088 =+ 0.00042 x Forage) 6]
Sps =(0.00386 + 0.00024 x Milk) (7]
Fgrr = (Dgr X Spr) + (Dpyy X 0.23) + (Dgg X Spg) (8]
[9]

Drinking water = —34.61 £ 5.714(2.75 £ 0.20 x DMI) + (0.84 £ 0.08 x Milk) + (2.32 = 0.54 x Ash) + (0.27 £ 0.05 x DM)
Fp, pp = Drinking water x (1 — 0.17) [10]

DMI
F =|——x100{— DMI 11
s = |2t 100) 1
ECBW = Q. /BW (12]
Trrwater = Fsirr + Forrr + Frarr (13]
Continued
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Table A1l (Continued). Equations contained in the model"?
Equation
Equation Reference no.
"ECBW ""RR Water
kg pe = k}*?R‘EC « [RECBW ] « [TRRWater] [14]
ECBW RRRWatcr
Frrpe = krrpo X Qrr (15]
kpp.pr =1.61 4 0.574(0.038 £ 0.02x DMI ) +(0.030 4 0.01 x ADF) [16]
Frppr = Frr pr X Qrr (17]
deQ
de = Fy pp + Forrr + Frarr — Frrpe = Frrrr (18]
Gut pool post-reticulorumen, Qpp
Fp, pr =0.17 x Drinking water (19]
For e = kprpe X Qpr (20]
DMI
* DMI
kpr.pe = Kpp.pe X [R ] (21]
DMI
Frp pe = kPR,Fc X Qpp [22]
deQ
de = Fprpr + Fppr = Frrpe = Fpr pe (23]
Extracellular pool, Qpc
Fyepn = 0.87 x Milk [24]
N, = —0.052 +0.007 + {0.0711 0.007 x (DMI xCPx 0-(% 25)} + (0.0089 + 0.0016 x MilkP) [25]
N, = N, — [Milk x (MilkP / 100)] / 6.38 (26]
KNL(N) !
FEC,UT‘ =a+ Vmax 1+ N [27]
B
28]
HP = 5.01 £ 1.03 + (0.849 & 0.020 x DMI) — (0.039 % 0.008 x DM) + (0.016 = 0.001 x BW) — (0.0062 = 0.0008 x DIM)
+ (0.586 % 0.169 x MilkP) — (0.245 + 0.082 x MilkFat)
kEC.EU = kEC.Ev(min) +[kEC7EU X (HP / RHP)] [29}
Fro.pe = kpe.pe X Qpc (30]
d@Qy
TEC = Ferpe + Frrpe + Frose = Feoon = Fpevr = Feepo = Fonn (31]
Intracellular pool, Q;¢
Fre pe = kiope % Qre [32]
Fypic = 0.123x HP [33]
dQ
déc =F Muw,IC — F 1C,EC [34}
Free water intake (FW, kg/d) prediction equations from literature
FW = 22.96 + (2.38 x DMI) + (0.64 x Milk) Murphy et al. [35]
(1983)
FW = —32.4 + (2.47 x DMI) + (0.60 x Milk) + (0.62 x DM) + (0.091 x JD) + (—0.00026 x JD?) Holter and (36]
Urban (1992)
FW = —77.6 + (3.22 x DMI) + (0.92 x Milk) + (0.83 x DM) + (—0.28 x Conc) + (0.037 x BW) Khelil-Arfa et al. 37]
(2012)

'DMT = dry matter intake (kg/d), DM = dietary DM percentage, ADF = dietary ADF percentage, CP = dietary CP percentage, Ash = dietary
total ash percentage, Milk = milk yield (kg/d), MilkP = milk protein percentage, MilkFat = milk fat percentage, BW = body weight (kg), Forage
= forage percentage in the diet, JD = Julian date (assumed to be constant at 200), Conc = concentrate percentage in the diet.

?See Table 3 for definition of mathematical notation and parameter abbreviations used in models.
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