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ABSTRACT

A meta-analysis investigation based on literature data
was conducted to estimate the effect size of nutritional
and animal factors on phosphorus (P) excretion in feces
and concentrations of P in milk. Two data sets were
created for statistical analysis: One to derive prediction
equations for P in feces (25 studies; 130 treatments)
and another for P in milk (19 studies; 94 treatments).
Prediction equations were derived using mixed model
regression analysis with a random effect for study, and
equations were evaluated based on values for Bayes-
ian information criterion (BIC), root mean square
prediction error (RMSPE), and concordance correla-
tion coefficient (CCC) statistics. In terms of RMSPE
and CCC values, fecal P excretion was best predicted
by P intake, where P in feces (g/d) = —3.8(£3.45) +
0.64(+£0.038) x P intake (g/d) (RMSPE: 18.3%, CCC:
0.869). However, significant effects of crude protein [g/
kg of dry matter (DM)], neutral detergent fiber (g/kg
of DM), and milk yield (kg/d) on fecal P excretion were
also found. Despite a lack of improvement in terms of
RMSPE and CCC values, these parameters may still
explain part of the variation in fecal P excretion. For
milk P, expressed as a fraction of P intake, the fol-
lowing equation had the highest CCC and the lowest
RMSPE value: P in milk as a fraction of P intake (g/g)
= 0.42(£0.065) + 0.23(£0.018) x feed efficiency (i.e.,
fat- and protein-corrected milk yield /dry matter intake)
— 0.11(£0.0199) x P in feed (g/kg of DM) (RMSPE:
19.7%; CCC: 0.761). Equations derived to predict fecal
P as a fraction of P intake (g/g) or milk P content (g/
kg) could not adequately explain the observed varia-
tion and did not perform well in terms of RMSPE and
CCC values. Examination of the residuals showed that
P balance was a seemingly confounding factor in some
of the models. The results presented here can be used
to estimate P in feces and milk based on commonly
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measured dietary and milk variables, but could also be
used to guide development of mechanistic models on P
metabolism in lactating dairy cattle. Factors to con-
sider in future research and modeling efforts regarding
efficiency of P use include the effects of dietary neutral
detergent fiber, crude protein, starch, variation in P
content of milk, and effects of P resorption from bone
and body tissues during early lactation.

Key words: meta-analysis, phosphorus, dairy cow

INTRODUCTION

Concerns about the environmental burden caused
by nutrient leaching from agricultural soils into the
environment and the existing or upcoming stringent
regulatory measures on nutrient management in in-
tensive animal agriculture (e.g., US Clean Water Act;
EU Water Framework Directive) make it imperative
to strive for more efficient phosphorus (P) utilization
on dairy farms. Improving P use efficiency in intensive
dairy farming would benefit the environment. More-
over, global mineral P resources are expected to be-
come more scarce and thus more expensive during the
coming decades (Cordell et al., 2009).

It is commonly recognized that total P intake is the
major determinant of fecal P excretion in dairy cattle.
Research has shown that a positive relationship exists
between P intake and fecal P excretion (Morse et al.,
1992; Ekelund et al., 2005; Kebreab et al., 2005), and
several short- and long-term studies with dairy cattle
indicate that feeding less P can reduce fecal P excre-
tion into the environment (Brintrup et al., 1993; Wu
et al., 2000; Ferris et al., 2010). However, effects of
nutritional factors other than P intake on efficiency of
P use are less evident from the literature and warrant
further investigation. In addition to dietary factors,
animal factors including parity (Knowlton et al., 2001),
lactation stage (Knowlton and Herbein, 2002; Ekelund
et al., 2006), and milk production level (Valk et al.,
2002) may contribute to variation in use of dietary P,
through direct or indirect effects. An additional issue
may be variation in the P content of milk but infor-
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mation related to this variation is scarce (Wu et al.,
2000). Excretion of P in urine is quantitatively of minor
importance (NRC, 2001).

A quantitative analysis of literature data regarding
P metabolism in ruminants was previously published
by Bravo et al. (2003a,b,c). However, out of the 100
studies included in their analysis, only 6 were studies
with lactating dairy cows. Moreover, their work was
limited to studies published before May 1999 (Bravo et
al., 2003a) and a considerable body of work on P me-
tabolism in dairy cattle has been published since that
time. The primary aim of this work, therefore, was to
perform a meta-analysis on literature data to estimate
the effect size of nutritional factors on the efficiency of
P utilization in dairy cattle. In addition, the potential
influence of production parameters; for example, milk
yield and milk composition, was considered.

MATERIALS AND METHODS
Database

Web of Science (Thomson Reuters, New York, NY)
was used to search for peer-reviewed publications that
reported at least P intake and P excretion in feces or
milk, in experiments with dairy cows. In addition, the
reference lists of relevant review articles and book chap-
ters were systematically checked for useful publications.

Initially, 42 studies, representing 146 treatments,
were retained in the database. Animals within treat-
ments were, if reported, described by parity, physiologi-
cal state, lactation stage, treatment diet composition,
DMI, milk production, milk composition and P-balance
data. In some studies, treatments were repeatedly fed
during different experimental periods and therefore the
total number of observations in the initial database was
235. This initial database contained a large number
of missing values, as not all variables of interest were

Table 1. Descriptive statistics of the fecal P data subset (n = 130)
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reported for each study. From this initial database, 2
subsets of data were created: a subset for P excretion
in feces (PF equations) and another subset for P in
milk (PM equations). Observations with missing val-
ues for the parameters of interest were excluded from
the analysis. The 2 database subsets had 13 studies in
common.

Phosphorus in Feces. This database subset com-
prised data from lactating dairy cows from 25 stud-
ies (Martz et al., 1990; Morse et al., 1992; Spiekers
et al., 1993; Delaquis and Block, 1995; Khorasani et
al., 1997; Knowlton et al., 2001, 2002; Wu et al., 2001,
2003; Knowlton and Herbein, 2002; Guyton et al., 2003;
Kebreab et al., 2005; Kincaid et al., 2005; Shore et
al., 2005; Wu, 2005; Ekelund et al., 2006; Kamiya et
al., 2006a; Knowlton et al., 2007; Dann et al., 2008;
Moreira et al., 2009; Myers and Beede, 2009; Taylor
et al., 2009; Van Straalen et al., 2009; Herrera et al.,
2010; Puggaard et al., 2011) and included 130 treat-
ment means. The response variable of interest was P
excretion in the feces, both in grams per day and as a
fraction of P intake. The available prediction variables
in this data set were milk yield (kg/d), DMI (kg/d),
dietary NDF (g/kg of DM), CP (g/kg of DM), and P
(g/kg of DM), and the database is described in Table
1. The effect of calcium (Ca) content of the diet was
never significant in the initial exploratory analyses of
the general database, and therefore was not used as a
selection criterion during the compilation of this data
subset.

Phosphorus in M:zilk. This database subset con-
tained 94 treatment means from 19 studies (Martz et
al., 1990; Spiekers et al., 1993; Delaquis and Block, 1995;
Knowlton et al., 2001, 2002; Knowlton and Herbein,
2002; Valk et al., 2002; Guyton et al., 2003; Borucki
Castro et al., 2004; Kincaid et al., 2005; Peterson et
al., 2005; Roche et al., 2005; Shore et al., 2005; Kamiya
et al., 2006b; Odongo et al., 2007; Dann et al., 2008;

Variable Mean Median SD Minimum' Maximum? Skewness® Kurtosis®
Milk yield (kg/d) 34.9 34.9 8.88 15.7 52.8 —0.21 —0.76
DMI (kg/d) 22.0 22.2 3.52 11.3 29.0 —0.29 —0.27
Dietary CP (g/kg of DM) 169 169 14.7 122 213 0.45 1.77
Dietary NDF (g/kg of DM) 335 337 48.3 262 482 0.36 —0.25
Dietary P (g/kg of DM) 4.1 3.9 0.98 1.5 6.7 0.59 0.57
P intake (g/d) 88.3 82.0 26.93 29.4 179.7 0.86 1.15
Fecal P (g/d) 53.7 49.3 21.04 15.3 118.8 0.82 0.46
Fecal P/P intake (g/g) 0.60 0.60 0.11 0.33 0.89 —0.09 —0.34

'Minimum value in the subset database.
*Maximum value in the subset database.

*The degree of asymmetry of a distribution around its mean, where 0 + 2 X SEg.mes 1S considered normal. For the fecal P database, 2 x

SEskewness = 0.43.

‘Indicates the relative peakedness of or flatness of a distribution, where 0 + 2 X SEjquoss 18 considered normal. For the fecal P database, 2 x

SEkurtosis = 0.35.

Journal of Dairy Science Vol. 96 No. 6, 2013
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Table 2. Descriptive statistics of the milk P data subset (n = 94)

KLOP ETAL.

Variable Mean Median SD Minimum' Maximum? Skewness® Kurtosis®*
Milk yield (kg/d) 36.1 35.3 8.86 10.0 52.8 -0.33 —0.20
FCM (kg/d) 34.7 34.0 8.28 11.1 59.2 0.17 0.76
FPCM® (kg/d) 34.4 34.1 7.99 11.0 56.1 0.00 0.52
Milk fat (%) 3.8 3.7 0.54 3.0 5.4 0.70 0.23
Milk protein (%) 3.0 3.0 0.27 2.3 3.7 0.50 -0.19
Milk P (g/kg) 0.89 0.89 0.09 0.66 1.10 —0.14 —0.32
DMI (kg/d) 21.8 22.3 4.13 10.9 29.0 —0.57 —0.05
Dietary P (g/kg of DM) 3.8 3.5 1.11 1.5 6.7 0.79 0.73
P intake (g/d) 81.8 77.5 32.2 21.5 179.7 0.98 0.76
Milk P (g/d) 31.9 31.7 8.00 8.7 50.3 —0.22 0.08
Milk P/P intake (g/g) 0.42 0.42 0.11 0.21 0.84 0.56 0.72
Feed efficiency® 1.6 1.5 0.37 1.0 3.0 1.71 3.39

"Minimum value in the subset database.
*Maximum value in the subset database.

*The degree of asymmetry of a distribution around its mean, where 0 £ 2 X SE e 18 considered normal. For the milk P database, 2 x

SESk(‘V\[HCbh = 0.51.

‘Indicates the relative peakedness of or flatness of a distribution, where 0 + 2 X SEy s is considered normal. For the milk P database, 2 x

SEkurtosis = 0.41.
SFat- and protein-corrected milk.
SCalculated as FPCM yield (kg/d)/DMI (kg/d).

Myers and Beede, 2009; Taylor et al., 2009; Puggaard
et al., 2011). The response variables of interest were
milk P in grams per day, grams per kilogram of milk,
or as a fraction of P intake. All treatment means in
this subset contained information on milk yield (kg/d),
milk fat and milk protein contents, DMI, and dietary
P (g/kg of DM). Fat-corrected milk yield and fat- and
protein-corrected milk yield (FPCM) were calculated
for each treatment according to the respective formulas
provided by CVB (2008): FCM = (0.4 4+ 0.15 x fat %)
x milk yield (kg/d) and FPCM = (0.337 4 0.116 x fat
% + 0.06 x protein %) x milk yield (kg/d). Feed ef-
ficiency was calculated as kilograms of FPCM yield per
kilogram of DMI. The data set is described in Table 2.

Statistical Analysis

In Tables 1 and 2, the skewness values for the re-
spective data subsets indicate the degree of asymme-
try of a distribution around its mean, where 0 £ 2 x
SEqewness 18 considered normal. The SE wness 18 calcu-
lated as /(6/n) and was 0.215 for the fecal P subset
and 0.253 for the milk P subset. The kurtosis values
can be used to indicate the relative peakedness or flat-
ness of a distribution, where 0 £+ 2 X SEj . osis 18 consid-
ered normal. The SE, s is calculated as /(4/n) and
was 0.175 and 0.206 for the fecal P and milk P subset,
respectively.

Model Development. Before creation of the 2 data
subsets, statistical analyses using PROC MIXED and
PROC REG MAXR (SAS Institute Inc., Cary, NC)
were performed to explore patterns in the data and to
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determine the most important available variables for
inclusion in the statistical analysis.

For both data subsets, main effects and combined
effects of available explanatory variables were analyzed
for inclusion in linear regression models using PROC
MIXED (SAS Institute Inc.). Mixed model analysis was
chosen because the data were compiled from multiple
studies, making it necessary to consider analyzing not
only fixed effects of the dependent variables but also the
random effect of study (St-Pierre, 2001). The random
effect of study accounts for differences between studies
such as physiological status of animals, experimental
design, and methods and techniques used to collect the
data. The full statistical model is written as

Yij= By + B Xj; + s; + bX;; + ey [1]

where V}; is the dependent variable (ith study 1, ...,
25, jth treatment 1, ..., 130; and #th study 1, ..., 19,
jth treatment 1, ..., 94 for the fecal P and milk P da-
tabase subsets, respectively) and X; is the value of the
continuous prediction variable. The overall intercept
(By) and the overall regression coefficient of ¥ on X
(B,) across all studies comprise the fixed effects part of
the model. The random effect of the ith study on the
overall intercept (s;) and the random effect of study ¢
on the regression coefficient of Y on X (b;) comprise the
random effects part of the model, and e; represents the
residual error term.

To account for variation in precision across stud-
ies, the inverse of the squared standard error of each
treatment mean was used as a factor in the WEIGHT



PHOSPHORUS UTILIZATION IN DAIRY CATTLE

statement of the model (St-Pierre, 2001). Preferably
an unstructured (UN) variance-covariance structure
was fitted, as this allows every term in the variance-
covariance matrix to be different. However, using this
structure requires estimation of a large number of vari-
ance and covariance parameters, which may result in
over-parameterization and nonconvergence of the mod-
el. In cases of nonconvergence, effects were removed
stepwise from the random statement, or a compound
symmetry (CS) variance-covariance structure was fit-
ted, which is based on the assumption that the covari-
ance between studies is equal for all studies. Because
accurate estimation of variance and covariance requires
a large number of observations, more liberal P-values
than P < 0.05 were used to test effects included in
the random statement (St-Pierre, 2001; Sauvant et al.,
2008). In all cases, the Bayesian information criterion
(BIC) was used as the statistical criterion to indicate
the goodness of model fit, where lower values indicate
a better fit (SAS Institute Inc.). Parameter estimates
for fixed effects were tested against a significance level
of P < 0.05.

Model Evaluation. The models derived from this
study were evaluated using mean square prediction er-
ror (MSPE) (Bibby and Toutenburg, 1977) against the
developmental database. The MSPE was calculated as

MSPE = 3" (0, - P’ /n, 2]

where n is the total number of observations, O; is the
observed value, and P; is the predicted value. The
square root of the MSPE (RMSPE), expressed as a
fraction of the observed mean, provides an estimate of
the overall prediction error. The RMSPE was decom-
posed into error resulting from overall bias (ECT), er-
ror resulting from deviation of the regression slope from
unity (ER), and random error (ED). The concordance
correlation coefficient (CCC; Lin, 1989) was used as a
second model evaluation tool, and is calculated as

CCC = R x C, 3]

where R is the Pearson correlation coefficient and Cj
is the bias correction factor. The R value provides a
measure of precision, whereas C) is indicative for the
accuracy of the model. The measures v (scale shift)
and p (location shift) are used to calculate Cj, where
a change in v indicates differences in standard devia-
tion between predicted and observed values. A negative
value of p indicates overprediction, whereas a positive
value indicates underprediction (see Ellis et al., 2010,
for discussion on MSPE vs. CCC as evaluation tools).
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Residual Amnalysis. The residuals (predicted —
observed) were visually examined for any patterns, as
well as for any potentially confounding factors. Residu-
als were tested for normality using the UNIVARIATE
procedure in SAS, and residual slopes were tested for
significant difference from zero, an indication of het-
eroscedasticity.

RESULTS AND DISCUSSION
Fecal P

Linear regression equations derived for the pre-
diction of total fecal P excretion (g/d and g/g of P
intake) are listed in Table 3. Model evaluation based
on RMSPE, CCC, and BIC is shown in Table 4. In
this study, BIC was used as a statistical criterion to
evaluate model fit, because it imposes a larger penalty
for over-parameterization compared with the Akaike
information criterion. However, the Akaike information
criterion and BIC values of the models derived in this
study were similar.

Fecal P (g/d). The use of DMI as the only predic-
tion variable for fecal P excretion (g/d) resulted in a
prediction equation that was neither accurate nor pre-
cise. Models that include DMI plus dietary P (g/kg of
DM; PF2) or P intake (g/d) alone (PF3) as prediction
variables resulted in much better prediction of fecal P
excretion (Table 4). The positive parameter estimates
for DMI and dietary P (g/kg of DM) indicate a posi-
tive relationship between P intake and P excretion in
the feces, which is in line with general expectations.
The slope estimate for P intake (g/d) in equation PF3
(0.64 £ 0.038) is similar to the estimated effect size of
P intake (0.63 £ 0.046) reported by Weiss and Wyatt
(2004). Despite limited within-study variation in the
developmental database, parameter estimates for the
effects of CP (g/kg of DM) and NDF (g/kg of DM)
were significant, although addition of these variables to
a prediction equation that already included DMI and
dietary P (g/kg of DM; PF4 to PF6) did not always
result in improved values for RMSPE and CCC (Table
4). However, equation PF6 [DMI (kg/d), P (g/kg of
DM), CP (g/kg of DM), and NDF (g/kg of DM)| had
a lower BIC value than equation PF2 [DMI (kg/d)
and P (g/kg of DM)]. Root MSPE and CCC statistics
evaluate only the fixed effects of the model, whereas in
SAS PROC MIXED, model fit (e.g., evident in the BIC
value) is evaluated based on both fixed and random
effects. As the MIXED procedure considers the regres-
sion relationship within study, whereas dietary NDF
and CP did not vary substantially within study, the
capture of the relationship between CP or NDF and

Journal of Dairy Science Vol. 96 No. 6, 2013
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fecal P excretion is challenging. Nevertheless, the sig-
nificant estimates and, in some cases, lower BIC values
indicate that these parameters may still be important
in explaining part of the variation in fecal P excretion.
Although in the current database, we found no cor-
relation between dietary levels of CP and P (r = 0.07),
dietary CP level may be confounded with the source of
P. Variation exists in absorption efficiency of different
P sources, but if P supply is adequate, such variation
is of less relevance to P efficiency compared with diets
that supply marginal amounts of P.

The estimate for the effect of dietary NDF was posi-
tive in all equations. A biological explanation for this
result could be that absorbed P in excess of the animal’s
requirements is extensively recycled through saliva. It
has been suggested that dietary NDF content increases
salivary P secretion as a result of increased saliva flow
caused by increased chewing (Khorasani et al., 1997;
Wu et al., 2003), but that the effect of NDF content
on salivary P secretion would likely be less at lower
levels of dietary P (Wu et al., 2003). At low P intake,
the animal’s priority is rumen function at the expense
of bone or salivary P (Puggaard et al., 2011). High di-
etary NDF levels also likely coincide with low levels of
dietary starch and, in general, may be associated with a
lower availability of fermentable substrate for microbes
in the rumen, thus reducing P uptake by the ruminal
microbes. Kebreab et al. (2005) showed that type and
density of energy in the feed have a significant effect
on P excretion in cattle. In comparing 2 experiments
with high and low energy intakes, they found that P
efficiency improved significantly in cows fed a higher
energy diet (consuming at least an extra 30 MJ/d).
Increased P efficiency could be due to higher P uptake
by microbes in the rumen and greater conversion of
dietary P to milk production and body growth. Param-
eter estimates for dietary CP (g/kg of DM) were always
negative, indicating lower P excretion in the feces at
higher CP content in the diet. During early lactation in
particular, milk production may increase with increas-
ing dietary CP content (Kalscheur et al., 1999; Law et
al., 2009). This would lead to higher P requirements
for milk production and could thus reduce fecal excre-
tion of P. The negative association between dietary CP
content and P excretion in feces is of particular interest
in view of efforts to reduce N excretion in dairy cattle.
Recently, dietary CP content has tended to be reduced
in various intensive dairy production systems (e.g.,
Bannink et al., 2011). This decrease in CP content has
already been shown to increase enteric methane pro-
duction in cattle (Dijkstra et al., 2011), and the present
findings indicate that CP reductions could also increase
P excretion in feces. In equations that already included
the effects of DMI and P (g/kg of DM), or the effects of
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Table 4. Evaluation of prediction equations for fecal P excretion in grams per day and as a fraction of P intake

RMSPE ECT ER ED
Equation ID Prediction variables (%)" (%)? (%)? (%)* cec? R’ cy o w BICY
Fecal P (g/d)
PF1 DMI (kg/d) 38.0 5.3 5.9 88.9 0.124 0.402 0.309 6.007 0.546 1,063.3
PF2 DMI (kg/d), P (g/kg of DM) 21.3 0.4 0.7 989 0819 0841 0974 1255 0039 8710
PF3 P intake (g/d) 18.3 1.1 2.3 96.6 0.869 0.888 0.979 1.224 0.054 922.7
PF4 DMI (kg/d), P (g/kg of DM), CP 21.3 0.2 1.1 98.8 0815 0840 0971 1277 0025  904.2
(g/kg of DM)
PF5 DMI (kg/d), P (g/kg of DM), NDF 22.4 0.3 0.2 99.5 0800 0821 0974 1255 0036 8713
(g/kg of DM)
PF6 DMI (kg/d), P (g/kg of DM), CP 22.4 0.1 0.0 99.9 0802 0820 0978 1235 0015  866.8
(g/kg of DM), NDF (g/kg of DM)
PEFT7 P intake (g/d), milk yield (kg/d) 21.0 0.1 2.7 97.2 0.845 0.847 0.998 1.068 0.016 857.9
PF8 DMI (kg/d), P (g/kg of DM), NDF 23.1 0.2 0.0 99.8 0.791  0.807 0980 1.219  0.027  865.5
(g/kg of DM), milk yield (kg/d)
PF9 DMI (kg/d), P (g/kg of DM), CP 22.8 0.0 0.0 99.9 0.797 0812 0981  1.216 0.014 8634
(g/kg of DM), NDF (g/kg of DM),
milk yield (kg/d)
Fecal P as a fraction of P intake (g/g)
PF10 P (g/kg of DM), NDF (g/kg of DM) 19.3 0.3 14.7 85.1 0.238 0260 0917 1515 0.072 —246.5
PF11 P (g/kg of DM), CP (g/kg of DM) 18.7 0.1 6.2 93.7  0.145 0195 0745  2.237 0.041 —249.6
PF12 P (g/kg of DM), milk yield (kg/d) 22.8 3.3 37.3 59.7 0.290 0.297 0.976 0.954 0.218 —286.2
PF13 P (g/kg of DM), CP (g/kg of DM), NDF 19.6 0.1 16.6 83.4 0.222 0.240 0.925 1.488 0.049 —262.2
(g/kg of DM)
PF14 P (g/kg of DM), CP (g/kg of DM), 19.0 0.2 13.5 86.4 0266 0280 0921 1502 0062 —277.7
milk yield (kg/d)
PF15 P (g/kg of DM), NDF (g/kg of DM), 215 0.3 31.0 68.9 0258 0260 0993 1104 0067 —2714
milk yield (kg/d)
PF16 P (g/kg of DM), CP (g/kg of DM), NDF 21.0 0.2 27.9 72.2 0252 0256 098  1.171  0.052 —286.5

(g/kg of DM), milk yield (kg/d)

"Root mean square prediction error expressed as a percentage of the observed mean.

?Error resulting from overall bias, as a percentage of total MSPE.

Error resulting from deviation of the regression slope from unity, as a percentage of total MSPE.

‘Random error, as a percentage of total MSPE.
Concordance correlation coefficient, where CCC = R x C,.
SPearson correlation coefficient.

"Bias correction factor.

#Scale shift.

Location shift.

"Bayesian information criterion for goodness of model fit.
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DMI, P (g/kg of DM), and CP (g/kg of DM), the effect
of milk yield on fecal P excretion was only significant
if the effect of NDF (g/kg of DM) was also included
in the equation (PF8; Table 3). The estimates for the
effect of milk yield on fecal P excretion were negative,
which corresponds to the findings of Valk et al. (2002),
who concluded that higher milk production within a di-
etary P level results in relatively less fecal P excretion,
because more P will be channeled into milk. Nennich et
al. (2005) reported a positive relationship between milk
yield and total P excretion, but the average dietary P
content in their database was 4.4 g/kg of DM, which is
more than needed to meet animal requirements.

The residual (observed — predicted) versus predicted
plots for some of the best performing equations are pre-
sented in Figure 1. No obvious patterns are evident in
the plots, despite a seemingly mild fan shape for PF6,
which is likely the result of fewer data points at lower
predicted values. However, to see if any improvements
could be made, a Box-Cox transformation procedure
(Box and Cox, 1964) was tested in the MIXED pro-
cedure of SAS to define the optimal transformation of
the dependent variable. Data transformation improved
the performance of the models in terms of RMSPE
and CCC values (results not shown), but the overall
picture remained the same: P intake being the major
determinant of P excretion in feces and dietary NDF
and CP having significant estimates, but no added
value in terms of RMSPE and CCC when including
them in an equation that already has DMI and P (g/
kg of DM) as prediction variables. Moreover, the shape
of the residual plots did not change substantially af-
ter data transformation. Because of increased ease of
interpretation of the linear equations compared with
transformed equations, and due to concern over pro-
ducing an over-complicated equation given the quality
of the developmental data, the linear equations based
on the untransformed data are reported here, although
it is acknowledged that biological phenomena are often
nonlinear, and empirical equations are generally only
applicable within the range of data included in the de-
velopmental database.

Plotting the residuals for fecal P (g/d) against P
balance data (available for 14 studies in the fecal P
data set; n = 81) shows that P balance may have a
confounding effect, in particular for equation PF7 [P
intake (g/d) and milk yield (kg/d)], with underpre-
diction of fecal P excretion in the case of negative P
balance (Figure 1). Negative P balance is a naturally
occurring phenomenon during early lactation. Ekelund
et al. (2006) reported that lowering dietary P with the
aim of benefiting from naturally occurring bone resorp-
tion for P supply in early lactation did not result in in-
creased bone resorption compared with cows fed higher
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amounts of P. Reduction of the dietary P concentration
during early lactation could thus be a viable strategy to
reduce fecal P excretion during this period.

For most of the studies in our database, no infor-
mation was available on dietary starch content. The
positive estimate for dietary NDF when predicting fecal
P excretion could imply an opposite effect of starch on
fecal P excretion given the generally negative correla-
tion between the dietary NDF fraction and the fraction
of NFC in diets of dairy cattle (Armentano and Pereira,
1997; NRC, 2001). Diets low in NDF and high in starch
will most likely have a higher DM digestibility, with
the major exception of situations with low rumen pH
caused by high levels of fermentable carbohydrates,
resulting in reduction of NDF degradation in the ru-
men (Dijkstra et al., 2012). The negative relationship
between DM digestibility and P excretion in feces re-
ported by Weiss and Wyatt (2004) support our data
in this respect. However, not the absolute amount, but
rather the digestive characteristics of starch may affect
the efficiency of utilization of P in terms of total P
excretion (g/d) and P excretion per gram of milk P
produced (Guyton et al., 2003; Kebreab et al., 2005).
Guyton et al. (2003) studied the effect of 2 dietary P
levels and 2 starch sources on fecal P excretion. Values
of 1.8 and 2.6 g of fecal P/g of milk P were reported for
low dietary P and high dietary P, respectively. Similar-
ly, the least digestible and most digestible starch source
resulted in excretion values of 2.4 and 2.0 g of fecal P/g
of milk P, respectively. These results indicate that the
reduction in P excretion could mainly be attributed
to lower P intake. The effect of starch digestibility on
fecal P excretion was reflected in a significantly higher
feed efficiency of cows receiving the high digestible
starch source in terms of kilograms of milk produced
per kilogram of DMI. However, it is more appropriate
to express feed efficiency of dairy cows as kilograms
of FCM or FPCM per kilogram of DMI (Beever and
Doyle, 2007). Milk fat production differed significantly
in the study of Guyton et al. (2003), and feed efficiency
based on FCM did not show this pronounced difference.

Fecal P as a Fraction of P Intake (g/g). Sev-
eral prediction equations with significant parameter
estimates were derived for the prediction of fecal P
excretion expressed as a fraction of P intake (Table 3).
Similar to the equations for fecal P (g/d), estimates
for the effects of CP and milk yield were negative in
all equations, and estimates for the effects of dietary P
(g/kg of DM) and NDF (g/kg of DM) were positive in
all equations. The effect of DMI on fecal P excretion as
a fraction of P intake was not significant. The predic-
tion equation with dietary P content and milk yield
(PF12) was among the best in terms of CCC and BIC
values. When NDF and CP were added (PF16), their
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Figure 1. Left: Predicted values versus residual (observed — predicted) plots for equations PF3 [independent variable: P intake (g/d)], PF6
[independent variables: DMI (kg/d), P (g/kg DM), CP (g/kg of DM), NDF (g/kg of DM)], and PF7 [independent variables: P intake (g/d), milk
yield (kg/d)]. Right: Available P balance data (n = 81; 14 studies) versus residuals (observed — predicted) for equations PF3, PF6, and PF7.

slope parameters were significant, but CCC and BIC
did not improve despite an improvement in RMSPE.
In general, none of the derived prediction equations for
fecal P (g/g of intake) explained substantial amounts
of observed variation, as CCC values were all <0.30

(Table 4). Large residuals were observed for some treat-
ments with high dietary P concentrations (Morse et al.,
1992; Kamiya et al., 2006a), which may be the result of
lower P efficiency of absorption at high levels of dietary
P. Similar to some of the prediction models for fecal P
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in grams per day, evaluation of the residuals shows that
P balance appears to be a confounding factor (data
not shown). The slope of the residuals when plotted
against the predicted values was also significantly dif-
ferent from zero. If fecal P excretion is higher in a situ-
ation of negative P balance, it will logically comprise
a larger fraction of P intake. Better understanding of
the effect of P mobilization from body reserves, and its
possible interactions with nutritional factors, on total
P use efficiency is required to improve the quality of
these prediction models if they are not only used for
whole-farm situations.

Milk P

Milk P (g/kg). Phosphorus required for milk
production comprises a major fraction of the total
P requirements of a modern dairy cow (NRC, 2001).
However, the recommendations in different countries
for P requirements differ substantially. For example,
the P requirement according to various feed evaluation
systems of a 600-kg nonpregnant cow producing 30 kg
of milk/d varies between 59 and 85 g/d (Valk et al.,
2000). The average milk P concentration in our data
subset was 0.89 g of P/kg of milk (Table 2), which
is very close to the constant value of 0.9 g of P/kg
of milk adopted in the NRC (2001) system. Variation
in P concentrations in milk across studies may result
partly from analytical error. Nevertheless, the range of
values in our data subset (0.66 to 1.10 g of P/kg of
milk) shows that the P content of milk may actually
vary considerably. Investigating factors that affect the
P content of milk was therefore of interest, because
variation in milk P content may have substantial effects
on efficiency of P use for milk production (Bannink et
al., 2010).

No significant effects of DMI, dietary P (g/kg of DM),
or total P intake on the P content of milk were found.
The effect of milk yield was also not significant, but
inclusion of FCM or FPCM as a variable in the model
did result in small, significant parameter estimates for
these 2 potential driving variables (PM1, PM2). The
significant effect of corrected milk yield on milk P con-
tent, where the uncorrected value is not significant, is
most likely a result of the significant effects of milk
protein percentage and milk fat percentage on milk P
content (Table 5). An empirical relationship between
the concentration of milk protein and the concentration
of milk P has been reported previously (Lenstrup, 1926;
Wu et al., 2000). Besides milk protein, milk lactose con-
tent can also affect the P content of milk (Shennan and
Peaker, 2000), because inorganic P (Pi) is generated
during the formation of lactose in the Golgi apparatus,
which can subsequently be secreted into milk together
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Table 5. Summary prediction equations for milk P in grams per kilogram of milk, grams per day, and as a fraction of P intake (+SE)

1

Feed
efficiency

P intake
(g/d)

DMI Dietary P
(kg/d) (g/kg of DM)

Milk fat
(%)

Milk protein
(%)

FPCM yield
(kg/d)

FCM yield
(kg/d)

Intercept

Equation 1D

Milk P (g/kg)

0.064 (£0.0118)

0.092 (+0.028) 0.052 (+0.0117)

0.0029 (£0.00124)
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with other milk constituents. However, information on
the lactose content of milk was not sufficiently available
in our database to test this relationship. Equation PM3
(milk protein percentage) had the lowest RMSPE and
highest CCC value. Addition of fat percentage to the
equation (PM5) did result in a lower BIC value, but
did not increase RMSPE or CCC, indicating no effect
or a small additional effect of fat percentage on predict-
ing milk P content. The CCC of the various equations
to predict milk P content did not exceed 0.24, which
indicates that the overall predictive value of the linear
models for milk P content derived in this study is low
(Table 6). No clear patterns in the residuals (observed —
predicted) for the top performing equations were found,
however (Figure 2). The 3 data points representing the
largest residuals in both equation PM4 (milk fat per-
centage) and PM5 (milk protein percentage and milk
fat percentage) are from the study by Peterson et al.
(2005), where cows produced milk that was high in fat
but low in P. Exclusion of this study from the analysis
did not significantly alter the parameter estimates of
the regression equations for milk P content, but largely
removed any apparent slope from the residual plots.
Milk P (g/d). For prediction of milk P in grams
per day, significant parameter estimates were found
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for both dietary P (g/kg of DM; PM6) and total P
intake (g/d; PMT7; Table 5). Based on RMSPE, CCC,
and BIC, the equation with P intake was better than
that with dietary P content (Table 6). Milk P (g/d) is
inherently related to milk yield, and most likely milk
yield will be higher at higher intake levels, which may
explain this result. The effect of DMI alone was not
significant, but a tendency for an effect was observed
(P < 0.10).

Milk P as a Fraction of P Intake (g/g). Sig-
nificant effects of dietary P (g/kg of DM; PM9), DMI
(PMS8), total P intake (g/d; PM10), and feed efficiency
(PM11) were found for models of predicted milk P as
a fraction of P intake (Table 5). The effects of milk
yield, FCM, or FPCM were not significant. Feed ef-
ficiency and dietary P content (PM12) explained most
of the variation in the observed data, but about one-
third of the RMSPE of this equation is attributable to
nonrandom error (Table 6). However, these terms may
also be inherently related, as P efficiency (g of milk
P/g of P intake) is nested within feed efficiency (g of
FPCM/g of DMI). Nevertheless, feed efficiency is often
measured and, if related to P efficiency, could be useful
as a prediction variable. Early lactation cows were used
in the studies by Kamiya et al. (2006b) and Peterson

Table 6. Evaluation of prediction equations for milk P in grams per kilogram of milk, grams per day, and as a fraction of P intake

Prediction RMSPE' ECT*  ER’ ED* ’
Equation ID variables (%) (%) (%) (%) cce® RS cy o w BICY
Milk P (g/kg)
PM1 FCM yield (kg/d) 11.3 0.1 15.8 84.2  —0.077 —0.150 0.512 3.628 0.070  —186.8
PM2 FPCM"' yield (kg/d) 11.1 02 131 868 —0.063 —0.134 0.468 4.018 0.087 —185.8
PM3 Milk protein % 9.8 1.0 0.0 99.0 0.241 0.364 0.663 2.614 0.148  —205.0
PM4 Milk fat % 10.6 0.7 4.2 95.2 0.103 0.160 0.641 2.736 0.140 —210.3
PM5 Milk protein %, milk fat % 10.2 0.6 3.2 96.2 0.237 0.306 0.776 2.086 0.105 —215.7
Milk P (g/d)
PM6 P (g/kg of DM) 23.2 10.8 2.5 86.7 0.292  0.501 0.583 2.816 0.510 600.2
PM7 P intake (g/d) 19.9 4.2 0.4 95.4 0.571 0.627 0.910 1.484 —0.199 552.7
Milk P as fraction of intake (g/g)
PMS8 DMI (kg/d) 35.8 5.2 41.4 53.9 0.238 0.248 0.957 0.915 0.286 —123.3
PM9 P (g/kg of DM) 24.5 10.9 13.1 76.1 0.588 0.617 0.954 1.062 0.305 —193.5
PM10 P intake (g/d) 23.2 3.6 22.1 74.5 0.666 0.676 0.986 0.930 0.155 —219.7
PM11 Feed efficiency'? 38.0 2.6 50.5 47.4 0.259 0.272 0.955 0.794 —0.200 —111.8
PM12 Feed efficiency, P (g/kg of 19.7 22.3 10.4 67.4 0.761  0.804 0.947 0.965 0.334  —275.3

DM)

1 ..
Root mean square prediction error expressed as a percentage of the observed mean.

’Error resulting from overall bias, as a percentage of total mean square prediction error (MSPE).

*Error resulting from deviation of the regression slope from unity, as a percentage of total MSPE.

‘Random error, as a percentage of total MSPE.

Concordance correlation coefficient, where CCC = R x C,.
Pearson correlation coefficient.

"Bias correction factor.

#Scale shift.

Location shift.

Bayesian information criterion. Indicates goodness of model fit.
"Fat- and protein-corrected milk.

“2Calculated as kilograms of FPCM vyield per kilogram of DMI.
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Figure 2. Observed versus predicted values for milk P content (left) and predicted values versus residuals (observed — predicted) (right) for
equations PM3 (independent variable: milk protein %), PM4 (independent variable: milk fat %), and PM5 (independent variables: milk protein
% and milk fat %).

et al. (2005), and high calculated feed efficiency values may have been a confounding factor, but this could not
(>2.5) likely indicate utilization of body reserves for be tested based on information available in the current
milk production. Consequently, number of days in milk database.
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Recommendations for Further Research

Meta-analysis is a valuable tool to provide a quanti-
tative summary of available data and to derive predic-
tion equations for use in practice (St-Pierre, 2001). The
statistical models derived in this study could be used to
determine important factors affecting P use efficiency
in dairy cows with the aim to incorporate these factors
in a mechanistic model of P metabolism. Increasing
interest in environmental issues has stimulated further
development of nutrient-based mechanistic models
within an environmental framework, and the need ex-
ists to include variation at the animal level in such
nutrient-based mechanistic models (Dijkstra et al.,
2007). In one extant mechanistic model of P metabo-
lism in dairy cows (Hill et al., 2008), dietary P is the
only dietary component included. The results of the
present meta-analysis suggest that including effects of
other nutritional factors, in particular dietary NDF and
CP content, would benefit such a mechanistic model.
Moreover, in the Hill et al. (2008) model, a constant
concentration of Pi in milk was assumed. Comparing
this with the study that contains the model input data
(Knowlton et al., 2001) shows that the concentration
of Pi in milk appears equal to the total P concentra-
tion in milk. This is unlikely, as part of the P in milk
is complexed with casein (Lenstrup, 1926; Wu et al.,
2001) and, as such, is not inorganic. Lenstrup (1926)
and Forar et al. (1982) showed that of the various P
fractions in milk, the Pi content is the most variable
fraction throughout the year. It is not, however, clearly
established whether this variation relates to season,
diet composition, or lactation stage. Variation in milk
P content is therefore also an aspect that should be
considered for inclusion in future research efforts with
regard to P metabolism in dairy cattle.

In this investigation, information on P balance and
stage of lactation was not available for all treatments
and therefore these variables as such could not be in-
cluded as factors in the analysis. During early lactation,
Ca is normally mobilized from bones to meet require-
ments for milk production. With the release of Ca from
bone, P is also mobilized (NRC, 2001), which may have
implications for the P requirements of early lactation
dairy cows. Elizondo Salazar et al. (2012) estimated
that a 600-kg dairy cow may be able to mobilize up
to 1,000 g of P from body reserves during the early
lactation period. However, this is based on a sugges-
tion about the possible extent of P mobilization in
early lactation beef cattle (Ternouth, 1990). According
to Taylor et al. (2009), cows may mobilize more than
1,000 g of P during the first 20 wk of lactation, whereas
deposition of Ca and resorption of P appeared to be
unrelated. It was suggested by those authors that cows
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may be able to deposit Ca in bones in forms other than
apatite salts. Contrasting results in the literature and
the finding that P balance was a seemingly confounding
factor in the current investigation underline the impor-
tance of better understanding and quantification of the
prominent role of P resorption from bone and body
tissues during early lactation in overall P metabolism.

CONCLUSIONS

Phosphorus excretion in feces was linearly related to
P intake and explained most of the variation in the ob-
served data. Significant effects of dietary CP and NDF
and milk yield on fecal P excretion were also found.
Results indicate that the P content of milk is influenced
by milk composition, but that the observed variation
could not be adequately described by any of the models
derived in this study. Phosphorus in milk as a fraction
of P intake was positively related to feed efficiency and
negatively related to dietary P content. Present results
can be used to determine relevant dietary and animal
factors for inclusion in further research and modeling
efforts with regard to P efficiency of dairy cows. In the
present study, all available data were used for model
development; therefore, further evaluation of the mod-
els against an independent database is recommended.
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