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ABSTRACT

The objective of this work was to leverage equations 
derived in a meta-analysis into an ensemble modeling 
system for estimating dietary physical and chemical 
characteristics required to maintain desired rumen con-
ditions in lactating dairy cattle. Given the availability 
of data, responsiveness of ruminal pH to animal behav-
iors, and the chemical composition and physical form of 
the diet, mean ruminal pH was chosen as the primary 
rumen environment indicator. Physically effective fiber 
(peNDF) is defined as the fraction of neutral deter-
gent fiber (NDF) that stimulates chewing activity and 
contributes to the floating mat of large particles in the 
rumen. The peNDF of feedstuffs is typically estimated 
by multiplying the NDF content by a particle size 
measure, resulting in an estimated index of effective-
ness. We hypothesized that the utility of peNDF could 
be expanded and improved by dissociating NDF and 
particle size and considering other dietary factors, all 
integrated into a physically adjusted fiber system that 
can be used to estimate minimum particle sizes of TMR 
and diet compositions needed to maintain ruminal pH 
targets. Particle size measures of TMR were limited 
to those found with the Penn State particle separa-
tor (PSPS). Starting with specific diet characteristics, 
the system employed an ensemble of models that were 
integrated using a variable mixture of experts approach 
to generate more robust recommendations for the per-
centage of dietary DM material that should be retained 
on the 8-mm sieve of a PSPS. Additional continuous 
variables also integrated in the physically adjusted 
fiber system include the proportion of material (dry 
matter basis) retained on the 19- and 8-mm sieves of 
the PSPS, estimated mean particle size, the dietary 
concentrations of forage, forage NDF, starch, and NDF, 

and ruminally degraded starch and NDF. The system 
was able to predict that the minimum proportion of 
material (dry matter basis) retained on the 8-mm sieve 
should increase with decreasing forage NDF or dietary 
NDF. Additionally, the minimum proportion of dry 
matter material on the 8-mm sieve should increase with 
increasing dietary starch. Results of this study agreed 
with described interrelationships between the chemi-
cal and physical form of diets fed to dairy cows and 
quantified the links between NDF intake, diet particle 
size, and ruminal pH. Feeding recommendations can 
be interpolated from tables and figures included in this 
work.
Key words: ensemble models, particle size, effective 
fiber, ruminal pH

INTRODUCTION

The NDF component of feed has 2 important nu-
tritional elements of interest. The first is the extent 
to which it is degraded in the rumen (Robinson and 
McQueen, 1997), because it is made up of both poten-
tially degradable NDF and undegradable NDF fractions 
(Harvatine et al., 2002). The second has been termed 
physically effective NDF (peNDF), which is defined 
as the extent to which the physical structure of fiber 
stimulates chewing and contributes to the floating mat 
of large particles in the rumen (Mertens, 1997). Both 
degradability and physical effectiveness influence rumi-
nal pH (Allen, 1997). The peNDF content of individual 
feedstuffs has been estimated by multiplying the NDF 
concentration of a feed by the proportion of material 
retained on a 1.18-mm sieve determined using vertical 
dry sieving methods or by multiplying by the actual 
NDF content of the retained material (Mertens, 1997). 
The multiplication of particle size by feed composition 
makes peNDF an interaction term with an apparent 
implicit assumption that the 2 factors are linked, in-
dependent of the individual factors. In contrast with 
dry sieving, the Penn State particle separator (PSPS; 

Physically adjusted neutral detergent fiber system for lactating 
dairy cow rations. II: Development of feeding recommendations
Robin R. White,* Mary Beth Hall,† Jeffrey L. Firkins,‡ and Paul J. Kononoff§1

*Department of Animal and Poultry Science, Virginia Tech, Blacksburg 24060
†US Dairy Forage Research Center, Madison, WI 53706
‡Department of Animal Sciences, The Ohio State University, Columbus 43210
§Department of Animal Science, University of Nebraska, Lincoln 68583-0908

 

Received February 20, 2017.
Accepted August 7, 2017.
1 Corresponding author: pkononoff2@unl.edu



9570 WHITE ET AL.

Journal of Dairy Science Vol. 100 No. 12, 2017

Lammers et al., 1996; Kononoff et al., 2003) is more 
commonly used on farms to estimate the particle size 
of TMR. Several investigators have estimated peNDF 
as the NDF concentration of a TMR multiplied by the 
proportion of material retained on each or any of the 
sieves used in the PSPS (19-, 8-, and 1.18-mm; Einarson 
et al., 2004; Yang and Beauchemin, 2006; Zebeli et al., 
2008, 2012); these peNDF values were used to evaluate 
effects of these fractions on ruminal pH. Although the 
Dairy NRC (2001) did not include recommendations 
for peNDF, it did note that quantitative measures of 
particle size are needed and, if developed, should im-
prove fiber recommendations for dairy cows.

The factors affecting ruminal pH and its role on ru-
minal fiber digestibility and microbial growth have been 
described (Firkins, 2010); however, each factor is typi-
cally evaluated when all other factors are held constant, 
often evaluated in vitro, which generally leaves out the 
various interactions that occur in vivo. Furthermore, 
models of the rumen environment are limited by data 
uncertainty because rumen conditions are also difficult 
to observe accurately (Sarhan and Beauchemin, 2015). 
Finally, identifying data sets with sufficient independent 
variation in all key independent variables to accurately 
derive parameter estimates is challenging. Overcoming 
this uncertainty requires evaluation of response surfaces 
that overlap multiple dimensions, and no single study 
can possibly evaluate all of these dimensions simulta-
neously. Interestingly, these challenges are similar to 
those inherent to weather forecasting models (Meier et 
al., 2014). To overcome data and model limitations in 
weather forecasting models, climatological researchers 
have employed ensemble modeling approaches to gener-
ate robust predictions of weather patterns as affected 
by various driving forces (Meier et al., 2014; Pollard et 
al., 2016). Ensemble models aggregate predictions from 
multiple different models to yield a mean and range of 
responses. Compared with individual models, ensemble 
approaches have advantages in probabilistic event mod-
eling because they provide more reliable predictions of 
events, estimate confidence in the reliability of those 
predictions, and are less likely to generate systematic 
errors (Ebert, 2001). Rather than forcing integration 
of all models over an entire range of conditions, such 
that the full range has areas of instability, the ensemble 
approach uses a mixture of expert algorithms intelli-
gently to integrate equations with varying weighting 
factors over the entire range of conditions. Therefore, 
an ensemble modeling approach (Roebber et al., 2004) 
was chosen to generate robust means and confidence 
intervals to describe the need for particle size, fiber, 
and other dietary components in diets for lactating 
cows. Compared with individual models, an ensemble 

approach will have improved utility, particularly in 
situations where minimal data are available for equa-
tion development (Polikar, 2006).

The objective of our work was to leverage equations 
derived in a meta-analysis (White et al., 2017) into a 
multidimensional system for estimating dietary physi-
cal and chemical characteristics required to maintain 
desired rumen conditions. Given the responsiveness 
of ruminal pH to animal behaviors and the chemical 
composition and physical form of the diet (Allen, 1997; 
White et al., 2017), mean ruminal pH was chosen as 
the indicator to describe whether the diet supported 
the desired ruminal characteristics. This indicator was 
chosen because it was frequently reported in many of 
the studies included in our data set, but it should be 
noted that other measures that were rarely reported, 
such as minimum or maximum pH, time under 5.8, or 
area under the curve of pH measures taken over time 
(Danscher et al., 2015), may serve as better indicators 
of problematic rumen conditions. Nonetheless, under 
varying dietary conditions, we tested adequacy of 
model combinations to predict mean ruminal pH. Be-
cause model combinations may be dependent upon diet 
situations, we used the ensemble modeling approach 
to enable differential weighting of model predictions 
to generate description of diet effect. We hypothesized 
that the utility of peNDF could be expanded and 
improved by dissociating NDF and particle size and 
considering other dietary factors of the entire diet, all 
integrated into a physically adjusted fiber (paNDF) 
system that can be used to estimate minimum particle 
sizes of TMR and diet compositions needed to main-
tain varying ruminal pH targets under the range of 
dietary conditions experienced by dairy cattle in North 
America. Although development and simulation of the 
paNDF system was conducted in R v. 3.4.0 (Foundation 
for Statistical Computing, Vienna, Austria), the system 
of equations is simple enough to be implemented in any 
computational framework, including spreadsheet-based 
software such as Microsoft Excel (Microsoft Corpora-
tion, Redmond, WA).

MATERIALS AND METHODS

White et al. (2017) generated equations describing 
the effects of dietary physical and chemical character-
istics on DMI, eating activity, rumination activity, and 
ruminal pH. Our approach to integrate these equations 
allowed us to test and detect small effects of dependent 
variables while also including research that spans both 
controlled and noncontrolled factors, such as basal 
plane of nutrition (St-Pierre, 2007). To avoid confu-
sion between equations referenced from White et al. 
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(2017) and equations derived in our work, the equation 
numbers from White et al. (2017) have been converted 
to alphabetical identifiers (A = 1, B = 2, C = 3, and so 
on), whereas the equations used in the current work use 
numeric identifiers listed to the right of each equation.

In the current study, a target mean ruminal pH was 
set for our exercise (target pH can be adjusted using 
our approach). The remaining models were then used to 
develop feeding recommendations for particle size and 
diet composition using an ensemble modeling approach. 
The ensemble was trained against the available data 
and used to simulate recommendations for forage NDF 
(fNDF) and the proportion of material retained on 
the 8-mm sieve (DM basis) of the PSPS (Kononoff et 
al., 2003). Model behavior was evaluated in comparison 
to data from published studies and widely understood 
relationships between variables (i.e., starch decreases 
rumen pH)

Testing Model Adequacy

As described in White et al. (2017), substantial chal-
lenges exist in selecting ideal models of DMI, rumi-
nation time, and rumen pH due to differences in the 
numbers of treatment means used for evaluation. To 
more objectively select ideal models, the data were sub-
set so only treatments that could be predicted using all 
available models were included. All model combinations 
(8 DMI models × 8 rumination time models × 8 pH 
models) were tested for their ability to predict rumen 
pH. The models were ranked based on the concordance 
correlation coefficient (Lin, 1989), a common metric of 
model precision and accuracy. The model combination 
with the highest concordance correlation coefficient 
where all supporting models (DMI, rumination time, 
and rumen pH) were predicted on the same basis (DM 
or as-fed; AF) was used to select between DM and 
AF predictions. The best combination of models when 
compared against this common data set was comprised 
of DM measurements.

After selecting the DM models for further testing, 
available data that could be used to predict rumen pH 
were subset into a variety of scenarios. Scenarios includ-
ed dietary characteristics such as low and high starch, 
low and high forage, low and high fNDF, low and high 
ADF-to-NDF ratio, and low and high diet NDF. The 
ADF-to-NDF ratio was included as an indirect measure 
of forage class (e.g., grass, legume, and so on; White 
et al. 2017) and fragility (Grant, 2010). Assuming a 
log-normal distribution, estimated mean particle size 
(MPS) was determined according to the calculations 
described by Waldo et al. (1971) using linear regres-
sion of the normal inverse of cumulative proportion 

of particles retained on 19-, 8-, and (when available) 
1.18-mm sieves of the PSPS versus the logarithm (base 
10) of screen size, solving for y = 0; the standard devia-
tion (SD) of MPS was calculated as the inverse of the 
slope. Cutoffs for data inclusion (low or high) were at 
1 SD above or below the mean for any given variable. 
The SD and mean of all variables from White et al. 
(2017) are presented in Table 1. The top-ranked model 
combination varied across different scenarios, suggest-
ing that different model combinations were better at 
representing diets with differing characteristic chemical 
composition. The wide variety of ideal models was not 
surprising, given the large differences in data among 
studies used to derive the different models.

Combining Models with Differing Skills  
to Create an Ensemble

The ensemble developed here used a parallel calcu-
lation approach with a mixture of experts integration 
(Figure 1). A mixture of experts model is a system com-
posed of several models, each of which is trained (see 
process below) to handle a subset of the complete data 
set. In our case, the various ideal model combinations 
identified for the different dietary scenarios of interest 
are designated as these various experts. As listed in 
Tables 2 and 3, DMI models A and E, rumination time 
model C, and pH models B and D were the equations 
used. These equations were grouped to provide experts 
for low and high pH, low and high fNDF, low and high 
diet NDF, low and high ADF-to-NDF ratio, and low 
and high forage, which were the dietary characteristics 
remaining after backward elimination of potential pa-
rameters (White et al., 2017).

By establishing the proportion of material retained 
on the 19-mm sieve (which can be adjusted), each sys-
tem of equations was used to predict the proportion of 
material retained on the 8-mm sieve for each data point 
available to meet the desired pH goal. An algebraic 
solution to the system is infeasible because the percent-
age of DM retained on the 8-mm sieve was a component 
used to calculate estimated MPS; instead, an optimiza-

Table 1. Range of variables used in model system

Variable Mean −1 SD +1 SD

NDF, % TMR DM 35 30 39
Starch, % TMR DM 25 13 36
fNDF,1 % TMR DM 19 12 26
ADF/NDF, %/% 0.63 0.37 0.89
Forage percent, % TMR DM 46 36 56
Wet forage (silage), % TMR DM 30 11 49
Dry forage (hay), % TMR DM 10 0 23
1fNDF = forage NDF contained in TMR.
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tion approach was used. Golden section search (Tsai et 
al., 2010) and successive parabolic interpolation (Jar-
ratt, 1967) were used to identify potential values of 

the percentage of DM material retained on the 8-mm 
sieve that generated the measured pH prediction. The 
resultant level of the pH prediction and the estimated 

Figure 1. Depiction of strategy to estimate mean and confidence range of pH responses estimated by the model ensemble. Various expert 
models are identified (high vs. low starch) and pH is estimated with all expert models individually. The weighted mean of the predicted pH is 
estimated based on dietary composition using the variable mixture of experts’ integration algorithm. The confidence range is estimated based 
on the minimum and maximum predictions of the ensemble.

Table 2. Comparison of model rankings1 when evaluated against data sets with different potential causes of 
low pH

Data type  Response variable

Model2

A B C D E F G H

Low pH DMI 2  4  1  3  
 Rumination time 1 7 4 2 1 5 3 6
 Rumen pH  2   1    
Low fNDF3 DMI 2 4  3 1  
 Rumination time 6 1 8 4 5 3 7 2
 Rumen pH  2  1    
Low NDF DMI 2 4  1 3  
 Rumination time 8 7 3 4 1 5 2 6
 Rumen pH  1  2    
Low forage DMI 4  2  1  3  
 Rumination time 8 6 2 5 4 7 1 3
 Rumen pH  2   1    
1Lower number within row of DMI, rumination time, and ruminal pH indicates better fit within a data type. 
For example, the best combination of models for low pH would be DMI model 5, rumination time model 1 or 
5, and rumen pH model 1.
2Models are specified as A through H and correspond to equations 1 through 8 presented in White et al. (2017), 
where A = 1, B = 2, C = 3, and so on. Alphabetical equation designees were used to avoid having multiple 
numeric equation identifiers.
3fNDF = forage NDF.
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percentage of DM material on the 8-mm sieve were 
recorded for each of 85 available treatment means. A 
sequential averaging training approach was then used 
to pair models with different skillsets based on dietary 
characteristics. The low and high fNDF experts predic-
tions of the proportion of DM retained on the 8-mm 
sieve were averaged following (Eq. 1):

 W kE C D, , ,= − ×








1 Starch

Starch
Forage

 

 W kAC B, , = ×Starch
Starch
Forage

, 

 ExpertStarch = 8-mmE,C,D × WE,C,D   

 + 8-mmA,C,B × WA,C,B, [1]

where WE,C,D was the weight assigned to the predicted 
DM material on the 8-mm sieve from DMI equation 
E, rumination time equation C, and pH equation D 
(8-mmE,C,D); WA,C,B was the weight assigned to the pre-
dicted DM material retained on the 8-mm sieve from 
DMI equation A, rumination time equation C, and pH 
equation B (8-mmA,C,B); Starch is dietary starch per-
centage (% of DM); Forage is dietary forage percentage 
(% of DM); ExpertStarch was the generated predicted 
percentage of DM on the 8-mm sieve; and kstarch is the 
fitted constant to adjust the weight of the models based 
on the dietary ratio of starch to forage.

The same approach was used to generate expert pre-
dictions that accounted for diet NDF percentage (Eq. 
2)

 WE,C,B = (1 − kNDF × NDF), 

 WA,C,D = kNDF × NDF, 

 ExpertNDF = 8-mmE,C,B × WE,C,B   

 + 8-mmA,C,D × WA,C,D, [2]

where the differing letter subscripts represent the model 
letter designation for DMI, rumination time, and pH, 
respectively; NDF is dietary NDF percentage (% of 
DM); kNDF is the fitted constant to adjust the weight of 
the models based on dietary NDF, and ExpertNDF is the 
expert prediction for the percentage of DM material on 
the 8-mm sieve that accounts for dietary NDF percent-
age. Equations generated for ADF-to-NDF ratio (Eq. 
3) were 

 W kE C D, , ,= − ×








1 ADFNDF

ADF
NDF

 

 W kAC D, , ,= ×ADFNDF
ADF
NDF

 

 ExpertADFNDF = 8-mmE,C,D × WE,C,D   

 + 8-mmA,C,D × WA,C,D, [3]

where the differing letter subscripts represent the model 
letter designation for DMI, rumination time, and pH, 
respectively; ADF is dietary ADF percentage (% of 
DM), kADFNDF is the fitted constant to adjust the weight 
of the models based on the dietary ratio of ADF to 

Table 3. Models developed by White et al. (2017) during ensemble model training (units of all parameters on a DM basis) and used to generate 
feeding recommendations

Response  ID1  Equation2

DMI, kg/d A −0.889 − 0.460 × MPS + 0.0203 × BW + 0.110 × Forage + 0.794 × NDF − 0.0117 × (NDF × 
NDF)

 E −1.74 − 0.432 × MPS + 0.0218 × BW + 0.163 × Cottonseed + 0.117 × Forage − 0.238 × fNDF + 
0.771 × NDF − 0.0116 × (NDF × NDF)

Rumination time, min/d C −357 − 16.7 × MPS + 4.34 × 19-mm + 2.49 × 8-mm + 71.5 × DMI − 1.54 × (DMI × DMI) + 4.78 
× NDF − 1.68 × dNDF − 2.35 × dStarch

pH B 12.0 + 0.0112 × fNDF − 0.0190 × Starch + 0.0003448 × (Starch × Starch) − 0.679 × CP + 0.0186 
× (CP × CP) + 0.01052 × (Rumination Time/DMI)

 D 6.72 + 0.0137 × fNDF + 0.00798 × Starch − 0.0456 × CP − 0.00835 × dStarch + 0.0204 × 
(Rumination Time/DMI)

1Models are specified as A through E and correspond to equations 1 through 8 presented in White et al. (2017), where A = 1, B = 2, C = 3, 
and so on. Alphabetical equation designees were used to avoid having multiple numeric equation identifiers.
2MPS = estimated mean particle size from Penn State particle separator data in mm; BW = kg. All dietary concentrations are on a DM basis: 
forage = % of forage in the TMR; NDF = % NDF in the TMR; cottonseed = % of cottonseed in the TMR; fNDF = % of forage NDF in the 
TMR; 19-mm = % of TMR retained on the 19-mm sieve of the Penn State particle separator; 8-mm = % of TMR retained on the 8-mm sieve 
of the Penn State particle separator; DMI = kg/d; dNDF = rumen-degraded NDF as estimated by White et al. (2017); dStarch = rumen-
degraded starch as estimated by White et al. (2016); starch = % of starch in the TMR; CP = % of CP in the TMR; rumination time = time 
spend ruminating, min/d.
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NDF, and ExpertADFNDF is the expert prediction of the 
proportion of DM material that should be retained on 
the 8-mm sieve when adjusted for ADF-to-NDF ratio. 
Equations generated for fNDF (Eq. 4) were

 WE,C,B = (1 − kfNDF × fNDF), 

 WA,C,B = kfNDF × fNDF, 

 ExpertfNDF = 8-mmE,C,B × WE,C,B   

 + 8-mmA,C,B × WA,C,B, [4]

where the differing letter subscripts represent the 
model letter designation for DMI, rumination time, 
and pH, respectively; fNDF is dietary fNDF percent-
age (% of DM); kfNDF is the fitted constant to adjust 
the weight of the models based on dietary forage NDF; 
and ExpertfNDF is the expert prediction for the percent-
age of DM material that should be on the 8-mm sieve 
to achieve the desired pH target that is sensitive to 
dietary fNDF.

A series of functions was then fit to average these 
predictions into a single estimate of the percentage of 
DM material on the 8-mm sieve

 8-mmfNDF,ADFNDF = ExpertfNDF   

× (kfNDF,ADFNDF × Forage) + ExpertADFNDF  

× (1 − kfNDF,ADFNDF × Forage),

 8-mmNDF,Starch = ExpertNDF × (kNDF,Starch × Starch)   

+ ExpertStarch × (1 − kNDF,Starch × Starch),

 8-mm
8-mm 8-mmfNDF,ADFNDF NDF,Starch=

+

2
, [5]

where 8-mmfNDF,ADFNDF is the aggregated expert ac-
counting for forage characteristics, 8-mmNDF,Starch is the 

aggregated expert accounting for diet NDF to starch 
ratio, and 8-mm is the final prediction of the percentage 
of DM material that should be retained on the 8-mm 
sieve to achieve the desired pH. The various parameters 
for this weighting scheme were fitted simultaneously 
to data using the FME package of R v. 3.4.0. (R Core 
Team, 2014). The parameter estimates, standard errors 
and significance values are included in Table 4.

System Usage

The resultant system of equations can be used to 
generate recommended percentages of DM material 
that should be on the 8-mm sieve of a PSPS to achieve 
a desired pH given a known DMI, dietary percentages 
of starch, ADF, NDF, fNDF, CP, forage, dry forage, 
wet forage, and percentage of DM in the diet retained 
on the 19-mm sieve. The percentage of DM on the 
19-mm sieve can and should vary with respect to the 
8-mm sieve because, even though these sieve fractions 
are inversely correlated, the percentage of DM on the 
larger sieve influences ruminal mat consistency and 
rumination activity, thus interacting with smaller par-
ticles (see discussion in White et al., 2017). The first 
step in applying the system is to use an optimization 
algorithm to solve for the estimated percentage of ma-
terial on the 8-mm sieve required to achieve the desired 
pH at the defined dietary conditions. The second step 
is to use the estimates and Eq. 1 to 5 to consolidate 
the predictions down to a single estimate of the recom-
mended percentage of DM material on the 8-mm sieve. 
Although a fairly simple procedure, these calculations 
rely on the availability of an optimization algorithm. 
Although a more complex search was used in the deri-
vation procedure, a simple exhaustive area search algo-
rithm could easily be employed in the first step. This 
approach likely will use minimal additional computing 
time, as the available search space for the parameter is 
limited between 0 and 100% minus the percentage of 

Table 4. Parameter estimates, SE, and significance values derived during ensemble model training

Equation  
number1  Parameter2 Estimate SE3 P-value

1 kStarch 0.699 0.345 0.046
2 kNDF 0.0213 0.0033 <0.001
3 kADFNDF 1.35 0.210 <0.001
4 kfNDF 0.0206 0.0101 0.012
5 kfNDF,ADFNDF 0.0120 0.0551 0.043
 kNDF,Starch 0.0791 0.0312 0.013
1Equation numbers are reflective of equations described in this work.
2Parameters are as defined in equations 1 to 5 and represent weighting factors used to calculate weighted aver-
ages of pH predictions made with the different expert models.
3Standard errors (SE) reflect variability around the mean parameter estimate.
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material on the 19-mm sieve; thus, it results in a fairly 
simple optimization problem that is virtually guaran-
teed to either converge on a global solution or, if it fails 
to converge, indicates that the pH can be achieved for 
all possible levels of material on the 8-mm sieve as is 
often the case with very low pH cutoffs.

Generating Feeding Recommendations

Dietary recommendations for fNDF and the percent-
age of DM in the total diet that should be retained 
on the 8-mm sieve were generated for diets varying in 
starch, NDF, and by the proportion of DM retained 
on the 19-mm sieve of the PSPS; this was done while 
assuming a constant ADF-to-NDF ratio (0.63), dry 
forage percentage (33% × forage percentage), wet for-
age percentage (67% × forage percentage), cow BW 
(631 kg), and CP (16.5% DM). These constant values 
were selected for this example because they reflected 
the mean of the data in White et al. (2017). Starch, 
total NDF, and fNDF were allowed to range from 15 to 
35, 25 to 40, and 10 to 30% of DM, respectively. The 
percentage of diet DM retained on the 19-mm sieve 
was assumed to be either 6, 12, or 18% (but could be 
changed to other values for a larger range of solutions). 
These ranges of all nutrients are rounded but reflect 
the mean ± 1 SD of the distributions defined in the 
available data (Table 1) with some exceptions (starch, 
NDF), from which the range was extended to better 
simulate diets with potentially problematic effects on 
ruminal pH. The ensemble was used to predict the 
percentage of DM material on the 8-mm sieve across a 
range of fNDF values for starch, NDF, and percentage 
of material on the 19-mm sieve.

Recommendations for the percentage of diet DM 
on the 8-mm sieve were defined by identifying inflec-
tion points relative to fNDF. An inflection point was 
identified as any fNDF for which the second derivative 
changed by 20% or more compared with the previous 
fNDF value. In general, 2 inflection points were identi-
fied. One inflection point had high fNDF and a low 
percentage of DM material on the 8-mm sieve, and 
the other had low fNDF and a high percentage of DM 
material on the 8-mm sieve. Both inflection points and 
the average of the 2 points are presented to provide 
a range in recommendations representing tradeoffs be-
tween fNDF and the percentage of DM material on the 
8-mm sieve. In some cases, one or both inflection points 
were not identified within the allowable range of fNDF. 
In that case, the lowest- or highest-allowable fNDF 
was used for recommendation to better highlight con-
tinuous trends in prediction over the range of dietary 
inputs. Alternative strategies for coping with dietary 
input combinations that do not generate an inflection 

point include solving for the fNDF, which generates 
some maximum allowable percentage of material re-
tained on the 8-mm sieve, or solving for the percentage 
of material retained on the 8-mm sieve given a desired 
or target dietary fNDF.

RESULTS AND DISCUSSION

The proposed paNDF system generates feeding 
recommendations (Supplemental File S1; https://doi.
org/10.3168/jds.2017-12766) for diet characteristics 
based upon computation, varying those requirements 
with respect to differing potential for a ruminal acid 
load and countering them for differing distributions of 
forage particle size as measured in a TMR (i.e., after 
potential particle size reduction in a mixer). This is 
somewhat of a departure from NRC (2001), in which a 
simple table (Table 4-3 from that source) from which 
minimum concentrations of fNDF, NDF, and NFC 
could be determined through interpolation. After that 
publication, the direct analysis of starch has replaced 
the calculation-based estimate of NFC (Hall, 2015). 
Additionally, the NRC table did not offer any recom-
mendations regarding the estimated particle size of a 
TMR fed to lactating dairy cattle. Subsequent to the 
publication the Dairy NRC (2001), several research 
groups studied influences of the chemical and physical 
characteristics of TMR on lactating dairy cattle, in-
cluding but not limited to studies in the United States 
in Wisconsin (Schwab et al., 2002; Krause and Combs, 
2003; Leonardi et al., 2005), Pennsylvania (Kononoff 
and Heinrichs, 2003; Maulfair and Heinrichs, 2013; 
Kmicikewycz et al., 2015), New York (Dann et al., 
2014; Farmer et al., 2014), and Michigan (Kammes 
and Allen, 2012); in Canada in Alberta (Yang and 
Beauchemin, 2006) and Manitoba (Einarson et al., 
2004; Bhandari et al., 2008); as well as in Germany 
(Zebeli et al., 2008). 

Although both particle size and fiber concentration 
of rations are known to stimulate chewing activity, 
agreement has not been reached on the best particle 
size metric to estimate the physical component of the 
TMR. This is because it is not clear which physical 
measure provides the most useful estimate of physi-
ological responses (Zebeli et al., 2012). For example, 
Mertens (1997) suggested using particles ≥1.18 mm as 
estimated by dry sieving, and measures of particles re-
tained on any or all of the sieves used by the PSPS (19, 
8, and 1.18 mm) have also been evaluated (Einarson 
et al., 2004; Yang and Beauchemin, 2006). The present 
study is unique because it allowed the different mea-
sures of particle size based on sieve size or estimated 
mean particle size from only the PSPS to self-identify 
as optimal during the model building process. Despite 

https://doi.org/10.3168/jds.2017-12766
https://doi.org/10.3168/jds.2017-12766
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the differences in accounting of particle size, our ani-
mal-based response variables were consistent with the 
concept of peNDF, particularly chewing activities and 
their subsequent influence on ruminal pH (Balch, 1971; 
Sudweeks et al., 1981; Mertens, 1997; Norgaard, 1989), 
but also extends current NRC (2001) recommendations 
for NDF to include information on particle size.

All particle size measures used in the paNDF system 
were determined with PSPS and reported on a DM 
basis. Although it was difficult to compare AF- and 
DM-based models from the full derivation data set due 
to largely differing numbers of available data for the 2 
approaches (White et al., 2017), the ranking of different 
model combinations in the present work showed that 
the DM models performed better as a system when 
evaluated in comparison to the systems of AF mod-
els. As shown in Figure 1, the final model averaging 
parameters weighted the equations grouped by forage 
characteristics (fNDF and ADF-to-NDF ratio) and diet 
concentrate to forage indicators (diet concentrations of 
NDF and starch).

The extent to which the physical structure of the 
diet influences rumen conditions is, at least in part, 
through stimulation of chewing activity, which can re-
spond distinctly between chewing during eating versus 
ruminating (White et al., 2017); Zebeli et al. (2012) 
identified the potential for optimizing, rather than pro-
viding just a minimum, peNDF by also depicting the 
role of ruminal fill to limit DMI with increasing particle 
size. A novel unification in our approach is that TMR 
particle size has roles to stimulate chewing during ru-
mination versus eating that do not necessarily require 
peNDF (particle size multiplied by NDF) while still 
integrating effects of dietary chemical factors (such as 
starch and NDF) and their acidogenic potential. Thus, 
our quantitative findings provide a more comprehensive 
approach than previous efforts, as both TMR particle 
size and diet NDF influence both DMI and rumination 
time, in agreement with mechanistic expectations, and 
these factors in turn were integrated into a system that 
could be robustly related to observed ruminal pH in 
dairy cattle (Table 3).

Evaluation of Model Behavior

To evaluate model behavior, the ensemble model 
was used to predict recommended percentages of diet 
DM that should be retained on the 8-mm screen to 
achieve a pH of either 6.1 or 6.0. Currently, agreement 
does not exist for the optimal ruminal pH, but in this 
example 6.1 was chosen because it was the mean of 
the data set of White et al. (2017). A pH of 6.0 was 
also used because cellulolysis has been reported to be 

inhibited when ruminal pH is less than 6.0 (Mould et 
al., 1983; Shi and Weimer, 1992). In our study, this 
mean pH was associated with periods after feeding 
when pH was below 6.0, but insufficient common met-
rics were provided to develop that concept. Above a 
mean pH of 6.2 was deemed unnecessary, and below 
6.0 generated predictions with required large particle 
(>8 mm) percentages that were often infeasible (19 mm 
+ 8 mm >100). The 3 dietary characteristics in the 
model were dietary concentrations of NDF and starch 
and proportion of particles retained on a 19-mm screen. 
For each combination of these 3 factors and for each 
target pH (6.0 or 6.1), 3 recommendations for fNDF (% 
DM) and percentage of dietary DM material retained 
on the 8-mm sieve were generated (Table 5). The first 
recommendation, low particle size, reflects the response 
surface inflection point where particle size is low but 
fNDF is high. The second recommendation, high par-
ticle size, reflects the response surface inflection point 
where particle size is high but fNDF is low. The final 
recommendation represents the average between these 
2 inflection points and has moderate particle size and 
moderate fNDF. To illustrate these inflection points, 
Figure 2 was generated. In the top left graph of this 
figure depicting 6% of TMR DM retained on a 19-mm 
screen and 15% TMR DM starch, 2 inflection points 
are clearly visible. One occurs at approximately 16.0% 
fNDF, and the other at approximately 26.5% fNDF. 
This figure can be interpreted to suggest that ruminal 
pH can be maintained in a diet low in fNDF (16.0%) 
by increasing the proportion of TMR (between 40 and 
60%) retained on the 8-mm sieve. Alternatively, when 
feeding a diet high in fNDF (26.6%), a lower proportion 
of TMR (<20%) retained on the 8-mm sieve is needed. 
In practice, a true recommendation for the percentage 
of DM material on the 8-mm sieve should be based on 
the diet target fNDF and likely lies somewhere between 
these 2 inflection points. Increasing either fNDF or par-
ticle size near these ranges and as a means to increase 
chewing activity and ruminal pH has been observed 
experimentally (Yang and Beauchemin, 2007a, 2009); 
however, the effects of particle size are also influenced 
by the fermentability of the diet (Yang and Beauchemin, 
2007b). A limitation of the peNDF system (Mertens, 
1997) is that it did not account for differences in rumen 
fermentability, most notably rumen-degraded starch 
(Dijkstra et al., 2012), which is integrated into the 
current system. Rumen-degraded starch was robustly 
predicted across a variety of dairy diets (Roman-Garcia 
et al., 2016), but it might not capture specific effects 
of grain processing; hence, with more intensive process-
ing, a user should navigate toward high particle size 
recommendations. It should also be noted that because 
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estimates listed in Table 5 are generated from solutions 
stemming from a wide range values within each input, 
some extreme scenarios are implausible. For example, 
several cases are listed in which total ration NDF is 
less than fNDF, these cases are retained for illustrative 
purposes.

Recommended Particle Size with Changes in fNDF, 
Diet Starch and NDF

The particle size and fNDF feeding recommendations 
generated by the system are listed in Table 5. The 
relationship between predicted pH and recommended 
particle size is shown in Figure 3. Models generated by 
White et al. (2017) identified several explanatory vari-
ables that are responsible for maintaining desired ru-
men conditions. As hypothesized, particle size, dietary 
concentrations of starch and NDF, rumen-degraded 
NDF and starch, fNDF, and ADF-to-NDF ratio were 
identified as key explanatory variables. Some caution 
should be exercised when interpreting this table because 
it does not account for the effects of increasing particle 
size and feed selection or sorting behavior (Greter and 
Devries, 2011; Maulfair and Heinrichs, 2013). Further-
more, compared with other laboratory scale methods 
such as the ASABE A424.1 standard (ASABE, 2007), 
the PSPS lacks precision but its portability and ease of 
use make it a frequently used tool by dairy nutritionists 
who, for practical reasons, may not follow best practices 
often descried from sieving methods. One such practice 
is that “…should material on the top sieve exceed 1% 
of the total sample mass, representative subsamples 
should be obtained from this [sieve] and measured 
manually.” The analytical consequence of this is that 
the measure of MPS calculated from PSPS data would 
be less precise; thus, we must assume that all particles 
contribute to a normal distribution of particles, and 
that any error in estimating MPS is somewhat consis-
tent across studies from which data will be applied. All 
but 1 study included in the database used to derive the 
equations had >1% AF or DM material on the 19-mm 
screen; this is normal in the use of PSPS.

The interrelationships of particle size with fNDF and 
dietary concentrations of starch and NDF are described 
in 3 key observations. First, as the percentage of DM 
material on the 19-mm sieve increases, the cutoff fNDF 
recommendations decrease, as do the recommended 
percentages of DM material retained on the 8-mm 
sieve. This observation suggests that, at least to some 
extent, increasing particle size has similar effects on the 
animal as does increasing fNDF. This is consistent with 
experimental observations in which increasing particle 
size in diets low in fNDF have prevented ruminal pH 

from dropping as low as with diets with shorter par-
ticle size (Yang and Beauchemin, 2007b). Second, as 
dietary starch increases, the cutoff fNDF percentages 
increase, suggesting that more fNDF is required to 
achieve the same target pH as more starch is added to 
the diet. This relationship supports and advances the 
NRC (2001) guideline by replacing NFC with starch. 
When fed high concentrations of starch, resulting in 
the induction of SARA, dairy cattle exhibited a prefer-
ence to consume larger particles, which is a behavior 
thought to be an animal-directed response to attenuate 
low ruminal pH (Keunen et al., 2002; Kmicikewycz and 
Heinrichs, 2015). The contribution of fNDF to the buff-
ering of the rumen has been observed experimentally 
(Zebeli et al., 2008), but the explanation behind this 
response is not necessarily only related to increased sa-
liva secretion. Allen (1997) suggested that this response 
is due to the stimulation of rumen motility and greater 
absorption of acids out of the rumen. Third, as the diet 
contains more NDF, the target fNDF and percentage 
of DM material on the 8-mm screen decrease. The posi-
tive effect of NDF on ruminal pH has been previously 
observed (Zebeli et al., 2008), though the replacement 
of fNDF with NDF from by-products has also been ob-
served to have a depressing effect on ruminal pH (Zhu 
et al., 1997). Our database includes numerous studies 
that capture diets with traditional shifts in forage-to-
concentrate ratio, but also more recent studies in which 
by-product NDF replaced forage, concentrate, or both; 
these data have been limiting in previous peNDF evalu-
ations (Bradford and Mullins, 2012).

Fragility and Particle Size Recommendations

Fragility of a feed can be defined as the rate at which 
plant tissues contained in a feed particle are further 
fragmented into small particles (Kennedy et al., 1997; 
Grant, 2010). Although a laboratory method to mea-
sure forage fragility has been proposed (Farmer et 
al., 2014), its use has not been widely reported in the 
literature. As a result, the ratio of ADF to NDF was 
calculated and included here as an indirect measure of 
forage fragility (legumes have a higher ADF-to-NDF 
ratio than grasses, and corn silage is in between; see 
White et al., 2017). Because legumes have more fragile 
fiber than grasses and can be more easily fragmented 
(Kammes and Allen, 2012), legumes likely stimulate 
less rumination and salivary buffer production. It has 
been reported that rumination probably stimulates 
more saliva secretion per minute of chewing compared 
with eating (Beauchemin, 1991). In contrast, grasses 
have a higher content of hemicellulose (Van Soest, 
1994), which crosslinks with lignin, may be less fragile, 
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and might be more effective in stimulating chewing 
activity (Mertens, 1997). In contrast to Mertens (1997) 
and Zebeli et al. (2012), we included ADF-to-NDF 
ratio as an indirect measure of forage fragility and in 
an attempt to account for differences in forage species 
(Cotanch et al., 2008), and it remained in final models 
as a significant explanatory variable. The recommended 
percentage of dietary DM material on the 8-mm sieve 
associated with differing ADF-to-NDF ratio is depicted 
in Figure 4. In addition to a more direct relationship 
between fragility and chewing, forage types differ by 
anatomical structure and digestion characteristics 
(Kammes and Allen, 2012), which likely also affect rate 
of NDF degradation, particle buoyancy in the rumen, 
passage rate of potentially degradable NDF, and also 
ruminal pH. Admittedly the measure of ADF-to-NDF 
ratio is not specific, and the approach may be improved 

Figure 3. An example of the ensemble model’s predicted influence 
of increasing the proportion of TMR retained on the 8-mm sieve of the 
Penn State Particle Separator on mean ruminal pH. For reference, the 
target pH of 6.1 is indicated by the horizontal dashed line.

Figure 2. Response surfaces generated by the multimodel ensemble for a target pH of 6.1. Curves were generated by iterating through 
the system of equations [equations listed in Table 3 from White et al. (2017) in combination with the mixture of experts’ variable integration 
algorithm described in equations 1 through 5] for each combination of inputs. For some input combinations the optimization component of the 
variable integration algorithm did not perform well and small point-specific discontinuities were generated. Additionally, at high starch concen-
trations the behavior of the system at low forage NDF percentages appears contrary to expectations. These limitations of the model system are 
likely due to the limited data availability for derivation. Response surfaces reflect 30% diet NDF, 50% forage, and ADF:NDF of 0.63.
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if a method to directly measure fragility is more widely 
adopted. 

Potential Explanatory Factors in Need  
of Further Research

In this study, measures were taken to ensure that 
explanatory variables were also routinely generated 
and easily attainable in practice. Unfortunately, sev-
eral factors that are likely to influence effectiveness of 
fiber and rumen conditions either are not traditionally 
reported in published studies or are difficult to mea-
sure. Future research should seek to more clearly define 
factors on rumen conditions such as (1) forage fragil-
ity and the nature of particle dynamics (Kennedy and 
Murphy, 1988; Bruining et al., 1998); (2) concentration 
and digestibility of ash-corrected NDF (Sniffen et al., 

1992), water-soluble carbohydrates, and soluble fiber 
(Hall et al., 1999); (3) rumen-degraded carbohydrates 
as affected by conservation method and by chemical 
or physical processing (Firkins, 2010); (4) use of iono-
phores (Firkins and Yu, 2015); and (5) feeding manage-
ment and behavior (Miller-Cushon and DeVries, 2010; 
Greter and Devries, 2011), which includes potential 
for influence by ionophores (Osborne et al., 2004) and 
direct-fed microbials (Seo et al., 2010). These should 
be addressed because aspects of feeding behavior and 
length of ingestive episodes may affect rate of ruminal 
passage and possibly interact with highly fermentable 
carbohydrates and reduce rumen pH. Future research 
should also consider (6) associative rumen effects, such 
as VFA and ammonia absorption and urea secretion 
in rumen (Aschenbach et al., 2011), and (7) DCAD 
(Iwaniuk and Erdman, 2015).

Figure 4. The recommended percentage of TMR (DM basis) retained on the 8-mm sieve to achieve a target pH of 6.1, as influenced by 
changing proportion of material on the 19-mm sieve (6, 12 and 18% DM) and ADF:NDF in the TMR.
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CONCLUSIONS

In this study, we used equations derived through a 
companion study’s meta-analysis (White et al., 2017) 
to develop a system to estimate the combination of di-
etary physical and chemical characteristics that would 
maintain targeted ruminal pH. The system employed 
an ensemble of models that were weighted and com-
bined to generate more robust recommendations for the 
percentage of dietary DM material that should be re-
tained on the 8-mm sieve of a PSPS given specific diet 
characteristics. As expected particle size, diet concen-
trations of starch and NDF, rumen-degraded NDF and 
starch, fNDF, and ADF-to-NDF ratio were identified 
as key explanatory variables. Feeding recommendations 
can be interpolated from tables and figures included in 
this work.
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