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BACKGROUND: “FIBER WORKING GROUP”  

 
In 2010 an informal “Fiber Working Group” met at the Cornell Nutrition Conference     

with a primary objective of collaborating on designing experiments and exploring 
methodology that would improve nutrition models – notably CNCPS – with a focus on 
ruminal fiber digestibility. Closely linked with that goal, was a focus on improving our 
ability to measure the physical properties of feeds to complement the on-going work 
focused on chemical fractionation and measurement of digestion. 
 

The group is comprised of the nutrition group at Cornell University, Miner Institute, 
University of Bologna in Italy, Fencrest LLC, Mertens Innovation and Research, plus 
several scientists from the feed industry. The group has met in 2010, 2011, and plans to 
meet in 2012 at the Cornell Nutrition Conference.  
 

The purpose of this paper is to share the research from Miner Institute to-date with 
the focus on what we need to learn about accurately modeling fiber turnover in the 
rumen to improve our ability to formulate high-forage diets in an era of expensive grains 
and increased scrutiny of on-farm nutrient cycling. Economic, environmental, and 
nutritional factors are increasingly encouraging dairy farmers to feed higher forage diets 
– what are the key conceptual and model limitations that must be addressed? 
 

FUTURE NUTRITION MODEL IMPROVEMENTS 

One of the first group discussions in 2010 focused on components of the CNCPS 
model that were of highest priority to improve the prediction of ruminal fiber digestion 
and passage. This list was not meant to be exhaustive, but rather reflected the priorities 
of the group as we began the process of designing collaborative research efforts to 
improve our ability to model fiber turnover in the rumen.  
 

The primary areas identified were: 1) two-pool NDF and 2-pool starch (i.e. “fast” and 
“slow”) fermentations, 2) multiple particle pools for passage and identification of 
important factors affecting passage, 3) greater functionality of peNDF, 4) improved 
modeling and understanding of roles of chewing (eating and ruminative), fragility and 
other factors that influence rate of particle break-down and passage, 5) rumen pH and 
impact on digestion, 6) rumen carbohydrate pools, their fermentability, and our ability to 
predict rumen acid load, and 7) steady state versus dynamic models. Although not 
discussed by the group, I feel duty-bound to add that an improved management sub-
model is also needed because of the known effects of the physical and social 
environment of the cow on feeding, ruminating, and resting behaviors. 



FORAGE PHYSICAL ATTRIBUTES: PASSAGE AND DIGESTION 

Digestibility is a complex function of digestion and passage from the rumen. 
Digestion and passage are dynamic processes and the kinetics of digestion and 
passage vary with forage physicochemical properties, feed interactions and associative 
effects, and feed intake level and physiological state of the cow. Today’s nutrition 
models are typically single compartment with first-order kinetics for rates of digestion 
and passage, and steady-state conditions are assumed. The contrast with reality is 
rather stark: the rumen does not function as a single pool with a homogeneous 
distribution of particles (no rumen digesta mat, no selective retention of long particles, 
no sequestration of small particles, and no movement from pool to pool as size 
reduction occurs) and how often are cows fed and managed such that feed 
consumption patterns result in a steady-state condition within the rumen? I know that it 
never happens at the Miner Institute dairy farm despite top-notch management. 
 

A current topic of discussion is whether the research priority ought to be placed on 
improving our ability to model fiber digestion or passage. It is self-evident that both 
processes are necessary. Mertens (2011) has provided evidence that the “weakest link” 
in today’s models is treating the rumen a single compartment for passage of particles. 
Rather, we need to model the break-down of large particles to medium and small 
particles capable of escaping the rumen. In addition, the Cornell group has shown that 
fiber digestion is best described by a two-pool model (“fast” and “slow” fiber) with an 
indigestible fraction rather than a simpler one-pool model (Raffrenato and Van Amburgh, 
2010). More work is needed to determine how best to model fiber digestion and 
passage as well as determine if one or the other is more important in determining rumen 
fiber turnover. When we have this information, then we will know which routine 
laboratory measures make the most economical sense given that our on-farm goal is to 
accurately and consistently predict cow response to ration formulations. 
 

The Fiber Group has also considered the relative research effort devoted to 
chemical versus physical assessment of forages and feeds. Clearly, the primary focus 
has been on measuring nutrient fractions of feeds and the associated digestion 
characteristics of these fractions. Undoubtedly, this research is important and ought to 
continue, but there is a significant need to increase the research focus on the physical 
properties of forages and feeds. To-date, there is little routine assessment of physical 
properties beyond peNDF and corn silage processing score. Additionally, the known 
biological effects of variable dietary peNDF have not been fully implemented in current 
nutrition models. Future research efforts need to focus on measuring and modeling 
particle size and size distributions, specific gravity and buoyancy, fragility and tensile 
strength, as well as other potentially important physical properties.  
 

CHALLENGES WITH MEASURING AND MODELING PASSAGE 

Though improving our models of forage passage is a high priority, the challenge is 
daunting given the hurdles associated with measuring passage: 1) marker methods and 
associated mathematics (which certainly challenge my limited abilities), 2) selective 



retention of long particles, 3) sequestering of short particles within the long particle pool, 
4) particle size reduction during chewing, 5) interactions between liquid and particle flow, 
and 6) the biphasic digesta mat with long particles overlying a more liquid bottom layer.  
 

Multiple factors affect the passage of particles from the rumen such as particle size, 
specific gravity and buoyancy, selective retention, and other physical properties such as 
fragility and rate of particle breakdown during chewing. Figure 1 illustrates the current 
working model of particle dynamics within the rumen based on the model proposed by 
Mertens and Ely (1979) that is described in detail by Mertens (2011). It shows the 
necessary flow of particles to effectively model particle size reduction, particle 
sequestration in long and medium particle pools, and eventual escape of small particles 
(and sometimes medium particles) from the rumen. Currently this model provides the 
framework for research by the Fiber Group. 
 
Figure 1. Working model of particle dynamics within the rumen used by the “Fiber 

Group” and described in detail by Mertens (2011).  
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SELECTIVE RETENTION AND SEQUESTRATION OF SMALL PARTICLES 

The interactions between larger and smaller particles within the rumen have been 
well investigated. Greater than 50% of NDF particles in the rumen are below the critical 
size for escape – in other words there is sequestration within the rumen digesta mat 
(Shaver et al., 1988). Nutrition models do not account for sequestration and selective 
retention of feed particles. They assume that all particles have the same probability of 
escape which is simply not true. 
 

An important example of sequestration of small particles and selective retention of 
longer particles is the interaction between long forage particles and smaller particles of 
non-forage sources of fiber. A series of studies conducted at the University of Nebraska 
(ex. Allen and Grant, 2000) evaluated the effect of manipulating rumen digesta mat 
consistency with coarsely chopped dry hay on the passage rate of various non-forage 
fiber sources. Figure 2 illustrates the impact of higher dietary peNDF and a well-formed 
digesta mat (left panel of Figure 2) versus deficient peNDF and a less formed mat (right 
panel) on passage of wet corn gluten feed particles. Increasing the ruminal digesta mat 
with added chopped alfalfa hay resulted in a 35% reduction in the passage rate of the 
small particles of wet corn gluten feed and a 37% increase in ruminal NDF digestion 
which was associated with greater milk yield. Interactions of this magnitude between 
fiber sources of varying particle size need to be incorporated into nutrition models. 



Figure 2.  Effect of rumen digesta mat on passage of small particles of non-forage 
sources of fiber (adapted from Allen and Grant, 2000). Left-hand panel 
represents well-formed rumen mat whereas right-hand panel represents 
inadequate rumen mat. 
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MULTIPLE PARTICLE POOLS 

Figure 3 below has been reprinted from Mertens (2011) and is the model upon which 
the passage studies discussed by the Fiber Group and being conducted at Miner 
Institute are based. We have designed and conducted a study that will be able to 
quantitate the amount of large, medium, and small particles consumed by the cow, the 
rate of particle size reduction from large to medium and from medium to small, and 
passage of small and medium particles from the rumen.  

 
Figure 3. Model of particle breakdown and passage proposed by Mertens (2011). 

Key considerations regarding this model of fiber passage include: 1) how do diets 
with added straw “move” through this model?, 2) what about low and high forage diets – 
based on corn silage and containing brown midrib (bmr) or conventional corn silage, or 
containing haycrop silage?, 3) will forages of varying NDF digestibility have different 
fragility and rates of particle size reduction during chewing?, 4) what about diets with 
differing particle size distributions, perhaps with similar mean size?, or 5) grass versus 



legume? Legumes tend to break down into cuboidal fragments, whereas grass breaks 
down into long and slender particles. The typically greater flexibility of grass particles 
may also contribute to more entanglement and formation of a more effective rumen 
digesta mat. The net effect of these differences could be a slower passage rate for 
grass versus legume which may compensate for the slower rate of NDF digestion for 
grasses. Overall, it may be possible that the digestibility of grass would be similar to 
legumes if it is harvested at a sufficiently early stage of maturity.  

 
Recently, Kammes and Allen (2012) compared the rumen dynamics of cows fed 

alfalfa and orchardgrass silage. They observed that, for both silages, over 55% of 
particles in the rumen were less than 2.36 mm indicating that particle size per se was 
not the limiting factor for passage. As dry matter intake of the cows increased, the 
passage of potentially digestible NDF increased for alfalfa, but decreased for 
orchardgrass. The alfalfa diets resulted in less rumen fill than the grass. The passage 
rate of small particles for both alfalfa and grass were similar for the potentially digestible 
as well as the indigestible fraction indicating that buoyancy was also not limiting 
passage from the rumen. Similarly, Vega and Poppi (1997) found that particles of 
legume and grass of the same size behaved similarly within a diet type when fed to 
sheep. A recent model of rumen particle dynamics relies on functional specific gravity 
as being most related to particle passage (Seo et al., 2009). However, the orchardgrass 
did increase the rumen pool size of large NDF particles compared with alfalfa which 
likely entrapped smaller NDF particles resulting in a slower passage rate observed for 
grass. The bottom line is that selective retention of smaller particles was greater for 
orchardgrass than for alfalfa which resulted in greater rumen fill. To what extent are 
particle specific gravity and entrapment in the digesta mat related? Again we see an 
important example where we must do a better job of modeling rumen fiber dynamics to 
optimize our forage feeding strategies. 
 

How does corn silage fit into the model depicted in Figure 3? That is an important 
question that requires more research at this point – and given the prevalence of corn 
silage feeding in the US, it is a high priority question. Oba and Allen (2000) observed 
that bmr corn silage increased rumen NDF turnover rate, but did not affect pool size 
because of greater dry matter intake. They also observed that bmr corn silage did not 
affect chewing compared with conventional corn silage perhaps because a critical NDF 
mass was maintained in the rumen due to the greater dry matter intake. This concept of 
maintaining an “effective or critical mass” of NDF in the rumen demands more research 
with forages of varying chemical and physical properties. 

 
At Miner Institute, we have made these questions of dietary forage amount, fiber 

digestibility, and associated fragility (susceptibility to size reduction during chewing) our 
highest priority: specifically, corn silage and the differences engendered by variable 
NDF digestibility. We need to know the rates of digestion for large, medium, and small 
particles - do they vary or are they similar? We need to know the rates of particle size 
reduction and escape – and how they vary with animal and feed characteristics. 

 



The list of important research questions could continue, but these are the initial 
questions that we are asking at Miner Institute and within the Fiber Group. 
Fiber Digestibility, Fragility, and Particle Dynamics 

 
A series of studies conducted at Miner Institute (summarized by Grant, 2010) have 

shown that, when bmr corn silage comprises the majority of the dietary forage, particle 
size alone does not adequately describe the cow’s response. When bmr corn silage 
replaced conventional corn silage on a 1:1 dry basis at 43% of ration dry matter, even 
though peNDF and digested starch were similar between the two diets, cows chewed 
23% less with the bmr diet. Additionally, ruminal pH was lower throughout the day and 
efficiency of solids-corrected milk production was reduced when cows consumed bmr 
corn silage diets. Part of this difference in response between bmr and conventional corn 
silages when fed in this manner (which may not be optimal by the way) is likely due to 
differences in fragility or the rate of particle breakdown during chewing. These 
differences between bmr and conventional corn silages could well have an impact on 
the amount of forage particles entering the large, medium, or small particle pools as well 
as how quickly particles break down and move from large to medium to small pools. It is 
possible that, in order to accurately predict particle passage from the rumen, we will 
need to understand not only chemical properties of feed that affect digestibility, but also 
the physical properties that influence size reduction and their interactions. 

 
The database developed at Miner Institute between NDF digestibility at 24 hours and 

fragility (measured as change in physical effectiveness factor, pef, with ball milling) 
found that NDF digestibility explains about 60% of the variation in rate of particle 
breakdown. In general, the extremes in the data base are represented by straw (low 
NDF digestibility, low fragility) and bmr corn silage (high NDF digestibility and high 
fragility). A study at Miner Institute evaluated chewing response to grass hay of varying 
nutritive value. We observed 30 to 60 min/day difference in total chewing time when 
comparing 31% NDF digestibility and 46% fragility hay versus 55% NDF digestibility and 
81% fragility hay that were both chopped to the same particle size (pef = 0.13 to 0.15 
based on 3.35-mm sieve). The bottom line is that forages of similar particle size can 
stimulate biologically different responses in chewing and presumably associated rumen 
particle dynamics due to differences in fragility.  
 

HIGHER FORAGE DIETS – A TEACHABLE MOMENT 

There is refreshed interest in feeding higher forage diets to dairy cows. We are now 
in what seems to be an era of high-priced corn and other feed commodities which 
encourages feeding of lower starch diets. We can achieve lower dietary starch content 
by either replacing starch with fermentable carbohydrates from non-forage fiber sources 
or by feeding higher forage-to-concentrate ratios. With higher forage diets there are the 
long-recognized environmental benefits and the beneficial health consequences of 
feeding higher forage-NDF diets to cows.  
 
 



Now, more than ever, we require nutrition models that do a good job of predicting 
forage digestion and passage as we formulate diets containing higher proportions of 
forage. We need to evaluate multiple pools of fiber for both digestion and passage. 
Ultimately, our goal will be improved prediction of NDF digestibility and animal response. 
 
Strategies to Reduce Dietary Starch: Focus on Higher Forage Diets 
 

A fundamental question when feeding higher forage diets is whether productivity can 
be maintained in comparison to a diet with closer to a 50:50 forage-to-concentrate ratio. 
Also, based on the preceding discussion, what differences exist in chewing behavior 
and ruminal function between diets containing substantial forage NDF and those 
containing considerable non-forage NDF?  

 
Recently, we conducted a study at Miner Institute (Dann et al., 2012) that evaluated 

how a higher forage diet based on corn silage compared with a standard diet containing 
50% forage and a diet containing non-forage sources of fiber in place of corn meal. The 
high forage and the non-forage fiber diets both contained similar, and lower, starch 
content than the standard diet. The standard diet contained 20% conventional corn 
silage, 20% bmr corn silage, and10% haycrop silage (mixed, mostly grass) for a total of 
50% forage in the ration DM. This diet also contained 15% corn meal, 8.3% soybean 
meal, 5% beet pulp, 5% wheat midds, and 16.7% of a supplement. In contrast, the 
higher forage diet contained 53.3% bmr corn silage and 10% haycrop silage for a total 
of 63.3% forage in the ration DM. We used bmr corn silage as the primary forage in an 
effort to enhance the digestibility of NDF from forage. The remainder of the diet was 
comprised of 6.7% soybean meal, 5% each of beet pulp and wheat midds, and 16.7% 
of a supplement. The diet based on non-forage sources of fiber contained the same 
forage sources and amounts as the standard diet (50% total forage), but corn meal was 
reduced to only 3.8% of ration DM and replaced with beet pulp (10.8%), wheat midds 
(10.8%), and distillers grains with solubles (4.2%).  

 
All three diets contained similar crude protein (16.5%) and protein fractions, fat 

(3.9%), and sugar (6.8%). Ration NDF was lower for the standard diet (34.7%) than 
either the higher forage or non-forage fiber source diets which were similar (38.1%). 
The peNDF content of the standard diet was also lower (18.5%) than the higher forage 
diet (25.9%) simply reflecting the differences in forage content, and the non-forage fiber 
source diet was intermediate at 22%. Starch content was greatest for the standard diet 
(26.0%) and lower for the higher forage diet (21.4%) and non-forage fiber source diet 
(21.3%).  
 

Dry matter intake was greatest for cows fed the standard diet, intermediate for the 
non-forage fiber source diet, and lowest for the higher forage diet (Table 1). The lower 
intake for the higher forage diet likely reflected the higher forage NDF and peNDF 
content of this diet. The intake of NDF as a percentage of body weight was greater for 
the higher forage diet and the non-forage fiber source diet relative to the standard diet. 
In fact, 1.35% of body weight intake of NDF is a very high level of NDF consumption, 
and consequently the high forage-NDF intake may have limited dry matter intake for 



cows fed the higher forage diet despite the fact that it was comprised primarily of bmr 
corn silage. Although milk yield was reduced for cows fed the higher forage diet, milk fat 
percentage was elevated, and so solids-corrected milk yield was similar for all diets as 
was efficiency of solids-corrected milk production.  

 
Table 1. Lactational response of cows fed a standard diet, higher forage diet, or diet 

containing non-forage sources of fiber. 

 
Total chewing time was greatest for cows fed the higher forage diet, intermediate for 

the non-forage fiber diet, and least for the standard diet. Ruminal pH was least for cows 
fed the standard diet, highest for cows fed the higher forage diet, and intermediate for 
the non-forage fiber diet. Finally, microbial protein production was similar for all three 
diets.  

 
The results of this study show us that we can successfully feed higher forage diets if 

the forage contains highly digestible NDF (as in the case of bmr corn silage). The 
question remains: how can we best model forage particle dynamics in the rumen to 
consistently formulate successful high-forage diets? 
 

MEASURING PARTICLE DYNAMICS AND PASSAGE FROM THE RUMEN 

Miner Institute’s Research Objectives: Passage Study 

Keeping in mind that the primary objective was to improve models of fiber passage 
from the rumen, our charge was to conduct a series of animal studies designed to 
measure the effect of various forage treatments on rumen conditions and forage 
passage dynamics, chewing responses, and lactational performance. The objectives of 
our initial study were to measure the passage kinetics of the large, medium, and small 
particle pools for diets differing in amount and digestibility of NDF from corn silage when 
lactating cows are fed a total mixed ration consisting of either conventional or bmr corn 

 
Item Standard Higher 

forage 
Non-

forage 
fiber  

SEM P

Dry matter intake, lb/d 62.2x 60.0y 61.1xy 1.7 0.08 
NDF intake, lb/d 20.1b 22.1a 21.8a 0.7 <0.001
NDF intake, % of BW 1.23b 1.35a 1.34a 0.03 <0.001
peNDF intake, lb/d 11.5c 14.3a 13.5b 0.4 <0.001
Milk yield, lb/d 113.8a 106.7b 111.4ab 5.0 0.008 
Solids-corrected milk, lb/d 107.8 104.3 106.7 4.1 0.40 
Milk fat, % 3.66y 3.98x 3.76xy 0.17 0.07 
Milk true protein, % 3.10 3.07 3.08 0.06 0.47 
SCM/DMI, lb/lb 1.73 1.74 1.75 0.04 0.88 
abcMeans within same row without a common superscript differ (P  0.05). 
xyMeans within same row without common superscripts differ (P  0.10). 



silage. To complement our studies, researchers at the University of Bologna plan to 
focus on evaluation of alfalfa and grass as the major forage sources.  

 
The experimental diets are shown in Table 2. The major differences among the four 

diets were the forage content (~50% versus ~65%) and the forage NDF source 
(conventional versus bmr corn silage). 

 
Table 2. Composition of diets used in passage study at Miner Institute. 

Diet 
 

Ingredient composition Low CS High CS Low BMR High BMR 
     
Conventional corn silage 39.2 54.9 --- --- 
Brown midrib corn silage --- --- 36.1 50.2 
Haycrop silage 13.4 13.4 13.3 13.3 
Corn meal 17.3 1.6 20.4 6.3 
Grain mix 30.1 30.1 30.2 30.2 
     
Chemical composition     
     
Dry matter, % 60.4 55.7 60.4 57.2 
Crude protein, % 17.0 17.0 16.7 16.7 
NDF,% 32.1 35.6 31.5 35.1 
Starch, % 28.0 21.2 27.8 23.8 
Sugar, % 4.4 3.9 4.3 4.3 
Fat, % 4.0 3.9 4.4 4.5 

 
Table 3 summarizes the performance responses to these diets. In general, cows 

responded to these forage treatments as we would have predicted based on previous 
research with bmr corn silage and diets of varying forage content. It is important that 
any rumen particle dynamics be measured on cows that have responded as expected to 
the diets as we move forward with model development. In essence, we had highly 
productive cows responding as expected to variable corn silage amount and digestibility. 
We anticipate that this will allow the final model to be highly applicable to high-
producing dairy herds fed corn silage-based diets.  

  
If we compare the effect of bmr versus conventional corn silage, at both lower and 

higher forage content, we see that dry matter intake was increased with bmr silage at 
higher forage levels, but not at lower forage amounts. Hence, it appears that the more 
highly digestible bmr NDF allowed for greater intake (related to greater ruminal turnover 
as shown in Table 4). The intake of NDF as a percentage of body weight was high for 
all diets, but was increased specifically for cows fed the bmr corn silage in a high-forage 
diet.  

 
Similar to feed intake, solids-corrected milk production was unaffected by source of 

corn silage at the lower forage content, but it was significantly increased by bmr corn 



silage when fed in a higher forage diet. Efficiency of milk production was unaffected by 
source of corn silage at either level of dietary forage, but was lower for the higher forage 
diets.  

Chewing time and ruminal pH were enhanced by the higher amount of dietary forage 
and reduced by the bmr versus the conventional corn silage. Microbial protein 
production was increased by bmr versus conventional corn silage which presumably 
reflected the greater fermentability of this forage.  

 
Table 3. Intake and lactational performance of cows used in passage study. 

 
Passage was determined for marked small, medium, and large bmr or conventional 

corn silage, medium haycrop silage, fine fecal particles, as well as liquid turnover. Pool 
size and turnover were calculated by rumen evacuations. Large, medium, and small 
particle fractions were defined as: >4.75 mm; 1.18 mm but < 4.75 mm; and <1.18 mm 
but >0.3 mm. Particles were marked using a variety of rare earths.  

 
Table 4 summarizes ruminal turnover for NDF among the four diets. At either level of 

forage in the diet, bmr corn silage reduced ruminal digesta volume and mass (either 
statistically or numerically depending on the comparison). The NDF pool was reduced 
for cows fed the bmr corn silage in lower forage diets, but relatively unaffected by 
source of corn silage at higher forage diets.  

 
Even though the NDF pool size was similar between the conventional and bmr corn 

silages with the higher forage diet, the NDF dynamics were quite different. With 
conventional corn silage, intake was reduced, ruminal turnover rate was lower, and time 
in the rumen was longer. In contrast, for the bmr silage in a higher forage diet, dry 
matter intake was higher, ruminal turnover rate was greater, and time spent in the 
rumen was less (Table 4). Interestingly, with the lower forage diets, dry matter intake 
was similar for both corn silage sources, but ruminal NDF pool size was less for the bmr 
corn silage and NDF turnover rate was greater. Rumen digesta mass was less for the 
cows fed the bmr diet indicating that cows were able to obtain the required nutrient 
supply from this smaller, but more quickly turning over, rumen NDF pool.  

 
Interestingly, chewing time was compromised for cows fed the bmr corn silage with a 

lower dietary forage content – could the rumen mass of NDF have slipped below a 
critical, effective level required to maintain adequate rumination? This concept needs 

Item Low CS High 
CS 

Low 
BMR 

High 
BMR 

SEM P

Dry matter intake, lb/d 63.9a 58.4b 64.6a 64.4a 0.7 0.001 
DMI, % body weight/d 4.31a 3.96b 4.37a 4.36a 0.12 <0.001 
NDF intake, % of 
BW/d 

1.39b 1.41b 1.39b 1.53a 0.04 <0.001 

Solids-corrected milk, 
lb/d 

102.3a 91.9b 105.3a 101.4a 2.4 0.002 

Milk/DMI, lb/lb 1.66ab 1.62b 1.71a 1.62b 0.04 0.01 
abMeans within same row without a common superscript differ (P  0.05). 



further exploration, and if there truly is an effective mass of rumen NDF that is required, 
then our models need to predict it and associated cow responses accurately. 
 
Table 4. Ruminal digesta characteristics and fiber turnover kinetics. 
 
Item Low CS High 

CS 
Low 
BMR 

High 
BMR 

SE P

Ruminal digesta 
volume, L 

123a,b,x 128a,x 113b,y 119a,b,x,y 3 0.01 

Ruminal digesta mass, 
kg 

106ab 112a 98b 105ab 3 0.02 

NDF pool, kg 8.32a,b,x 8.45a,x 7.64b,y 8.36a,b,x 0.41 0.02 
NDF turnover, %/h 4.84b 4.76b 5.12a,b 5.52a 0.30 <0.01 
NDF turnover time, h 21.1a 21.4a 20.3a,b 19.0b 1.1 0.01 
abMeans within same row without a common superscript differ (P  0.05). 
xyMeans within same row without common superscripts differ (P  0.10).

 
Still to Come: How Can We Use These Passage Data? 
 

Figure 4 shows the average marker excretion curves obtained in this study with all 
data normalized to 100% of the maximum fecal marker concentration for ease of 
visualizing the data. We can see that the order of appearance of each marked particle 
fraction makes sense with the small particles being excreted more quickly than the 
larger marked particles. Using the marker excretion data by treatment and cow, we will 
calculate the rates that are needed to evaluate the passage model described by 
Mertens (2011; Figure 3) using nonlinear approaches developed by Mertens: large to 
medium (kr3), medium to small (kr2), small escape (ke1), medium escape (ke2), and 
liquid passage. Additionally, rates of digestion for large, medium, and small particle 
pools need to be measured (kd3, kd2, and kd1 in Figure 3). A final step would be to 
measure the particle size of the consumed (chewed and swallowed) diet that would 
serve as the input for this rumen passage and digestion model. We ultimately should be 
able to determine if this more complex passage model is necessary or if a simpler 
model would work as well. 
 
Figure 4. Marker excretion curves averaged   over marker type. 
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CONCLUSIONS 

Passage and digestion processes are more complicated than our current models. 
The weakest link may be the single compartment assumption for passage (Mertens, 
2011). When completed, this multi-year collaborative research effort undertaken by the 
Fiber Working Group will allow us to improve the current nutrition models – with a 
particular focus on CNCPS. At Miner Institute, we will focus on corn silage-based diets 
due to their importance in the US, grasses versus legumes, and diets with supplemental 
straw or other low-digestibility, low-fragility properties. 
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