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Cooking Meat effects on Fatty Acid Profiles in Consumed 
Grass-Finished Meat Products Session 

 
We now move on to preparation of meat and milk products and how this affects fatty acid 
composition before it comes to the table. This was a two-part session. The first 
presentation dealt with how cooking meat affects fatty acid composition and consumer 
appeal. This session focused on some claims that cooking grass-fed and -finished meat 
negated any change in fatty acid composition that occurred due to finishing cattle on 
pasture rather than sending them to a feedlot where they are fed liberal amounts of grain. 
It is important to again look at the omega-6 (n-6) to omega-3 (n-3) ratio as it dramatically 
drops in the meat when cattle or sheep are finished on pasture and this remains so after 
the meat is cooked. It is also very important to know the type of pasture the livestock are 
finished on. If it is over-mature or drought-stricken cool season grass pasture or warm 
season grass pasture, then the n-6 to n-3 ratio may still be high, but grass-finished ani-
mals will still have a much lower ratio than the confinement finished livestock. A legume, 
cool season grass pasture grazed at the vegetative state before significant yellowing of 
older leaves occurs will produce n-6:n-3 ratios generally below 4.0. If the raw meat, before 
it is cooked, comes from livestock on poor quality cool season pasture or from warm sea-
son grass pasture, the ratio has already been set and more than likely will be above 4.0. 
If they were fed hay to keep them well-fed while on pasture, they were not finished prop-
erly to get a desirable n-6:n-3 ratio. This ratio is more important than the amount of n-3 
alone would have on the health of the person consuming grass-finished meat. 
 
The second presentation was from the USDA Nutrient Data Laboratory (NDL). They high-
light the fat content and other nutrients in beef and the effect of cooking on these nutrients 
in some grass- and grain-fed lamb and beef cuts. They have been working with other 
institutions that test for fats and other nutrients in meats to build and compile a very com-
prehensive data base for people to study and share with other interested parties to get 
the facts on the nutritional value of meat products. 
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Introduction 
 
The use of forage to replace grains in finishing diets of cattle has been discussed since 
cattle have been in feedlots. When reviewing the literature, it seems that there is a push 
to replace grains with alternative rations about every twenty years. Until the use of grains 
to make fuels, most of the rationale has centered on the use of lands to produce “feed” 
instead of “food.” However, at the times that this topic has been raised in the past, the 
science and economics have dictated that the practice of finishing cattle on high energy, 
grain diets remain in place. The challenge that beef cattle industry is facing today is differ-
ent than the challenges it has faced in the past and warrants revisiting the effects of high 
levels of forage inclusion in the diet has on meat quality.  Additionally, the niche marketing 
efforts of some cattle producers to produce a forage-finished beef product have attracted 
major marketing avenues, such as Whole Foods and the USDA grass-fed standard make 
it more fashionable, if not more profitable, than in the past. 
 
Table 1:  Relationshipsa between feeding systems and meat quality attributesb 

 Feeding Systems 
 
Trait 

Rate of 
gain 

 
Grazing 

Feedlot 
days 

Dietary 
protein 

Dietary 
fat 

Energy 
source 

Producer/feedlot       
Carcass grading  Y     
       
Consumer/foodservice       
Lean color   N    
Lean texture  N     
Fat color  N   N N 
Fat melting point  N N  N N 
Marbling N N N  N N 
Tenderness N  N    
Juiciness     N  
Flavor desirability  N N  N N 
Flavor intensity  N N N N N 
Acceptability   N    
Shelf life     N  

a Relationships:  Y – indicates factor affects trait according to published literature; N – 
indicates factor does not affect trait according to published literature 
b Adapted from Owens and Gardner, 1999. 
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Meat quality has different meanings to different segments of the beef cattle industry.  For 
the producer/feedlot operator, meat quality relates to carcass characteristics, such as 
dressing percentage, and the USDA yield and quality grade traits. To the consumer /food-
service operator, meat quality is defined as product attributes such as fat content, meat 
and fat color, and cooking yield. A summary of the effects of different feeding systems on 
meat quality traits is found in Table 1. Most of these columns reveal that the feeding sys-
tems do not affect meat quality when comparisons are made at the same body composi-
tional endpoint. However, decreased grain in the finishing diet can alter the body compo-
sition at harvest and result in meat quality differences. This brief review will focus on areas 
where changes from a high grain diet can positively or negatively affect meat quality. 
 
Nutritional Composition 
 
Nutritional composition, an aspect of consumer satisfaction, changes with deviations in 
feeding regimes. Current nutritional labeling for meat requires calories, calories from fat, 
total fat, saturated fat, cholesterol, sodium, total carbohydrates, dietary fiber, sugars, pro-
tein and vitamins and minerals. Four of these categories specifically deal with the fat com-
ponent. There are four distinct fat depots in cattle that are laid down during growth and 
development in the following order: perinephric (internal), subcutaneous (external), inter-
muscular (seam), and intramuscular (marbling). Marbling is fat of the highest value be-
cause it largely determines USDA quality grade and it is not deposited until the cattle 
have excess energy in their diet and their maintenance and growth needs have been met.  
Fat is made up of phospholipids and triglycerides. Triglycerides have three fatty acids at-
tached to a glycerol back bone. 
 
Fatty acids (FA) are either saturated, no double bonds within the chemical structure, or 
unsaturated, one or more double bonds within the chemical structure. Consuming large 
quantities of certain saturated FA has been implicated in heart disease. All animal fats 
are a mixture of saturated and unsaturated FA with ruminant animals having a higher 
percentage of saturated FA than monogastric animals. Many studies have reported the 
differences in FA composition between forage- and grain-finished cattle. FA composition 
affects the flavor of the meat, melting point of the fat, and fatty acid oxidation. One FA 
group that has gained a lot of attention is total conjugated linoleic acid (CLA) because of 
its potential role in human health reducing body fat and improving immune function. Total 
CLA content (isomers cis-9, trans-11; trans-10, cis-12; cis-9, trans-11; trans-9, trans-11) 
is increased in meat and milk products when cattle are fed substantial levels of forage 
(Table 2). Table 2 shows that even the inclusion of forage in the diet with a small supple-
mentation of grain can increase the CLA content in both raw and cooked meat. Others 
have shown an increase in CLA content with forage-feeding (Jiang et al., 2010; Duckett 
et al., 2009; Leheska et al., 2008). Another group of FA that have been shown to have 
health benefits is omega-3, noted as n-3 in the table. Human research points out that the 
health benefits of the n-3s mainly come from fish and nut sources; however, beef does 
contribute to the total amount of n-3s in the diet. The data in Table 2 point to an increase 
in n-3 content (n-6 remains the same or drops) when forage is used to finish cattle which 
is supported by other researchers (Jiang et al., 2010; Duckett et al., 2009; Leheska et al., 
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2008). When marketing for forage-finished beef claims an increase in “good” fatty acids, 
it refers to CLA and n-3s. 
 
Table 2:  Effect of feeding regime on conjugated linoleic acid isomers (CLA) 
content (mg/g fat) and omega-6 to omega-3 ratio1 

Fatty Acids Feedlot Pasture + Grain Pasture 
Raw    
Fat (%) 5.7a 3.7b 3.7b 

n-6:n-3 53.67 16.71 10.42 
Total CLA 6.10b 6.68b 9.95a 

    
Cooked    
Fat (%) 8.1a 5.3b 4.6b 

n-6:n-3 40.84a 12.29b 9.26b 

Total CLA 3.97b 6.15a 7.36a 

1Adapted from Lorenzen et al., 2007 
a, b Means within a row lacking a common superscript differ (P < 0.05) 
 
Fat location on the carcass causes changes to the ratio of monounsaturated to saturated 
fatty acids regardless of feeding regime (Kerth et al., 2015). Fatty acids composition also 
differs by cut and is largely, but not solely, related to different percentages of fat within 
different muscles in trimmed cuts of beef (Table 3) reflecting the importance of having 
specific cuts tested before making marketing claims. 
 
Table 3:  Effect of muscle on conjugated linoleic acid isomers (CLA) content 
(mg/g fat) and omega-6 to omega-3 ratio1 

Fatty Acids Ribeye2 Inside round2 Shoulder Clod2 

Raw    
Fat (%) 4.2b 3.8b 5.3a 

n-6:n-3 22.44 32.44 22.70 
Total CLA 8.64 9.83 9.25 

    
Cooked    
Fat (%) 7.2a 4.6b 6.4b 

n-6:n-3 17.81b 26.80a 16.64b 

Total CLA 6.60b 7.18ab 7.93a 

1Adapted from Lorenzen et al., 2007 
2Ribeye = Longissimus lumborum, Inside round = Semimembranosus, Clod = Triceps 
brachii 
ab Means within a row lacking a common superscript differ (P < 0.05) 
 
Cooking method and degree of doneness can affect nutritional value and are important 
considerations since that is the way meat is consumed. During cooking, the outside of the 
meat browns and there is a progressive loss of the red color internally due to changes in 
myoglobin, the pigment responsible for meat color. The browning on the surface and 
breakdown of protein components during cooking contribute to changes in flavors at 
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different degrees of doneness. In addition, collagen shrinkage and protein hardening are 
responsible for decreased tenderness at higher degrees of doneness, like well done.  
There are two major components of meat that are lost during the cooking process, water 
and fat, which can affect the perception of juiciness. Therefore, as the degree of doneness 
increases, moisture content decreases and fat and protein contents increase on a per-
centage basis (Smith et al., 2011; Alfaia et al., 2010). The change in composition during 
cooking also impacts the nutritional value of the meat. Cooking increases saturated and 
monounsaturated fatty acid content while decreasing polyunsaturated fatty acids (Alfaia 
et al., 2010). Tables 2 and 3 show that cooking elevated fat percentages and decreased 
n-6:n-3 ratios and total CLA on a mg/g of fat basis compared to raw samples. The 
decreases are partially explained by the increase in fat during cooking and the stability of 
CLA during thermal processes (Alfaia et al., 2010). 
 
Fat and Meat Color 
 
Consumers make meat purchasing decisions based on color. It is the only indicator that 
they have that meat is wholesome and of high eating quality. One of the main objections 
to finishing cattle on forage is the increase in yellow color of the fat and darker color of 
the muscle due to the consumption of carotenoid pigments (Kerth et al., 2007; Dunne et 
al., 2006). Both Leheska et al. (2008) and Kerth et al. (2007) reported increased yellow-
ness of subcutaneous fat in cattle finished on pastures compared to those finished on 
concentrate diets. Research has addressed the question of how long a high concentrate 
diet would have to be fed to cattle that have received a high forage diet to reverse the 
negative effect on fat and lean color. Dunne et al. (2006) reported marked decrease in 
the yellow fat color with 28 days of feeding a concentrate diet, but they noted that the 
exact time to mitigate the effects of forage would be dependent on diet. It has been report-
ed that generally, the exclusion of forage for 90 days before harvest is recommended to 
mitigate the effects of forage feeding on both fat and lean color (Miller, 2002). 
 
In addition to the feeding regime, the chronological age of the cattle also plays a role in 
the color of the fat and lean and the amount of time it will take for the negative effects due 
to forage-feeding to be changed. It is well established that as cattle get older their lean 
gets coarser and darker and their fat becomes more yellow. This typically does not hap-
pen with cattle less than 30 months of age. Bidner et al. (1981) reported in cattle less than 
30 months of age no difference in fat color between forage, forage supplemented with 
grain, and feedlot finishing diets. However, Bidner et al. (1981) did report darker lean color 
scores for forage finished cattle compared to feedlot finished cattle. 
 
Carcass Grading 
 
In experiments when cattle are fed for the same number of days but at different energy 
levels, the cattle fed at the higher energy level tend to have heavier carcasses and 
increased levels of fatness (Kerth et al., 2007; Cox et al., 2006; Sinclair et al., 2001; 
Camfield et al., 1997, Moody, 1976). This decrease in carcass fatness by lower energy 
or forage-based diets can be viewed positively regarding a decreased USDA yield grade.  
The increased energy level in the diet when fed for greater periods of time also leads to 
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increased USDA quality grade factors (Owens and Gardner, 1999; Camfield et al., 1997; 
Moody, 1976). Significant, acceptable differences (achieving a USDA Select grade) can 
be seen in as little as 60 days on a high energy diet (Camfield et al., 1997). 
 
Table 4:  Effects of feeding regimes on USDA grade traits 

Trait Feedlot Pasture + Grain Pasture 
Cool Season Grass1 

Hot carcass weight 
(lbs.) 

732a 619b 561c 

Fat thickness (in) .44a .21b .14b 

Ribeye area (in2) 12.0a 10.9b 10.3b 

Kidney, pelvic & heart 
fat (%) 

3.0a 2.3b 1.9c 

USDA yield grade 3.2a 2.4b 2.1b 

Marbling score Small68a Slight60b Slight11b 

USDA quality grade Choice-a Select-b Select-b 

Ryegrass2 

Hot carcass weight 
(lbs.) 

729b 767a 502c 

Fat thickness (in) .42a .41a .25c 

Ribeye area (in2) 12.6a 12.8a 10.5b 

Kidney, pelvic & heart 
fat (%) 

2.3a 2.2a 1.5b 

USDA yield grade 3.0a 2.9a 2.3b 

Marbling score Slight99 Slight80 Slight51 

USDA quality grade Select+ Select+ Select- 
1Adapted from Lorenzen et al., 2007 
2Adapted from Kerth et al., 2007 
a, b, c Means within a row lacking a common superscript differ (P < 0.05) 
 
In experiments when cattle are fed to same body compositional endpoint, meaningful bio-
logical differences in USDA yield and quality grade traits are not seen (Bowling et al., 
1977). In general, it takes forage finished cattle more time on feed to reach the same 
body compositional endpoint as compared to cattle finished on a high energy concentrate 
ration (Lorenzen et al., 2007). Often the increased length of time to finish the cattle on 
forage also had a negative impact on the economics of finishing the cattle. 
 
When cattle are fed a combination of diverse cool season grasses (Lorenzen et al., 2007) 
or ryegrass (Kerth et al., 2007) and grain, acceptable levels of USDA yield and quality 
grade traits are reported (Table 4). These data show that the benefit of leaner cattle can 
be combined with an acceptable USDA quality grade when cattle finished on pasture are 
supplemented with grain at 1.2% of their body weight. It could be argued that a Select- 
average quality grade is not optimum and supplementation higher than 1.2% of the body 
weight may achieve more desirable results. 
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Meat Palatability 
 
Palatability is commonly described as tenderness, juiciness and flavor, all the things that 
lead to consumer acceptability of the meat. Of these three, tenderness has the greatest 
potential to control with feeding regime. Some researchers have found forage-finishing 
has a negative impact on instrumental measures of tenderness (Schroeder et al., 1980; 
Bowling et al., 1977). Others report no differences in tenderness due to feeding regime 
(Lorenzen et al., 2007; Sinclair et al., 2001; Bidner et al., 1981)  Kerth et al. (2007). They, 
however, reported increased values for mechanical tenderness in strip loins but not in 
ribeyes; this is an interesting finding because both cuts come from the same muscle and 
highlight the tenderness gradient that runs through most muscles. It should also be noted 
that many studies, even if they find a difference in tenderness, do not report values that 
reach the threshold for meat to be considered tough (Kerth et al., 2007; Lorenzen et al., 
2007); indicating that acceptably tender meat can be produced by finishing beef on 
pastures. Chronological age of the cattle used in the experiments that reported no differ-
ences in tenderness is difficult to discern from the literature, whereas the ages of the 
cattle used in three other experiments were less than 30 months.  As cattle mature, they 
get tougher due to reduced collagen solubility. Feeding cattle high energy diets prior to 
harvesting has been shown to increase collagen solubility regardless of the cattle’s age 
(Miller et al., 1983; Aberle et al., 1981). The greatest increase in tenderness is found when 
cattle are fed a high energy diet for a minimum of 70 days (Aberle et al., 1981).  
 
Table 5:  Trained panel ratings for ribeye steaks from cattle on different feeding 
regimes1,a 

Attribute Feedlot Ryegrass Pasture + 
Grain 

Ryegrass 
Pasture 

Initial juiciness 6.17b 5.35c 5.73c 

Sustained 
juiciness 

5.75b 5.15c 5.38bc 

Initial tenderness 6.17 5.52 5.05 
Sustained 
tenderness 

5.73 5.00 4.49 

Flavor intensity 6.02b 5.48c 5.44c 

Beef flavor 5.92b 5.54c 5.28c 

1Adapted from Kerth et al., 2007 
a Based on an 8-point hedonic scale with 1 = dislike dry, tough, bland and 8 = extremely 
juicy, tender, flavorful 
b, c Means with a row lacking a common superscript differ (P < 0.05) 
 
Flavor is another aspect of palatability that can be controlled by feeding regime but to a 
lesser extent than tenderness. Some studies have reported lower flavor ratings for cattle 
finished on forages (Tables 5 and 6; Kerth et al., 2007; Lorenzen et al., 2007; Cox et al., 
2006; Schroeder et al., 1980), while other studies have detected no differences (Sinclair 
et al., 2001; Bidner et al., 1981). However, except for the study conducted by Schroeder 
et al. (1980), all the other ratings were within the acceptable range. Data presented in 
Table 5 indicate a greater amount of juiciness and flavor in meat from cattle finished on 
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grain. All scores were above 4.0 on an 8-point scale (Table 5), which indicates that all 
attributes were on the positive part of the scale for the trait. While the data presented in 
Table 6 indicate that cattle finished on pasture or pasture with grain supplementation have 
lower consumer panel ratings for overall like, liking of flavor, and liking of juiciness; mean 
scores were above 5 on a 9-point scale (Table 6) indicating that the consumers found the 
samples to be acceptable in all traits. In both tables samples were matched for marbling 
scores between feeding regimes to reduce the known effect of marbling score on trained 
and consumer panel ratings where higher marbling scores are preferred. In another as-
pect of consumer preference, Cox et al. (2006) asked consumers about their intent to 
purchase meat and reported 65.9% of consumers would purchase steaks from cattle 
finished on grain compared to 34.1% that would prefer steaks from cattle finished on 
forage. Kerth et al. (2007) reported that consumers not only ranked grain-finished steaks 
higher but also would pay more money for them. 
 
Table 6:  Consumer panel ratings for ribeye steaks from cattle on different 
feeding regimes1,a 

Attribute Feedlot Cool Season Pasture + 
Grain 

Cool Season 
Pasture 

Overall like 6.5b 5.8c 5.8c 

Liking of 
tenderness 

6.3 6.1 5.8 

Liking of flavor 6.4b 5.7c 5.7c 

Liking of 
juiciness 

6.5b 5.5c 5.7c 

1Adapted from Lorenzen et al., 2007 
a Based on a 9-point hedonic scale with 1 = dislike extremely and 9 = like extremely 
b, c Means with a row lacking a common superscript differ (P < 0.05) 
 
Recommendations 
 
Forage-finished cattle have an improved nutritional profile and have expectable eating 
quality. Cattle finished on forage should be supplemented, which can still provide the 
nutritional marketing claims, for a minimum of 70 days to reduce negative effects of forage 
on fat color, promote tenderness associated with collagen turnover, and achieve a USDA 
quality grade acceptable to the current marketplace. In addition, cattle fed a forage diet 
supplemented with grain should be slaughtered at less than 30 months of age to help 
decrease the potential negative effects of fat color and decreased tenderness. 
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Scientists at USDA’s Nutrient Data Laboratory (NDL) study and report the nutrient content 
of foods. This paper highlights the content of lipids (fats) and other nutrients in beef and 
the effect of cooking on these nutrients in some grass- and grain-fed lamb and beef cuts.  
Data from NDL studies are available in the USDA National Nutrient Database for Stand-
ard Reference (USDA, 2017a). The data from direct analysis of nutrient components 
found in over 9000 foods are used for national intake surveys, labeling, policy, and other 
purposes (Ahuja et al., 2013).  

NDL meats research study methods include these key steps:  

a. Determine what research is needed, often in cooperation with industry/university 
collaborators, based on objective information such as market research, consumption 
data, mandatory labeling cuts/nutrient, and market shares. 

b. Develop protocols and quality control procedures using standard operating proce-
dures, validated analytical methods and analytical labs. 

c. Produce a statistical sampling plan specifying number and type of samples required 
from representative sources. 

d. Collect and prepare representative samples of meat from sources such as packing 
plants or suppliers or retail stores, using the sampling plan. Experienced university 
meat scientists fabricate samples into retail cuts when necessary. They weigh and 
dissect the meat sample components such as bone, cartilage, fat, and lean meat. This 
is done for both raw and cooked samples. The fat and the lean components are then 
separately homogenized and packaged before being sent to laboratories for nutrient 
analysis. 

e. Analyze nutrient content at USDA-validated laboratories using official analytical 
methods such as AOAC (AOAC, 2000) and quality assurance procedures such as 
standard reference materials (SRMs), in-house control materials, and blind duplicates. 

f. Evaluate data for consistency and for detecting potential outliers. 

g. Prepare data products available for public dissemination. 
 

GRASS- AND GRAIN-FINISHED LAMB STUDY 
 
Colorado State University (CSU) conducted a study with input from NDL and the 
American Lamb Board for the purpose of obtaining nutrient and composition data for 11 
widely purchased retail domestic lamb cuts. The estimated per capita intake of lamb in 



91 

the US was 1.0 pound in 2015, with higher popularity among specific population groups 
(USDA ERS, 2017).  
 
Samples for cuts of domestically-raised grain-finished and grass-finished lamb were col-
lected during all four seasons from retail suppliers providing the majority of the market.  
Grass-finished lamb cuts were obtained from the two representative sources which had 
seasonal supply: The Intermountain West region and the West Coast region. Grain-
finished cuts were obtained from three sources: 2 in the Intermountain West region and 
1 from the West Coast region.  
 
Raw samples (n=24 per grain-finished and n=10 per grass-finished cut) were dissected 
using standard protocols. Each cut’s total weight and the weight of each component, 
including separable lean, separable fat, and refuse, were recorded. [“Separable lean” 
pertains to muscle, connective tissue, and intramuscular fat that are considered edible.  
“Separable fat” is the seam fat and the fat on the outside of the cut.]  
 
Cuts designated to be grilled were prepared on a two-sided grill preheated to 195° C until 
a 60° C internal temperature was attained. Cuts assigned to be roasted were cooked on 
racks in roasting pans in preheated 160° C convection oven to 60° C internal temperature.  
Ground lamb was pan-grilled in a non-stick anodized skillet preheated to 195° C and 
removed from heat at 74° C internal temperature. Post-cooking weights for all cuts were 
recorded. Cuts were refrigerated for at least 12 hours. Cooked samples were dissected 
and weighed using standard protocols for the components previously described. 
 
Laboratories were validated by NDL as having the ability to accurately analyze samples 
using established methodology in order to participate in the study. Nutrient data quality 
protocols included use of quality control samples in each analytical batch of samples, in-
house laboratory control materials, and random blind duplicates. The separable lean, 
seam fat, and external fat components were homogenized and analyzed at CSU for proxi-
mates, fatty acids, and cholesterol. Minerals and vitamins were analyzed at other labora-
tories.  Estimated nutrient values were developed for raw and cooked cuts as “separable 
lean only” and “separable lean and fat” profiles. 
  
In this study, saturated fatty acids (SFA) were the sum of 10:0, 12:0, 14:0, 15:0, 16:0, 
17:0, 18:0, 20:0, 22:0, and 24:0. Monounsaturated fatty acids (MUFA) were summed 
14:1, 15:1, 16:1, 17:1, 18:1, 20:1, 22:1, and 24:1. Polyunsaturated fatty acids (PUFA) 
were the sum of 18:2 n-6, 18:2 CLA, 18:3 n-3 (ALA), 20:2 n-6, 20:4, 20:5 n-3 (EPA), 22:2, 
22:4, 22:5 n-3 (DPA), 22:6 n-3 (DHA). Trans fatty acids (TFA) were summed 16:1t, 18:1t, 
and 18:2t. 
  
Grass- and grain-finished lamb results 
 
For these results, data for separable lean from all cuts were combined to create datasets 
for cooked grass-finished, cooked grain-finished, raw grass-finished, and raw grain-fin-
ished. Results for total fat were expressed as g/100 g edible tissue, while fatty acids were 
expressed as g/100 total fat.  
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The primary SFA were 16:0 (palmitic) and 18:0 (stearic). The primary PUFA was 18:2 n-
6 (linoleic). The primary MUFA was 18:1 (oleic). The main TFA was 18:1t, primarily 18:1 
t11 (vaccenic acid). Initial results indicated that total fat for raw was lower in grass-finished 
(5.2 g) compared to grain finished (5.4 g) expressed as g/100 g edible tissue. For these 
raw and cooked cuts, SFA, PUFA, total CLA, & TFA (especially vaccenic acid), were high-
er in grass- compared to grain-finished, expressed as g/100 g fat. MUFA was lower in 
grass- compared to grain-finished. When the effect of cooking was examined, total fat 
was 7.8 g in cooked grain-finished compared to 5.2 g grass-finished raw (per 100 g edible 
tissue), which appeared to be 32% higher in cooked than the raw counterpart. In grain-
finished, total fat was 8.7 g in cooked and 5.4 g in raw, making cooked appear to be 63% 
higher than raw. Differences were observed for cooked compared to raw for SFA, MUFA, 
PUFA, and TFA, as well. However, sample size was not large enough to determine 
statistical significance when comparing data among cuts from this study; thus, these 
should be viewed as preliminary results. Further studies are necessary. 
    
Our general observations for total fat, SFA and MUFA are similar to those of a meta-anal-
ysis by Popova et al. (2015), in which SFA increased (p<0.05), while total fat and MUFA 
decreased (p<0.05) in grass- compared to grain-finished. Results suggest that pasture 
raising can be a successful strategy for improving lamb’s nutritional quality (Popova et al. 
2015). Applications from this study and a grass-fed beef study will be discussed later in 
this report. Regarding the effect of cooking, a higher concentration of fat and other specific 
nutrients compared to raw has been observed in other studies, as well.  Possible reasons 
for this occurrence are the infiltration of fat from adjacent fatty tissue (removed after 
cooking) (Slover et al., 1987) and higher percent moisture loss in relation to the degree 
of fat lost (Garrett and Hinman, 1971). Concerning trans-fat, however, cooking had a 
minimal effect when the concentration of intramuscular fat due to cooking was consid-
ered, in a study of pasture-fed lamb and beef (Purchas et al., 2015). 
 
Gifford et al (2016) evaluated data for each individual cut in this study, finding that total 
fat content varied among cuts. For example, total fat was higher in raw separable lean 
from grass-finished shoulder arm chops, whole shoulder, frenched rib chops, rib chops 
and sirloin chops than their grain-finished counterparts. However, the total fat in the 6 
other cuts was lower in grass-finished compared to grain-finished. In the cooked cuts in 
the study, total fat content was higher in each grain-finished cut than its grass-finished 
counterpart (Gifford et al., 2016). In contrast, a meta-analysis published in 2015 found 
that grazing lambs were lower in total fat than lambs raised indoors, in most studies 
(Popova, Gonzales-Barron and Cadavez, 2015). Gifford et al. (2016) suggested that a 
reason for the cuts having higher fat in the grass-finished compared to grain-finished in 
their study was that they may have possessed a greater proportion of phospholipids 
compared to the other cuts. Gifford et al (2016) found that the majority of fatty acid content 
in the separable lean was composed of palmitic acid (16:0), stearic acid (18:0) and oleic 
acid (18:1 n9) for the grass-finished and grain-finished lamb cuts. Of the separable lean’s 
total fatty acid profile, 59% of the profile for raw grain-finished cuts and 57% of the profile 
for raw grass-finished cuts was composed of polyunsaturated fatty acids (PUFA), mono-
unsaturated fatty acids (MUFA), and stearic acid (Gifford et al., 2016). 
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GRASS-FED BEEF STUDY 
  
This study was conducted to determine the nutrient composition of US-raised grass-fed 
beef, in collaboration with the Beef Checkoff Program, America’s Beef Producers, Texas 
Tech University (TTU), and NDL, and was published in 2008 (Leheska et al., 2008). The 
estimated per capita intake of beef in the US was 53.9 pounds in 2015, (USDA ERS, 
2017). While grass-fed beef represents <2% of total beef sales, grass-fed beef demand 
grew by 40% in 2016 (Johnson, 2017). Consumer research suggests that increased 
demand for grass-fed beef will not slow in the near future (Williams, 2013). Grass-fed 
ground beef and strip steak samples were obtained on 3 occasions from 15 producers 
representing 13 states (AL, AR, CA, CO, GA, ID, KY, MN, MO, MT, NM, TX, VA). Two 
steaks were obtained from 3 different animals for each of the 3 times, from each producer. 
Steaks were fabricated from the 13th rib area of the strip loin. Similarly, 85% lean ground 
beef was collected from 3 different carcasses at 3 different times from each producer. If 
85% lean was unavailable, the next leanest ground beef (e.g., 88%) was provided.  
Control ground beef and strip steak samples were obtained at 3 different times in each of 
3 US regions.  
 
Steak samples were weighed and dissected to separate the lean, fat, and refuse com-
ponents for each steak. All components were weighed and the edible portions were 
homogenized for analysis. Aliquots for steak and ground beef were prepared for analysis 
using study protocols. TTU analyzed proximate nutrients, while validated commercial 
laboratories analyzed fatty acids, cholesterol, thiamin, vitamin B12, and mineral content. 
Quality control was monitored using certified reference materials and blind duplicates. 
NDL scientists validated all data. Nutrient data for raw grass-fed ground beef and strip 
steaks, along with study documentation, were released in SR in 2008. 
 
In this study, SFA was the sum of 8:0, 10:0, 12:0, 14:0, 15:0, 16:0, 17:0, 18:0, 20:0, and 
22:0.  MUFA was the sum of 14:1, 15:1, 16:1, 18:1, and 20:1. PUFA was the sum of 18:2, 
18:3n-3 (ALA), 18:4, 20:2n-6, 20:3n-6, 20:4n-6, 20:5n-3 (EPA), 22:5n-3 (DPA), 22:6n-3 
(DHA). TFA was the sum of 16:1t, 18:1t, and 18:2t. 
   
Ground beef and strip steaks:  Grass-fed and control results 
 
Total fat was significantly lower in grass-fed steak (n=41) than in the control (n=9) (p 
<0.05) and was also lower in grass-fed ground beef (n=42) than in the control (n=9) (Fig-
ure 1). Total SFA, n-3 fatty acids, total CLA, and vaccenic acid were significantly higher 
in grass-fed than control (p<0.05; Figures 2-4). Total MUFA was significantly lower in 
grass-fed than controls (p<0.05; Figure 2). N-6, total trans, total PUFA fatty acids and 
cholesterol results showed no significant difference between grass-fed and controls (Fig-
ures 3, 5-7). (Editor’s note: However, the n-6:n-3 ratio is quite different between grass-
fed and controls when comparing bars in figure 3. Grass-fed n-6:n-3 ratio is less than 4 
[≈2.0] due to the elevated level of n-3.) The primary SFAs were stearic and palmitic acids. 
The primary MUFA was oleic acid. The primary PUFA was linoleic acid. 
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The effect of grass-feeding on beef fatty acids seems to be influenced somewhat by 
breed, the response of different muscles to the diet, growing season, harvest time, and 
other factors (Van Elswyk and McNeill, 2014; Duckett et al., 2009). Despite these vari-
ables, these results (Leheska et al., 2008) are similar to others comparing grass- to grain-
finished beef for total fat, SFA, MUFA, PUFA, and cholesterol (Van Elswyk and McNeill, 
2014).  
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Figure 1. Total fat (g/100 g edible tissue) 
content of grass-fed and control ground beef 
(GB) and strip steaks (SS). Grass-fed GB 
included 3 composite samples from 13 grass-
fed producers plus 1 composite sample from 
2 grass-fed producers. Grass-fed SS included 
3 composite samples from 13 grass-fed 
producers, 1 composite from another 
producer, plus 2 composite samples from 1 
grass-fed producer. Control GB and SS 
included samples from 3 US regions on 3 
occasions. (Data from Leheska et al., 2008). 

Figure 2. MUFA and SFA (g/100 g fat) 
content of grass-fed and control ground 
beef (GB) and strip steaks (SS). Grass-
fed GB included 3 composite samples 
from 13 grass-fed producers plus 1 
composite sample from 2 grass-fed 
producers. Grass-fed SS included 3 
composite samples from 13 grass-fed 
producers, 1 composite from another 
producer, plus 2 composite samples 
from 1 grass-fed producer. Control GB 
and SS included samples from 3 US 
regions on 3 occasions.  (Data from 
Leheska et al., 2008). 

Figure 3. N-3 and n-6 (g/100 g fat) content 
of grass-fed and control ground beef (GB) 
and strip steaks (SS). Grass-fed GB 
included 3 composite samples from 13 
grass-fed producers plus 1 composite 
sample from 2 grass-fed producers. 
Grass-fed SS included 3 composite 
samples from 13 grass-fed producers, 1 
composite from another producer, plus 2 
composite samples from 1 grass-fed 
producer. Control GB and SS included 
samples from 3 US regions on 3 
occasions.   (Data from Leheska et al., 
2008).  
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Lamb and beef: Grass vs grain nutrient trends and health applications 
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Figure 4. CLA and vaccenic (g/100 g fat) 
content of grass-fed and control ground 
beef (GB) and strip steaks (SS).  Grass-
fed GB included 3 composite samples 
from 13 grass-fed producers plus 1 
composite sample from 2 grass-fed 
producers. Grass-fed SS included 3 
composite samples from 13 grass-fed 
producers, 1 composite from another 
producer, plus 2 composite samples from 
1 grass-fed producer. Control GB and SS 
included samples from 3 US regions on 3 
occasions.  (Data from Leheska et al., 
2008).    

Figure 7. Cholesterol content (mg/100 g 
edible tissue) of grass-fed and control 
ground beef (GB) and strip steaks (SS). 
Grass-fed GB and SS included 1 compos-
ite sample from each grass-fed producer. 
Control GB and SS included a single com-
posite sample for each region from which 
samples were collected.  (Data from 
Leheska et al., 2008).   
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Figure 5. Total trans content (g/100 g fat) 
of grass-fed and control ground beef (GB) 
and strip steaks (SS). Grass-fed GB 
included 3 composite samples from 13 
grass-fed producers plus 1 composite 
sample from 2 grass-fed producers. 
Grass-fed SS included 3 composite 
samples from 13 grass-fed producers, 1 
composite from another producer, plus 2 
composite samples from 1 grass-fed 
producer. Control GB and SS included 
samples from 3 US regions on 3 
occasions.  (Data from Leheska et al., 
2008).     Figure 6. PUFA content (g/100 g fat) of 

grass-fed and control ground beef (GB) 
and strip steaks (SS). Grass-fed GB 
included 3 composite samples from 13 
grass-fed producers plus 1 composite 
sample from 2 grass-fed producers. 
Grass-fed SS included 3 composite sam-
ples from 13 grass-fed producers, 1 
composite from another producer, plus 2 
composite samples from 1 grass-fed 
producer. Control GB and SS included 
samples from 3 US regions on 3  occa-
sions.  (Data from Leheska et al., 2008). 
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The main trends observed between grass- and grain-fed in these specific studies that 
were common to beef and lamb were:  a) Lower total fat and lower total MUFA (as % total 
fat) in grass-fed compared to controls; b) Higher total SFA, vaccenic acid, and total CLA 
(as % total FA) in grass-fed compared to controls. Additional research is needed to con-
firm these observations. 
 
Individual fatty acids are worth noting, because although reduction in total fat and SFA in-
take has been recommended based on specific correlations between diet and health, 
specific individual fatty acids seem to vary in their effect (Daley et al., 2010). For example, 
the primary SFA in beef and lamb regardless of feeding regime are stearic acid (the only 
SFA which shows a neutral effect on LDL cholesterol) and palmitic acid (which shows 
less cholesterol-raising effect than other SFAs in these meats) (Daley et al., 2010). 
  
The primary MUFA in beef and lamb, oleic acid, is known for its cholesterol-lowering effect 
(Daley et al., 2010). Lower MUFA concentration in grass-fed compared to grain-fed beef 
and lamb, as well as the role of MUFA intake in promoting cardiovascular (CV) health, is 
well documented (Popova et al., 2015; Van Elswyk and McNeil, 2014). 
  
PUFA content in beef and lamb in both feeding regimes is low, primarily present as 
omega-6 fatty acid linoleic acid (C18:2 n-6) (Van Elswyk and McNeill, 2014). Among the 
omega-3s, small increases of ALA and trace or no increases in EPA, DHA, and DPA in 
grass- vs grain-fed were noted in ours and other studies; therefore, lean cuts from either 
feeding method could provide modest amounts of omega-3s (Van Elswyk and McNeill, 
2014). 
 
The main TFA in animal products is usually vaccenic acid (C18:1 t11) (VA). VA is pro-
duced in ruminants and a precursor of conjugated linoleic acid (CLA) (C18:2 c9 t11).  
While some studies suggest CLA and VA may have health benefits (Purchas et al., 2015, 
Van Elswyk and McNeill, 2014), others indicate that effects of VA require further inves-
tigation (Gebauer et al., 2015). Although higher VA and total CLA concentrations express-
ed as percent fat were seen in grass-fed, the amounts are modest when converted to 
intakes per serving. Thus, amounts in grass- and grain-fed meat are nearly the same, 
since grass-fed meat is typically lower in total fat (Van Elswyk and McNeill, 2014). For 
SFA as well, although higher in grass-fed than grain-fed when expressed as percent total 
fat, it can translate to a lower amount per serving (Van Elswyk and McNeill, 2014). 
 
The cholesterol content of beef and lamb are similar to that of other meats in the USDA 
food composition database between grass- vs grain-fed beef the difference was signif-
icant in only one US study (Rule et al., 2002; Van Elswyk and McNeill, 2014). 
 
BEEF NUTRIENT DATA IMPROVEMENT STUDY 
 
Following changes in the beef industry in feeding practices, age of animal at harvest, 
breeds, and new retail cuts, the Nutrient Data Improvement Study (NDI) was conducted 
through advice from the beef industry to obtain nutrient data for selected contemporary 
nationally representative retail beef cuts. A comparison of the lower fat levels of sirloin 
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steak in 2010 to those in 1963 and 1990 (Figure 8; NCBA, 2014) exemplifies the magni-
tude of the changes over time.  
 
The research team collaborating with USDA included National Cattlemen’s Beef Associ-
ation (NCBA), Texas A & M University (TAMU), TTU, CSU, and a statistician. Samples 
were obtained at packing plants in 6 different states (TX, WI, NE, KS, CO, AZ) from at 
least 12 carcasses in each state. The effects of cooking method and cut on cooking yield 
were reported as % of each cut’s raw to cooked weight. The effects on fat concentration 
were reported as a percentage (g/100 g) of each cut’s total edible lean and separable fat.  
Full details were reported by Roseland et al., 2015. 
 

  
 
Effect of cooking on cuts comparing chuck, round, and loin 
 
The effect of cooking methods on different cuts had varied effects on nutrient content and 
cooking yield, with some effects significant (p<0.05). During cooking, most cuts lost fat 
and all cuts lost moisture. Cooked cuts had a higher concentration of fat and other nutri-
ents compared to raw cuts, likely due to the higher percent moisture lost than percent fat 
lost in each cut (Acheson, 2013; Garrett and Hinman, 1971; Martin et al., 2013; Roseland 
et al., 2015; West et al., 2014). 
 
Cooking yields differed among the 3 roasted cuts studied (p<0.05; Figure 9). Roasted 
chuck eye and tenderloin had the highest yields (84% and 82%, respectively) compared 
to ribeye roast (76%). In contrast, among the 3 grilled cuts, ribeye had the highest cooking 
yield (83%) compared to chuck eye and tenderloin (p<0.001; Roseland et al., 2015). Fat 
and moisture concentrations were different among the roasted cuts (p<0.001) (Figure 10). 
As fat increased, moisture decreased for the roasted cuts and the grilled cuts. 
 
The ribeye cuts were highest in total fat, SFA, MUFA, PUFA, and TFA (g/100 g of cut’s 
edible lean and fat), while the tenderloin cuts were lowest (both steaks and roasts) when 
ribeye, chuck, and tenderloin were compared. Detailed results of this study have been 
published (Roseland et al., 2018).  
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Figure 8.  Total fat levels of sirloin steak 
compared over time. Sirloin Steak* 1963 
data reported by Watt and Merrill (1963); 
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composition database (USDA, 2018). 
(Graph used by permission, NCBA, 2014)   
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Figure 9. Cooking yields for roasted and grilled beef cuts from 3 primals. N=36 per cut.  (Roseland et al., 2015) 

 

Figure 10. Proximate content of roasted and grilled beef cuts from 3 primals. N=36 per cut. (Roseland et al., 2015) 

Effect of cooking on pairs of chuck, round, and loin cuts 
 
Cooking methods affected cooking yields, fat, and fatty acid concentrations when compar-
ing roasting, grilling, and braising. A pair-wise evaluation of comparable cuts confirmed 
that roasted chuck and tenderloin cuts had higher cooking yields (p<0.05) than their re-
spective grilled steaks. Conversely, roasted ribeye had lower cooking yields than the grill-
ed steak counterparts, whether boneless or with bone (Figure 11; Nguyen et al., 2014). 
 
Fat concentrations were lower in roasted cuts than in corresponding grilled cuts. Fat was 
lower in grilled cuts than in corresponding braised cuts. For example, fat was 23% lower 
in grilled shoulder steak than in its corresponding braised cut (p<0.001) and was lower in 
three roasted cuts (chuck eye, tenderloin, and ribeye) than in corresponding thinner grilled 
steaks (Figure 12; Roseland et al., 2015). 
 
The lower cooking yield of the roasted ribeye compared to grilled was unexpected, since 
higher final endpoint temperatures and higher cooking temperatures, as in grilling, are 
typically associated with lower cooking yield due to higher endpoint temperature (Wahr-
mund-Wyle et al., 2000a). The unusual finding could be due to the ribeye’s composition, 
since the fat and moisture concentrations of the ribeye steak vs roast were not significant-
ly different. On the other hand, grilled tenderloin and chuck steaks had higher fat and low-
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er moisture than roasted counterparts, coinciding with lower cooking yields for these 
steaks compared to roasts (p<0.05). Thus, the higher moisture levels in the tenderloin 
and chuck roasts, plus the lower endpoint temperatures in roasting, were related to these 
roasts’ higher cooking yields (Roseland et al., 2015). 
 
Total SFA, MUFA, and TFA were lower in roasted ribeye, chuck eye, and tenderloin com-
pared to grilled counterparts. Conversely, braised shoulder values were higher than or 
equal to grilled shoulder for SFA, MUFA, PUFA, and TFA, but only PUFA was significantly 
different (p<0.05). The higher concentrations observed in the braised cuts could be the 
result of using higher internal temperatures (85°C) than for other methods, possibly caus-
ing a relatively greater concentration effect, compared to cuts cooked to lower internal 
temperature (70°C). Detailed results of this study will be published.   

 
Figure 11. Cooking yields for pairs of roasted and grilled beef cuts from 3 primals. N=36 per cut. (Nguyen et al., 2014) 

 

 
Figure 12. Proximate content of paired roasted and grilled beef cuts from 3 primals. N-36 per cut. (Roseland et al., 2015) 
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A study was designed by NDL in collaboration with America’s Beef Producers, University 
of Wisconsin (UW), and Texas Tech University to obtain ground beef nutrient data over 
a range of fat levels. A goal was to establish the mathematical relationship between the 
total fat content of raw ground beef and various nutrients, using regression techniques 
(USDA, 2017b). Retail samples of ground beef (n=72) labeled from 4 to 30% fat were 
purchased using a sampling plan developed for NDL’s National Food and Nutrient Analy-
sis Program (Pehrsson et al., 2000; Perry et al., 2003). The basis of this plan divided the 
US into 4 regions, each having 3 consolidated metropolitan statistical areas (CMSA), 
where samples were collected from stores in each CMSA in 2000 and in 2011. Samples 
were cooked as broiled patties, pan-broiled patties, loaves, and crumbles. Patties were 
made from 112 g samples pressed into molds and oven-broiled for 8.7 minutes or pan-
broiled in an electric skillet for 11.75 minutes. Crumbles were pan-browned for 5.3 min-
utes; loaves were baked in 325°F/163°C oven for 41 minutes. All samples were cooked 
to 160°F/71°C internal temperature. 
   
Raw and cooked samples were chemically analyzed for proximates, cholesterol, fatty 
acids, vitamins, and minerals by qualified laboratories using AOAC or other validated 
methodology (AOAC, 2000), duplicate samples, and reference materials. Data were eval-
uated using mixed model regression analysis with SAS (SAS, 2004) to obtain prediction 
equations. Estimated mean values for each nutrient covered the range of products from 
3-30% labeled fat, showing the relationship between analytical raw fat and analytical 
nutrient values. 
    
Ground beef study results 

 
As fat in raw cuts increased, values for all 3 fatty acid classes increased as positive linear 
relationships (p<0.05; Roseland et al., 2016a). The effect of cooking showed a non-linear 
relationship between analytical raw fat and cooked fat, and also for cooked SFA, MUFA, 
and PUFA, reflecting the result of fat and moisture loss. Values for cooked fat (g/100 g) 
varied by cooking method. For example, cooked fat levels ranged from 3.65-16.44 in pan-
broiled patty and from 4.0-16.50 in loaf (Roseland et al., 2016b). 
  
Nutrient values for ground beef in the raw form and for four cooking methods, from sam-
ples analyzed in 2001 and 2012, been made available in the USDA food composition 
database  (USDA, 2017a) for selected fat levels (3, 5, 7, 10, 15, 20, 25, and 30%) of raw 
ground beef. In addition, a ground beef calculator was developed by NDL, providing pre-
dicted nutrient profiles for raw and cooked ground beef at fat levels from 3 to 30%.  
 
COOKING YIELD STUDIES 
 
Cooking yield data are useful tools for making decisions regarding food plans and food 
preparation, such as cases where maximizing cooking yields is a desired outcome (Rose-
land et al., 2014). Cooking yields are gauges of changes in food weights due to moisture 
loss or fat gain/loss during cooking. NDL studies allow use of raw data to estimate cooked 
values and to determine amounts to purchase. Also, these available data--for over 175 
cuts of beef, lamb, pork, poultry, and other meats--benefit researchers, scientists, nutrition 
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professionals, industry officials, and consumers by providing valuable information regard-
ing the impact of cooking methods, meat type, and fat content on total cook-ing yield. 
  
In an NDL study of cooking yields, data for three different beef and three different pork 
cuts were evaluated.  Results varied according to cooking method, with broiling having 
the highest and braising having the lowest cooking yields (p<0.0001; Figure 13).  Among 
the pork cuts, although cooking yields and moisture changes differed according to 
cut/cooking method (p<0.0001), no difference in fat was observed although all three cuts 
increased in fat concentration after cooking (Roseland et al., 2012). 
   
In an NDL study of 7 types of ground broiled meats (i.e., beef, pork, bison), cooking yields 
were generally inversely related to cooked fat levels. Among the types analyzed, ground 
pork had lowest cooking yield, which was significantly different than all the other meats 
(p<0.0001) except ground beef (Figure 14) (Roseland et al., 2012). 
 

 
 

 
 
IMPACT OF NDL STUDIES 
 
Obtaining nutrient composition and cooking yield data for specific cuts and cooking meth-
ods supports research examining nutrient intake and health.  Further research into factors 
affecting nutrient composition, variability, and yield can benefit researchers, purchasers, 
and other database users. These studies provide “reference” data, which may be used to 
make general comparisons with other global sources to support trade and research, both 
domestically and abroad. Collaborative research protocols have been developed to con-
duct these studies, which have yielded representative data for scientists’ use in conduct-
ing subsequent studies. Current data from the studies can be helpful for estimating US 
intake, conducting further research, and establishing nutrition guidelines. The data and 
user-friendly tools developed by the USDA/Nutrient Data Library are accessible at: 
https://www.ars.usda.gov/ba/bhnrc/ndl, including a) On-line nutrient analytically-based 
data for over 9000 foods in SR and brand name information for over 175,000 foods in the 
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Figure 13. Cooking yields and standard 
deviations (SD) for beef and pork cuts 
prepared using 3 different methods. N=83 for 
Braised (71 beef shoulder roasts + 12 pork 
shoulder roasts); N=49 for Broiled (36 beef 
ribeye steaks + 12 pork loin chops); N=47 for 
Roasted (35 beef ribeye roasts + 12 pork 
center loin roasts). 

Figure 14. Cooking 
yields and standard 
deviations (SD) for 
seven types of 
ground broiled meat. 
N=6 for Emu, Bison, 
Ostrich; N=5 for Elk; 
N=4 for Beef, Pork; 
N=3 for Deer.  
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Branded Food Products Database; b) USDA Nutrient Data Sets for Beef and Lamb Retail 
Cuts to assist retailers with nutrient labeling including 28 nutrients (USDA, 2017c; USDA, 
2013); c) Ground beef calculator; d) USDA Cooking Yields Tables for Meat and Poultry 
(USDA, 2014). Future research plans at NDL will encompass investigations of factors 
affecting nutrient content and variability of meat and dairy products, such as source, 
breed, season, animal diet and other agricultural practices, in order to attain better health 
outcomes in the US populations particularly among vulnerable populations. 
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Processing Milk effects on Fatty Acid Profiles in Consumed 
Grass-Fed Milk Products 

 
If pastured cows do produce a better fatty acid composition in their milk, how does milk 
processing affect the composition once it is pasteurized, homogenized, and skimmed?  
How does milk in its various forms affect human digestion? These questions are being 
researched by the three people at this session. One of the biggest problems has been 
the penchant of nutritionists to tout fat-free or low-fat milk because of the saturated fat 
content regardless of some new facts about stearic and palmitic fatty acids having no or 
little effect on cardiovascular disease. The problem with skimming off the fat (cream) is 
that it removes other good fatty acids as well, such as omega-3 (n-3). According to the 
USDA standard reference database, an eight-fluid ounce cup (244 g) of 3.25% fat milk 
has 0.183 grams of omega-3s. This is a small amount of n-3 and is from confinement-fed 
cow’s milk. If the milk is non-fat or skim, the amount goes down to 0.0049 grams of n-3 
or essentially zero. Now you can buy non-fat milk with an added n-3 derived from algae, 
so much for “natural”. Perhaps it would be better just to eat some salmon or trout. 
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Variations in milk lipids 
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Structure 

 
Fats (if solid at room temperature) and oils (if liquid) are in the class of compounds known 
as lipids. Around 95-98% of the lipids in milk are comprised of triacylglycerols, which are 
abbreviated TG and better known as triglycerides (McGibbon & Taylor, 2006) (Figure 1).   
 
 
 
 
        Position 1 
 
 
 

        Position 2 
 
 

 
        Position 3   
 
 
 
 

Figure 1. A triglyceride molecule, showing three fatty acids attached to a glycerol backbone. 
 
TG are composed of a glycerol backbone with three fatty acid (FA) molecules attached.  
TG in milk contain 26-54 carbon atoms with a myriad of possible arrangements of FA on 
the backbone (Jensen, 2002). The typical FA profiles of cow, goat, and sheep milk are 
shown in Table 1.The abbreviations correspond to the number of carbon atoms in the 
molecule and the number of double bonds it has, separated by a colon. Note that roughly 
half of the FA in milk is comprised of palmitic (16:0) and oleic (18:1) acids. The cis and 
trans designations refer to whether the hydrogen atoms along the double bond are on the 
same side or on opposite sides. Oleic and vaccenic acids both contain 18 carbon atoms 
with one double bond, but the atoms are arranged differently.  Elaidic acid (18:1 trans-9), 
identified as the primary trans-fat in hydrogenated fat, is found in miniscule amounts in 
milk and is not shown. CLA, conjugated linoleic acid, comprises a class of nearly 30 simi-
lar FA; the predominant one in milk is rumenic acid, abbreviated as 18:2 cis-9, trans-11. 
Humans convert vaccenic acid to rumenic acid. The double bonds in CLA are closer to-
gether than in α-linoleic acid. 
  
FA are saturated if they do not contain a double bond (they are saturated with hydrogen 



108 

atoms) and are unsaturated if they contain at least one double bond. Monounsaturated 
fatty acids (MUFA) contain one double bond and polyunsaturated fatty acids (PUFA) con-
tain more. Some structures are shown in Figure 2. 
 
Table 1. Principal fatty acids in milk of cows, goats, and sheep, in grams of fatty acid per 100 g of 
fat (Chouinard et al., 1999; Park et al., 2007).  

Fatty acid  Concentration (g/100 g) 
Common name Abbreviation Cow Goat Sheep 
Butyric 4:0   4.2   2.2   3.5 
Caproic 6:0   2.2   2.4   2.9 
Caprylic 8:0   1.2   2.7   2.6 
Capric 10:0   2.7 10.0   7.8 
Lauric 12:0   3.1   4.0   4.4 
Myristic 14:0 11.1   9.8 10.4 
Pentadecanoic 15:0   1.2   0.7   1.0 
Palmitic 16:0 27.0 28.2 25.9 
Palmitoleic 16:1   1.5   1.6   1.0 
Margaric 17:0   0.6   0.7   0.6 
Stearic 18:0 11.0   8.9   9.6 
Oleic 18:1 cis-9 23.9 19.3 21.1 
Vaccenic 18:1 trans-11   1.9   0.7   1.0 
α-Linoleic 18:2 cis-9, cis-12   2.5   3.2   3.2 
Rumenic 18:2 cis-9, trans-11   0.7   0.7   0.7 
Linolenic 18:3   0.4   0.4   0.8 
 
 

 

Stearic acid (18:0)     Oleic acid (18:1) 

 

 

α-Linoleic acid (18:2)    Rumenic acid (18:2), a CLA 

 

 

 

Linolenic acid (18:3) 

 

Fig. 2.  Skeletal structures of major 18-carbon fatty acids found in milk. 
 

 
FA and TG in milk are assembled in the mammary gland and are derived from feed and 
from microbial activity in the rumen of the animal. Variations occur because of species, 
diet, season, health of the animal, stage of lactation, and other factors. The mammary 
gland in ruminants synthesizes FA containing an even number of carbons from 4 to 14, 
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along with some 16:0. The remaining 16:0 and the longer FA arise from dietary lipids and 
breakdown of TG in adipose tissue. Bacterial flora in the rumen synthesize the relatively 
small numbers of FA with an odd number of carbons. FA may be desaturated in the mam-
mary gland to form unsaturated acids (Månsson, 2008).  
 
The positioning of FA on the TG molecule is not random: nearly all of 4:0, 6:0, and 8:0 are 
found at position 1, most of the 14:0 and 16:0 occur in position 2, and most of the FA con-
taining 18 carbons are located at the positions 1 and 3 (Blasi et al., 2008). TG in milk from 
goats and sheep appear to be similar to bovine TG in this regard (Park et al., 2007).  FA 
may be broken away from the backbone by activity of lipase enzymes, thus becoming 
free fatty acids (FFA). When we consume dairy products, lipases in the mouth and stom-
ach preferentially attack the TG molecule at position 3 (Williams 2000). Therefore, the 
shorter and longer FA are much more likely to become FFA in the digestive system than 
the medium-size FA. 
 
Milkfat floats in milk in the form of globules surrounded by a membrane composed of two-
thirds lipid and one quarter protein. Most of the lipid in the milkfat globule membrane con-
sists of TG, but some 40% is phospholipid (Fong et al., 2007), a molecule that is similar 
to a TG except that a phosphate group is attached to the glycerol backbone instead of 
the third FA. The phosphate groups, which are aligned on the outside of the membrane, 
are water-soluble and the FA, which point toward the globule, are not. This emulsification 
prevents globules from coalescing in the fluid portion of the milk and also protects their 
contents from the action of lipases. Milkfat also contains a small amount of mono- and di-
glycerides, which have only one or two FA, as well as fat-soluble vitamins (A, D, E, and 
K), sterols (such as cholesterol), and FFA.   
 
Saturated and Unsaturated Fatty Acids 

 
Dairy fats account for around 21% of the saturated fat intake in the US, but there is no 
consistent evidence that milkfat levels are associated with an increased risk of cardio-
vascular disease, coronary heart disease, or stroke (Huth and Park, 2012). Detailed meta-
bolic studies have shown that short-chain and medium-chain FA have minimal effect on 
plasma LDL and cholesterol levels, only 12:0, 14:0, and 16:0 contribute to higher levels, 
and 18:0 is considered neutral (Williams 2000). It is not clear whether these effects are 
due to TG structure, the FA themselves, or some other factor (Mensink, 2005). 
 
MUFA do not appear to influence inflammatory effects in the body, but various aldehydes 
produced in the oxidation of PUFA, as well as sugars, are known to initiate or advance 
inflammation, cancer, asthma, type 2 diabetes, and atherosclerosis (Lawrence, 2013).  
Saturated fats alone might not be responsible for many of the adverse health effects with 
which they have been associated, but oxidation of PUFA may be the cause of any asso-
ciation that have been found (Lawrence, 2013). 
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CLA and Omega-3 Fatty Acids 
 
Dairy products contribute about 75% of the total CLA in the human diet. CLA has been 
identified as a factor against cancer, obesity, diabetes, and atherosclerosis, while helping 
with modulation of the immune system and bone growth (Lock and Bauman, 2004). A 
study in our laboratory of milk from adjacent farms, one with cows on pasture and other 
with cows fed conventionally, revealed that grazing increased the rumenic acid content in 
milk by 29-36% (Tunick et al., 2016); a nation-wide study of conventional and organic milk 
from 14 processors showed an 18% increase (Benbrook et al., 2013). 
 
Much research has been directed toward omega-3 FA, which contain a double bond locat-
ed three carbon atoms from the end farthest from the glycerol backbone. The omega-3 
FA of note in milk is α-linolenic acid (18:3); it and linolenic acid (18:2, an omega-6 FA) 
serve as precursors to other FA that the body requires, namely EPA (20:5) and DHA 
(22:6). In fact, 18:2 and 18:3 are regarded as essential FA since the body needs them 
and must obtain them from the diet (Simopoulos, 2006). Our comparison of two farms 
indicated that milk from pasture-fed cows contained 28-56% more 18:3 than milk from the 
adjacent conventional farm (Tunick et al., 2016). A nation-wide survey of milk revealed 
that organic milk averaged 60% more 18:3 than conventional milk (Benbrook et al., 2013).  
   
Omega-6 FA cannot be converted to omega-3 FA in the body since mammals lack the 
enzyme required. Humans used to consume the two in about equal amounts, but in to-
day’s Western diets the ratio is around 16 to 1 (Simopoulos, 2006). In milk, the ratio is 
within the recommended 4 to 1.   
 
Trans-Fatty Acids 

 
Trans-FA have been linked to coronary heart disease, but the harmful types of these (es-
pecially elaidic acid, 18:1 trans-9) are found in very low levels in milk (Mozaffarian et al., 
2006). Vaccenic acid (18:1 trans-11) is a trans-FA that occurs in milk, but it is a precursor 
of rumenic acid (the main CLA in milk) and is considered beneficial (Park et al., 2007).   

 
Flavor and Mouthfeel 

 
People do not consume dairy products simply because of the health aspects – they also 
enjoy the flavor. TG do not contribute to flavor because their large size makes them non-
volatile. In contrast, short- and medium-chain FA (containing up to 12 carbon atoms) are 
volatile, have low perception thresholds (we can detect them at parts-per-million concen-
trations), and are responsible for some of the characteristic flavors of dairy products (Cur-
ioni and Bosset, 2002). Goat and sheep milk contain higher levels of short- and medium-
chain FA than cow milk, resulting in stronger cheese flavors. Branched-chain FA come 
from breakdown of proteins instead of lipids and are also noted components of goat and 
sheep milk cheeses. FFA are precursors of other compounds that result from action of 
lipases (Curioni and Bosset, 2002), and lipids serve as solvents for these and other 
compounds that provide flavors. 
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Mouthfeel, which results from physical stimulation of receptors in the mouth, is also an 
important part of the eating experience. Milkfat melts just below body temperature (35°C) 
and exhibits gradual and complete melting in the mouth. It is perceived to have smooth 
mouthfeel and imparts a desirable cooling sensation in the mouth as it melts. Perceived 
aroma is related not only to volatile compounds in the nose but also to sensations of taste 
and mouthfeel (de Roos, 2006). Studies using TG containing 8:0 and 10:0 have shown 
that lipid deposition on the tongue and other oral surfaces is related to sensory perception 
(Pivk et al., 2008).   
 
Summary 
 
The FA in milkfat have different lengths, levels of saturation, and molecular arrangements.  
They also have some effects on human health, although the influence of saturated fats 
appears to have been overstated. CLA and omega-3 FA found in dairy products are es-
sential to health and are increased in milk from grass-fed animals.   
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Abstract 
 
Common dairy processing protocols can alter the composition of fluid milk 
and dairy foods in ways that affect the amount of healthy fats in the final 
product. The total amount of fat in dairy products is affected by controlling 
the fat content of the milk and making different dairy foods that concen-
trate the fat, for example, whole milk contains 3.25% fat, while butter con-
tains 80% fat. The profile of the fatty acids that make up the fat in milk can 
be altered by some processing conditions and through animal feeding 
practices. A comparison of fatty acids in milk and dairy foods coming from 
pasture-fed or confined dairy herds illustrates the differences in levels of 
healthy fats. Milk from pasture-fed cows typically exhibits higher levels of 
the healthy fatty acids and is preferably used in  products where the fats 
will contribute to the daily total of healthy fats in the diet. 
 
Introduction 
 
With increasing consumer interest in sustainable agriculture, organic 
foods, and grass-fed dairy products, many farmers have backed away 
from the conventional practices of feeding high grain total mixed rations 
to confined cows and have opted for practices that incorporate significant 
amounts of grazing. Certified organic herds must obtain a minimum ave-
rage of 30% of their dry matter intake from pasture during the grazing 
season and can include some silages and grains (all grown according to 
organic guidelines), while the diet of grass-fed herds cannot include 
grains. Of the 3.8 billion gallons of milk sold in the U.S. in 2016, organic 
and grass-fed milk accounted for 4.9 and 0.04% of the sales, respectively 
(DMI, 2016). 
 

Inclusion of grazing as a major source of nutrients for the milking herd has been found to 
have a tremendous effect on the distribution of fatty acids (FAs) that make up the fat 
found in milk. Milk from grazing cows contains higher levels of the specific FAs that are 
beneficial to human health, such as the omega-3 poly-unsaturated fatty acids (PUFA) 
and the conjugated linoleic acids (CLA). However, milk must be processed to some de-
gree before it reaches the consumer and there is limited, and often contradictory, informa-
tion on the processing stability of the healthy fats found in milk. The question we address 
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in this paper is: Once milk leaves the farm, what are the effects of common dairy process-
ing practices on the amount and distribution of the healthy FAs in milk and dairy products? 
 
Fatty acids (FAs) in milk 
 
Almost all (98%) of the fat in milk is in the form of triglycerides with three FAs bound to a 
glycerol backbone (McGibbon and Taylor, 2006). Over 400 individual FAs have been 
identified in bovine milk fat so the combinations of the 3 FAs in the triglyceride molecule 
can be quite extensive (Mansson, 2008). There are 20 FAs that contain 2-18 carbons (C2 
- C18) in length that make up 90% of the total FAs present in milk fat, while the rest of the 
FAs are present in trace amounts and require sophisticated isolation methods for iden-
tification. A typical FA profile identifies and quantifies the FAs. Their distribution can be 
correlated to a variety of factors, from changes in diet to the health of the animal.  
 
Although many of the FAs are known to have specific functions in the body, the healthy 
fats targeted in this work are the longer chain C18 PUFA. The major omega-3 FA in milk 
is alpha-linolenic acid, C18:3, with one of its three double bonds located at the 3rd carbon 
from the end of the chain. Linoleic acid, C18:2, is the predominant omega-6 FA in milk 
with one of its two double bonds found at the 6th carbon from the end. Isomers of linoleic 
acid, the CLAs, also designated as C18:2, have a single bond between the two double 
bonds. The predominant CLA in milk is rumenic acid (70 - 90%) and is the one most 
beneficial to human health out of the C18:2 isomers. Vaccenic acid, C18:1, contains only 
one double bond, and is tracked because it is a precursor of rumenic acid. See other 
papers in this proceedings that describe the FA in more detail and summarize their func-
tions in human health. 
 
Milk processing 
 
Raw milk undergoes many processing steps en route to its final product, which may 
include altering the fluid product, separating or concentrating the fat, or concentrating the 
protein and fats (Figure 1). One of the most common steps alters the amount of compon-
ents in milk by  removing or adding proteins, fats, sugar (lactose), and water.  
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Figure 1. Flow chart of some of the many products manufactured from raw milk 

Another step is to expose milk to a variety of stresses, such as heat, pressure, shear, and 
vacuum. Other modifications, including the addition of enzymes, cultures, and other ingre-
dients. All approaches can affect the specific properties of the dairy food, such as texture, 
flavor/aroma, and functionality. Two common heat treatments expose milk to high tem-
peratures: high temperature, short time (HTST) pasteurization at 161°F (72°C) for a mini-
mum of 15 seconds and ultra high temperature (UHT) heating at 280°F (138°C) for 2 
seconds (21CFR131.3, 2016). Cream, which must contain at least 18% milk fat, requires 
slightly higher pasteurization temperatures (5°F or 3°C higher). Homogenization is usually 
conducted in one or two stages, passing milk through a small orifice at pressures between 
10 and 25 MPa. This removes the membrane around the fat droplets and breaks them 
into smaller spheres that stay suspended in the milk. Of the 3.8 billion gallons of fluid milk 
sold in the U.S. in 2016, raw (not pasteurized) and non-homogenized milk accounted for 
only 0.01 and 0.03% of sales, respectively (DMI, 2016).  
 
The fat content of dairy products has significant impact on the amount of healthy fats pre-
sent. Non-fat or skim milk versions contain no fat of any kind and do not contribute to the 
daily total of healthy fats consumed. In low fat products, the quantity of the healthy fats, 
although lower than full fat products, still contributes to the daily total in the diet. 
 
There is limited information on the impact of processing on the profile of healthy FAs in 
milk. One study reported that heating milk at 85°C for 16 seconds or 95°C for 5 minutes 
did not alter the level of CLA in milk, while UHT heating (140°C for 4 seconds) and micro-
waving for 5 min decreased CLA content by 15 and 20%, respectively (Herzallah et al., 
2005). Batch pasteurization (63°C for 30 min) and microwave heating of milk also in-
creased the distribution of CLA trans isomers. Heating milk fat to 200-225°C, slightly high-
er than typical baking and frying temperatures, decreased CLA by 20-32%, while cooking 
at >300°C, slightly higher than typical of broiling and commercial pizza oven tempera-
tures, led to isomerization and oxidation of FAs and up to a 60% decrease in CLA levels 
(Precht et al., 1999). Fermented skim milk products fortified with omega-3 FAs from milk 
fat were fairly heat stable at 80°C for 30 min (Luna et al., 2004), while fortifying with CLA 
from sunflowers decreased CLA content by 10% after heating at 73°C for 15 seconds 
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(Campbell et al., 2003). Unfortunately, not all researchers handle the milk samples the 
same way before measuring the initial level of FAs before processing. Some studies spe-
cifically state that they conducted FA analysis using fresh or frozen raw milk, others heat-
ed the milk to 60-100°C to extend shelf life and destroy bacteria, and still others do not 
mention how the milk was handled. Many of the survey studies report the FA profiles in 
dairy products without any information of the fat profile in the starting milk. Therefore, a 
better understanding of the impact that the processing of milk has on the healthy fatty 
acid profile of milk is needed. 
  
ARS-DFFRU Processing Study 
 
In a recent study conducted in the Dairy & Functional Foods Research Unit (DFFRU), 
fresh raw milk was collected from neighboring grazing certified organic (ORG) and con-
fined non-grazing conventional (CONV) herds in Berks County, Pennsylvania, over an 8-
week period during the grazing season (Van Hekken et al., 2017). Raw milk was standar-
dized to 3.25% fat (Wr) and 1) homogenized (Wh), 2) HTST pasteurized (Wp), 3) homo-
genized and HTST pasteurized (Whp), or 4) homogenized and UHT heated (Whu). 
Quantities of the healthy FAs determined in the milk before (Wr) and after processing 
(Whr, Wp, Whp, and Whu) are shown in Table 1. Compared to the CONV milk, ORG milk 
contained higher levels of vaccenic acid (C18:1), linolenic acid (C18:3), and CLA. Milk 
from both farms contained similar amounts of linoleic acid (C18:2). The mean omega-
6:omega-3 ratio (linoleic acid: linolenic acid) was lower for ORG milk than CONV milk, 4.9 
and 7.3, respectively, and was closer to the ratio of <5 targeted by Simopoulos (2008) to 
aid in the prevention of many chronic diseases such as heart disease, arthritis, diabetes, 
and inflammatory disorders. Compared to the starting raw milk, processing did not 
significantly alter the quantities of the healthy FAs in the milk, therefore, ORG milk 
continued to contain higher levels of C18:1, C18:3, and CLA as well as lower ratios of 
omega-6:omega-3 FA. Results indicated that the healthy FAs were stable under common 
dairy processing conditions of homogenization, HTST pasteurization, and UHT heating. 
 
Table 1. Levels of healthy fatty acids in whole milk fat from grazing organic and confined conven-
tional herds before and after processing. Samples were raw (Wr), raw homogenized (Whr), HTST 
pasteurized (Wp), homogenized and HTST pasteurized (Whp), and homogenized and UHT heated (Whu). 

Fatty acids Vaccenic 
C18:1 trans 

Linoleic 
C18:2 

Conjugated 
Linoleic Acid 

C18:2 isomers 

Linolenic 
C18:3 

omega-6: 
omega-3 
FA ratio 

 (g fatty acid/100 g milk fat) 

Grazing organic     

     Wr 3.52 a 3.31 a 0.90 a 0.72 a 4.6 

     Whr 3.29 ab 3.61 a 0.95 a 0.75 a 4.8 

     Wp 3.49 a 3.58 a 0.99 a 0.75 a 4.8 

     Whp 3.39 ab 3.56 a 1.01 a 0.68 a 5.2 

     Whu 3.43 a 3.51 a 0.92 a 0.69 a 5.1 
Non-grazing conventional    

     Wr 2.72 c 3.60 a 0.74 b 0.43 b 8.4 

     Whr 2.55 c 3.71 a 0.74 b 0.57 b 6.5 

     Wp 2.83 bc 3.51 a 0.91 a 0.50 b 7.0 
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     Whp 2.62 c 3.50 a 0.81 ab 0.53 b 6.6 

     Whu 2.67 c 3.36 a 0.70 b 0.41 b 8.2 
a-c Means not sharing the same letter within a column are significantly different (P < 0.05). 
 

We also examined the digestibility of raw and processed milk from the grazing organic 
and confined conventional herds using in vitro digestion techniques (Van Hekken et al., 
2017). Overall, milk was digested for one hour in gastric conditions [pepsin enzyme, pH 
1.5, 98°F (37°C)] and two hours in intestinal conditions [phosphate buffer, bile salts, mix 
of enzymes for fats and proteins, 98°F (37°C)]. At the initial pH adjustment and addition 
of pepsin (G-0), milk formed large protein clots that entrapped the fat. The clots quickly 
broke down into smaller clots within 15 min of gentle shaking and steadily decreased in 
size as the in vitro digestion progressed. After 3 hours in a simulated gastrointestinal 
system, 85-94% of the proteins had been digested. 
 
Milk fat was not hydrolyzed during gastric digestion, but the fat droplets tended to coa-
lesce into larger ones as the protein clots broke apart and hydrolyzed. Once intestinal 
conditions were in place (lipases were included in the enzyme mix), lipolysis occurred as 
measured by the release of free fatty acids (FFA) from the milk triglycerides (Figure 2). 
Based on the total amount of FFA measured at 120 min (I-120), 50-60% of the FFA were 
released within the first 15 min. The rate slowed then stabilized as FFA accumulated and 
inhibited the lipase activity by blocking the enzyme access to new substrate. This 
inhibition would not occur in the body where the FFA would be absorbed or moved farther 
 

  
Figure 2.  Release of free fatty acids during 120 min in vitro intestinal digestions of milk from 

grazing organic (ORG) and confined conventional (CONV) herds. 
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down the digestive tract. Homogenized samples (Whr, Whp, and Whu) released more 
FFA than the Wr and Wp samples, because homogenization removed the membrane sur-
rounding the lipid droplets and shattered the large droplets into smaller spheres, thus 
increasing the surface area and accessibility of the lipase to the milk fat substrate. Com-
pared to the ORG samples, the CONV samples released more FFA, in part because they 
contained higher amounts of C16:0 and C18:0 than the ORG samples, 43.1 and 40.5 mg 
FA/100 g milk fat, respectively. These saturated FAs are located at the first and third posi-
tions of the triglyceride, which are preferred sites for lipase activity. The size and quantity 
of the fat droplets in the digested sample decreased with time. More research is needed 
to understand the release and digestion of the healthy fatty acids in the intestinal tract.  
 
Processing of dairy products 
 
Regular yogurt is similar in fat content to milk and can con-
tain 0-3.25% fat. The milk is pasteurized at 203°F (95°C) 
for 10 min and homogenized before cultures are added 
and the mix fermented at 107°F (42°C) for several hours. 
Once the yogurt reaches pH 4.5, it is chilled to 45°F (7°C). 
Depending on the final product, the yogurt base may have 
sweeteners and fruit mixed in before packaging.  
  
Research has shown that the basic yogurt processing steps do not alter the CLA levels 
or distribution of the isomers in the final product (Boylston and Beitz, 2003; Dave et al., 
2002; Herzallah et al., 2005; Shantha et al., 1995). Most studies claimed that CLA and 
omega-3 FAs levels were stable after 7-42 days of refrigerated storage (Boylston and 
Beitz, 2003; Luna et al., 2004; Dave et al., 2002; and Shantha et al., 1995); only one study 
reported that CLA content decreased after 7 days (Herzallah et al., 2005).  
 
Cheese is a dairy product that concentrates milk 
fat (15-45% of the final product) and protein (7-
36% of the final product). Cheese making proto-
cols are as diverse as the hundreds of different 
varieties and styles of cheese made around the 
world. Briefly, milk (raw or pasteurized, seldom 
homogenized) is inoculated with cultures to slightly 
ferment the milk before coagulating with enzymes, 
primarily chymosin. The milk gel is cut into cubes 
and cooked before the whey is drained and the 
curd is salted. Lastly, the curd is packed into molds 
for pressing and then aged. 
  
Although cheeses have high fat contents, studies have reported that processing protocols 
had no effect on the distribution of CLA in the fat fraction (mg per gram of fat basis) of 
Cheddar (Shantha et al., 1995), French Emmental (Gnadig et al., 2004), Gouda, Mozza-
rella (Shantha et al., 1995), and Swedish-Swiss-type cheeses (Jiang et al., 1997). Studies 
involving three different varieties of Cheddar, using different starter cultures and slightly 
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different manufacturing protocols, reported that total CLA levels were stable after 13 
months of aging but that the CLA isomer distributions were different among the different 
brands (Werner et al., 1992; Lin et al., 1999). Another study reported that the CLA content 
of processed cheese increased 14% during manufacture and was attributed to the cook-
ing step (Garcia-Lopez et al., 1994). One study demonstrated the variety of approaches 
and issues involved in enhancing omega-3 FA levels in Cheddar, Mozzarella, and Queso 
Fresco by adding fish or plant oils at different stages of cheesemaking (Bermúdez-
Aguirre, 2012). 
 
Research has shown that some dairy cultures can convert free linoleic acid (C18:2) to its 
isomers (CLA) in media and even less can do so in a milk environment (Bisig et al., 2007). 
The primary limitation is that the linoleic acid in milk is bound within the triglycerides and 
the cultures can convert it only when it is released in its free form. Therefore, to increase 
the CLA content in cheese or yogurt, non-dairy oils from plants and fish that are rich in 
unbound C18:2 are added, which the dairy cultures then convert to CLA (Kim and Liu, 
2002; Bisig et al., 2007). Research continues to screen dairy cultures to identify ones that 
can increase CLA in dairy products.  
 
Butter is the most fat-dense dairy product and typically contains 80% fat. Processing 
starts by pasteurizing cream (38% fat) at 203°F (95°C) for 15 seconds, aging for 12 hours 
and then using mechanical stress (churning) to remove the milk fat globule mem-brane 
from the fat droplets and coalesce the fat. 
 
Because of the higher fat content, butter contains the highest amounts of PUFAs of any 
dairy food but the distribution of the healthy fats does not change significantly during 
processing or storage (Butler, et a., 2011; Mallia et al., 2008; Shantha et al., 1995; Bisig 
et al., 2007). However, butter is prone to fat oxidation, which causes off-flavors (rancidity) 
and degradation of the C18 FAs. 
 
Processing does not appear to alter the CLA distribution in sour cream, ice milk, and ice 
cream. No differences have been reported between the starting raw milk and finished 
products (Shantha et al., 1995). 
 
The only known process that can significantly alter the distribution of FAs in the final dairy 
product is cold fractionation. This process uses the low melting properties of the C18s, to 
concentrate PUFAs into a soft fraction. The method takes melted anhydrous milk fat from 
140 to 50°F (60 to 10°C) to get hard and soft fractions, with the soft fraction containing 
63% more CLA and 28% more vaccenic acid than the starting fat 
fraction (O’Shea et al 2000). Another approach is to manipulate 
the pressure and temperature within a supercritical carbon dioxide 
chamber to fractionate anhydrous milk fat. At 3500 psi (24 MPa) 
and 104°F (40°C), anhydrous milk fat yielded five fractions with 
one fraction containing 89% of the CLA (Romero et al., 2000).  

 

Summary 
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Processing can alter the amount of total fat in a product, which will determine the total 
quantity of healthy fats in the food. Most of the processing steps used to make dairy 
products will not affect the distribution of the fatty acids on a mg/g of fat basis found in 
the starting milk. However, microwaving and extreme heat processing can alter the 
distribution of isomers of the C18:2. There are still only two ways to increase the distri-
bution of healthy fats within the FA profile of dairy products:  

• Manipulate the cow’s diet to increase the level of naturally-occurring healthy fats in 
the milk. 

• Add healthy fatty acids from plant or fish sources to milk or dairy products, which intro-
duces other issues involving incorporation, stability, added cost, and off-flavors.  
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MILK – PART OF A HEALTHY DIET 
 
Bovine milk has long been a staple of human nutrition. Milk and milk products are rich 
sources of several bioactive and functional compounds such as the casein and whey 
proteins, along with lactoferrin and the immunoglobulins found in whey; milkfat; lactose 
and oligosaccharides; vitamins and minerals; and enzymes. Digestion of milk yields bio-
active peptides from the milk proteins and free fatty acids and monoglycerides from milk-
fat. The Dietary Guidelines for Americans 2015-2020 suggest that a healthy adult 
consume the equivalent of 3 cups of fat-free or low-fat milk per day (USHHS and USDA, 
2015). The effects of milk consumption on overall human health have been well docu-
mented (Haug et al., 2004; Ebringer et al., 2008; Visioli and Strata, 2014). The bioactive 
peptides of milk are encrypted in the casein or whey proteins and are released upon 
contact with digestive enzymes in the stomach and small intestine (Tunick et al., 2016), 
or released during lactic acid fermentation of milk products such as yogurt and cheese or 
other proteases (Fitzgerald and Murray, 2006; Korhonen and Pihlanto, 2006). The bio-
active peptides from casein or whey have shown a broad spectrum of activities such as 
antihypertensive, antimicrobial, opioid-like, and antioxidative. Casein phosphopeptides 
(CPP), probably the most studied of the bioactive peptides of casein, are known for their 
mineral-carrying capacity and have already found commercial applications in oral-health 
products. Most research on the effects of bioactive peptides has been conducted in the 
laboratory (in vitro) but not yet applied in vivo (in animal or human clinical trials) to a large 
extent. For most of the bioactive peptides, it is not known if the reported bioactivities will 
persist in vivo. Information on the fats and lipids of milk is found in the proceedings of this 
conference and also in Tunick et al. 2015.  
  
The benefits of dairy consumption on human health have been well documented, and 
supporting literature can be found in the USDA Nutrition Evidence Library, Center for 
Nutrition Policy and Promotion, https://www.cnpp.usda.gov/nutritionevidencelibrary and 
in the proceedings of this conference.   
  
DIGESTION OF MILK – A MATTER OF PROCESSING?  
  
Commercial fluid milk is processed from raw milk to create 0.1% (skim), 1%, 2% and 
3.25% (whole) pasteurized milk. The fat in milk exists as globules, 3 to 5 µm in size, with 
a protective membrane known as the milk fat globule membrane (MFGM). To prevent a 
cream layer from forming, the fat is first separated from milk and then added back to 
create milk of the desired fat content.  It is then homogenized, which removes the MFGM 
and reduces the sizes of the fat globules to less than 1 µm (Michalski and Januel, 2006), 
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increasing their numbers. The MFGM fragments have also been proposed as nutraceu-
ticals (Spitsburg, 2005) but little research has been done to isolate and explore the 
benefits of the MFGM and its fragments on human health. 
   
The homogenized milk is then treated by high temperature short time pasteurization 
(HTST) at the minimum conditions of temperature and holding time of 71.7°C (161°F) for 
15 seconds. Vat pasteurization may be used in on-farm operations and requires a mini-
mum temperature of 63°C (145°F) and hold time of 30 minutes. Ultra-pasteurization (UP) 
is conducted at the minimum conditions of 138°C (280°F) for 2 seconds and is typically 
used for specialty milk products and has a longer shelf-life than HTST-treated milk. The 
milk must be refrigerated because it was not aseptically packaged. This is referred to as 
ultra-high temperature (UHT) processing if packaged aseptically and then does not 
require refrigeration. HTST eliminates human pathogens of concern and extends shelf – 
life of milk. UP is not considered commercially sterile but has a shelf life up to 90 days. 
UHT milk is commercially sterile and has a shelf-life up to 6 months (FDA, 2017).  
 
The effects of homogenization and pasteurization on the digestibility of raw milk was test-
ed using an in vitro digestion model (Tunick, et al. 2016). Standardized raw whole milk 
was subject to either homogenization, HTST, homogenization plus HTST, or homogeni-
zation plus UHT processing. Raw skim milk was subject to HTST or UHT processing.  
Next, the processed samples were exposed to in vitro gastric digestion at pH 1.5, 38°C, 
using a simulated gastric fluid containing pepsin followed by intestinal digestion at pH 7.0 
using a simulated intestinal fluid containing lipase, pancreatin and bile salts. Afterwards, 
the samples were run on a sodium dodecyl sulfate-PAGE (SDS-PAGE) gel to follow the 
disappearance of the individual casein and whey proteins (Figure 1) in the stomach and 
remaining proteins or peptides and lipids (Figure 2) in the small intestine as a function of 
time. 
   
After 60 minutes of in vitro gastric digestion, the intact casein and minor whey proteins 
were digested, and casein and whey peptides (sizes represented at below approximately 
10 kDa) and the major whey proteins, alpha-lactalbumin (α-LA) and beta-lactoglobulin (β-
LG), remained. (See Lane 4, Figure 1a). Some degradation is seen in the homogenized 
raw whole, homogenized UHT, and UHT skim raw milk samples (Figure 1a).  After intes-
tinal digestion for 120 minutes, low molecular weight peptides or amino acids persisted 
for the samples containing fat and the raw whole homogenized sample, with multiple 
bands remaining even after the 2 hours of digestion (Lane 6, Figure 1b).  Confocal micro-
scopy of samples during digestion showed fat droplets remaining after intestinal digestion 
for raw milk samples that were homogenized (Figure 2). Skim milk and raw whole milk 
showed complete digestion after 3 hours and homogenization with HTST and UHT pro-
cessing showed possible formation of fat-protein aggregates (Tunick, et al, 2016), an 
indication that processing may affect the digestibility of milk. 
   
These findings are supported by a similar in vitro study showing that most bovine milk 
proteins and peptides, including pepsin resistant proteins, were completely digested by 
the end of the 3-hour process (Gallier, et al, 2012). β-LG and a few other peptides were 
still detected, although at a lower concentration. Fat globules were shown to digest at 
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Figure 1: SDS-PAGE of processed milk during in vitro gastrointestinal digestion 

RW, raw whole milk; H, homogenized raw whole milk; P, HTST-pasteurized whole milk; HP, homogenized 
and HTST pasteurized milk; HU, homogenized and UHT-processed milk; RS, raw skim milk; SP,HTST-
pasteurized skim milk; SU, UHT-processed skim milk. The proteins corresponding to the bands are listed 
on the left- hand side of the panels. The molecular weights of the proteins and peptides are listed on the 
right-hand side of the panels.  Panel a (top) Gastric digestion of whole milk raw and processed samples; 
Panel a (bottom) Gastric digestion of skim milk raw and processed samples; Lane 1 shows the processed 
sample after initiation of gastric digestion at time=0, Lane 2 15 min, Lane 3 30 min., Lane 4 60 min. Panel 
b (top) Intestinal digestion of whole milk samples from Panel a (top); Panel b (bottom) Intestinal digestion 
of skim milk samples from Panel a (bottom); Lane 1 of each series shows the processed sample from 
Lane 4 of Panel a) adjusted to 0 time. Lane 2 15 min., Lane 3 30 min., Lane 4 60 min., Lane 5 90 min., 
Lane 6 120 min.  
 
different rates and depending on their size were protected by MFGM glycosylated pro-
teins during gastrointestinal digestion. Therefore, it may be possible that after milk 
consumption, fat globules, along with some protein, will not be absorbed by the small 
intes-tine, and will enter the large intestine. 
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Figure 2:  In vitro gastrointestinal digestion of milk – confocal microscopy 

RW = raw whole milk; H = homogenized, raw whole milk; HU = Homogenized, UHT-processed whole milk; 
G= gastric digestion; I = intestinal digestion.  The colors red and yellow are fats, the color green is protein. 
RW, raw whole milk; H, homogenized, raw whole milk; P, HTST-pasteurized whole milk; HP, homogenized 
and HTST pasteurized milk; HU, homogenized and UHT-processed milk; RS, raw skim milk; SP, HTST-
pasteurized skim milk; SU, UHT-processed skim milk. 

 
MILK AND THE GUT MICROBIOTA- IS FAT A NECESSARY COMPONENT?  
  
A number of studies of the effect of human milk on the development of the gut microbiota 
in infants have demonstrated that it provides an array of irreplaceable benefits to the 
infant that may persist throughout life (Jost, et al., 2015; De Leoz, et al., 2015; Pacheco, 
et al., 2015). Other studies demonstrated the positive effects of probiotic-containing 
fermented milk on the human gut microbiota (Unno et al., 2015; Ceapa et al., 2013). Yet, 
the effect of bovine milk consumption on the composition and metabolome, the Biochem-
ical composition of small molecules resulting from gene expression, of the human gut 
microbiota in the individual intestinal regions- the ascending, transverse and descending 
colon - remains undefined. In particular, the effect of fluid milk on the gut microbiota is of 
interest. We are interested in comparing the effects of fat-free to full fat milk using an 
artificial gastrointestinal system. 
 
The current opinion in the Dietary Guidelines for Americans 2015-2020 is that fat-free and 
low-fat milk retain the same nutrients as full-fat milk, making these products a more desir-
able dietary addition, and the recommended form of milk consumption (USHHS and 
USDA, 2015). However, it is recognized that milk fat contains many types of fatty acids  
and lipids, and fat-soluble vitamins; all of which play a beneficial role in human health 
(Haug, et al., 2004; Ebringer, et al., 2008). Previous studies have demonstrated that  and 
lipids, and fat-soluble vitamins; all of which play a beneficial role in human health (Haug, 
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et al., 2004; Ebringer, et al., 2008). Previous studies have demonstrated that  consuming 
full-fat milk is inversely correlated to both global and abdominal obesity (Crichton and 
Alkerwi, 2014; Holmberg and Thelin, 2012), and that milk fat plays a role in the release of 
gastrointestinal peptides, which function to slow gastric emptying (Panahi, et al., 2014). 
The gut microbiota is composed of bacteria from the phyla: Firmicutes, Bacteriodetes, 
Actinobacteria, and Proteobacteria. One study analyzing fecal samples of humans con-
suming a diet supplemented with either fat-free or full-fat yogurt revealed that the addition 
of milk fat resulted in changes to not only the Firmicutes/Bacteroidetes ratio, a ratio that 
changes with the fat content of a diet, but also a change with respect to the relative 
abundance of class Bacilli and family Streptococcaceae (Walsh, et al, 2016). These 
results indicate that the fat component of dairy products is able to modify the gut micro-
biota composition (Walsh, et al., 2016). However, the extent and location of these effects 
remains unknown.   
 

  
THE GUT MICROBIOTA - RELATIONSHIP TO FOOD  
  
The relationship between human health and diet is well documented. However, studies 
relating the diet to only the human host are one-dimensional because they ignore the gut 
microbiota, which consists of over 1014 bacterium, representing 500-1000 individual spe-
cies (Xu and Gordon, 2003; Payne et al., 2012; Konturek, et al., 2015). Dietary compon-
ents provide the substrates that maintain the gut microbial community (Power, et al., 
2014; Venemaa and Van den Abbeele, 2013). The metabolites produced from this com-
munity serve as substrates for human cells, thereby contributing to host physiological 
status (Krishnan, et al., 2015; LeBlanc, et al., 2013). Accordingly, the gut microbiota can 
be described as the mediator between diet and human health (Sonnenburg and Backhed, 
2016). Therefore, it is important to understand the effect of diet on the gut microbiota, be-
cause changes to the gut microbiota, and the quantity and/or type of metabolites produc-
ed, can directly and indirectly influence human health (Maga, et al., 2013; Sonnenburg 
and Backhed, 2016).  
  
HOW TO STUDY THE GUT MICROBIOTA - IN VITRO vs. IN VIVO   
  
Studying the gut microbiota is a challenging endeavor (Power, et al., 2014). Most of the 
species that comprise the gut microbiota are obligate anaerobes (grow in the absence of 
oxygen) (Konturek, et al., 2015) and many strains are considered unculturable (cannot 
be grown under laboratory conditions) (Lau, et al., 2016; Feria-Gervasio, et al., 2014). In 
order to study all aspects of the gut microbiota, a system must be used that will provide 
the precise environmental conditions necessary for a comprehensive gut microbial com-
munity to form. This requires utilizing either an in vivo system which relies on a living or-
ganism, or an in vitro system designed to mimic the physiological conditions of the colon. 
   
 While in vivo studies are typically considered more significant, the relevance of animal 
data in the context of the human gut microbiota remains in question (Payne, et al.,  2012). 
Application of an in vivo model is complicated, since each species has a unique com-
munity which has evolved based on dietary components and are anatomically different 
from humans (Muegge, et al., 2011; Nguyen, et al., 2015). The use of humans as an in 



128 

vivo model is also limited due to the complexity of the gastrointestinal tract (GIT) environ-
ment, limitations with accessing different parts of the intestine, and difficulty removing 
samples (Payne, et al., 2012; Feria-Gervasio, et al., 2014; Stearns, et al., 2011). Also, 
any in vivo study must adhere to stringent ethical parameters, restricting the type of 
research that can be performed (Venemaa and Van den Abbeele, 2013; Guerra, et al. 
2012; Payne, et al., 2012). Because of these constraints, many gut microbial studies rely 
overwhelmingly on fecal sample analysis (Payne, et al., 2012; Van den Abbeele, et al., 
2010). However, data have revealed that there is a discrepancy between the com-position 
of the microbiota in a fecal sample and the microbiota found in the individual intestinal 
regions (Eckburg, et al., 2005; Feria-Gervasio, et al., 2014). Data generated from fecal 
sample analysis does not provide information on the micro-environment of the gut or the 
site of fermentation (Van den Abbeele, et al., 2010; Venemaa and Van den Abbeele, 
2013). Therefore, in gut microbial research, the in vitro model remains essential, providing 
a method to measure that which cannot be examined using an in vivo system (Guerra, et 
al. 2012). In vitro studies of the gut microbiota are superior to in vivo studies in a number 
of ways. They have no ethical constraints; therefore, they can be used to study microbial 
modifiers that may be considered hazardous, and/or permit experimental parameters that 
would be unacceptable for in vivo work (Van den Abbeele, et al., 2010; Venemaa and 
Van den Abbeele, 2013; Lacroix, C., et al., 2015). During the experiment, multiple sample 
types can be harvested at any time point with no restraints on volume, frequency, or 
sample site (Venemaa and Van den Abbeele, 2013). Importantly, with in vitro systems, 
the physiological conditions can be altered to mimic any region of the large intestine, con-
trolling factors such as pH, anaerobiosis, and transit time (Venemaa and Van den Ab-
beele, 2013; Van den Abbeele, et al., 2010). Strict control over these environmental pa-
rameters makes results from in vitro systems more recordable and reproducible (Van den 
Abbeele, et al., 2010). For over 20 years, such in vitro model systems have been devel-
oped and validated, including the Simulator of the Human Intestinal Microbial Ecology 
(SHIME®) (Feria-Gervasio et al., 2014).    
  
SIMULATOR OF THE HUMAN INTESTINAL MICROBIAL ECOLOGY (SHIME®)  
  
The Simulator of the Human Intestinal Microbial Ecology, more commonly referred to as 
the SHIME, was developed as an in vitro tool to study the gut microbiota (Molly, et al., 
1993). It is a five-stage, sequential and continuous bio-reactor system that mimics the 
GIT, starting with the stomach and ending with waste removal (Illustration 1) (Molly, et 
al., 1993; Van de Wiele, et al., 2015). Within the system are three individual reactors that 
mimic the ascending, transverse and descending regions of the large intestine that work 
together to reproduce the physiological conditions of the large intestine and maintain 
microbial diversity along the intestinal tract (Molly, et al.,1994; Van de Wiele et al., 2015). 
In order to provide a surface for bacterial colonization, porous beads coated with mucin 
agar are added into each reactor. This allows for complex biofilms to form increasing com-
plexity of the community (Van den Abbeele, et al., 2010). The SHIME system has been 
previously verified to maintain colon diversity over several months (Molly, et al., 1994; 
Van de Wiele, et al., 2015). The resulting community has been validated and claimed to 
be similar to the human large intestine in respect to type of microorganisms located in 
each region and their metabolic activities (Molly et al., 1994). The TWINSHIME system 
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was developed to consist of two SHIME systems that are run in parallel, providing for both 
experimental and control systems in a single experiment. 
   
The most valuable component of the SHIME system is that it encompasses the entirety 
of the GIT, while also incorporating the large intestinal regions on an individual level. This 
feature is paramount because the enzymatic and bacterial digestions of dietary com-
ponents along the GIT is a cascade-like, dynamic and enduring process. During transit, 
a metabolite of bacterial digestion upstream can serve as a substrate for bacterial 
metabolism downstream, function in cell signaling, or stimulate another reaction in a sep-
arate region. Locating the origin of the substrate, where the downstream reaction occurs, 
and the final product of the reaction, is possible through the application of SHIME tech-
nology. Utilizing the SHIME system, the processes occurring in the specific large intestinal 
regions, including changes to the gut microbial community and metabolome, can accu-
rately be delineated. Three times a day, feed is added to the stomach and pancreatic 
juice to the small intestine. Pumps connecting to the reactors are turned on to move the 
fluid through the system, mimicking the movement through the gastro-intestinal tract. The 
ability to demonstrate that metabolites from one part of the large intestine, potentially 
function as substrates in a different intestinal region, will provide significant insight for the 
fields of medicine, pharmacy, and health care.   
       
  
Illustration 1.  Diagram of the SHIME system   

 
  
In contrast to the design representing the large intestine, the design for the simulator of 
the small intestine is far from concrete, where there is only one bioreactor representing 
the three segments of the small intestine, and its nutrition absorption function is assigned 
to a geo-separated column to remove small molecules. The column used for the absorp-
tion process is a dialysis membrane that functions to separate out the nutrients generated 
and allows the larger non-digested material to move to the large intestine. Therefore, it is 
not surprising that most publications using the TWINSHIME® system are related to the 
use of its lower GIT simulator.  
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Illustration 2.  The TWINSHIME® system in the Dairy and Functional Foods Research Unit; Eastern 
Regional Research Center; Agricultural Research Service, USDA, Wyndmoor, PA   
  

 
  
  
EXPERIMENTAL DESIGN - WHAT IT TAKES TO RUN A TWINSHIME® EXPERIMENT  
  
The TWINSHIME apparatus is composed of two complete independent SHIME systems, 
both containing five water-jacketed bioreactors set up in sequence to represent the stom-
ach (ST pH 2), small intestine (SI pH 6.6-6.9), ascending colon (AC pH 5.4-5.6), trans-
verse colon (TC pH 6.2-6.4), and descending colon (DC pH 6.6-6.9) (Illustration 3). To 
initiate this system, the colon regions are filled with a “defined medium” (DM), to maintain 
the fecal homogenate, and then inoculated with 5% fecal homogenate. Transfer tubes 
are set up in between each reactor to allow for movement of the culture in a sequential 
manner, and the transfer tube height is fixed so that the volume of each colon reactor 
does not change. Three times a day, DM is pumped into the ST and allowed to incubate 
for 1 hour. The DM is then pumped into the SI along with pancreatic juice con-taining bile 
salts, leaving the ST empty. The resulting slurry incubates in the SI reactor for 30 minutes. 
At this point the systems are flushed with nitrogen to remove any oxygen that may have 
entered the system or been released during the feeding cycle. After incubation, the pumps 
are turned on, and all the slurry from the SI is slowly pumped into the AC over a period of 
1.5 hours. As the slurry from the SI moves into the AC, the added volume is pumped into 
the TC, and the added volume in the TC is pumped into the DC. Finally, the added volume 
is pumped from the DC to the waste container. During each cycle, the ST and SI reactors 
are completely emptied, while the volume of the AC, TC, and DC remain the same and 
only the excess amount added from the SI is removed. In this way the movement of slurry 
through the system is able to mimic the cascade-like reaction in the large colon, where 
the residence time is 24 to 48 hours and the metabolites generated up stream can be the 
substrate of the bacteria downstream, and/or serve as stimuli. 
  
Illustration 3: System set- up for a TWINSHIME® experiment     
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Figure 3:  Types of samples and analysis performed for each experiment 

 
The TWINSHIME system is maintained at 37°C by water flowing through the jackets of 
the bioreactors, and anaerobic conditions sustained by sealing the reactors and using ni-
trogen flow. The pH of each bioreactor is computer-controlled to match the physiological 
conditions of the colon regions using 0.5 M HCl and 0.5 M NaOH. The three-colon bio-
reactors in both SHIME systems also contain porous carriers pre-coated with mucin to 
provide a surface for bacterial attachment and growth. Samples are harvested from each 
of the bioreactors every 3-4 days (Figure 3). 16S rRNA Next Generation DNA sequencing 
is used to define the population of both the luminal and mucin phases for each bioreactor 
at each time point. LC (liquid chromatography)- and GC (gas chromatography)-MS (mass 
spectrometry) are used to identify the short chain fatty acids (SCFA) and/or other metab-
olites in each sample, generating a profile of metabolic activity for the community in each 
bioreactor over time. Computational methods to analyze the sequencing information, 
such as QIIME, Unifrac, PCoA, richness/diversity, are applied for data interpretation.  
 
a) 
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 b) 

 
Figure 4: Community composition of a TWINSHIME® experiment 

Community composition was determined based on relative abundance at the class level for each region 
and phase of the SHIME system over time.  a) Community composition of the SHIME 1 system, which 
had both a luminal and mucosal phase. b) Community composition of the SHIME 2 system, which had 
only a luminal phase. 
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RESULTS OF AN INITIAL TWINSHIME® EXPERIMENT- WHAT CAN BE EXPECTED 
  
The ability of the TWINSHIME® system to reproduce a human gut microbiota was tested 
in an initial experiment.  In order for the TWINSHIME® system to be functional it must first, 
be able to produce a community that is similar to the original fecal homogenate used to 
inoculate the system, and second, this community must reach a point of stability where 
there is no fluctuation in composition or metabolites with time. In this experiment, the 
SHIME 1 had mucin agar carriers added, and SHIME 2 had no mucin carriers added. 
  
The community composition in terms of relative abundance at the class level was deter-
mined using 16S rRNA sequencing. The community composition in all three colon regions 
for both the SHIME 1 and SHIME 2 were similar to the original fecal homogenate (See 
the first lane of Figures 4a and 4b) used to inoculate the system (Figures 4a and 4b). 
Whether or not these communities reached a point of stability was evaluated by gen-
erated PCoA plots based on both weighted and unweighted UniFrac distances (not 
shown). These results demonstrated that the communities achieve a mature and un-
changing state between days 11 and 15. Total short chain fatty acid (SCFA) levels were 
also measured for the luminal phase of each system over time (Figure 5, Table 1). These 
results demonstrate that initially the levels of the SCFAs are fluctuating in each colon 
region, however, by day 15 these levels begin to even out and enter into a steady state 
(Figure 5). Based on these initial findings it can be concluded that the TWINSHIME® 
system can reproduce a stable gut microbiota, similar to the fecal sample used for 
inoculation.    

 
Figure 5. Total SCFA production over time. 

A GC-MS was used to determine the total amount of SCFA produced in each colon region over time. 
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Table 1. Short Chain Fatty Acids 

  
 
  
MILK RESEARCH AND THE TWINSHIME® SYSTEM - A PERFECT COMBINATION  

 
The effect of milk consumption on the gut microbiota is unclear, even though research 
using in vitro digestion models, which only extend from the stomach to the small intestine, 
have suggested that after bovine milk consumption, fat globules, along with some protein 
will make it through the small intestine and possibly enter the large intestine (Gallier, et 
al., 2012; Tunick, et al., 2016). It is possible that some of the health benefits attributed to 
milk consumption are related to the gut microbiota. The TWINSHIME® system will be used 
to study the effects of both fat-free and full-fat milk on the gut microbiota. In this experi-
ment, the DM will be supplemented with either fat-free or full-fat milk three times a day. 
Samples will be harvested and analyzed to detect both changes to the community com-
position and to evaluate changes in the metabolome (Figure 6). The results of these ex-
periments should clearly define the effect that milk has on the gut microbiota, and whether 
or not these interactions may contribute to the health benefits associated with milk.    
  

 
Figure 6: Testing the effects of milk on the gut microbiota 
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Human Health Implications of Consuming Grass-fed Meat 

and Milk Products 

 
After we fed our dairy and beef animals a high green or ensiled forage diet and took care 
not to mess things up cooking meat or processing milk, was this all-in-vain? Probably not, 
but it depends on if we believe the old nutrition science or the new one. We have had 
more recent research that tends to indicate that saturated fats or at least certain ones 
have very little to no impact on cardiovascular health. The old science is what led every-
one to believe that all saturated fats clogged arteries. 
 
Then, there is the issue of omega-3 not being changed dramatically in quantity even if the 
percentage change between grass-fed meat and milk and confinement-fed animals is 
two-fold or more. As true as that might be, it is actually the n-6:n-3 ratio that is most impor-
tant. The typical America diet has ratio well above the maximum level thought to be 
healthful – 4.0. A diet with grass-fed full fat milk products in it would help bring the n-6:n-
3 ratio down to 4.0 or less. Add some grass-finished red meat in the diet, and it would 
lower the overall ratio down. 
 
CLA is thought to be healthful, but we are still waiting for a definitive study that involves 
human trials, not lab animals. We can raise livestock that have more CLA in their meat 
and milk. The trouble is that we still do not know if it is worth the trouble to produce meat 
and milk products from pastured livestock. In countries where meat and milk products are 
not shunned, but embraced, they consume enough CLA to be likely enough to reduce 
cancer incidence if human trials bear out what has been learned from animal trials. 
 
The saturated fat controversy has gone on far too long with little to no true resolution. We 
seem to be in a 20th century time warp. It impedes dietary recommendations as long as 
saturated fats of any type are restricted to less than 10 percent of calories per day. Ome-
ga-3 (n-3) is stripped out of skim milk products so some of us resort to fish oil supplements 
and the like. Demand for dairy products continues to slip; driving more dairy farmers out 
of the business. Beef prices at the farm have been reasonably good, but only due to pro-
longed droughts that caused some beef producers to reduce their cattle numbers signifi-
cantly. Meanwhile, we consume way too much n-6 in relation n-3 even with lightening up 
on meat and dairy. It is the n-6 that some say is the real culprit to clogged arteries, not 
saturated fats. Who is right? The American public needs to know now, not years from 
now. 
 
Another issue with fatty acids is the origin of trans fats. From healthyforgood.heart.org, 
“There are two broad types of trans fats found in foods: naturally-occurring and artifi-
cial trans fats. Naturally-occurring trans fats are produced in the gut of some animals, and 
foods made from these animals (e.g., milk and meat products) may contain small quant-
ities of these fats. Artificial trans fats (or trans fatty acids) are created in an industrial pro-
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cess that adds hydrogen to liquid vegetable oils to make them more solid. The primary 
dietary source for trans fats in processed food is “partially hydrogenated oils." In Novem-
ber 2013, the U.S. Food and Drug Administration (FDA) made a preliminary determination 
that partially hydrogenated oils are no longer Generally Recognized as Safe (GRAS) in 
human food.”  Some jurisdictions around the World outright ban them from being in food. 
 
Reducing the milk fat content also strips out a lot of other bioactive fatty acids in milk that 
have a great impact on human health.  We need to look at the side effects of our actions.  
Tunnel vision that focuses on one thing to the detriment of everything else is not good 
scientific work. Even worse, if the focal point was predicated on limited or flawed data or 
a questionable cause/effect relationship, it should be restudied exhaustively to make sure 
the original premise had merit in the first place. Then, be willing to admit to a mistake.  
 
In this session, we have three presentations that speak to these issues. The first presen-
tation is an overview. The second presentation takes a look at ruminant fatty acids in rela-
tion to industrially hydrogenated. The third presentation focuses in on milk fatty acids and 
their effect on human health. 
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Introduction 
  
The landscape for food production has changed dramatically over the last 70 years and 
continues to evolve as both populations and technology boom. Adaptation to the growing 
demands for the production of “healthy” food in a sustainable manner presents challenges 
beyond the pasture and the table. The implications for dietary guidance necessitates a 
better understanding of how production practices affect the nutrient quality of food and 
ultimately human health. The World Health Organization (WHO) presented its program 
for health for 2014-2019 that extended beyond just the prevention of disease. It focused 
on the changing world and the need to integrate solutions across disciplines to meet the 
needs of the rising population and changing demographics.   

 
Figure 1.  WHO 12th General Programme of Work 2014-2019 (Chapter 1) 

 
Challenges Beyond Pasture and Table 
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The world population hit 7 billion in 2011 (United Nations 2017) and of those people, 
~13% are hungry and ~32% of children in developing countries are malnourished (World 
Hunger Organization 2015). This plight starts during pregnancy in both the U.S. and the 
rest of the world. We know that, in general, food production is adequate but often not 
where food is needed most because of access, poverty, and social/political issues. An-
other challenge comes from the concern about the environmental impact of agricultural 
practices and climate change that affect soil quality, water availability, and choices that 
farmers must make. It is important to recognize that there is room for farms of all sizes, 
but how to maintain the workforce and public trust in where their food comes from remains 
unanswered.   
 
Equally challenging is the uncertainty that people have about what constitutes a “healthy” 
plate. Scientists and nutritionists have recommended a shift to plant-based diets, but it is 
not clear whether this addresses the need to be culturally sensitive and whether this shift 
assures improved outcomes for people and the planet. Considerations for the beef and 
dairy industry include the ability to genetically select for specific traits in animals, how 
management of the herds influences the nutritional quality of the products and impact on 
the environment, and new products that meet evolving consumer choices/demands. From 
the human health perspective, beef and dairy provide a good source of protein, vitamins 
and minerals, bioactive compounds and potentially important oligosaccharides (complex 
sugars that link lactose with other monosaccharide building blocks such as glucose, ga-
lactose, fucose, sialic acid and N-acetylglucosamine). These sugar chains are reported 
to modulate immunity, act as prebiotics, and protect against some pathogens (Bode et al 
2016). 
 
Despite the many positive attributes related to beef and dairy foods and recent reports re-
evaluating relationships between fat and health outcomes (Pimpin et al 2016; Mozaffarian 
2016), it will take time to change decades of dietary guidance that have recommended a 
reduction in intakes of saturated fats and red meat (e.g. Kritchevsky 1998; Dietary Guide-
lines 2015-2020). Monounsaturated fatty acids (MUFA) have long been reported to be 
associated with lower risk for coronary artery disease (Mensink et al 2003; Shingfield et 
al 2008). The beef and dairy industry have supported research on healthful aspects of 
meat and dairy and explored ways to alter nutrient content in their products. Relatively 
recently, Lehnert et al (2015) identified a genetic mutation that resulted in lower saturated 
fat and higher content of monounsaturated fatty acids (MUFA) in milk produced by the 
mother and her offspring. This demonstrates the feasibility of selecting for specific herit-
able traits that lead to production of milk with a preferred fatty acid profile. Figure 2b shows 
the mother and Figure 2c shows the lower saturated fat (blue) and higher MUFA (red) in 
milk from the daughters carrying the mutation. 
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Figure 2.  b. Cow with heritable mutation responsible for low milk fat content. c. Segregation of 
milk fatty acid composition in the F1 generation. 
Milk contents of saturated (SFA, blue), monounsaturated (MUFA, red), and polyunsaturated fatty acids 
(PUFA, black) for three individual mutant and wild-type daughters of cow 363, and for three unrelated, 
breed-matched control cows in the same herd, are indicated by open symbols. Means are indicated by 
bold horizontal bars, and P values (two-tailed Student’s t-test) for fatty acid groups differences are stated 
between genotype groups. Differences between wild-type daughters and control cows were not significant 
(PSFA50.96, PMUFA50.96, PPUFA50.93). 

 
Another potential way to influence the nutrient profiles of milk is through the diet.  Rumen 
microbiota are active in lipid metabolism, and it is known that the composition of the diet 
and type of lipid supplements interact to affect fatty acid profiles in milk fat (Shingfield et 
al 2008). Bioactive fatty acids in dairy products include alpha-linolenic acid (ALA), conju-
gated linoleic acid (CLA) and vaccenic acid (VA); all reported to have beneficial health 
effects such as reducing inflammation and lowering risk for type 2 diabetes mellitus and 
cardiovascular diseases (Bainbridge et al, 2016; Shingfield et al, 2008)). Forage species 
in pastures and degree of maturity have been shown to alter the fatty acid composition of 
grazing animals (Shingfield et al, 2008; Daley et al, 2010). Bainbridge et al (2016) recent-
ly reported that the content of bioactive fatty acids in milk is influenced by the breed of the 
cow, time of lactation, as well as the diet provided during lactation, supporting the conten-
tion that the number of bioactive compounds in in milk can be modulated through breeding 
and specific feeding regimens. Branched-chain fatty acids (BCFA) are another class of 
bioactive fatty acids in milk reported to exert anti-tumor effects, reduce the incidence of 
necrotizing enterocolitis in infants and improve pancreatic beta-cell function (Bainbridge 
et al 2016). Total BCFA concentrations in human milk at 4 weeks postpartum have also 
been recently examined and shown to differ between mothers from different parts of the 
world and influenced by diet (Dingess et al, 2017). In other work, branched short-chain 
fatty acids (e.g. isobutyric and isovaleric acids) generated by fermentation of branched 
chain amino acids from undigested protein reaching the colon were found to modulate 
glucose and lipid metabolism in fat cells (Heimann et al 2016). The interactions between 
food and the microbiota of the rumen as well as the gut need to be better understood but 
will likely serve as novel ways to influence the nutritional value of dairy products.   
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Other components in milk that may contribute to beneficial health effects include complex 
sugars known as oligosaccharides. A range of health benefits are attributed to human 
milk oligosaccharides (HMO) but research has been limited because of difficulty in its iso-
lation or synthesis. Nevertheless, work continues on the use of nonhuman oligosaccha-
rides and efforts are focusing on ways to use bovine milk oligosaccharides as precurs-
ors for synthesis of HMO’s (Bode et al, 2016).   
 
Red meat remains an important source of essential amino acids (building blocks of 
protein), and important vitamins (A, B6, B12, D and E) and minerals (iron, zinc and sele-
nium). Although concerns have been raised about saturated fat in red meat, finishing diets 
can alter the lipid profile in a way to improve upon the final nutrient profile as reviewed by 
Daley et al in 2010. In addition, Bainbridge et al (2016) suggested that the content of 
BCFA could be modulated by both breed and diet. Clearly, more research through part-
nerships between academia, producers, consumers, and government is needed.   
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Dietary trans fatty acids (TFA) come from partially hydrogenated oils (sometimes referred 
to as “industrial TFA” or iTFA) or from the fat of ruminants (for example, cows, sheep, 
goats and buffalo) (sometimes referred to as “natural TFA” or rTFA). Industrial TFA are 
formed during the hydrogenation of vegetable oils using catalysts. Depending on the 
hydrogenation conditions, a mixture of isomers is formed, however, elaidic (trans-9 18:1) 
acid is the primary isomer formed (Lock and Bauman). Under some industrial conditions, 
vaccenic (trans-11 18:1) acid (VA) can be formed as well. In contrast, ruminant animals 
produce primarily vaccenic acid through the biohydrogenation of linoleic and alpha-lino-
lenic acids in the rumen. Through further hydrogenation, ruminants also produce stearic 
acid (a fully saturated fatty acid). On the other hand, vaccenic acid can further be desat-
urated in the rumen or extraruminal tissue (for example, mammary gland) to produce 
rumenic acid (cis-9, trans-11, 18:2), a conjugated linoleic acid (CLA) (Lock and Bauman). 
CLA from ruminants has been shown in some animal (preclinical studies) to reduce risk 
for cancer (Gebauer et. al.[1]). Thus, dietary sources of CLA could be used to decrease 
risk for cancer. However, animal feeding practices that increase CLA also increase 
vaccenic acid (Lock and Bauman).  
 
In addition to differences in the isomers between iTFA and rTFA, there are differences in 
the amount of TFA formed.  In the production of industrial TFA, the amount of TFA formed 
depends on several factors including the extent of the hydrogenation process. In partial 
hydrogenation of vegetable oils, the TFA content can range from 1 to 60% of total fatty 
acids. However, in ruminants, biohydrogenation in the rumen is tightly regulated and the 
concentration of trans-18:1 acids range naturally from 2 to 5% of total fatty acids but this 
can be manipulated by the type of diet fed to the animal (Lock and Bauman). 
 
The physiological effects of iTFA on chronic disease risk factors, specifically risk factors 
for coronary heart disease, are well established.  However, the health effects of rTFA are 
less studied and less known. Animal studies (preclinical studies) and studies of cells (in 
vitro studies) suggest that the effects of rTFA may differ from those of iTFA (Gebauer et. 
al.[1]). Further, results from these studies suggest that VA and c9,t11-CLA may lower 
cholesterol and reduce risk for coronary heart disease (Gebauer et. al.[1]). Further, results 
of some epidemiologic studies are consistent with the results from preclinical and in vitro 
studies (Ascherio et. al.) (Liu et. al.) (Pietinen et al.) (Willet et. al.). Other studies suggest 
that risk for coronary heart disease is similar for all isomers of TFA, regardless of dietary 
source ( Oomen et. al.). 
 
There are few human clinical studies (Chardigny et. al.) (Lacroix et. al.) (Motard-Belanger 
et. al.) (Tholstrup et.al.), and these studies are heterogenous with respect to study design. 
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Some studies lack a proper control group making comparisons difficult (Chardigny et. al.). 
Other studies appear to be underpowered ( Motard-Belanger et. al.). Several studies have 
been conducted with a free-living cohort without sufficient control of the diet (Tholstrup et. 
al.) (Chardigny et. al.) whereas other studies had controlled diets but the saturated and 
unsaturated fatty acid composition of the diets was not adequately matched to eliminate 
their effect on cholesterol concentration ( Motard-Belanger et. al.). For some studies, dairy 
cattle diets were manipulated to produce dairy products enriched with rTFA ( Bauman et. 
al.); however, this approach changes the concentration of other fatty acids (for example, 
decreasing saturated fatty acids that are hypercholesterolemic (heightens blood choles-
terol levels) and increasing fatty acids that are neutral and hypocholesterolemic (lowers 
blood cholesterol levels) (for example, stearic acid).   
 
The current mean estimate of TFA intake in the US is 1.3 g/person/day ( Doell et.al.) and 
has decreased from 4.6 g/person/day. However, current estimates of rTFA intake have 
remained stable over the past decade at approximately 1.2 g/person/day in the United 
States. Based on current estimates, rTFA is now 48% of total TFA intake and has in-
creased from 21% due to the decrease in iTFA intake in the United States. Given the shift 
in dietary source of TFA, it has become increasing important to understand differences in 
how different TFA isomers effect risk factors for coronary heart disease, especially as it 
may impact food labeling, other regulatory processes, and trade.  
 
A human feeding study was conducted to compare the effects of iTFA and rTFA (VA) on 
risk factors of coronary heart disease. Vaccenic acid was used as it is the predominant 
isomer of rTFA and this approach eliminates the effect of changes from other fatty acids 
when rTFA enriched dairy fat is used.  
  
The study is registered with ClinicalTrials.gov (NCT00942656) and details of study design 
and results have been previously described (Gebauer et. al. [2]; Gebauer et. al. [3]). This 
was a double-blind study with investigators, subjects, phlebotomists, analysts, and statis-
ticians blinded to the treatments until after statistical analyses were completed. For the 
feeding, there were four treatment periods, representing 4 treatments. Each treatment 
period lasted 24 days. During each treatment period, volunteers received a controlled diet 
for which stearic acid was replaced with 1) 3.3% energy from VA, 2) 3.3% of energy from 
mixed isomers of TFA from partially hydrogenated vegetable oil (PHVO; iTFA), and 3) 
0.9% energy from c9,t11-CLA (rumenic acid, RA). Stearic acid was used as the fatty acid 
to be replaced among the diets since changes in intake of stearic acid do not affect cir-
culating cholesterol concentration. 
 
Characteristics of the volunteers who completed the intervention are presented in Table 
1.  Of the 119 volunteers who were randomized, partial or complete data were obtained 
from 106. Composition of the four diets is presented in Table 2. Effect of the different diets  
on LDL cholesterol, HDL cholesterol and triglycerides is presented in Table 3. Effect of 
dietary intake on LDL cholesterol, HDL cholesterol and triglycerides from different TFA 
 

Table 1.  Baseline characteristics of study participants1 
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 Mean ± SD 

Sex, n 
M 
F 

 
47 
59 

Age, y 47 ± 10.8 

Body weight, kg 80.5 ± 13.9 

BMI, kg/m2 28.5 ± 4.0 

TC, mmol/L 5.00 ± 0.74 

LDL-C, mmol/L 3.25 ± 0.63 

HDL-C, mmol/L 1.24 ± 0.30 

TG, mmol/L 1.12 ± 0.50 

SBP, mm Hg 127.6 ± 13.6 

DBP, mm Hg 76.1 ± 9.2 

Glucose, mmol/L 5.17 ± 0.5 
1n = 106. Values are expressed as mean ± SD, n = 106. DBP, dia-
stolic blood pressure; HDL-C, high-density lipoprotein-cholesterol; 
LDL-C, low-density lipoprotein-cholesterol; SBP, systolic blood pres-
sure; TC, total cholesterol; TG, triacylglycerol. 
 
Adapted from (Gebauer et. al. [2]). 

 
isomers is presented in Table 3. The increase in LDL cholesterol concentration after con-
sumption of the PHVO (iTFA) diet compared to the control diet is consistent with many 
published studies – iTFA increases LDL cholesterol concentration. Similarly, HDL cho-
lesterol concentration after consumption of the iTFA diet compared to the control diet is 
consistent with published literature – iTFA do not alter HDL cholesterol, at least at modest 
intakes of iTFA. rTFA (VA) increased LDL cholesterol concentration compared to the 
control, and LDL cholesterol concentration was higher after consumption of the rTFA diet 
compared to the iTFA diet. On the other hand, whereas iTFA did not change HDL cho-
lesterol concentration compared to the control diet, rTFA increased HDL cholesterol con-
centration compared to the control and compared to the iTFA diet. LDL cholesterol and 
HDL cholesterol concentrations were not different after consumption of the RA diet com-
pared to the control but triglyceride concentration was lower. 
 
There has been uncertainty about differentiating rTFA from iTFA for food labeling, regu-
lations, and dietary guidance. Results from this published study suggest that rTFA (VA) 
and iTFA have similar LDL cholesterol raising effects, at least at higher than usual intakes. 
The results from the present study demonstrate that at higher than usual intakes, isolated 
VA and iTFA both adversely affect LDL cholesterol concentrations when replaced with 
energy from stearic acid. However, rTFA raise HDL cholesterol whereas iTFA do not. The 
results of this large, well-controlled dietary intervention support the current labeling regu-
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lation, with the requirement of VA, but not c9,t11-CLA, to be listed under TFA on the Nutri-
tion Facts Panel. 
 

Table 2.  Chemical analysis of treatment diets (% of energy)1 

 Control2 iTFA VA c9,t11-CLA 
Protein 17.0±0.13 17.2±0.07 17.0±0.12 17.1±0.12 
Fat 33.3±0.31 33.0±0.19 33.4±0.23 33.3±0.17 
Carbohydrate 49.7±0.25 49.8±0.15 49.5±0.20 49.6±0.15 
Saturated fatty acids 15.9±0.04 12.5±0.05 12.4±0.02 14.9±0.04 
  Lauric 0.43±0.006 0.42±0.007 0.40±0.003 0.43±0.005 
  Myristic 0.05±0.005 0.05±0.003 0.05±0.002 0.05±0.004 
  Palmitic 5.74±0.055 5.90±0.104 5.93±0.025 5.84±0.063 
  Stearic 9.24±0.105 5.68±0.115 5.61±0.058 8.18±0.126 
  Other 0.44±0.002 0.44±0.002 0.38±0.002 0.44±0.003 
Monounsaturated fatty 
acids 

9.85±0.070 9.77±0.089 9.74±0.047 9.87±0.048 

  Oleic 9.17±0.138 8.92±0.176 8.94±0.090 9.18±0.092 
  Other 0.68±0.002 0.86±0.002 0.81±0.003 0.69±0.004 
Polyunsaturated fatty 
acids 

5.67±0.015 5.89±0.026 5.77±0.031 5.81±0.017 

  Linoleic 5.10±0.037 5.30±0.062 5.20±0.080 5.23±0.041 
  Alpha linolenic 0.45±0.005 0.46±0.012 0.45±0.009 0.46±0.005 
  Other 0.13±0.002 0.13±0.004 0.13±0.003 0.12±0.004 
Trans fatty acids 0.28±0.002 3.26±0.014 3.93±0.012 0.32±0.009 
  Palmitelaidic 0.02±0.000 0.02±0.001 0.02±0.001 0.02±0.001 
  Elaidic  0.21±0.007 2.87±0.050 0.00±0.000 0.24±0.032 
  trans-Vaccenic  0.02±0.001 0.30±0.005 3.86±0.044 0.02±0.003 
  Other  0.03±0.000 0.06±0.000 0.05±0.001 0.04±0.001 
Conjugated linoleic 
acids 

0.04±0.002 0.06±0.002 0.04±0.002 0.84±0.018 

  Linoelaidic  0.02±0.001 0.04±0.001 0.02±0.001 0.02±0.001 
Conjugated linoleic 0.02±0.002 0.02±0.003 0.03±0.003 0.82±0.034 
1Values are presented as mean ± SEM, n=8 samples for each treatment diet. Chemical composition of 
diets from chemical analyses of weekly composites of food collected throughout the study intervention 
period. c9,t11-CLA indicates cis-9, trans-11 conjugated linoleic acid; iTFA, industrially produced trans 
fatty acids; VA, vaccenic acid. 
2Control is the control diet from which energy from stearic acid was replaced with energy from iTFA, VA, 
or c9,t11-CLA. 
 
Adapted from (Gebauer et. al. [2]). 

 
 

Table 3.  Effect of treatment diets on lipids1 

 Control2 iTFA VA 
c9,t11-

CLA 
P-values 

     VA vs 
iTFA 

VA vs 
Control 

iTFA vs 
Control 

CLA vs 
Control 

LDL-C, 
mmol/L 

2.94 ± 
0.04 

3.04 ± 
0.04* 

3.12 ± 
0.04*† 

2.93 ± 
0.04 

0.0114 <0.0001 0.0028 0.6054 
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HDL-C, 
mmol/L 

1.40 ± 
0.02 

1.40 ± 
0.02 

1.43 ± 
0.02*† 

1.39 ± 
0.02 

0.0026 0.0110 0.6315 0.2927 

TG, 
mmol/L 

1.13 ± 
0.03 

1.11 ± 
0.03 

1.16 ± 
0.03† 

1.06 ± 
0.03* 

0.0290 0.1488 0.4518 0.0026 

1 All values are means ± SEM, n=106. All statistical analyses were performed with SAS (ver. 9.2, Statistical 
Analyses System, Cary, NC) using a mixed model analysis (PROC MIXED) to determine whether effects 
were significant (P ≤ 0.05). Contrast statements were used to make the following comparisons: iTFA vs 
control, VA vs control, iTFA vs VA, and c9,t11-CLA vs control.  
*Significant difference vs control as defined by P ≤ 0.05;  
†significant difference between iTFA and VA as defined by P ≤ 0.05.   
c9,t11-CLA, cis-9, trans-11 conjugated linoleic acid; HDL-C, high-density lipoprotein-cholesterol; iTFA, 
industrially produced trans fatty acids; LDL-C, low-density lipoprotein-cholesterol; P-value, P-value of 
overall treatment effect; SEM, standard error of the mean;  TG, triacylglycerol; VA, vaccenic acid. 
2Control is the control diet from which energy from stearic acid was replaced with energy from iTFA, VA, 
or c9,t11-CLA. 
 
Adapted from (Gebauer et. al. [2]). 
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 Rumen-derived Fatty Acids - What Makes Them Special 

 

Jana Kraft, Ph.D. 
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(Editor’s Note: This paper is being summarized from the PowerPoint presentation given 
at the 2017 Conference.  Narrative is limited as most of the slides were self-explanatory.) 

 

 

Fats from ruminant-derived products have been suffering from a negative nutritional 
image. Saturated fats have been under constant scrutiny for their potential role in the 
development of chronic diseases. Health authorities/agencies promote fat-reduced or fat-
free dairy products of as part of a healthy diet. However, dairy and beef are a versatile 
source of bioactive nutrients from these major nutrient types: protein(peptides), vitamins, 
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minerals, and fatty acids. Since we are looking particularly at fatty acids, they can be brok-
en down further into these categories: 

• Short-/medium-chain fatty acids 
• Odd-chain fatty acids (OCFA) 
• Branched-chain fatty acids (BCFA) 
• Vaccenic acid 
• Conjugated linoleic acids (CLA). 

 
The last four listed are derived from the rumen of dairy and beef cattle. 
 

 

Rumen-microbe derived bioactive fatty acids are incorporated into meat and milk.  Odd 
chain fatty acids (OC-FAs); pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0), 
originate from rumen microbial biosynthesis. These two odd chain fatty acids are of par-
ticular interest in that they have been associated with reduced risk of coronary heart dis-
ease and type 2 diabetes, and for developing multiple sclerosis and Alzheimer's disease 
(Jenkins et al. 2015).  Picture below shows the range of the two odd chain fatty acids in 
an 8 ounce glass of whole milk and a 3 ounce serving of beef. 
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Vaccenic acid (C18:1 trans-11) is a principal rum-
inant trans fatty acid. It originates from rumen bio-
hydrogenation of C18 unsaturated fatty acids 
[linolenic acid (C18:3 n-3), linoleic acid (C18:2 n-
6), oleic acid (18:1 cis-9). First adjacent picture 
shows the range of vaccenic acid in an 8 ounce 
glass of milk and a 3 ounce serving of beef. Vac-
cenic acid is a dietary precursor to cis-9,trans-11 
CLA. Cis-9,trans-11 CLA is the principal form of 
CLA found in ruminant-derived products. It orig-
inates from rumen biohydrogenation of linoleic 
acid and tissue synthesis from vaccenic acid. Se-
cond adjacent picture displays the range of CLA in 
an 8 ounce glass of milk and a 3 ounce serving of 
beef. CLA has several health benefits for those 
who consume it in their diet. These benefits are 
shown in the diagram below. 
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Ruminant products are a rich source of many branched-chain fatty acids (BCFA).  Typical 
BCFA found in ruminant products are:  

• iso 13:0 
• anteiso 13:0 
• iso 14:0 
• iso 15:0 
• anteiso 15:0 
• iso 16:0 
• iso 15:0, and 
• anteiso 17:0. 
 

 
Branched-chain fatty acids are an emerging class of bioactive fatty acids that exert vari-
ous positive health effects.  The picture below depicts the health promoting benefits. 
 

 
 
Two main factors influence the content of bioactive fatty acids in ruminant-derived prod-
ucts, the animal and their diet (ration).   
 
On the Animal side, these traits and body conditions impact the content of bioactive fatty 
acids in their products: 

ü Breed, genetics within breed 
ü Stage of lactation and type 
ü Diseases, udder infections 
ü Ruminal fermentation 
ü Activity and composition of the microbial populations 

 
On the Diet side, it is the composition of the diet and the environmental conditions the 
animal is subjected to: 

ü Forage and grain intake 
ü Amount, composition, and type of dietary fat 
ü Dietary protein intake 
ü Energy intake 
ü Seasonal and regional effects 
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How does grazing pasture influence the content of bioactive fatty acids?  Milk from cows 
grazing pasture is a very rich source of bioactive fatty acids. Table 1 characterizes herd 
size and milk production of confinement and summer pastured dairy herds in western 
Europe. Note milk yield and herd size is lower for dairy farms pasturing their milk cows in 
summer versus confinement dairy farms. 
 

 
 
Green leaves of immature pasture plants contain more lipid extract than leaves from 
mature forage. Due to the short vegetation period, the meadows at higher altitude in the 
Alps are physiologically young. Furthermore, under the lower environmental tempera-
tures typical of the highlands, plant tissues contain a higher percentage of α-linolenic acid 
(Hawke, 1973). This is why when one examines Table 2 below, there is such a great 
increase in vaccenic acid and CLA, as much as tenfold higher, for high altitude (L’Etivaz) 
pastured cow’s milk than for confined cows at a much lower altitude. Total BCFA is also 
significantly higher in high altitude pastured cow’s milk than that of confined cow’s milk, 
just not as dramatic of a difference. Most harvested forages, whether as ensilage or hay, 
are harvested at a later maturity and α-linolenic acid content in them is thereby lessened 
considerably. It also argues against grazing tall headed-out pasture grasses. 
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Work done at the University of Vermont (shown below) also found milk contents of vac-
cenic acid, CLA, and omega-3 (n-3) fatty acids were higher when cows grazed on a cool 
season pasture as opposed to a summer annual, pearl millet, a warm season grass. 
 

 
 
The figure below displays a Pearson correlation matrix between bacterial and protozoal 
taxa and milk fatty acids of cows grazing a cool-season pasture and pearl millet. The 
scale of the colors is denoted as follows: the more positive the correlation (closer to 1), 
the darker the shade of blue; the more negative the correlation (closer to −1), the darker 
the shade of red. Data were used from the last week of each period (n = 5 for CSP; n = 
10 for PM). Un, Unclassified; VA, Vaccenic acid; RA, Rumenic acid; CLA, Conjugated 
linoleic acids; ALA, a-Linolenic acid; PUFA, Polyunsaturated fatty acids; OBCFA, Odd-
and-Branched-chain fatty acids. The proportion of 17:0 in milk was negatively correlated 
with Butyrivibrio (R = −0.42; P < 0.05 (medium dark red). The milk proportions of 15:0 and 
17:0 were positively correlated with the bacterial genus, Prevotella (R = 0.43, and 0.43, 
respectively; P < 0.05) (medium blue). Milk VA, RA, and total CLA positively correlated 
with bacteria of the genus Butyrivibrio (R = 0.58, 0.50, 0.47, respectively; P < 0.01 (me-
dium dark blue).  The upshot of this is rumen microorganisms synthesize unique FA such 
as OBCFA, and create biohydrogenation intermediates (e.g., VA and CLA) that are incor-
porated into milk fat, making it the most distinctive dietary fat in nature. These FA impart 
beneficial health effects in humans consuming ruminant-derived-food products. Altering 
microbial communities and their FA metabolism through diet modification can potentially 
enhance the quantity and profile of these bioactive FA that are available for incorporation 
into milk and meat (Bainbridge, 2018). 
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We examined the effects of consuming a diet comprised of bioactive FA from milk fat on 
metabolic health markers by doing a study whose purpose was to determine if unique, ru-
men bacteria-derived FA found in dairy fat per se alter glucose homeostasis. The study 
population comprised of 10 women and 11 men who were healthy and of normal weight. 
Their ages ran from 18 to 40 years old. Experimental design diagram is shown above. A 
standardized diet was used during the study to carefully ensure the diet differences was 
only based on the presence or absence of milk fat in the diet. Study endpoints (outcome 
measurements) were: 

Ø Primary endpoints 
o Blood glucose and insulin levels *via intravenous glucose tolerance test 
o Blood triglyceride and cholesterol levels 

Ø  Explanatory endpoints 
o Gut microbes 
o Inflammation markers 
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The outcome of the study was to show that vaccenic acid, CLA, and branched-chain FA 
were significantly elevated in the blood of people who had milk fat in their diet over those 
deprived of milk fat. These 3 fatty acids promote good health. 
 

 
 

A study done by Walsh et al. (2016) demonstrated that bioactive fatty acid can shift gut 
bacteria populations. In the figure above, a diet with milk fat in it changed the ratio of Firm-
icutes to Bacteroidetes over that of a diet without milk in it.  Why is this important? These 
two types of bacteria regulate fat absorption in the gut. Researchers observe a higher 
ratio of Firmicutes to Bacteroidetes in obese humans, while in leaner humans, a higher 
ratio of Bacteroidetes to Firmicutes is found. Therefore, the right type of milk fats in the 
human diet can make it easier to lose fat weight by changing the gut’s bacterial makeup. 
Take Home Messages: 
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ü Ruminant-derived products are unique as they consist of a variety of bioactive fatty 
acids with health promoting attributes. 

ü The content of rumen-derived bioactive fatty acids can be altered via nutritional 
strategies – especially pasture regimes. 

ü Understanding the complex interplay between rumen microbes and their contri-
butions to the fatty acid pool of ruminant products is key to establishing novel strat-
egies to optimize the content of bioactive fatty acids in milk and meat for human 
health maintenance and promotion. 
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Mob grazing (Ultra-High Stocking) 
 
This session is reported at the end to lend continuity to the issue of fatty acid composition 
of pasture-fed meat and milk products of the previous sessions. How to change the fatty 
acid composition through primarily changing their diet. How to keep fresh vegetative 
forage in front of the livestock for the longest time possible to get the most favorable fatty 
acid composition as we know it to be today. How to market pasture-fed and -finished meat 
and milk products to fully participate in reaping the benefits of a value-added product. 
How to maintain that favorable fatty acid composition when cooking meat or processing 
the milk. Lastly, do we really know what is the most favorable fatty acid composition that 
is best for the human diet? It appears that we may have some good indications with some 
fatty acids and not with others. This is critical because we can only do so much to change 
the fatty acid composition. If we spend a lot of time, effort, and treasure to adhere to 
current health guidelines only to find out perhaps they were off the mark, we have wasted 
time, careers, and money chasing an ephemeral Holy Grail. 
 
Mob grazing, as it is practiced today for cow-calf beef operations, is to allow the forage to 
go to late maturity. Yet, if we look back at the very first paper in these Proceedings, this 
is not going to bode well for the right type of plant fatty acids to promote enhanced fatty 
acid composition in the meat and milk of the livestock grazing them. Finishing beef feed-
ers on late maturity grasses is not going to achieve a low n-6 to n-3 ratio. Some dairy 
farmers have begun experimenting with allowing the grasses to get more mature. As one 
dairy farmer has told me, he wants to be able to test for fatty acids so he knows that he 
is getting a low n-6 to n-3 ratio. If it starts to widen, the adjustment is to graze earlier, not 
later. He has remarked that he sees a ratio of less than one. This indicates that his cows 
are eating young vegetative grass and forbs. This is an outstanding low ratio. Presently, 
the cost of the milk test though is prohibitively high to do on a routine basis throughout 
the grazing season. Since the quality of the pasture is not the same the whole growing 
season, especially if switching from cool season grasses to warm season ones, it is really 
necessary to test at least at key times as forage growing conditions or species change.  
This way we either know we are producing a consistent fatty acid composition or we need 
to figure out how to keep it consistent by planning to have ample lush, vegetative pasture 
throughout the grazing season, or if that is not possible each season, find feed supple-
ments that can be fed to keep fatty acid composition most consistent.   
 
The other problem with eastern US pastures is, that as the forage matures, leaf senes-
cence (leaf yellowing) begins to occur as the leaves get older. They begin to yellow as 
they shutdown to make way for new leaves or in reaction to drought. Leaving grass to 
grow ungrazed for 6 weeks or longer will cause as much senesced leaf as green leaf in 
the grazing zone, severely reducing forage quality. In drier climates, this becomes stand-
ing hay that remains edible (cured on the stem). In the subhumid and humid eastern US, 
it most often becomes moldy fast and is inedible and decays to mush. Even leaves that 
are not so old can become infected with various leaf diseases due to high humidity in the 
grass canopy that promotes their spread. Headed out grasses of any species will be 
avoided if there is something else (vegetative) available to eat. Orchardgrass has often 
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been the bane of many a grazier if it is allowed to head out before it is grazed. However, 
any headed out grass will be avoided if vegetative material is available. Tall fescue, tim-
othy, bromegrass, sweet vernalgrass, redtop, or whatever when headed out is going to 
be avoided unless it is all that is left to graze. This is not ideal, if trying to get good average 
daily gain or milk production. It can also lead to pink eye infections. 
 
Two presentations were given. One emanating from Virginia in humid pasture country 
and the other from Missouri in subhumid pasture country with the dominant grass being 
tall fescue since both of them are in the Upper South tall fescue belt. As you will learn, 
there are various levels of stock density. This too plays a role on what is achieved in mob 
stocked pastures. 
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Introduction 
 
This paper summarizes several research studies that addressed mob-type grazing in 
Virginia. The studies were conducted from 2012 to 2016 and compared three grazing 
systems: mob, rotational and continuous grazing. Various system characteristics were 
measured including forage productivity, forage nutritional value, animal performance, 
clover populations and indices of soil health. 
 
Mob vs Rotational Grazing 
 
Mob grazing is a type of rotational or managed grazing that involves intensive decision-
making to control livestock stocking rates and forage removal from pasture to produced 
desired outcomes (Allen et al., 2011). Mob type grazing was first promoted by Allan Sav-
ory in the 1980s as part of a more holistic approach to rangeland management (Savory, 
1988) and then adopted to some extent in eastern pasturelands (Salatin, 2008). With mob 
grazing, a large number of animals are restricted to a small area, either eating or trampling 
all the plants before being moved to new grass - sometimes just after a few hours. Grazing 
usually starts later in the season (e.g., late May/June in Virginia) when pastures have 
more growth. Mob grazing is then followed by a long recovery period – usually 90 days 
or longer. Mob grazed pastures may be grazed just once or twice per season as a con-
sequence. By comparison, typical rotational grazing uses recurring periods of grazing and 
rest among three or more paddocks. It is similar in principle to mob grazing except stock-
ing density is lower and pasture recovery periods are much shorter – e.g., 15-30 days. 
However, typical grazing management in Virginia usually involves minimal management 
of stocking rate or control of forage removal. This management is often called continuous 
grazing. 
 
Research and observational studies from pastures have described the benefits of mob 
and rotational stocking methods (Jones, 2000, Salatin, 2008). They include: 

1. Healthy soil, with high organic matter, water-holding capacity, and an abundance 
of microorganisms, earthworms and dung beetles.  

2. An even distribution of recycled soil nutrients and organic matter across pastures 
from the intensive management of animal stocking density.  

3. Desirable plant diversity with few weeds and consistent seasonal ground cover 
that will help builds organic matter and reduces soil erosion. 
 

Although various studies have compared rotational with continuous grazing, less formal 
research has been done on mob grazing. Nonetheless, mob grazing methods have been 
embraced increasingly by researchers and livestock producers (Earl and Jones, 1996, 
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Jones, 2000, Salatin, 2008, Tietz, 2011). Part of our goal was to collect field data to help 
evaluate the potential benefits of mob grazing in an environment like Virginia. The main 
objective of our work was to compare mob, rotational and continuous grazing methods 
to determine how they affected forage productivity, forage nutritional value, animal per-
formance, indices of soil health, and clover populations.  
 
Study Sites and Measurements 

 
Research was conducted at three locations:  
two demonstration farms in Blacksburg and 
Raphine, Va. from 2013 to 2015 and an ad-
ditional site at the Virginia Tech Shenandoah 
Valley Agriculture Research and Experiment 
Center in Steeles Tavern, VA (SVAREC) from 
2014 to 2016. Mob, rotational and continuous 
grazing systems were installed at all locations. 
Grazing treatments were not replicated at the 
demonstration farms (Figures 1 and 2). The 
grazing systems were replicated 3 times at the 
  

SVAREC site (Figure 3). Detailed site descrip-
tions will not be provided here, however, soils 
were predominately silt loams and the veg-
etation at each location was dominated by tall 
fescue, orchardgrass, and Kentucky bluegrass. 
Commercial fertilizer and lime was applied ac-
cording to soil test recommendations before the 
studies began. Ladino clover (Trifolium repens L. 
‘Will’) and medium-sized red clover (Trifolium 
pratense L. ‘Cinnamon Plus’) were broadcast in 
February 2013 and 2014 at 1 and 2.5 kg ha-1 (3 
and 6 lbs. acre-1), respectively to all systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Blacksburg site. 

Figure 1. Stocking method layout at Raphine. 
site. 
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Cattle and Grazing 
 
Beef cows (aver 610kg/1300 lbs.) and 
steers (aver 310kg/ 680 lbs.) were 
stocked at the Blacksburg and Raph-
ine locations, respectively. Stocking 
rates were similar (~1 Animal Unit 
(AU)/2 acre) where; 1 AU = 454 
kg/1000lbs live BW). Water and 
mineral were offered ad libitum. At the 
Raphine and Blacksburg sites, mob 
stocking consisted of two stocking 
periods each year of 12- to 16-h dura-
tion, stocking densities were 138,000-
155,000 kg live BW ha-1 (125,000 -
140,000 lbs. LW/acre on 0.1 - 0.2-ha 
(0.25-0.50 ac) paddocks, and rest 
periods were 90- to 120-d during the growing season. Rotational stocking consisted of 6 
to 7 stocking periods of 3- to 4-d duration on 0.3 to 0.8 ha (0.75 to 2 ac) paddocks with 
fixed 28-30-d rest periods.  
  
‘Mob’ grazing at the SVAREC location consisted of three stocking periods each year, on 
0.1 ha paddocks that were allocated to the cattle every 24 h. Paddocks were not back-
fenced to allow access to water at a fixed location on one end of the pasture. Each pasture 
was rested for a fixed period of 64-d. Stocking density of approximately 43,000 kg live 
BW ha-1 (~ 40,000 lbs. /ac.) was maintained on the paddocks. Rotational and continuous 
grazing protocols were similar to the demonstration sites. Beef cattle cow-calf groups 
grazed the SVAREC site. 
 
  

Figure 3. Stocking method layout at the SVAREC 
site. Steels Tavern Va. 
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Measurements 
 
Forage mass and nutritional value samples were taken monthly from April to October 
each year of the study and analyzed using standard procedures. Plant species composi-
tion was taken using a percent ground cover method and done 3x each year – spring, 
summer and fall. Only clover abundance will be reported in this summary paper. The soil 
samples to evaluate soil carbon pools and health indices were collected in late May 2015 
at the two demonstration farms.  For each stocking method, samples were collected along 
2 transects at 3, 5, 10, 20, 40, 60, and 80m from water sources. Transects were in two 
directions from the water in the continuous pastures and in two paddocks in the rotational 
and mob pastures, allowing for any differing slopes and aspects. Soils were returned to 
Virginia Tech and analyzed for basic soil nutrients and pH and along with soil carbon and 
nitrogen pools. Soil compaction at each location was measured in early spring 2015 using 
a soil penetrometer at 20-30 locations within each grazing system. Animal performance 
only could be measured at the SVAREC site using the replicated treatments. Cow weights 
and BCS were taken in December before breeding. Calves were weighed at birth (Octo-
ber) and weaning (early May). 
 
Results and Discussion 
 

Forage production and nutritional value: 
At Blacksburg and Raphine, the amount of 
forage mass differed among the stocking 
methods (Figure 4). Mob grazed paddocks 
contained on average 600 kg ha-1 (540 lbs. 
/ac.) more forage than rotationally or con-
tinuously stocked paddocks. Forage mass 
was about 350 kg ha-1 (315 lbs. /ac.) greater 
at Blacksburg compared to Raphine. Mob 
grazed pastures tended to accumulate 
more forage during the late summer com-
pared with the other stocking methods 
(green line in Figure 4). Forage accumu-
lation did not differ among the stocking 
methods, but disappearance (i.e. use by 
cattle) was lower under mob stocking (data 
not shown).  Overall, these findings suggest 
that mob grazed pastures accumulated 

more forage mainly because cattle ate less probably due to much of the grass being 
trampled down making it difficult to graze. 
 

Figure 4. Forage mass measured over the 
three years of the study. Green line = mob, 
red line= Cont. and Blue line= rotational 
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The main effects of grazing method on for-age nutritional value were not different until 
2014 and 2015. As shown in Figure 5, for crude protein (CP), continuous pastures 
generally had higher concentrations especially in 2014 and 2015 (red line on graph). The 
higher nutritive values were mainly due to the higher amount of white clover in continuous 
pastures. Cattle often preferentially select clover because of their high protein content 
and palatability (Mourino et al., 2003) (Chapman et al., 2003). Trends for fiber compon-
ents (ADF and NDF) were similar to CP so were not shown. Nutritive values did not dip 
below the limiting threshold set for cow maintenance (e.g., 90 g kg-1 or 9% for crude 
protein). However, values were getting 
close to falling below the threshold for 
mob grazed pastures in 2015. The 
findings suggest forage nutritive values 
under mob grazing are reasonable for 
dry cows but may worsen over time 
since grasses were allowed to become 
excessively over-mature each year be-
fore grazing. Forage production and 
nutritive value data at the SVAREC site 
has not been completely analyzed, but 
preliminary data show similar trends to 
those at the demonstration farms. 
 
Plant Species: Clover Abundance:  A 
major interest in the plant species 
composition measurements was to 
evaluate how clovers would establish 
after overseeding them. As shown in 
Table 1, continuous pastures had more 
white clover than other stocking meth-
ods. Continuous pastures were grazed shorter than the other systems, which tends to 
favor white clover establishment especially if rainfall is adequate (Schlueter and Tracy, 
2012). The amount of bare ground was lowest under mob grazing likely due to the high 
amount tall grass that was trampled during grazing. Bare ground was low in all stocking 
methods, however. The upright growth habit of red clover likely helped reduce shading 
by grasses during mob and rotational stocking and allowed it to establish relatively well 
(Taylor and Smith, 1995). White clover also tends to colonize bare ground via stolon 
growth. This situation would explain why continuously stocked areas had greater white 
clover cover than mob grazed areas. Species composition data from the SVAREC pas-
tures show a similar trend (data not shown). Red clover appeared to establish particularly 
well under mob grazing at the SVAREC, possibly due to above average rainfall in spring 
and early summer.  In terms of other plants (e.g. weed species), we found no real notable 
differences among the grazing systems. Overall, it appears that clovers can establish rea-
sonably well under mob grazing – especially red clover when rainfall is adequate.  
   
  

Figure 5. Forage crude protein measured 
over the three years of the study.  Green line 
= mob, red line= continuous and Blue line= 
rotational. 
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Table 1. The ground cover percentage of white clover, red clover and bare ground averaged over 
the growing seasons at the two demonstration farms. SE is standard error of the mean. 

 Cover type 
Grazing method White clover Red clover Bare 
 ————————% ——————— 

Continuous 7.5 4.2 3.3 
Mob 2.5 3.6 1.1 
Rotational 3.0 3.1 3.3 
SE 2.0 1.2 1.2 

 

Soil Health Indices: Another objective of the study was to evaluate how the grazing 
methods would change soil nutrients and health over time. Soil variables were measured 
only at the demonstration farms. In terms of soil health, we were particularly interested in 
indices that could be linked to potential carbon sequestration (e.g., soil organic matter).  
To do this, we took soil samples at the start and end of the study in geo-referenced grids 
at each site. Soils were analyzed for pH, macro and micronutrients and soil organic matter 

(SOM). SOM averaged between 
3-3.5% at both sites. Organic mat-
ter concentrations did not change 
at the Raphine site, but they in-
creased about 10% in Blacksburg 
(data not shown). Overall, mob or 
rotational grazing did not increase 
SOM or other nutrients substan-
tially more than continuous graz-
ing over this three-year period. 
 
 
 
 
 

Several indices of soil health were measured in the study mostly associated with soil 
carbon and nitrogen pools. These pools have a major impact of soil nutrient availability 
for growing plants so can influence the productivity of pasturelands. Soil compaction was 
also evaluated in 2013 and 2015 as a physical index of soil health. Figure 6 shows data 
on three soil C pools (total, particulate, and microbial C) and how they varied by site.  Soil 
C pools appeared to be more strongly affected by site that grazing system. The similarity 
among grazing systems was not surprising given the three-year duration of the study. 
However, it should be noted that these grazing systems were being imposed on soils that 
had been in pasture for many years. In all likelihood, soil C pools were probably at or 
close to saturation in the surface soil layers where we sampled (top 10-15 cm, 4-6 inches). 
Given the natural site differences and high soil C concentrations, we speculate that it may 
take 5-10 years to begin to see significant soil changes associated with grazing methods. 
Soil compaction was comparatively low under mob stocking in 2015 (Figure 7). Soil 
compaction was actually greatest under rotational grazing, but this was mainly a reflection 

Figure 6. Three of the soil carbon pools measured in 
2015 at the Raphine site (BF, left bars) and Blacksburg 
(PF, right bars).  Note the variation between sites. 
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of pre-existing soil conditions at the Raphine location. Soil compaction measured when 
grazing began in 2013 also showed high compaction in the rotational area (data not 
shown). Although differences were found among the three systems, soil compaction was 
not severe enough reduce forage growth (Drewry, 2006; Flores and Tracy, 2012). 
 
Soil Nutrient Distribution near Watering Areas: In 
pastures, it is common to find nutrient build up 
(especially for P, K, and N) near water or shade areas 
where livestock conger-gate and deposit manure and 
urine (West, et al., 1989; Mathews, et al., 1994). We 
hypothesized that high-density grazing in the mob 
system might prevent this from happening. To test this 
idea, we took soil samples along transects in each sys-
tem starting from water sources to mid pasture. Inter-
esting trends were found for net nitrogen mineraliza-
tion, which is an index of plant available N in soil. We 
expected high N mineralization rates near watering 
areas and a gradual decline as distance increases. 
This trend would be expected when cattle congregate 
near water areas and deposit of manure and urine.  
This pattern was seen under continuous and rotational 
stocking but not mob stocking (data not shown). Under 
mob stocking, N mineralization was relatively constant 
across the pasture. In fact, N mineralization rates from 0-10m from waters was almost 
twice as high under continuous and rotational grazing compared with mob grazing. 
Although not shown, data for particulate organic C (POM-C) show a similar trend. POM-
C is a carbon pool that represents easily decomposable organic matter and is usually 
more sensitive to management changes than total carbon. Overall, the patterns might 
suggest different cattle behavior with less congregation near water areas under mob graz-
ing and hence less urine and manure deposition there. This result supports the idea the 
mob grazing with high cattle densities may generate a more even distribution of soil 
nutrients across pastures rather than the usual high concentration of waste depositions 
that occur near water or loafing areas. 
 
Animal Performance: Animal performance could be measured only at the SVAREC site.  
Cow and calf data were taken in 2014 and 2015. Cows at breeding (December) were 
significantly lighter than cows from the other systems especially in 2015 (Table 2). Body 
condition scores (BCS) taken at the same time also reflect these differences. Calf birth 
weights were actually lowest in the rotational systems (Table 2). The difference in birth 
weights did not carry over to weaning weights as these were con sistently lower for calves 
in mob grazed pastures.  We can only speculate on why cattle performed more poorly in 
the mob grazed systems. One idea is that the long rest periods in the mob paddocks 
created a situation where most tall fescue plants (70-90% of all grasses) had produced 
seed heads before grazing. Tall fescue seeds have the highest alkaloid toxin 
concentrations within the plant (Roberts and Andrae, 2004). Possibly, cows could have 
been consuming more tall fescue seed and, in turn, more alkaloid toxins in the mob 

Figure 7. Soil compaction 
measured in 2015.  Green line 
(left most) = mob, red line= Cont. 
and Blue line (right) = rotational. 
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grazed paddocks. If this was the 
case, the alkaloids might have had 
a carry-over effect not only on cow 
performance but calves as well – 
possibly though reduced milk pro-
duction (Thompson and Stuede-
mann, 1993). The possibility that 
cows had less available forage due 
to trampling also could have con-
tributed to the lower production val-
ues observed. The higher perform-
ance on continuous grazed pas-
tures may have been the result of 
several factors: the conservative 
stocking rate (1 cow/2 acres pas-
ture), a high abundance of clover 
especially white clover, and above 

average growing season rainfall in 2014/15. Regardless of the specific mechanism, our 
findings suggest that mob-type grazing where tall fescue is the predominant grass could 
lead to sub-standard cow-calf performance.   
 
Summary and Conclusions 
 
We learned much about application of mob-type grazing in Virginia from these studies. 
Although mob grazed pastures can accumulate more forage than continuous or rotational 
systems, significant forage mass is trampled down and not eaten.  Forage quality in mob 
grazed pastures was reasonably good despite high amounts of over-mature grasses and 
probably suitable for dry cows. We hypothesized that mob grazing would suppress clover 
establishment due to shading effects, however, red clover established well in all systems. 
Rainfall was high in especially in early spring and summer during these studies and that 
likely benefitted clover establishment. Indices of soil health were measured mostly to 
evaluate soil carbon sequestration potential. Overall, we found few differences in the soil 
variables across grazing systems. We did, however, find some evidence to suggest that 
mob grazing may help spread out manure and urine derived nutrients across pastures 
better than continuous grazing. Cow-calf performance was significantly poorer under mob 
grazing in 2014 and 2015 possibly because cows were consuming more highly toxic tall 
fescue seeds and less forage overall than in the other systems. In summary, we found 
little evidence to support broad adoption of mob grazing in Virginia over standard rota-
tional grazing practices. Mob grazing efforts appear to be better suited to specific, short-
term management tasks (e.g., vegetation control) rather than year-round grazing in our 
tall fescue-based systems. 
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Healing the Land with High Stock Density 

 
Mr. Doug Peterson 

 
Iowa/Missouri Regional Soil Health Specialist, USDA-Natural Resources Conservation 

Service, Des Moines, Iowa 
 
Healing the Land really means improving soil health. This is a talk about the soil but here 
is a freebie on economics for you. In case you hadn’t noticed, fertilizer prices are a little 
higher than they have been in the past. If we want to be profitable in most cases, we must 
get away from annual expenses. Purchased soil amendments (fertilizer, lime, etc.) should 
be a capital investment, NOT an annual expense. What is a capital investment? It is an 
investment in property, buildings, or equipment that usually remain in use for several 
years. What is an annual expense? Seed, feed, and labor. 
 
Animal Impact 
 
How can we improve our soil without purchasing additional inputs? To quote Allan Savory 
from his book Holistic Management, “The only known tool to heal the land is animal 
impact.”  (Editor’s note: I might add the word “pasture” in place of “the”.)  What is “Animal 
Impact”?  Animal impact is everything that livestock do to the land. This includes dunging, 
urinating, hoof action, rubbing, salivating, and grazing. Animal impact is the most powerful 
tool we have to manage grassland resources. It effects utilization, reduces spot grazing, 
controls weed and brush competition, improves manure distribution, improves mineral 

cycling, water infiltration, and produces 
good seed/soil contact. Most of all it im-
proves pasture soil health and other 
lands pastured a portion of the year or 
in a crop rotation. 
 
Building Soil 
 
How did nature make all that soil in the 
first place on North American grass-
lands? The bison roamed around eat-
ing the grass. Primarily it was warm 
season grasses and forbs, but there 
was a tremendous amount of diversity. 
There is still discussion about exactly 

how the bison grazed. There were a lot of factors that came into play. Time of year, 
growing or dormant grasses, available water, what areas burned, what didn’t burn, and a 
host of other things. Some writings and accounts say they were in small groups grazing 
only in the burned areas for the entire year. These burned areas would have been grazed 
pretty hard while unburned areas were almost ungrazed, and then the next year they 
moved to another burned area. There are also accounts of large herds numbering in the 
hundreds of thousands. As you can imagine when a large herd like this moved through 

Figure 13. Buffalo herd on rangeland 
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an area everything probably got grazed and/or trampled pretty hard. In either of these 
scenarios the grasslands were severely grazed and then rested for a long period of time, 
severely grazed, and then rested again. It was this type of grazing regime that developed 
some of the healthiest soils in the world. I think that we can use different forms of this type 
of grazing intensity and rest to repair our eroded and worn-out soils of today. 
 
Stock Density 
 
Stock density is a powerful tool. It can do lots of things. I believe that Allan Savory was 
probably the first person to really talk about the effects of stock density on the soil. He 
called it “Herd Effect”. How do we measure “Animal impact”? By using stock density. Let’s 
say we have 40 head of 1250 lb. cows. That is 50,000 pounds of beef on the hoof. 
 

Table 1. Stock density as affected by size of paddock. 

 
  
I want to make sure everyone is really clear on this point. We are not talking about how 
many cows that we have on the entire farm. We are talking about how many pounds of 
livestock that we have concentrated on a given amount of land at any one time. 
 
Can we keep these cows on the three different areas for the same length of time?  No.  
Stock density really doesn’t deal with time. It does affect how long something can be graz-
ed, but the calculation of “Stock Density” doesn’t figure in time. 
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Table 2. Rules of thumb for stock density. 

 
                      

 
These are just some guidelines that I sort of go by. There are no hard and fast rules.  Sel-
dom does MiG get above 50,000, and for 95% of folks, they don’t get above 25,000. 
 
UHSD can be called MiG, but MiG cannot always be called UHSD. 
 
High stock density grazing is characterized as: 
Grazing by relatively large numbers of animals at a high stock density for a short period 
of time 

n Paddock Numbers:  Infinite 
n Grazing Period:  Minutes – 1 day 
n Rest period:  months – years 
n Stock Density:  50,000 lbs. – 1,000,000 lbs. 
n Utilization:  20 – 80% 
n Lowest selectivity 

 
The picture below has a stock density that is close to 100,000 lbs. to the acre. Note the 
cow spacing. The muddy area in the foreground is where 200 pair were camped for the 
night when it rained almost 4 inches. Today you can’t even see the area. You can see 
the 4 different strips in the picture. Take notice of how much is left after the cows move.  
We are not making them eat everything. These cows were March calving contract cows.  
This was June, and we were trying to get them bred so we were not being very hard on 
them. Utilization was about 50%. We were not back fencing every day. In MO, you can 
get away without back grazing about 4 days since regrowth will not start right away. The 
water source is located behind and below the camera location. 
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Figure 2. Beef cow/calf pairs at a high stock density. 

 
Figure 3. 250 cow/calf pairs on 3 acres. 

 
Figure 3 above shows a set of cow/calf pairs at almost 150,000 stock density. Actually, 
the photo appears to be at a little higher stock density than that because the 250 pairs 
have access to 3 acres, but they are standing on only about 2 acres of the field. Again, 
we are looking at how closely they are spaced. When I talk to people about putting that 
many cattle on 2-3 acres they always ask, “Can they even fit on that small of an area”?  
Do they look smashed together to you?  Do they look stressed to you? 
 



177 

 
Figure 4. Yearling beef cattle on summer annual pasture in Texas.  Photos by Kirk Gadzia. 

 
Photos were taken 10 minutes apart. Livestock moves were every 20 minutes. Cattle still 
have almost 10 minutes left to graze in the lower right photo. 
 
500 head of 750 lbs. yearlings on ONE ACRE = 375,000 lbs. to the acre stock density. 
 

 
Figure 5. What a million pounds per acre looks like, right cozy. 

 
How does High Density Stocking “heal the land”? 
 
So, we have shown you exactly what High Density or Mob Grazing is. What is all the 
hoopla about “Mob” grazing??? Why are folks talking about it so much? Is it better than 
MiG? We are going to take a quick look at 5 areas of concern that I think make it 
significantly better than MiG. We begin with below ground (soil health improvement). 
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Table 3. How does High Density or Mob grazing differ from Management Intensive Grazing? 

 
 
 

 
Figure 14. Clover growing where a hay bale had been fed previously. 

 
Above is a photo of a little spot of clover in a mob grazed Missouri pasture. What made 
it? Any guesses? Yep, the rancher fed a bale of hay right there. You all have probably 
seen something very similar. You unrolled a bale and got a strip of clover or trefoil. What 
happened that stimulated the clover to grow there? Well, it got an increase in the soil 
organic matter (SOM), fertility, and water infiltration through the addition and trampling of 
plant material into the soil. The clover seed may have been in the soil seed bank or in the 
hay. Some of the original sod was smothered out too by the leftover hay residue. SOM 



179 

has a neutralizing effect on the soil pH. It can bring acid soil up and alkaline soil down 
towards neutral. So, the SOM helped correct the pH, got the microorganisms going, and 
then you have clover. 
 
Can we heal the land just by adding carbon to the soil? In the photo below (Figure 7), a 
field is shown that was rested from March through August in 2008. There was a lot of 
plant material here. Grass, broadleaf plants, just lots of stuff! Then, it was grazed and 
trampled at a stock density of about 150,000 lbs. per acre for about 12 hours. Not the half 
a million pounds that you may have read about, but higher than most MiG systems use.  
Did the cattle “waste” some grass? Well, they didn’t eat everything that’s for sure! They 
didn’t eat it all, but it was all used for a specific purpose. It was trampled onto the surface 
of the soil creating a layer of mulch, just like the hay pile, that allowed the clover to 

 
Figure 7. Pasture in August that was ungrazed since March of the same year. 

 
germinate and grow (Figure 8). The hoof action of the cattle is critical to getting the mater-
ial in contact with the soil. In case you are wondering, no clover was broadcast on this 
field; no lime and no fertilizer applied for many, many years if ever. 
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Figure 8. Same field as above with soil seed bank clover released by 2 seasons of mob grazing. 

Recently, I had the opportunity to talk to a USDA Soil Microbiologist. He said that it typic-
ally takes a couple years for the soil microorganisms to fully respond to the increase in 
decaying plant material. The mulch is a food source for all the microorganisms in the soil.  
The field pictured in figures 7 and 8 has been managed for two years in this manner. I 
think because of the trampling, the natural nutrient cycle is starting to really kick in, and 
that is why we are seeing the clover increase. 
 

 
Figure 9. Grazing residual heights of plants and length of rest between grazing affect root growth 
greatly. 
 



181 

In Missouri, we take soil samples to a depth of 6-8 inches. Originally it was done because 
that was the “plow layer” for annual crops. It is still a valid depth because most cool-
season grass pastures are managed in a continuous grazing system and the plants only 
have root systems a few inches deep. There isn’t much need in going deeper because, 
for the most part, the plants just will not pull significant amounts of nutrients much deeper 
than 6 to12 inches. In areas that have deeper-rooted warm-season grasses, that will 
change some. Yet, almost all forage plants’ root mass reflects their above-ground bio-
mass. Short tops mean short roots. In a really well-managed grazing system with fairly 
long rest periods, we can get cool-season plant roots that are several feet deep barring 
any root restrictive soil layers or bedrock. 
 

 
Figure 150. Electron microscope cross sectional view of a live root in soil oozing out exudates that 
feed soil microorganisms. 
 
Here is how much soil “livestock” there is in a healthy soil: 8000 lbs. What do they all do?  
I am pretty sure I can’t tell you what they all do. I do not even know if I can tell you how 
many there are. See table 4 below. For those of you unfamiliar with higher mathematics, 
15 zeros are a quadrillion and 18 zeros are a quintillion. 
 
Can you tell me how many there are?  Well, there are 800 quintillion bacteria, 20 quintillion 
actinomycetes, 200 trillion fungi, 4 billion algae, 2 trillion protozoa, 80 million nematodes, 
40 thousand earthworms, and 8.16 million insects/arthropods. 
 
I can tell you they are ALL critical to the soil health. For example, fungi act as root exten-
sions. They attach to the roots and can extend 30-40 feet. Some of the others make 
minerals more available to plants. In effect, they make the plant roots 40 feet long.  Each 
one is like a link in a chain. If one is killed or destroyed the entire chain will not work.   
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So, if we all have soil, do we all have these microorganisms and at these levels????? 
 
    Table 4. Good soil health expressed in terms of amount of soil lifeforms present. 

 
 
The second area of concern is above ground. Since high density grazing leaves a lot of 
residue on the soil surface: the soil is better protected from erosion, has improved water 
infiltration, is cooler and moister allowing for better plant and soil microorganism growth.   
 

 
Figure 11. High density grazing of tall vegetation keeps the soil  

covered better than MiG grazing at lower stocking levels. 
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Figure 12. Soil temperatures at low ground cover versus high.  14 degrees F. cooler under high cover. 

 
The sod slices in this rainfall simulation demonstration (Figure 13) were collected from 
actual pastures. The heavy rain was simulated on a 15% slope. Tray 3 is from an over-
grazed and overstocked pasture, tray 2 is good rotational grazed and rested pasture 
system with only 4 inches of cover, and tray 1 same rotational grazed and rested system 
with only 6+ inches of cover after regrowth. The front jugs are runoff from surface; the 
rear jugs collected infiltration. Pretty graphic. This has been a great teaching tool for me 
at outdoor pasture training and education events. 
 

 
Figure 16. Rainfall simulator showing the differences in runoff, sediment loss, water infiltration from 
pasture sods taken from 3 differently managed pastures. 
The short canopy pasture sod has filled the front jug to overflowing with runoff. The jug 
also has collected a lot of suspended sediment that washed off the soil surface of the 
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short canopy sod. Meanwhile, the back jug that collects infiltrated water through the sod 
has only 2-3 inches of water in it. Contrast this to the medium canopy pasture sod. Very 
little runoff has occurred. Its front jug has collected perhaps an inch of runoff and the 
water has very little suspended sediment in it. Meanwhile, its back jug is filled to its brim 
with infiltrated water. Some sediment has colored this infiltrated water. This would be 
much reduced if more of the soil profile was under the sod and the root system less 
disturbed during collection. Finally, with tall canopy pasture sod, runoff is even less and 
clearer than the medium canopy sod as can be seen in the front jug. The back jug inter-
estingly has less infiltrated water in it and is slightly clearer. This can be a result of at least 
3 things: more organic matter in the soil (retains more water) if the pasture has been 
managed this way a long time, more root mass binding the soil particles together better, 
and perhaps a bit more canopy interception of the applied rainfall. 
 
High density grazing increases rest periods, the third area of concern. This causes:  

• Lengthening rest periods means less grazing events per year in a paddock. 
• Increases number of paddocks as they must be smaller to get desired density. 

 
Utilizing all the plants helps extend recovery periods. This can help get rid of some unde-
sirable brush and weeds along with the forage plants as selectivity is reduced when com-
petition for the available herbage is keen among competitive grazers. 
 

 
Figure 14. Sumac growing in a native pasture in MO. 



185 

 
Figure 15. Same native pasture after high density grazing occurred. 

 
This rancher had been rotating twice daily at about 100,000 stock density. The cattle 
learned to eat sumac. No, he wasn’t starving them. They didn’t eat it last. They ate it right 
along with everything else. If it was in the front of the strip, they ate it first. If it was in the 
back of the strip, they ate it later on. They learned to JUST EAT whatever was there.  
Grass, legumes, sumac, weeds, whatever was available. Therefore, high density grazing 
can be a great vegetation control tool. 
 

 
Figure 176. Ironweed grazed at 120,000 lbs. stock density. 
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There seems to be a change in grazing habits and animal behavior as you approach and 
get over 100,000 lbs. They will graze almost anything. But at 100,000, they still don’t 
knock everything down. At higher densities, they will actually knock everything down to 
the ground, even coarser weeds and small woody plants. I think higher densities are bet-
ter for the land, but it just takes more time. It requires more paddocks, more monitoring 
of forage availability, and more livestock moves. However, it takes less time to get pas-
tures into better condition. 
 
The fourth area of concern is mineral cycling. Again, high density grazing has the advan-
tage. The most important factor is nutrient distribution. As livestock numbers or weight 
increase per unit of area, dung and urine are excreted much closer together and more 
uniformly since the livestock are more bunched and graze the entire area. 
 

 
Figure 17. Distribution of dung piles as affected by number of paddocks with same herd size. 

 
In the 3-paddock system (analogous to continuously grazed pastures) very few manure 
piles are deposited in the main paddock area. There is a concentration of manure near 
shade and water. I frequently ask audiences to identify the areas of the field where man-
ure piles are most densely concentrated (shade, east end; water, southwest corner).  
Note its dimensions versus the 24-paddock dimension. This paddock is 360,000 square 
feet in size. While the 24-paddock system’s paddock is only 45,000 square feet or 1/8th 
of the of 3-pasture rotation paddock. 
 
In the intensively grazed 24-paddock system, there is a much more even distribution of 
manure piles in the pasture creating a higher density of manure piles in the main paddock 
area. There is still a concentration of nutrient near water, but the trends are less pro-
nounced. Same head of livestock but stock density is 8 times denser. 
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Table 5. Rotation frequency effect on how many years to get 1 dung pile/sq. yard. 

 
 
The table above shows some statistics in how long it takes to get 1 dung pile per square 
yard over the whole pasture. This all has to do with stock density. As rotation frequency 
increases, the less time it takes to get dung spread at 1 dung pile per square yard. In all 
likelihood, continuously grazed pastures may never see each square yard receive a dung 
pile. If the livestock are attracted to shade trees, hay bunks, water troughs, or gate open-
ings, more and more dung piles will end up in the same few square yards repeatedly while 
other areas of the pasture will become more nutrient deficient as dung and urine are rarely 
placed there. 

 
Figure18. Dung distribution at a stock density of 120,000 lbs. 

 
Figure 18 is a photo taken of a once-a-day move at 120,000 lbs. density pasture. How 
close are the manure piles?  How much of the area got covered with urine or manure? 
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The fifth and last area of concern is animal performance. More mature forage will tend to 
have a better energy to protein ratio that is more in line with certain livestock needs. 
Lactating dairy cows and pasture finished livestock require a higher plane of nutrition to 
keep milk flow or weight gain at desired levels. Thus, a younger, vegetative growth stage 
of more nutritious forage types is required for them. Care must be taken to be ready to 
move livestock piles.  How long will it take every square yard to get a manure pile? There 
are 2-4 times as many urine patches as manure piles. They show up as green patches in 
this once they have reached the level of vegetation removal that keeps them and the 
pastures in good condition regardless of stock density levels. 
 
Table 6. Animal performance on high density grazing must be closely monitored to avoid hurting 
their performance and their pastures. 

 
 
The soil is the basis of everything. I believe the soil is the most important thing we have 
to take care of. HOWEVER, we have to consider the ‘’whole” when making management 
decisions. They are: 

• Animal performance goals 
• Financial goals 
• Personal goals. 

 
 
 

 


