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ABSTRACT

Dairy cattle can convert human-inedible by-products, or leftovers, into food for humans.
When cows are fed diets high in by-products, they can more than double the amount of food
available for humans. Our goal was to evaluate the effects of feeding a diet of 70% by-products
on milk production and net food production. Multiparous Holstein cows (n=31; 90 + 23 DIM, 51
+ 8 kg milk/d, 730 + 60 kg BW) were used in a crossover design of 2 diets. Diets were composed
of 20% by-products (CON) or 70% by-products (BYP). BYP diet consisted of 25% corn silage,
18% corn gluten feed, 15% bakery waste, 10% whole cottonseed, 10% wet beet pulp, 8% wheat
straw, and 13% supplements (DM basis). CON contained 36% corn silage, 13% haylage, and
25% corn grain. Data were analyzed using PROC GLIMMIX of SAS 9.4 with treatment,
treatment sequence, and period as fixed effects and cow as random. Cows fed BYP consumed
less DM (30.1 vs 30.9 kg/d, P < 0.01) and produced less milk (46.9 vs 49.1 kg/d, P < 0.01) with
more fat (3.68 vs 3.55%, P < 0.01), less protein (3.07 vs 3.09%, P = 0.01), and less lactose (4.91
vs 4.95%, P < 0.01) than cows fed CON. Energy-corrected milk was decreased 3% (P < 0.01;
47.5 for BYP and 48.9 kg/d for CON). Cows fed BYP were considerably more efficient in
converting human-edible feed energy into milk energy using Atwater energy values (171 vs
54%, P < 0.01). Cows fed BYP were also more efficient in converting human-edible feed protein
into milk protein (202 vs 72%, P < 0.01). Adding more by-products in dairy cattle diets presents

tradeoffs for sustainability with decreased production levels but increased net food production.
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CHAPTER 1: INTRODUCTION

The strategy of feeding by-products to livestock is not a new concept and dates back to
the early 1800s as a method to dispose of waste (Coffey et al., 2016). Since then, by-products
have been popularized as they are useful feeds to improve the nutritional quality of livestock
diets. As the global population continues to grow and more land is needed for expansion of urban
development, by-product feeds may prove to be of even more value to livestock nutritionists.
With this approach, the same acre of land can produce food for humans and food for livestock,
reducing competition and contributing to a sustainable animal agriculture industry.

Peters et al. (2016) evaluated ten distinct diet scenarios to determine which diet would
have the highest carrying capacity in the United States. Carrying capacity is the amount of
people that can be fed from an agricultural land base. A lacto-vegetarian diet consisting of plant-
based foods and dairy was shown to be able to feed the most people with the available land at
807 million people and 260% of the total US population. In comparison, the carrying capacity
for a traditional baseline diet mimicking the current eating habits of the United States reached
402 million people, or 130% of the country’s population. Data such as this exemplifies the role
of dairy cattle in a food system that can sustain a continually growing population.

The rumen of dairy cattle allows for efficient digestion of fibrous by-products, making
these animals the perfect target for increasing levels of by-products in their diets. Many studies
have evaluated the addition of higher levels of by-products in dairy cattle diets with varying
results on production. Most studies with lower producing cows reported no differences in milk
yields when cows were fed high by-product diets (Ertl et al., 2015; Ertl et al., 2016; Karlsson et
al., 2018; Naderi et al., 2022), but some reported decreased milk yields (Erfani et al., 2023;

Takiya et al., 2019). Fat concentrations increased in some, but not all, of the studies with varying



results on protein and lactose concentrations as well (Ertl et al., 2015; Ertl et al., 2016; Karlsson
et al., 2018; Naderi et al., 2022; Erfani et al., 2023). However, despite these differences in effects
on milk production, all studies found that by utilizing high by-product diets, dairy cattle can
improve net food production and produce more food for humans than the amount of human-
edible food they consume (Ertl et al., 2015; Ertl et al., 2016; Karlsson et al., 2018; Naderi et al.,
2022; Erfani et al., 2023).

Takiya and colleagues (2019) fed late lactation dairy cows a diet composed of 95% by-
products, the highest amount that | have found reported in current literature. They observed a
notable decrease of 3.6 kg/d in milk production and decreases in all milk components (Takiya et
al., 2019). However, they also showed large increases in net food production (Takiya et al.,
2019). Our goal was to do the same for high-producing cows in peak lactation. We hypothesized
that a diet of approximately 70% by-products would be the most effective level of inclusion
where we would observe no impact on milk production but a substantial improvement in net

food production in peak lactation dairy cows.



Table 1.1. Comparison of Previous By-product Research Designs.

Study Number Breed Parity Stage of Milk By-products Used & Percent Study Days
of Cows Lactation Production of Diet Design on
Level Trial

Ertl etal., 18 Holstein Mutliparous (n =13) | 108 +90 | 27.5+5.1 kg/d Corn middlings, beet pulp, Crossover 14

2015 and primiparous (n = DIM rapeseed cake, soy cake, weeks
5) molasses (50% of diet)

Ertl et al., 20 Holstein Mutliparous (n = 13) | 117+ 113 | 26.2+ 6.0 kg/d | Wheat bran and beet pulp (25% Crossover 14

2016 and primiparous (n = DIM of diet) weeks
7)

Karlsson 24 Swedish Mutliparous (n=12) | 85%13 38.6 £8.5kg/d | Beet pulp, rapeseed meal, dried Crossover 12
etal., Holstein (n= | and primiparous (n = DIM distiller’s grain, wheat bran weeks
2018 8) and Swedish 12) (45%,)

Red (n = 16)
Takiya et 12 Holstein Multiparous (n=6) | 154 +20 | 42.6 £5.4 kg/d Corn gluten feed, wheat straw, Crossover 40 days
al., 2019 and primiparous (n = DIM wheat middlings, hominy feed,
6) molasses, porcine blood meal,
post-extraction algae residue
(95% of diet)

Naderi et 12 Holstein Multiparous 112+8 48 +2.3 kg/d Corn gluten meal, cotton seed, 3x3 Latin 12

al., 2022 DIM corn bran, corn germ meal, corn square weeks

grain screens, rice bran, barley
malt sprouts, blood meal (26%,
65%, and 95% of diet)
Erfani et 12 Holstein Multiparous 116 £12 | 42.7 +5.1 kg/d Diet 1: rice bran, corn germ 3x3 Latin 12
al., 2024 DIM meal, wheat bran, barley sprout, square weeks
broken corn (51% of diet)
Diet 2: beet pulp, dried citrus
pulp, canola meal, molasses
(51% of diet)

Current 31 Holstein Multiparous 90 + 23 50.1 £8.5kg/d | Wheat straw, bakery waste, wet Crossover | 8 weeks

Study DIM beet pulp, corn gluten feed,

whole cottonseeds (~70% of
diet)




CHAPTER 2: LITERATURE REVIEW

Overview of Sustainability

Sustainability can be defined as the ability to provide for the present community while
preserving resources for future generations. Although the term is commonly used to refer to
environmental protection, in the context of policy, it can also refer to economic and social
development as well (Kuhlman et al., 2010). The idea of sustainability dates back to the early
1700s when Hans Carl von Carlowitz, a German forestry scientist, suggested using sustainable
forest management (Wilderer, P., 2007). Popularity of sustainability has grown exponentially
since the 1970s and has even been the foundation for many governmental policies (Caradonna,
J., 2022). In relation to animal agriculture, it must be noted that there are some additional
considerations. A sustainable livestock production system mandates profitable production with
the curtailment of negative environmental and social impacts, all while optimizing animal health
and welfare (Wathes et al., 2008; FAO, 2024). Research and attention have been focused on

sustainable farming systems now more than ever before.

Current Efforts in Sustainable Agriculture

Precision Livestock Farming

The intensification and industrialization of farming has presented both social and
environmental concerns. In agricultural systems this is due to the widespread application of
fertilizers and pesticides, which contribute to the growth of toxic algal blooms in bodies of water
(EPA, 2024). In livestock production systems, these concerns are related to greenhouse gas
emissions and management of manure (Tullo et al., 2019; Lovarelli et al., 2020). Precision
livestock farming (PLF) has been presented as an on-farm technique to improve sustainability

efforts. PLF focuses on the utilization of technology to manage animals on farm; including all



aspects of health and early warning of illnesses, feed/nutrient utilization, and welfare concerns
(Lovarelli et al., 2020; Berckmans, 2017). These early notifications aid in a manager’s decision
making and influence the efficiency of the farm. Improved efficiency means fewer animals using
fewer resources and results in reductions in environmental impacts (Rotz, 2020).
Genetic Potential

Milk production per dairy cow in the United States has increased exponentially in the last
100 years due to selective breeding (VandeHaar and St-Pierre, 2006). The average dairy cow in
the United States produces approximately 11,000 kg of milk, or 2,820 gallons of milk, per year
(USDA NASS, 2023). Although this growth in productivity has increased the amount of milk
available for human consumption, it has also had some detrimental and unforeseen effects on
dairy cattle. With selection of high-producing dairy cattle, fertility has decreased (Albarrén-
Portillo and Pollot, 2013; Berry et al., 2015; Oltenacu and Broom, 2023). Additionally, even with
the drop in DM that is associated with early lactation, cows are consuming more feed to meet
the energy requirements associated with producing higher quantities of milk (Gross, 2023). A
sustainable solution to this issue is to select for animals based on a new trait, “Feed Saved”. This
trait is defined as actual vs. predicted intake and aims to reduce the amount of feed that cows
consume, with no impacts on production performance (VandeHaar et al., 2016). This trait is
imperative to sustainability efforts because of its impact on the amount of feed that is saved by
reducing DMI, while cows are still producing high quantities of milk.
Feeding By-products

Some of the earliest instances of feeding by-products to animals were recorded in the
early 1800s, when leftover grain products in mills were thought to have little nutritional value to

humans (Coffey et al., 2016). As such, by-products are defined as the “secondary products



produced in addition to the principal product” and typically have little use to humans (AAFCO,
2016). Almost all livestock species consume some by-products in modern animal agriculture,
including, but not limited to: tallow, bakery waste, wheat middlings, corn gluten feed, almond
hulls, brewer’s grain, beet pulp, soybean meal, and more. In fact, even companion animals like
cats and dogs eat animal by-products in kibble (Case et al., 2011). By-products have some
advantages to being fed on farm, most notably due to being cost-effective sources of protein and
energy while also potentially improving palatability (Van Soest, 1994). The biggest
environmental benefit of feeding by-products is the ability to reduce waste from various
agricultural industries (Bampidis & Robinson, 2006). If by-products were simply to be thrown
away, they would inevitably end up in landfills. Already, approximately 30-40% of the food
supply in the United States and 20% of the international food supply is wasted (USDA, n.d.; UN,
2023). Decomposition of food waste in landfills releases large quantities of methane, which has a
global warming potential (GWP) that is 28x stronger than carbon dioxide (EPA, 2023).
Currently, food waste contributes to 58% of methane emissions from landfills and would
increase if by-products were thrown away instead of fed to livestock around the world (EPA,

2024).

Relevant By-product Feeds

Soybean Meal

Soybean meal is the leftover product after oil is extracted from the bean. Soybean oil is
widely used in commercial vegetable oils used in households and is the most widely consumed
oil in the world. There are different methods for oil extraction, which result in soybean meal of
different nutrient compositions (Karr-Lilienthal et al., 2006). Extrusion is the process of

mechanically pressing or crushing soybeans through a small opening to isolate the oil, and



results in a soybean meal that is higher in fat content (Giallongo et al., 2015; AAFCO, 2016).
Expeller soybean meal is produced after removing the oil from grinding the beans and then
pressing the soybeans to expel the oil (NRC, 2021). The third variation, solvent-extracted
soybean meal is the leftover after grinding soybeans and the application of hexane to remove the
oil (Eastridge, 2007). Soybean meal is one of the most prevalent co-product feeds on dairy farms
as it provides a critical source of protein but could also potentially be eaten by humans as tofu or
other soy products. In our study, we considered soybean meal to be human-edible.
Cottonseeds

In the process of harvesting cotton for use in clothing manufacturing, cottonseeds are left
over. When feeding livestock, cottonseeds can be fed whole, as a meal, or pelleted. The most
impressive property of cottonseed as a feed is that it has a high protein and fat content, but also
contains a high enough fiber content that makes it similar to forage effectiveness in the rumen
(Arielli, 1998; Broderick et al., 2013). Feeding cottonseeds increases both milk fat content and
FCM without altering milk yield (Depeters et al., 1985; Clark and Armentano, 1993). There is an
associated depression in milk protein when feeding cottonseeds, which could be due to
utilization of lysine (Coppock et al., 1986). The bioavailability of lysine may be low when
feeding cottonseeds because of the gossypol content, which binds to the epsilon group of the
amino acid (Blauwiekel et al., 1997). Gossypol is a compound produced by the plant as a natural
defense against pests and although rare, has the potential to be toxic to ruminants (Blauwiekel et
al., 1997). Because of the gossypol content, cottonseeds are not edible by humans.
Bakery Waste

Bakery waste comes from a variety of sources, including unsold bakery products from

supermarkets or damaged goods from food production factories. Due to the diverse products that



can make up bakery waste, the nutrient composition can be highly variable between different
producers of the feed (Waldroup et al., 1982; Slominski et al., 2004). However, bakery waste has
a high concentration of energy and therefore can be used as a partial replacement of cereal grains
in livestock diets (Humer et al., 2018). The substitution of bakery waste for grains at 15% and
30% of diet DM in dairy cattle diets resulted in linear increases of milk and ECM yields
(Kaltenegger et al., 2020). At the same substitution rates, milk fatty acid composition was also
affected with increases in oleic and conjugated linoleic acid (CLA) content (Khiaosa-ard et al.,
2022). CLAs have relevance to human nutrition, with antiobesity, antidiabetic, antihypertensive,
and anticarcinogenic properties (Koba and Yanagita, 2014). Bakery waste could probably be
eaten by humans but given that it was refused from the human food supply once, it would only
be considered human-edible if we had nothing else to eat.
Wheat Straw

Dietary forage is an important component of dairy cattle diets because it contributes
essential physically effective NDF (peNDF). peNDF is responsible for stimulating rumination by
contributing to the formation of the rumen mat, which is essential for promoting fiber
digestibility (YYang and Beauchemin, 2006; Zebeli et al., 2012). Wheat straw is a source of
peNDF and is the by-product of harvesting wheat for flour production. Particle size of wheat
straw is important both for maintaining the formation of the rumen mat and to discourage cows
from sorting, as they tend to favor shorter particles (Leonardi and Armentano, 2003). When
comparing long straw and short straw treatment diets, cows fed short straw tended to produce
more milk, suggesting that cows that sort against longer straw pieces consumed inadequate
peNDF, which in turn could have impeded milk production (Coon et al., 2018). Strategies to

improve fiber digestion of wheat straw include pre-treating it with alkali. However, research has



shown that there is no difference in milk production with pre-treated wheat at up to 30% of diet
DM; at 40% diet DM, there was a significant drop in intake and milk production (Haddad et al.,
1998). Wheat straw has almost no available nutrients for humans and is considered human-
inedible.
Beet Pulp

Beet pulp is a source of nonforage fiber and is leftover after extracting sucrose from
sugar beets to make table sugar. The pulp can be fed either wet or dried, though it is more typical
to feed in its dried and pelleted form as it can be difficult to store the wet product on farm. Beet
pulp is approximately 40% NDF, but it is unique because it has a high concentration of soluble
fiber in the form of pectic substances (Voelker et al., 2003a). In some studies, DMI decreases
with increasing beet pulp concentration of diets; however, this result has varied between different
studies (Swain and Armentano, 1994; Clark and Armentano, 1997; Voelker et al., 2003a). No
changes in milk yields were observed with substituting high-moisture corn for beet pulp;
however, there was a quadratic effect observed for both FCM and fat content with the highest
values at 6% beet pulp inclusion (Voelker et al., 2003a). With further processing, perhaps beet
pulp might have some value as food for humans, but it is mostly fiber and is considered human-
inedible.
Soyhulls

Early in the oil extraction process of soybeans, the hulls are removed. They are about 8%
of the DM of the beans and used to be ground into soybean meal as a way to dispose of them due
to their low value (NRC, 2021). Today, soybean hulls are ground and pelleted to be used as feed
for livestock. There has been some discrepancy between in vitro and in vivo digestion of

soyhulls which could be attributed to the fine particle size, causing quick passage through the



rumen and inadequate digestion (Ipharraguerre and Clark, 2003; Drackley, 2000). Upon
replacing corn grain with soyhulls, no impacts on milk yields or milk components were observed
(Ipharraguerre et al., 2002; Boerman et al., 2015). It has been suggested that as much as 30% of
diet DM can be composed of soyhulls without any negative impacts in milk production, diet
digestibility, or ruminal fermentation (Ipharraguerre and Clark, 2003). Because soyhulls are
mostly fiber, they have little nutrient value for humans and are considered human-inedible.
Corn Gluten Feed

The production of ethanol results in many by-products, one being corn gluten feed. To
obtain this feed, the corn is first steeped in sulfurous dioxide; the steepwater is then condensed to
make corn steep liquor (NRC, 2021). The germ is then isolated, and the hull and bran are
removed to further isolate the starch. Finally, the bran is pressed, and the corn steep liquor is
added back to create corn gluten feed which can be fed wet or dry (NRC, 2021). There are some
nutritional differences between wet corn gluten feed (WCGF) and the dried version (DCGF). The
levels of protein and fiber digestibility are slightly lower in DCGF than WCGF (Schroeder, n.d.).
However, despite these differences in digestibility, there was no difference in milk yield or DMI
when lactating cows were fed either WCGF or DCGF at 27% of diet DM, but milk fat content
was lowest when cows were fed DCGF (Bernard et al., 1991). With increasing concentrations of
WCGF at 20, 30, and 40% of diet DM, there were observed depressions in milk yield, DMI, and
digestibility but increased milk fat with increasing WCGF content (Staples et al., 1984). Because
corn gluten feed is mostly fiber and the leftovers from fermentation, it is considered human-

inedible.
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Considerations of Previous By-product Research

When reviewing research investigating the effect of one by-product type on production
levels or digestibility in dairy cattle, it is important to consider the limitations of such studies.
When substitutions are made in favor of a by-product, results may be heavily influenced on what
ingredient is being replaced. For example, replacing forage for by-products may have potentially
positive effects on milk yields simply due to a reduced NDF concentration of the treatment diet,
not necessarily because of the addition of by-products. This can also be said for the replacement
of grains where reducing starch in the diet can reduce milk yields, and this effect may not be
entirely dependent on the addition of by-products. However, such reviews on different types of
by-products still provide foundational knowledge on the value of these ingredients in diets as

long as the results are being interpreted in the proper context.

Ruminal Digestion

Rumen Microbiome

Dairy cattle are able to supply much of their energetic requirements through ruminal
fermentation. The rumen has a distinct microbial population that is active in the degradation of
feedstuffs, providing volatile fatty acids (VFA) to sustain the animal in a symbiotic relationship
(Bickhart and Weimer, 2018). VFAs contribute up to 80% of the total energy required by cattle,
the most common forms being acetate, propionate, and butyrate (Wolin, 1979; Owens and
Basalan, 2016). Carbon molecules are lost during the fermentation of carbohydrates to acetate
and butyrate, and these carbons are used in making methane by methanogens in the rumen
(Hungate, 1966; Morgavi et al., 2010). Higher concentrations of acetate and butyrate in the

rumen are associated with high forage diets resulting in increased enteric methane production,
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whereas a higher concentration of propionate is indicative of a high grain diet and lower enteric
methane formation (Hungate, 1966; Morgavi et al., 2010).
Protein Turnover

Protein nutrition is vital for maintaining many metabolic functions of the animal, such as
growth, fertility, and lactation. Protein is classified as rumen degraded and undegraded protein
(RDP and RUP, respectively; NRC, 2021). RUP bypasses the rumen and is mostly digested and
absorbed in the small intestine, whereas RDP is broken down in the rumen. RDP is imperative to
sustain the microbial population of the rumen, and the microbes produce microbial crude protein
(MCP), a high quality metabolizable protein source (NRC, 2021). Inadequate levels of RDP in
dairy cattle diets reduce fiber digestibility and DMI (Schwab and Broderick, 2017). RDP and
RUP are supplied in tandem to achieve optimal metabolizable protein supply, if one source is
predicted to decrease the other would need to be increased (NRC, 2021). However, it was noted
in the 2021 version of the NASEM that recommendations for dairy cattle should be based on
individual AA requirements rather than total protein as AA are the true building blocks for tissue
and metabolic functions within the body. When EAA are fed and absorbed at the requirement of
the cow, the efficiency for protein use is maximized and therefore the excess urinary N is
decreased causing for fewer environmental concerns regarding N pollution (Schwab et al., 2003;
NRC, 2021
Starch Utilization

Diets high in starch benefit milk production in high-producing dairy cows (Boerman et
al., 2015). Starch is a highly digestible component of feeds and is an excellent source of energy.
However, starch digestion is dependent upon the source of starch (corn, wheat, barley, etc.) and

the processing of the feed (Oba and Allen, 2003; Moharrery et al., 2014; NRC, 2021). For
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example, the 2021 version of the NRC designates that dried fine ground corn grain has a
digestibility value of 0.92, high moisture fine ground corn grain a value of 0.96, and steam flaked
corn grain a value of 0.94. The digestibility of starch has also been shown to decrease as DMI
increases and as passage rate increases (Voelker et al., 2003b; Ferraretto et al., 2013; de Souza et
al., 2018). Amylolytic microbes in the rumen help to breakdown starch and produce propionate,
a VFA that is a precursor for gluconeogenesis in the body (Reynolds, 2006). By increasing the
fermentability of starch through feeding high moisture corn, Bradford and Allen (2004) saw
increased plasma glucose and NEFA concentrations but no changes in plasma insulin or
glucagon concentrations. Any declines in starch fermentation within the rumen are made up by
increases in digestion in the small intestine, which may be more energetically efficient for the
animal as intestinal cells are directly absorbing glucose compared to the production of VFAS in
the rumen and use of the propionate to make glucose in liver (Owens et al., 1986; Voelker et al.,
2003b).
Fiber Digestion

Although diets high in starch can provide energy to dairy cows, starch can also reduce
fiber digestibility (Firkins et al., 2001; Ferraretto et al., 2013; Souza et al., 2018; NASEM, 2021).
Voelker and colleagues (2003b) suggested several reasons for why this reduction occurs:
reduction of ruminal pH from rapidly fermentable starch, lowered mastication, and decreased
saliva buffer flow. Similar to starch, neutral detergent fiber (NDF) digestion is highly variable
depending on the source and the time of harvest (NRC, 2021). NDF digestibility is negatively
associated with lignin concentration, which is the indigestible portion of forages and increases in

concentration as the plant matures.
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Fiber is also important for maintaining proper gastrointestinal function, more specifically
the formation and maintenance of the rumen mat. The rumen mat is responsible for physically
keeping the particles in the rumen and enhancing rumination (Firkins, 1997). Shorter retention
times decrease digestibility of NDF because there is a small window of time for ruminal
microbes to break down bonds within the forages (NRC, 2021). Other contributors to retention
time include particle size and DMI. Coarsely chopped forages are inhibited from passing through
the rumen by the rumen mat, and therefore the retention time is increased. Conversely, forage
fragility and the rate of reduction of particle size greatly contributes to a faster retention time and
decreased NDF digestibility (Poppi et al., 1981; Kammes and Allen, 2012). DMI has been found
to be negatively correlated with both retention time and NDF digestibility (Riewe and Lippke,
1970; Oba and Allen, 1999). Although not studied widely, Lee and associates (2011, 2012) also
postulated that insufficient RDP, which is essential for the fibrolytic microbes, greatly decreases
ruminal NDF digestibility.

Effects of Different By-products on Digestion

Microbial digestion within the rumen is advantageous to dairy cattle because it allows for
the production of VFASs and other nutrients from otherwise indigestible feeds (Hungate, 1966;
Bickhart and Weimer, 2018). By-product feeds have low nutritive value for humans and most
monogastric animals; the ruminant digestive tract provides a clear advantage to digest and utilize
these feeds. However, different by-product feeds have different compositions, thus altering their
effect on digestion and nutrient utilization. By-product feeds with rapid rates of ruminal
degradation could result in low ruminal pH and even acidosis (Batajoo and Shaver, 1998).
Acidosis is caused by the excessive feeding of non-structural carbohydrates and highly

fermentable forages (Plaizier et al., 2008). Ruminal acidosis causes a toxic environment for
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microbes, effectively terminates the population, and impairs milk production and health of the
cow (Plaizier et al., 2008). Because high fiber by-product feeds are often fed in place of high
starch grains, their inclusion reduces the risk of acidosis. Voelker et al. (2003b) showed that
addition of sugar beet pulp reduced the risk of ruminal acidosis even though NDF digestibility
was increased and starch digestibility was not decreased; the reduced acidosis was likely simply
the result of feeding less starch. In addition to a reduction in acidosis, another advantage of
replacing dietary starch with high fiber by-products is that baseline fiber digestibility will
increase. Starch reduces fiber digestibility about 0.6 percentage units per 1% added starch
(NASEM, 2021). Therefore, replacing starch with fibrous by-products can increase digestibility
of the fiber already present in the diet and, if the by-product has high fiber digestibility, the

energy supply per kg of feed may not be nearly as high as a high starch diet.

Public Perceptions of the Dairy Industry

Improving the sustainability of the dairy industry is an important avenue for research
because of public perceptions. Consumers are more likely to view plant-based dairy alternatives
as more sustainable when compared to traditional cow’s milk (McCarthy et al., 2017; Schiano et
al., 2020). Consumers are also less likely to purchase traditional dairy products because they are
placing more emphasis on animal welfare, with over half of respondents in a survey indicating
that they are concerned with dairy welfare in the United States (Wolf et al., 2016; McCarthy et
al., 2017; Schiano et al., 2020;). Although plant-based dairy alternatives account for only 16% of
total milk sales in the United States, these products have seen more growth in sales in the past 5
years than traditional cow’s milk, with oat milk sales increasing 4000% (UC Davis, 2022; Son
and Lusk, 2023). This data illustrates that despite accounting for a small portion of total milk

sales, the growing popularity of plant-based dairy alternatives pose a threat to traditional cow’s
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milk sales. Reports from the USDA also show that sales of organic foods have seen 50%
increases from 2011 from 2021, suggesting that some consumers are making the decision to
purchase products that they perceive to be environmentally friendly and healthier options
(USDA, 2024).

Consumers are also concerned about other sectors of animal agriculture. The meat
industry has been in the spotlight for beef’s impact on greenhouse gas emissions, and a large
portion of consumers indicated that they would be willing to curtail eating meat in order to limit
their impact on the environment (Sanchez-Sabate and Sabate, 2019). The influx in plant-based
dairy alternative sales could also be attributed to the health concerns surrounding animal
products (Thorning et al., 2016). A number of health professionals and organizations believe that
animal products, which are typically high in saturated fats, lead to high blood cholesterol
concentrations and increased risk of coronary heart disease (Maijala, 2000; Estrup et al., 2019;
CDC, 2023). Suggestions to decrease the risk of these adverse health effects include choosing

low-fat dairy options or abstaining from animal products altogether (CDC, 2023).

Importance of Animal Agriculture

Despite the public perception of animal agriculture, meat and dairy products can
contribute to a healthy diet and lifestyle. As plant-based dairy alternatives are labeled as “milk”,
it can be easy for consumers to expect that these products are nutritionally equivalent to
traditional cow’s milk. In fact, when traditional cow’s milk was compared to dairy alternatives, it
was found that cow’s milk offers the most protein, fat, calcium, and micronutrients such as B
vitamins, iodine, potassium, and phosphorus (Chalupa-Krebzdak et al., 2018; Walsh and Gunn,
2020; Collard and McCormick, 2021). Cow’s milk also contains conjugated linoleic acid, a fatty

acid that is only found in foods from ruminants and has demonstrated health benefits including
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reducing the risk of cancer, atherosclerosis, and diabetes as well as having positive effects on
immune function (Rainer and Heiss, 2004). In addition, lauric acid, a saturated fatty acid found
in milk, can have positive effects on the amount of high-density lipoproteins that are present in
the blood, illustrating that saturated fats in milk can have complex effects on health (Pereira,
2014). In an extreme model where animals were removed entirely from the food production
system, total food production would increase due to the availability of arable land, this food
system would ultimately fail to meet the nutritional requirements of the global population (White
and Hall, 2017). Moreover, Peters et al. (2016) showed that more people can be fed per unit of
land when they consume a lactovegetarian than a strictly vegan diet. When animals are excluded
from the food system, there is a risk for the food supply to become deficient in calcium, vitamin
A, vitamin B, eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), arachidonic acid,
and various amino acids without the inclusion of proper alternatives in the diet (White and Hall,
2017; White and Gleason, 2023). However, there would theoretically be an increase in the
amount of energy in diets which could result in increased risk of obesity (White and Hall, 2017;
White and Gleason, 2023).

Animal agriculture produces milk, eggs, and meat that sustain the nutritional
requirements for the global population. However, some animals can also provide other resources
like wool that is used in clothing production. Other than these processing livestock creates by-
products that can be used in other production systems. Organ meats that are not typically
consumed by the public in the United States are utilized in pet food manufacturing, providing
pets with essential amino acids (Thompson, 2008). Meat and bone meal sourced from cattle or
pigs is commonly used in broiler diets to provide high-quality protein (Karakas et al., 2001).

Cattle hides are typically used to create leather furniture and clothing and can be used in the
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creation of glues. Animals have also been used in the production of pharmaceuticals, most
notably with the isolation of insulin from bovine or swine pancreas to be used in the treatment of

diabetes mellitus (Pillai and Panchagnula, 2001).

Current Research on By-products and Net Food Production

In 2018, a study was conducted that evaluated the effects of replacing cereal grains
(wheat, barley, and oats) and soybean meal with sugar beet pulp, dried distiller’s grain, and
rapeseed meal in high-producing Swedish Holstein and Swedish Red dairy cows. Results showed
that there was no treatment effect on DMI or milk yield but that there was a significant increase
in the efficiency of using human-edible energy and protein sources when cows were fed high
concentrations of by-products (Karlsson et al., 2018). Similarly, the replacement of cereal grains
(barley, triticale, corn, and rye) with wheat bran and sugar beet pulp in high-forage diets fed to
mid-lactation Holstein dairy cows resulted in no significant differences in milk yields, milk
components, or DMI (Ertl et al., 2016). Again, this study showed that cows fed diets high in by-
products were more efficient in using human-edible energy and protein (Ertl et al., 2016).

Another study conducted in 2019 evaluated the effects of feeding a diet composed of
95% by-products on milk production and net food production in late lactation Holsteins. Results
showed that feeding a high-byproduct diet did not affect DMI but did decrease milk, fat, and
protein yields compared to the control diet (Takiya et al., 2019). Net food production was
calculated on three different scales: an extreme scenario where humans could eat everything that
is “edible” (thrift), a moderate scenario where humans could eat only the things they wanted to
(choice), and a land use scenario where land could be used to produce soybeans and corn
alongside alfalfa hay (land use). In all scenarios, recoveries of human-edible ME and protein

increased significantly although with different extents (Takiya et al., 2019). Thrift and land use
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scenarios exhibited recoveries in ME and protein that were 5-50% higher and 700-2,000% higher
in the choice scenario for cows fed the by-product diet (Takiya et al., 2019).

Though the aforementioned studies both exhibited large increases in efficiency
levels for the cows fed by-product diets, there are differences in the ways that these efficiencies
were calculated, thus changing the scales of how efficient the cows are. Both Karlsson and Ertl
calculated net food production by subtracting the human-edible inputs from the human-edible
outputs, however Ertl reported minimum and maximum human-edible nutrient scenarios. In
contrast, Takiya calculated net food production through the ratio of human-edible outputs to
human-edible inputs. Nonetheless despite these differences, it is clear to see the potential of dairy

cows to produce more human-edible nutrients through milk production than what they consume.

Conclusions

As ruminants, dairy cows have the ability to contribute to a sustainable future for animal
agriculture by consuming human-inedible feedstuffs and converting them into nutritious foods to
sustain an ever-growing global population. Current research has proven that despite different
calculations, dairy cows can produce more edible food for humans than what they eat through the
production of milk. Takiya (2019) showed that an extreme diet containing 95% by-products,
although efficient at producing human-edible nutrients, reduced milk production in late lactation
cows. Therefore, we propose that a more moderate diet composed of approximately 70% by-
products can also increase net food production for humans with no negative consequences on

milk production or components.
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CHAPTER 3: MATERIALS AND METHODS

Design and Treatments

Multiparous lactating Holstein cows at the Michigan State University Dairy Cattle
Teaching and Research Center were used in a crossover design study of high compared to low
by-product diets from January to March of 2023 (n=31). Mean DIM, milk yield, and BW for all
31 cows were 90 + 23 d, 50.1 + 8.5 kg/d, and 725 + 56 kg at the beginning of the study. Cows
were blocked by DIM in the preliminary period, ECM/BW?® >, and whether or not they were
housed on the north or south side of the barn at the beginning of the study. Within block, cows
were then randomly assigned to 1 of the 2 treatment diets. All experimental procedures were
approved by the Michigan State University Institutional Animal Care and Use Committee.

In our study, half the cows were fed a common diet for a 7-d preliminary period, control
diet for 21-d, common diet for 7-d, and high by-product treatment diet for the final 21-d of the
study; the other cows received diets in the opposite order. The high by-product diet consisted of
approximately 70% by-product feeds and the control diet consisted of approximately 20% by-
products. Both diets were fed to cows as a TMR. Feeds were bought in bulk at the beginning of
the study and were sampled each week. By-products were chosen to be locally sourced from
Michigan, with the exception of cottonseeds. Bakery waste was purchased from ReConserve
(Battle Creek, M), wet beet pulp from Michigan Sugar Company (Bay City, M), corn gluten
feed from Caledonia Farmer’s Elevator (Caledonia, MI), and wheat straw from University Farms
(East Lansing, MI). The ingredient and nutrient compositions of each diet are presented in Table
3.1.

Cows were milked three times daily at 500 h, 1300 h, and 1900 h. All cows were housed

in tiestalls and only had access to their own feed and water ad libitum. Stalls were bedded with
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sawdust and cleaned after the 1300 h milking. Orts were recorded daily before feeding, and feed

was offered once daily at 900 h.

Table 3.1. Ingredient and nutrient composition of diets.

Ingredient, % of DM CON BYP
Corn Silage 36.0 25.0
Alfalfa Haylage 12.9 -
Ground Corn 24.0 -
Bakery Waste - 15.0
Wet Beet Pulp - 115
Corn Gluten Feed - 16.9
Wheat Straw - 7.5
Cottonseeds, Whole 10.0 10.0
SoyPlus 8.0 5.0
Protein/Vitamin/Mineral Premix* 9.1 9.1

Nutrient Composition

NDF 29.6 37.1
Forage NDF 19.5 15.9
Starch 30.8 20.0
CP 16.8 17.0
RDP 10.7 10.8
RUP 6.4 6.4
Ether Extract 4.6 4.0

! Protein/Vitamin/Mineral Premix contained 35.1% CFE Distillers (Caledonia Farmers Elevator,
Caledonia, Ml), 12.6% sodium sesquinate refined, 11.2% calcium carbonate, 9.36% Soybean
meal 47.5 Solvent, 9.01% Spectrum AgriBlue (Perdue Animal Nutrition, Salisbury, MD), 6.12%
lon Plus 48.5, 4.25% Urea 281 CP, 2.71% MIN-AD (MIN-AD Inc., Winnemucca, NV), 2.44%
salt white, 2.16% calcium phosphate di, 1.69% potassium chloride red, 1.58% magnesium oxide,
0.81% magnesium sulfate 7H.0, 0.52% CFE Selenium 600 (Caledonia Farmers Elevator,
Caledonia, M), 0.15% Energizer 2 40 Tallow, 0.10% zinc sulfate H.O 89, 0.09% Micro 5,
0.05% Vitamin E, 0.03% Manganese Sulfate H20, 0.02% Copper Sulfate 5H20, < 0.01%
Vitamin A, < 0.01% Vit D3 500 (Baltivet, Dubingai, Lithuania)

Data Collection and Analysis

BW were measured for each cow 3 d per week. Body condition was scored by 3 trained
investigators on a 5-point scale in 0.25 increments at the beginning and end of each period
during the week that cows were fed the common diet, and again after the end of the last

treatment period. Daily milk yield was recorded automatically at each milking using Afimilk
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software (Kibbutz Afikim, Israel). Milk samples were collected for 6 consecutive milkings per
week for component analysis. Samples were stored with preservative (Bronolab W-1I liquid,
Advanced Instruments, Norwood, MA) at 4°C until analysis. Individual milk samples were
analyzed by CentralStar Cooperative, Inc (Grand Ledge, M) for fat, true protein, lactose, and
SCC concentrations by mid-infrared spectroscopy (AOAC, 1990, method 972.160). Milk yield
and component concentrations for each milking were summed for a daily total and to calculate
ECM and milk component yields. Energy-corrected milk was calculated as: ECM = [(0.324 x kg
milk) + (12.816 x kg milk fat) + (7.129 x kg milk protein)].

Samples of each diet ingredient and TMR were collected once weekly and stored at -
20°C until composited by treatment period and dried. Apparent total tract digestibility was
determined for the study. Samples of all feed ingredients and orts from each cow were collected
daily for 5 d at the end of period 2 in each study. Samples of feed ingredients were composited
for the 5 d, and orts were composited by cow for the 5 d. Feces were collected from each cow
through palpation of the rectum or during defecation every 15 h over the same 5 d, resulting in 8
samples/cow. Feces were stored at -20°C until they were dried and composited on an equal DM
basis. Diet ingredients, orts, and feces were dried at 55°C for 72 h in a forced-air oven to obtain
DM. Dried samples were then ground with a Wiley mill (6-mm screen; Arthur H. Thomas,
Philadelphia, PA). All samples were analyzed by Cumberland Valley Analytical Services
(Waynesboro, PA) for CP (method 990.03; AOAC, 2000), starch (Hall, 2009), and fat (method
2003.05; AOAC, 2006). NDF and indigestible NDF were determined according to Van Soest et
al. (1991) modified to use Whatman 934-AH glass microfiber filters with 1.5-pum particle
retention (Cytiva, Marlborough, MA). Indigestible NDF, estimated as NDF residue after 240 h in

vitro fermentation, was used as an internal marker to predict fecal output (Cochran et al., 1986).
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Energy calculations for net food production on a human nutrition basis used Atwater
factors of 4 kcal per gram of protein, starch, soluble fiber, and sugar, and 9 kcal per gram of fat
where Feed AE = 0.04(%CP + %Starch +%SolFiber + %Sugar) + 0.09(%Fat). Atwater factors
were used in this study to place values for net food production on a human nutrition scale, as
these are used to calculate calories on nutrition labels (Atwater and Bryant, 1900). Nutrient
concentrations are expressed as a percent of DM. This equation was utilized for all ingredients in
each diet and summed together to create an Atwater Energy (IntakeAE) value for each diet.
Intake AE was calculated by the equation: DMI*FeedAE. Milk Atwater Energy (MilkAE) was
calculated using the equation: 4(Lactose Yield) + 4(Protein Yield) + 9(Fat Yield). We calculated
net production of Atwater energy as: MilkAE/IntakeAE. Similarly, we calculated net production
of protein as: MilkProtein/IntakeProtein. To evaluate net food production on strictly a human-
edible basis, we assumed that corn grain and soybean meal (100%), the corn grain of corn silage
(45% of DM) and the leaves of alfalfa (30% of DM) were human-edible (HE). The modified
equation for the human-edible energy for each ingredient was: 0.04(%CP + %Starch +%SolFiber
+ %Sugar) + 0.09(%Fat) * %human-edible. Ingredients in each diet were summed together to
create a human-edible Atwater Energy value (IntakeHEAE) and a human-edible protein value
(IntakeHEProtein). We used these values to calculate HEAE net production as
MilkAE/IntakeHEAE and net HE protein production as: MilkProtein/IntakeHEProtein. From
feed analyses by Cumberland Valley Analytical Services (Waynesboro, PA), we found that corn
silage was 32.8% starch. Considering that we assumed 45% of corn silage to be corn grain, we
can calculate that the corn grain portion of corn silage was (0.328/0.45)*100 = 72.8% starch.

The average starch content of 71,000 samples of high-moisture corn in NASEM (2121) was
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70.9% with a standard deviation of 2.4%. The starch content of the dry corn used in our study
was 75.1%. Thus, our assumption on grain content being 45% seems reasonable.

Milk samples analyzed for fatty acid composition were collected at 12 consecutive
milkings at the end of each period and stored at -20°C until composited. Samples were
composited based on milk fat yield for each period. Milk lipids were extracted, FAME-prepared,
and analyzed by gas chromatography (Lock et al., 2013; Bales et al., 2024). Yields of individual
FA (g/d) within milk fat were calculated using milk fat yield and FA concentration of the last 5
days of the period to determine yield on a mass basis using the molecular weight of each FA

while correcting for glycerol content and other milk lipid classes (Pantioni et al., 2013).

Statistical Analysis

All data were analyzed using the Glimmix model of SAS (version 9.4; SAS Institute,

Cary, NC) according to the following model:
Yijk = Cov + p + T + Pj+ Sk + €ijk

where Yijk = independent variable, Cov = fixed effect of covariate, u = overall mean, T; = fixed
effect of treatment (i = 1 to 2), P; = fixed effect of period (j = 1 to 2), Sk = fixed effect of
treatment sequence (k = 1 to 2), and eijx = residual error. Normality of results was tested using
the Shapiro-Wilk test, box plots, and homogeneity of variances. The covariance structure
variance components provided the best fit with the lowest overall Akaike’s information criterion
values. SCC displayed non-normality and LSM and SEM were log transformed for analysis and
then back-transformed for presentation. Main effects were declared significant at P < 0.05 and
tendencies at 0.05 < P <0.10. All data were expressed as LSM and SEM unless otherwise

specified.
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CHAPTER 4: RESULTS

Production

Overall, BYP decreased DMI and total milk yield by 0.8 and 2.2 kg/d, respectively (both
P <0.01), compared to CON. Although ECM Yyield decreased, fat content increased by 0.13%
with the BYP diet when compared to CON (all P < 0.01). BYP also decreased protein content
and yields (P <0.01), as well as decreased lactose content and yields (P < 0.01). SCC increased
with BYP (P < 0.01). ECM/DMI had numerically decreased with BYP (P = 0.12), indicating that
cows fed BYP tended to be less efficient at converting feed into ECM. There was no difference
in BW, BCS, or BCS change when comparing the two diets. However, cows fed BYP gained less

BW per day than cows fed CON (P = 0.03).

Net Food Production

Atwater values were used to determine net food production on a human nutrition scale, as
these are the same values that are used to determine calories on human nutrition labels.
Compared to CON, cows fed BYP in our study were 14% more efficient at converting feed
energy into milk energy when using Atwater energy values (P < 0.01) but slightly less efficient
at converting feed protein into milk protein (P < 0.01). When we put these efficiency values on a
human-edible basis, cows on BYP had energy efficiency that was 3.17 times that of cows fed
CON and were able to produce 71% more human-edible energy in their milk than they consumed
in their feed (P < 0.01). For human-edible protein, cows fed BYP had 2.81 times the efficiency
of those fed CON and produced 102% more human-edible protein than they consumed (P <

0.01).
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Milk Fatty Acid Content

Milk FA are derived from two sources: shorter than 16 carbon FA are almost entirely
from synthesis in the mammary gland and are termed “de novo” and longer than 16 carbon FA
are extracted from plasma or mobilized from body tissue and are termed “preformed”. FA of 16
carbons are sourced from both mammary gland de novo synthesis and plasma extraction and are
termed “mixed”. In this study, BYP decreased both the yield and content of C4 to C14 FA and
C16 FA (all P <0.01). However, BYP increased the yield and content of C18 FA by 36 g/d and
3.0 9/100g, respectively (all P <0.01).

Regarding selected individual FA, BYP increased yields of C18:0 (P <0.01), trans-6 to-8
C18:1 (P =0.03), and cis-9 C18:1 (P < 0.01) but decreased yields of C8:0 (P < 0.01), C10:0 (P <
0.01), C12:0 (P < 0.01), C14:0 (P < 0.01), C16:0 (P < 0.01), cis-9 C16:1 (P = 0.04), and cis-9,
cis-12, cis-15 C18:3 (P < 0.01). Similar trends were reported on a concentration basis, with
differences noted that BYP increased concentrations of C4:0 (P = 0.01) and cis-9, cis-12 C18:2

(P = 0.03).

26



Tables

Table 4.1. Effects of BYP diet on milk yield, milk composition, BW, BCS, and efficiency.

Treatment? P-Values
Variable CON  BYP SEM CON vs BYP
DMI (kg) 309 301 0.473 <0.01
Milk (kg/d) 49.1 46.9 0.501 <0.01
ECM? (kg/d) 489 475 0.606 <0.01
Fat (%) 355  3.68 0.077 <0.01
Fat (kg/d) 1.70  1.69 0.037 0.75
Protein (%) 3.09 3.07 0.025 0.01
Protein (kg/d) 1.50 1.44 0.021 <0.01
Lactose (%) 4.95 4,91 0.016 <0.01
Lactose (kg/d) 2.43 2.30 0.032 <0.01
SCC2 (x1,000 cells/ml) 11.52 14.08 121 <0.01
ECM/DMI 1.58 1.56 0.020 0.12
BW (kg) 738 736 1.34 0.18
BW Change (kg/d) 017  0.07 0.08 0.03
BCS 3.25 3.26 0.026 0.73
BCS Change (unit/28d) 0.017  0.027 0.029 0.73

! Treatments were 1) control (CON); 2) by-product diet (BYP)

2 Energy-corrected milk; ECM = [(0.324 x kg milk) + (12.95 x kg milk fat) + (7.20 x kg milk
protein)].

% Due to non-normality, SCC was log transformed for analysis. Means and SEM were back
transformed for reporting.
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Table 4.2. Effect of BYP diet on net food production for humans.

Treatment? P-Values
SEM CON vs

Variable (Mcal product / Mcal food) CON BYP BYP
Net Food Production
Atwater Energy 0.36 0.005 <0.01
Protein 0.29 0.005 <0.01
Human-Edible Net Food Production
Atwater Energy 0.54 0.013 <0.01
Protein 0.72 0.023 <0.01

! Treatments were 1) control (CON); 2) by-product diet (BYP)
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Table 4.3. Effect of BYP diet on milk fatty acid yield.

Treatment? P-
Values

SEM CON
Variable CON BYP vs BYP
Summation by source, g/d
De Novo only 399 367 13.7 <0.01
Mixed (C16) 529 495 16.5 <0.01
Preformed only 685 721 16.1 <0.01
Selected individual fatty acids, g/d
C4:.0 46.2 47.4 1.60 0.22
C6:0 31.8 31.1 1.23 0.29
C8:.0 18.9 17.5 0.79 <0.01
C10:0 49.0 43.5 2.23 <0.01
C12:0 56.2 48.9 2.39 <0.01
C13:0, iso 0.34 0.32 0.02 0.43
C13:0, aiso 0.98 0.82 0.04 <0.01
C13:0 1.89 1.54 0.08 <0.01
C14:0, iso 0.91 0.99 0.04 0.03
C14:.0 185 168 6.10 <0.01
cis-9 C14:1 11.8 10.2 0.34 <0.01
C15:0, iso 2.47 2.55 0.08 0.19
C15:0, aiso 4,96 6.57 0.15 <0.01
C15:0 14.5 12.9 0.47 <0.01
C16:0 512 478 16.3 <0.01
cis-9 C16:1 17.6 16.8 0.48 0.04
C17:0 6.53 6.12 0.18 <0.01
C18:0 190 217 7.50 <0.01
trans-4 C18:1 0.42 0.49 0.03 0.09
trans-5 C18:1 0.37 0.40 0.03 0.48
trans-6 to-8 C18:1 6.06 6.42 0.28 0.03
trans-9 C18:1 4.31 4.22 0.13 0.51
trans-10 C18:1 13.6 13.4 2.13 0.38
trans-11 C18:1 24.2 23.5 1.60 0.42
trans-12 C18:1 10.9 9.65 0.37 <0.01
cis-9 C18:1 291 314 7.15 <0.01
cis-11 C18:1 10.9 8.80 0.29 <0.01
cis-12 C18:1 14.9 10.1 0.62 <0.01
cis-13 C18:1 1.92 1.76 0.09 0.05
cis-14 to trans-16 C18:1 7.49 6.85 0.24 <0.01
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Table 4.3. (cont’d).

cis-9, cis-12 C18:2 47.4 47.9
cis-9, trans-11 C18:2 8.77 8.34
cis-9, cis-12, cis-15 C18:3 5.63 3.22
Unknown 13.8 12.7

1.27
0.51
0.13
0.36

0.45
0.17
<0.01
<0.01

! Treatments were 1) control (CON); 2) by-product diet (BYP)
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Table 4.4. Effect of BYP diet on milk fatty acid concentration.

Treatment! P-
Values

SEM CON
Variable CON BYP vs BYP
Summation by source, g/100g
De Novo only 24.6 23.0 0.35 <0.01
Mixed (C16) 32.6 31.2 0.38 <0.01
Preformed only 42.8 45.8 0.64 <0.01
Selected individual fatty acids, g/100g
C4:0 2.85 2.98 0.05 0.01
C6:0 1.96 1.95 0.04 0.75
C8:0 1.16 1.09 0.03 <0.01
C10:0 3.01 2.71 0.08 <0.01
C12:0 3.45 3.06 0.09 <0.01
C13:0, iso 0.02 0.02 0.001 0.57
C13:0, aiso 0.06 0.05 0.002 <0.01
C13:.0 0.12 0.10 0.004 <0.01
C14:0, iso 0.05 0.06 0.002 <0.01
C14:0 11.4 10.6 0.17 <0.01
cis-9 C14:1 0.74 0.66 0.02 <0.01
C15:0, iso 0.15 0.16 0.002 <0.01
C15:0, aiso 0.31 0.42 0.01 <0.01
C15:0 0.89 0.81 0.02 <0.01
C16:0 315 30.1 0.39 <0.01
cis-9 C16:1 1.09 1.08 0.03 0.43
C17:0 0.40 0.38 0.01 <0.01
C18:0 11.8 13.7 0.28 <0.01
trans-4 C18:1 0.03 0.03 0.002 0.04
trans-5 C18:1 0.02 0.03 0.002 0.33
trans-6 to-8 C18:1 0.38 0.40 0.02 0.02
trans-9 C18:1 0.27 0.27 0.01 0.80
trans-10 C18:1 0.91 0.91 0.17 0.85
trans-11 C18:1 1.52 1.48 0.09 0.57
trans-12 C18:1 0.68 0.62 0.02 <0.01
cis-9 C18:1 18.2 20.0 0.38 <0.01
cis-11 C18:1 0.69 0.56 0.02 <0.01
cis-12 C18:1 0.94 0.64 0.04 <0.01
cis-13 C18:1 0.12 0.11 0.01 0.11
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Table 4.4. (cont’d).

cis-14 to trans-16 C18:1 0.46
cis-9, cis-12 C18:2 2.97
cis-9, trans-11 C18:2 0.55
cis-9, cis-12, cis-15 C18:3 0.35
Unknown 0.86

0.43
3.05
0.54
0.20
0.81

0.01
0.07
0.04
0.01
0.01

<0.01
0.03
0.27

<0.01

<0.01

! Treatments were 1) control (CON); 2) by-product diet (BYP)
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CHAPTER 5: DISCUSSION

Our study evaluated a specific blend of by-products that are commonly available in
Michigan on high-producing dairy cattle. Because most published studies evaluating by-products
tend to be dependent on the region where they are sourced, making a comparison to other studies
is not simple. By-products are already commonly used in dairy cattle diets, but they tend to differ
based on geographical region. For example, citrus pulp may be more common in the southeast
United States while almond hulls are more typically fed in California and the Pacific Northwest.
By increasing the amount of human inedible by-products that are used in dairy diets, nutritionists
can effectively reduce the amount of ingredients that could be potentially eaten by humans.
However, as each region differs from one another, finding a common by-product diet that
sustains current milk production could prove to be challenging. The purpose of our study was to
determine whether inclusion of by-products mostly from Michigan at 70% of the total diet could
sustain high production levels in cows at peak lactation while also increasing net food
production.

In our study, daily milk yields decreased by 4.5% when cows were fed the high by-
product diet (49.1 kg/d vs 46.9 kg/d). Thus, our hypothesis was wrong but we did nonetheless
sustain high levels of milk production with our by-product diet. In studies conducted by Takiya
et al. (2019) and Erfani et al. (2024), similar results were observed where cows challenged with
diets of 95% and 88% by-products, respectively, experienced a decline in milk yields (3.6 kg/d
and 2.0 kg/d). There are also conflicting studies that provide evidence that cows fed similar diets
experienced no change in daily milk yields (Ertl et al., 2015; Karlsson et al., 2018; Naderi et al.,
2022), where human-inedible proportions ranged from 80-95% of diet DM. It is widely accepted

that dietary starch concentrations of nearly 30% maximize milk production in high-producing
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dairy cattle. With this in mind, a possible explanation for the decrease in milk yield observed in
our study is that the starch concentration in the BYP diet was too low (20% vs 30% in CON).
Similarly, this can be hypothesized for the Takiya et al. (2019) and Erfani et al. (2024) studies as
well, where starch concentration in treatment diets was also decreased by 7-10%. However, it
must be noted that cows in these studies faced other challenges as well. In the Takiya et al.
(2019) study, cows were both late lactation (154 + 20 DIM) and producing less milk than cows
in our study. In the Erfani et al. (2024) study, cows were fed diets under heat-stressed conditions.

We can also hypothesize that milk production decreased in our study simply because
cows fed BYP ate less than cows fed CON, though this significant difference is only a decrease
of 0.7 kg/d. Results from Erfani and colleagues (2024) found that cows fed a diet consisting of a
blend of various cereal grain by-products ate less and produced less milk than cows fed a control
diet. Our data does differ from what most studies have found when feeding high by-product diets
(Ertl et al., 2015; Ertl et al., 2016; Karlsson et al., 2018; Takiya et al., 2019; Naderi et al., 2022),
leading me to hypothesize that the cause perhaps lies somewhere in our diet ingredients. High
concentrations of peNDF can decrease DMI (NRC, 2021). We included wheat straw at a higher
rate than in Erfani and colleagues (2024) but lower than in Takiya et al. (2019). Ata 7.5%
inclusion rate, perhaps the wheat straw combined with wet beet pulp and whole cottonseeds
resulted in too much physical fill of the rumen and thus limited DMI.

Cows fed BYP had a greater milk fat concentration than those fed CON. Similar results
for increases in milk fat with high by-product diets were reported by Karlsson et al. (2018),
Naderi et al. (2022), and Erfani et al. (2024). Perhaps this difference in milk fat concentrations
was a result of the decreased starch concentration in BYP, as high starch concentrations cause

milk fat depression (Palmquist et al., 1993; Bauman et al., 2011). Substitution of corn grain or
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other high energy ingredients for by-products can cause this shift towards higher milk fat
production. In our study, we completely substituted ground corn with bakery waste and fibrous
by-products and thus increased the fiber content and reduced the starch content of the diet.
Similarly, other studies conducted by Zang et al. (2021) and Malekkhahi et al. (2023) observed
such increases in milk fat concentrations when adding by-products to their diets in place of corn.
Zang et al (2021) replaced corn grain with soyhulls and beet pulp and reported a 0.41% unit
increase in milk fat concentration. Malekkhahi et al. (2023) reported an increase in milk fat
concentration when substituting corn silage for beet pulp, thus reducing the starch concentration
of the diet. Therefore, it is likely that the reduced starch concentration of the BYP diet
contributed to the increased milk fat concentration. However, this increase did not compensate
for the reduction in milk in yield of BYP cows so that ECM vyield of cows fed BYP was
decreased 1.4 kg/d.

Evaluating the efficiency of dairy cattle to convert feed energy and protein into human-
edible nutrients is imperative to determining if dairy animals serve a purpose in a sustainable
future. By increasing the proportion of by-products in the diets of dairy cattle, we are reducing
the amount of human-edible food eaten by cows. For example, corn grain and soybean meal are
integral ingredients on many dairy farms but they are 100% human-edible, creating direct
competition with humans for food sources. As the global human population continues to grow,
so will the need for more food to sustain more people. Feeding by-products to dairy cattle in
place of these human-edible ingredients decreases the competition for food, making more
available for humans while simultaneously providing milk for consumption—it increases net
food production! It also reduces land-use competition, as 70% of the world’s agricultural land is

used to produce feed for livestock consumption (FAO, 2009). By-products are sourced from the
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same land that humans grow crops from rather than strictly using land to produce commaodities
such as corn or alfalfa for feeding livestock, reducing this competition as well.

In our study, we calculated energy on an Atwater basis to provide values that were on a
human nutrition scale. Atwater’s equation is utilized to estimate calories on nutritional labels on
food packaging, thus giving context for how much energy is available for humans. Results from
our study showed that when evaluating Atwater energy and protein strictly on an input-to-output
ratio, cows fed BYP were more efficient at producing energy than protein when compared to
cows fed CON. The efficiencies for Atwater energy are 41% and 36% (BYP and CON) and
protein are 28% and 29% (BYP and CON). Essentially, dairy cows are only able to return less
than half of the energy and protein that they consume. However, when we only consider the
human-edible portions of the ingredients, we observed that cows fed BYP were much more
efficient at producing Atwater energy and protein than cows fed CON. These differences were
evaluated at 171% and 54% for energy (BYP and CON) and 202% and 72% for protein (BYP
and CON). Thus, cows fed BYP were able to produce more energy and protein in their milk than
the human-edible inputs consumed in their feed because they consumed fewer human-edible
nutrients ingredients and more by-products that are human-inedible.

The results that we observed on net food production align with results from multiple
studies (Ertl et al., 2015; Ertl et al., 2016; Karlsson et al., 2018; Takiya et al., 2019; Naderi et al.,
2022; Erfani et al., 2024). Each study reported considerable improvements in efficiency of
protein and energy recoveries when evaluating on a scale of human-edible feed conversion.
However, differences can be seen depending on the equations and methods use to obtain these
values, and there are discrepancies between all aforementioned studies on the best method for

evaluating net food production. Most agree with an efficiency of output/input but disagree with
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calculations to obtain input and/or output values. Nonetheless, all studies illustrate the fact that
dairy cattle can be sustainable producers of milk when by-products are substituted for grain and
other human-edible ingredients within the diet.

Although net food production was substantially improved when cows were fed a high by-
product diet, other factors must also be considered when determining if high by-product diets are
environmentally sustainable. Enteric methane (CH4) produced in the rumen and eructated by
dairy cattle has a global warming potential that is 28x more potent than carbon dioxide (Knapp et
al., 2014; EPA, 2023). Based on equations from the NASEM (2021), we expect that cows fed
BYP produced more methane than cows fed CON (12.9 vs 12.2 g/kg milk). Fermentation of fiber
produces more acetate and hydrogen, and consequently more enteric methane than starch
(Bannink et al., 2008; Janssen 2010), so the increased methane was likely due to the higher NDF
content of the BYP diet (37% vs 30% for CON). A study conducted by Hammond et al. (2016)
supports this idea, as they reported that adding barley straw and soyhulls to increase the NDF
content of diets increased methane emissions when expressed per unit of milk. Increasing the
starch content and lowering the fiber content of diets is recommended as one strategy for the
mitigation of enteric methane production (Beauchemin et al., 2008). Therefore, feeding more
fibrous by-products to increase net food production presents tradeoffs for dairy farmers. Feeding
by-products means less land is needed to produce milk, but it will likely cause an increase in
enteric methane production. These tradeoffs must be considered when deciding how to feed dairy
cattle for a sustainable future.

In this study, we observed that cows fed BYP had decreased concentrations of C4 to C16
FA when compared to CON, but elevated concentrations of C18 FA. The C4 to C14 FA and half

the C16 FA are synthesized de novo in mammary alveolar cells and the C18 FA are blood FA
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used by mammary cells in making milk fat. The FA from blood are called preformed FA and
also include about half the C16 FA; they originate from body tissue mobilization or absorbed
dietary fats (Palmquist et al., 1993). Our finding of decreased de novo FA but more C18 FA with
the BYP diet is similar to results of Naderi et al (2022), who found that increasing concentrations
of by-products within a grain mix at 26%, 60%, and 95% DM decreased the de novo and C16 FA
but increased the C18 FA, and diets also had increased fat with increasing concentration by-
products. Our finding of more preformed FA with inclusion of bakery waste was reported by
Khiaosa-ard, et al. (2022), who observed an increase in preformed FA of C18:1 origin when they
fed 15 and 30% bakery waste in place of cereal grains; however, they observed no significant
change in de novo FA synthesis. It is possible a shift in FA composition was observed in cows
fed BYP, where more preformed FA (especially of C18 origin) were being allocated towards the
milk rather than FA formed de novo in the mammary gland. In our study, the fat content of our
diets was similar (4.0% for CON and 4.6% for BYP), and the slightly higher fat in BYP seems
insufficient to cause the elevated concentration of preformed FA in cows fed BYP. However, the
BYP diet also had less starch than CON (20 vs 30 %) and resulted in less BW gain (0.07 kg/d vs.
0.17 kg/d for CON). We suspect that the combination of less starch, less energy, and more fat in
the BYP diet led to less storage of nutrients in adipose tissue and more longer chain FA directed
towards milk production. Because our BYP diet had more fiber, and likely more digestible fiber,
that CON, we expected that it might increase de novo FA synthesis so we cannot explain the
decrease in de novo FA with feeding BYP. Future work should examine fiber digestibility to
better understand effects of this type of high by-product diet on milk fat composition.

In summary, our study found that cows fed BYP had reduced daily milk yield yet

produced milk with a higher concentration of milk fat with the extra fat coming from preformed
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FA. This change in milk production is likely from the reduction of starch content, increase in
fiber content, and slight increase in fat content of the BYP diet, which resulted in slightly less
DMI and likely less glucose available for making lactose. Thus, we did not achieve our goal of
maintaining milk production at the same level when feeding a diet high in leftovers compared to
a conventional Michigan diet, but we were close. Cows fed BYP produced 97% as much energy-
corrected milk as those fed CON, and these were high-producing cows averaging 47.5 kg of
ECM/day. Despite this decline in milk yield when compared to cows fed CON, cows fed BYP
were considerably more efficient in using human-edible nutrients to make milk due to the low
level of human-edible nutrients in their diets. Out study clearly demonstrates that dairy cows can
be part of a sustainable food production system, but shifting towards sustainable feeding may
present tradeoffs such as limitations on milk production. More research should be conducted to
assess the economic and environmental tradeoffs associated with sustainable feeding practices of

dairy cattle.
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Tables

Table 5.1. Comparison of Previous By-product Research Designs.

Study Number Breed Parity Stage of Milk By-products Used & Percent of Study Days
of Cows Lactation Production Diet Design on
Level Trial

Ertl et al., 18 Holstein Mutliparous (n =13) | 108 +90 | 27.5+5.1kg/d | Corn middlings, beet pulp, rapeseed | Crossover 14
2015 and primiparous (n DIM cake, soy cake, molasses (50% of weeks

=5) diet)

Ertl et al., 20 Holstein Mutliparous (n =13) | 117 £ 113 | 26.2+6.0 kg/d | Wheat bran and beet pulp (25% of Crossover 14
2016 and primiparous (n DIM diet) weeks

= 7)

Karlsson 24 Swedish Mutliparous (n =12) | 85%13 38.6 £ 8.5 kg/d Beet pulp, rapeseed meal, dried Crossover 12
etal., Holstein (n = and primiparous (n DIM distiller’s grain, wheat bran (45%,) weeks
2018 8) and Swedish =12)

Red (n = 16)

Takiya et 12 Holstein Multiparous (n=6) | 154+20 | 42.6 +5.4 kg/d Corn gluten feed, wheat straw, Crossover 40

al., 2019 and primiparous (n DIM wheat middlings, hominy feed, days

=6) molasses, porcine blood meal, post-
extraction algae residue (95% of
diet)

Naderi et 12 Holstein Multiparous 112+8 48 +2.3kg/d | Corn gluten meal, cotton seed, corn | 3x3 Latin 12

al., 2022 DIM bran, corn germ meal, corn grain square weeks

screens, rice bran, barley malt
sprouts, blood meal (26%, 65%,
and 95% of diet)
Erfani et 12 Holstein Multiparous 116 £12 | 42.7+5.1 kg/d Diet 1: rice bran, corn germ meal, 3x3 Latin 12
al., 2024 DIM wheat bran, barley sprout, broken square weeks
corn (51% of diet)
Diet 2: beet pulp, dried citrus pulp,
canola meal, molasses (51% of
diet)

Current 31 Holstein Multiparous 90 + 23 50.1 + 8.5 kg/d Wheat straw, bakery waste, wet Crossover 8

Study DIM beet pulp, corn gluten feed, whole weeks

cottonseeds (~70% of diet)
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Table 5.2. Comparison of Previous By-product Research Results.

Study Milk Yield (kg/d) ECM Yield DMI Milk Fat Net Food Net Food Production,
(kg/d) (kg/d) (%, unless otherwise Production, Protein
noted) Energy
Ertletal.,, | CON: 26 CON: 26.9 CON: 21.2 CON: 4.38 CON: 1.39 CON: 1.60
2015 BP: 27.8 BP: 27.7 BP: 21.1 BP: 4.27 BP: 5.55 BP: 4.27
P=0.35 P =0.58 P=0.83 P=0.43 P<0.01 P<0.01
Ertletal., | N/A CON: 225 CON: 18.1 CON: 4.29 CON: 1.08 CON: 1.53
2016 WBBP: 22.7 WBBP: 18.5 WBBP: 4.23 WBBP: 7.29 WBBP: 8.05
P=0.79 P=0.49 P=0.74 P<0.01 P<0.01
Karlsson | CON: 32.1 CON: 33.1 CON: 22.9 CON: 4.27° CON: 0.54° CON: 0.73°
etal., SBP-DDGS: 30.8 SBP-DDGS: 32.4 SBP-DDGS: 22.4 SBP-DDGS: 4.572 SBP-DDGS: 1.622 SBP-DDGS: 2.56?
2018 SBP-RSM: 32.0 SBP-RSM: 33.7 SBP-RSM: 22.7 SBP-RSM: 4.472 SBP-RSM: 1.67¢2 SBP-RSM: 2.632
SBP-RSM-DDGS: | SBP-RSM-DDGS: | SBP-RSM-DDGS: SBP-RSM-DDGS: SBP-RSM-DDGS: SBP-RSM-DDGS:
31.9 33.3 23.5 4.46% 1.662 2.682
P=0.06 P=0.17 P=0.20 P=0.03 P<0.01 P<0.01
Takiyaet | CON: 42.3 N/A CON: 29.7 CON: 1.58 kg/d CON: 0.94 CON: 0.82
al., 2019 | ECO: 38.7 ECO: 29.3 ECO: 1.33 kg/d ECO: 7.33 ECO: 19.7
P=0.04 P=0.94 P<0.01 P<0.01 P<0.01
Naderi et | BP26: 43.1 BP26: 39.4 BP26: 21.8 BP26: 2.95 BP26: 2.27 BP26: 1.06
al., 2022 | BP60: 43.7 BP60: 40.3 BP60: 22.2 BP60: 2.99 BP60: 3.62 BP60: 1.66
BP95: 43.9 BP95: 41.2 BP95:22.2 BP95: 3.13 BP95: 9.22 BP95: 4.14
P=0.37 P =0.05 P=0.37 P<0.01 P<0.01 P<0.01
Erfani et | CON: 37.72 CON: 35.0% CON: 27.72 CON: 3.01° CON: 0.61° CON: 0.32b
al., 2024 | CG-BY: 35.7° CG-BY: 34.3" CG-BY: 25.4° CG-BY: 3.30° CG-BY: 2.51° CG-BY:1.19?
S-BY-CM: 38.0? S-BY-CM: 36.22 S-BY-CM: 28.3? S-BY-CM: 3.23? S-BY-CM: 2.772 S-BY-CM: 1.172
P<0.01 P=0.01 P <0.01 P<0.01 P<0.01 P<0.01
Current CON: 49.1 CON: 48.9 CON: 30.9 CON: 3.55 CON: 0.54 CON: 0.72
Study BYP: 46.9 BYP: 47.5 BYP: 30.1 BYP: 3.68 BYP: 1.71 BYP: 2.02
P <0.01 P <0.01 P <0.01 P <0.01 P <0.01 P <0.01
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CHAPTER 6: OVERALL CONCLUSIONS

By-products are a common feed for dairy cattle because of their nutritional benefits and
low costs. Utilizing such feeds at higher levels in diets can also improve the sustainability of
milk production and provide alternate ingredients to decrease the competition for resources with
humans. Few studies have investigated the impact of including by-products at greater than half
of total DM for diets of peak lactation dairy cattle with a specific emphasis on net food
production. The objective of this thesis was to evaluate a diet of approximately 70% by-products
and its effect on milk and net food production. In this study, | examined the effects of feeding a
70% by-product diet containing corn silage, soybean meal, bakery waste, corn gluten feed, wheat
straw, wet beet pulp, and cottonseeds on milk production and net food production.

In our research, challenging dairy cattle by feeding a high by-product diet negatively
impacted milk production, but the decrease was only 4.9%, and the cows fed the high by-product
diet were able to produce an average of 46.9 kg of milk per day. Cows fed BYP also ate less
feed, which could contribute to their decrease in milk yield. Additionally, cows fed BYP gained
less body weight per day. The BYP diet also decreased milk protein and lactose yields and
concentrations but increased milk fat concentration, with no impact on milk fat yield. These
production results are most similar to a study conducted by Erfani et al. (2024), where their
cereal-grain based by-product diet decreased milk yields, milk protein and lactose
concentrations, and DMI but increased milk fat concentration.

Feeding the BYP diet altered milk FA composition with more C18 and less C4 to C16
FA, indicating that cows fed BYP were synthesizing less FA within the mammary gland and

using more preformed FA from blood to make milk fat. These results align with research
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conducted by Naderi et al. (2022), who found that increasing the amount of by-products linearly
increased preformed FA and decreased de novo FA.

Results for net food production were calculated using Atwater energy values in an effort
to put data on a human nutrition scale, as dairy cows produce milk for human consumption. Our
research also showed that feeding by-products significantly increased net food production for
humans when considered on a human-edible nutrient basis. Our results align with current
literature that suggest that feeding by-products can increase net food production by decreasing
the feed inputs that humans could consume directly, thus increasing the ratio of human-edible
nutrient outputs per human-edible nutrient input (Ertl et al., 2015; Ertl et al., 2016; Karlsson et
al., 2018; Takiya et al., 2019; Naderi et al., 2022; Erfani et al., 2024). These findings
demonstrate the capability of dairy cattle to efficiently convert agricultural waste products into
nutritious milk that can sustainably feed a growing human population.

In conclusion, whereas the most effective by-product inclusion level will depend on the
unique by-products and base feeds available in each situation, our results indicate that feeding a
diet composed of approximately 70% by-products along with 25% corn silage doubles overall
net food production for humans while decreasing milk production only 5% in high producing
dairy cows. Further research should determine how this type of diet alters greenhouse gas

production, and especially methane production.
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APPENDIX: DIGESTIBILITY

Table A.1. Effect of BYP diet on nutrient digestibility.

Treatment! P-Values

SEM CON vs
Variable CON BYP BYP
DMI (kg) 30.9 30.1 0.473 <0.01
NDF Digestibility (%) 45.3 45.9 0.92 0.68
Starch Digestibility (%) 99.4 99.1 0.11 0.12
CP Digestibility (%) 715 64.8 0.82 <0.01
Fat Digestibility (%) 77.5 66.6 1.64 <0.01

! Treatments were 1) control (CON); 2) by-product diet (BYP)

Apparent total tract digestibility was determined for the study. Samples of all feed ingredients
and orts from each cow were collected daily for 5 d at the end of period 2 in each study. Samples
of feed ingredients were composited for the 5 d, and orts were composited by cow for the 5 d.
Feces were collected from each cow through palpation of the rectum or during defecation every
15 h over the same 5 d, resulting in 8 samples/cow. Feces were stored at -20°C until they were
dried and composited on an equal DM basis. Diet ingredients, orts, and feces were dried at 55°C
for 72 h in a forced-air oven to obtain DM. Dried samples were then ground with a Wiley mill
(6-mm screen; Arthur H. Thomas, Philadelphia, PA). All samples were analyzed by Cumberland
Valley Analytical Services (Waynesboro, PA) for CP (method 990.03; AOAC, 2000), starch
(Hall, 2009), and fat (method 2003.05; AOAC, 2006). NDF and indigestible NDF were
determined according to Van Soest et al. (1991) modified to use Whatman 934-AH glass
microfiber filters with 1.5-um particle retention (Cytiva, Marlborough, MA). Indigestible NDF,
estimated as NDF residue after 240 h in vitro fermentation, was used as an internal marker to
predict fecal output (Cochran et al., 1986).

Results showed that there was no significant difference in NDF or starch digestibility between

treatments. However, cows fed BYP experienced decreased CP and fat digestibility by 9.4% and
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14.1%, respectively (both P < 0.01). Results on NDF and starch digestibility do not agree with
literature investigating effects of by-product diets, where NDF digestibility increases and starch
digestibility decreases with by-products (Karlsson et al., 2018; Erfani et al., 2024).

Research has shown that microbial populations that aid in digesting protein in the rumen also
need an adequate supply of carbohydrates to sustain growth (Agle et al., 2010; Brandao and
Faciola, 2019). Therefore, we could assume that the lower starch content of BYP negatively
impacted CP digestibility, as less energy was available to support microbial growth in the rumen.
Additionally, it has been documented that feeds high in fat can have detrimental effects on rumen
microbial populations (Palmquist et al., 2005; Maia et al., 2007; Lock and de Souza, 2016).
Perhaps substituting corn grain for bakery waste, a feed that is high in fat, could have had a
negative effect on bacteria populations within the rumen as well. A high fat feed coupled with
lower starch within the treatment diet could have been harmful to ruminal microbes, negatively
impacting protein digestion.

It is also possible that there was not an adequate amount of physically effective fiber in the
BYP diet to slow down passage rate in the rumen. Although we did not measure fecal
consistency, we observed that cows on the BYP diet had loose and bubbly feces when compared
to cows fed CON. Thus, we suggest that some of the by-product fiber was moving quickly past
the rumen and being digested in the hind gut. Therefore, this could have had additional negative
effects on protein and fat digestion.

Decreased CP digestibility in cows fed BYP could present additional environmental
challenges. When ruminal ammonia nitrogen is not utilized by rumen microbes for protein
synthesis, it is excreted from the animal as urine (Tamminga, 1992). Ammonia in animal

excrements have been noted to be a danger to the environment due to their contribution to
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eutrophication, the excessive richness of nutrients in bodies of water that contributes to a lack of
oxygen and marine animal death, and soil acidification (EPA, 2004). Decreased CP digestibility
has been noted in other studies using higher proportions of by-products in diets (Karlsson et al.,

2018; Erfani et al., 2024). This poses yet another environmental tradeoff associated with feeding
dairy cattle a sustainably sourced diet and continues the conversation of whether or not such

diets have a place in the future of sustainable dairy cattle production.
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