ABSTRACT
COX-O’NEILL, JORDAN LEIGH. Evaluation of Integrated Crop-Livestock Systems on Cover
Crop Forage Performance, Beef Steer Performance, Soil Characteristics, and Subsequent Corn
Grain Yield in the Southeastern U.S. (Under the direction of Drs. Carrie L. Pickworth and Joan H.
Eisemann).
Initiating an integrated crop-livestock system by grazing cover crop forages that were originally
planted for their agronomic benefits on cash-crop-vacant fields during the winter could help
improve land resource efficiency. A multifaceted evaluation of the forage, animal, soil, corn (Zea
mays L.), and economics associated with an integrated crop-livestock system is critical to
understand how all the components interact with each other and perform as a unit. Chapter 2
addresses the forage biomass and nutritive value and associated grazing steer performance utilizing
either cereal rye (Secale cereale) monoculture (RYE) or a targeted 60% cereal rye and 40% turnip
(Brassica rapa L.) mixture (MIX). Forages were planted at three locations in eastern North
Carolina for two consecutive years following fall corn grain harvest and grazed by steers for 28 to
77 d depending on forage biomass availability at each location with a stocking rate of 0.6 ha/steer.
Total forage biomass was greater (P<0.05) for MIX than RYE at any location in yr 2. Across both
years and locations RYE had greater (P<0.01) crude protein, neutral detergent fiber, and acid
detergent fiber, but less (P<0.01) non-fiber carbohydrate than MIX. Grazing steer performance did
not differ (P>0.10) between RYE or MIX. Chapters 3 and 4 address the impacts of no-grazing
(No-GRAZE) or grazing (GRAZE) both forage treatments (RYE and MIX) on soil characteristics
and subsequent corn grain yield (Chapter 3) as well as overall systems economic outcome (Chapter
4). In Chapter 3, soil samples were collected in March immediately after grazing termination and
corn hand-harvest was collected prior to planting cover crops from both GRAZE and No-GRAZE
areas of each forage treatment. Soil bulk density, soil test biological activity, and soil nitrogen
mineralization were generally not different (P>0.10). Corn grain yield did not differ (P=0.54)

between forage and grazing treatments in yr 1 but tended to be greater (P=0.08) for GRAZE than
No-GRAZE at location 1 in yr 2. Additionally, at location 3 the MIX*GRAZE had greater
(P≤0.03) corn yield than MIX*No-GRAZE, but there were no other differences among treatments.
In Chapter 4, corn, cover crop, and cattle cost were assigned to the forage and grazing treatment
combinations and corn and cattle revenues were based on a 10 yr average U.S. price at $0.17/kg
and $1.83/kg for corn and cattle, respectively. There was a tendency (P=0.06) for overall economic
outcome to be greater in the entire system for MIX than RYE and greater (P=0.10) for GRAZE
than No-GRAZE in yr 2 of the study. Also, in yr 2 at Loc 3 the MIX*GRAZE had less (P<0.05)
net loss than RYE*GRAZE, but there were no other differences among treatments. Collectively,
implementing an integrated crop-livestock system by grazing either RYE or MIX has the potential
to achieve adequate gains for growing cattle without causing any detrimental effects to soil health,
subsequent corn yield, and economical net return. Finally, Chapter 5 addresses the influence of
varying proportions of cereal rye or turnip dietary treatments 0R:100T, 40R:60T, 60R:40T, and
100R:0T on apparent dry matter (DM) digestibility, methane, and volatile fatty acid (VFA)
production in an in vitro batch fermentation system. Apparent DM digestibility was not different
(P=0.40) among treatments. Methane concentration decreased with inclusion of turnip (P<0.01).
Total VFA production and acetate to propionate ratio were not different (P≥0.12) among
treatments. Propionate and isoacids increased with inclusion of rye (P<0.01), but butyrate
decreased with inclusion of rye (P<0.01). Results indicate that all combinations of these forages
are suitable for grazing by ruminants due to no differences in digestibility or total VFA production
and grazing of turnip is likely to reduce ruminant methane contribution to greenhouse gas
emissions.
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INTRODUCTION

Cover crops have increased in popularity over the last few years (SARE/CTIC, 2017).
The use of cover crops is primarily implemented for agronomic benefits such as, improved soil
conservation, soil structure, weed control, and nutrient cycling (Franzluebbers, 2007). However,
the crop is often sprayed with a burn down chemical and plowed into the soil. Potentially
additional use could be made of the cover crop forage by grazing it and yet continue to provide
the intended agronomic benefits.
In the Southeastern United States (U.S.) there is plenty of opportunity to plant and
potentially graze cover crop forages on crop land during the winter. There are approximately 2.5
million hectares (ha) of corn silage or corn (Zea mays L.) grain harvested each year
(USDA/NASS, 2018), which is potentially available for implementing an integrated croplivestock system. A common question producers have is, “what cool-season annual forage is best
to plant for improved agronomic benefits and also improved calf gains?” Cool-season grasses
such as cereal rye (Secale cereale) are most commonly used by both crop and livestock
producers during the winter (Edmisten et al., 1998b; SARE, 2012). Could the addition of a
brassica, such as turnips (Brassica rapa subsp. rapa), potentially break up the soil to support
increased water infiltration, increased organic matter, and mitigate potential compaction from
calves grazing the cover crop forage (SARE/CTIC, 2017)? There are also potential animal gain
benefits for stocker calves grazing nutrient dense brassicas as compared to sole diets of grass
forages (Yun et al., 1999). Currently, there are no solid recommendations on the ideal coolseason grass to brassica ratio for cattle consumption and soil health benefits. Labor and cost
involved with planting and managing cover crops are perceived as major challenges for
producers to justify implementing their use (Drewnoski et al., 2015). Grazing management may
1

also be a novel experience for many of these producers, so training is needed. However, grazing
is one way to offset the costs of planting cover crops while still potentially gaining conservation
benefits (Franzluebbers, 2007).
Implementing an integrated crop-livestock system is often associated with improved net
return and stability when faced with risk as compared to a specialized solely crop or livestock
enterprise (Tobin et al., 2020). Unfortunately, the entire system is very complex and there are
some knowledge, managerial, social acceptance, and partnership hurdles to address before
producers can successfully operate an integrated crop-livestock system (Garrett et al., 2017).
However, if managed properly integrated crop-livestock systems have the opportunity to
sustainably intensify food production while benefiting soil, environment, and profitability
(Franzluebbers, 2007).
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CHAPTER 1: Literature Review
1.1 Southeastern United States Agricultural Land Use
The Southeastern region of the United States (U.S.) has some of the most diverse and
productive agriculture in North America. There are ample amounts of precipitation (102 – 152
cm per year), and a long frost-free growing season which provide for a great agronomic
opportunity. Agriculture in the Southeast Coastal Plains region has evolved over the years
because in the early 1900s the potential productive land was largely forest (28.5 million ha) with
cropland and pasture estimated at approximately 12.5 million ha (Anderson, 1956). Anderson
(1956) also mentioned that the U.S. Soil Conservation Service approved 810 thousand ha to be
drained of its back-logged woodlands and improved to either pasture or cropland in the 1940s.
The Southeastern U.S. agriculture region is typically made up of Arkansas, Alabama, Florida,
Georgia, Kentucky, Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, and
Virginia (USDA NRCS, 2019). In general, approximately 42.5 million ha or 33% of the total
land available in the Southeastern states is used for agriculture production (USDA ERS, 2017).
At the present time, approximately 20 million ha are in cropland while pastureland makes up
approximately 9.2 million ha (USDA ERS, 2017). Historically corn (Zea mays L.) has been the
most widely planted and abundant crop grown in the Southeast followed by cotton (Gossypium
hirsutum), tobacco (Nicotiana tabacum), and peanuts (Arachis hypogaea) (Anderson, 1956). The
amount of land contributing to typical commercial crop products harvested in the summer and
fall the Southeast region include, corn grain (2.7 million ha), cotton (2 million ha), peanuts (485
thousand ha), corn silage (162 thousand ha), and tobacco (89 thousand ha; USDA NASS, 2019).
The Southeast region also boasts a large confined commercial livestock industry with
approximately 11 million hogs, and North Carolina alone ranks second in hog production
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nationally with approximately 9.4 million hogs. The poultry industry is also abundant in the
Southeastern states with approximately 86.5 million birds (broilers and turkeys), and 7 and 4 of
the Southeastern states rank top 10 in U.S. broiler and turkey production, respectively (USDA
ERS, 2018).
There is an opportunity to integrate crop production, confined commercial livestock
products, and production of grazable forage to improve sustainability of agriculture in the
Southeast. All commercial livestock producers must develop and implement a waste
management plan involving implementation of wastewater or litter onto a forage grass or crop
throughout the year (U.S. EPA, 2017). One of the main responsibilities of commercial livestock
producers is the management of waste produced by livestock which are either stored in lagoons
or in dry piles covered by tarps. This waste, which has abundant nitrogen and phosphorus
nutrients, must be managed in such a way that it does not contaminate water ways including
ditches, creeks, rivers, and lakes (U.S. EPA, 2017). The forages or crops benefit from the
elevated levels of nitrogen, phosphorus, and other nutrients found in the waste as a form of
fertilizer. A three species crop rotation of winter wheat (Triticum aestivum L.), soybeans
(Glycine max), and corn is common for crop land incorporated in a waste management plan.
Another common strategy for applying confined commercial livestock waste is on pasture or
hayland.
In the Southeast U.S., it is estimated that 12.5 million ha or a little under one-third of the
agriculture land contributes to forage, grasslands, and grazing lands (USDA NASS, 2019).
Sanderson et al. (2012) indicated that two-thirds of the agriculture land in the entire U.S. was
composed of forage, grasslands, and grazing lands. Some view these lands as “the cornerstone of
all agriculture” (Wedin and Fales, 2009). This can definitely be the case for land in the
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Southeastern states associated with a wastewater plan. As essential as these lands are to the
Southeastern U.S., they are planted with often perennial warm-season forages that primarily
grow during the hot summers and quickly go dormant in the winter. This reality is especially
prevalent for the coastal lying areas that lack presence of tall fescue (Festuca arundinacea) for
grazing in the winter and spring. Approximately 4 million ha of the forage land is used strictly
for hay production (USDA NASS, 2019), leaving only 9 million ha remaining to graze the
approximately 7 million cow-calf pairs (USDA NASS, 2019). This provides roughly 1.2 ha per
cow-calf pair which is achievable to sustain cattle in the moist, warm region of the Southeast, but
requires diligent forage and cattle management (Hoveland, 1986), and adequate preparation for
winter feeding, drought (Di Liberto, 2019), flood (Dixon and Robertson, 2018), or pest damage
(Adkins and Riley, 2012). Unfortunately, in the Southeast these crippling occurrences happen
regularly.
1.2 Southeastern U.S. Beef Cattle Industry
Thomas (1986) praised cattle saying that “no other factory can produce so much from so
little, except other ruminants.” Ruminants are harvesters of forage, which has little value for
humans. Forages make up approximately 80-85% of all the cattle feed in the U.S. (Byerly, 1975;
McAllister et al., 2020). A large portion of this forage comes from land that is not suitable for
other uses such as crops or housing/business development. Cattle can harvest the forage on these
lands, which is inedible, indigestible, and undesirable to man, and convert it into a high-quality
protein food for humans (Thomas, 1986).
Cattle have been a staple in the Southeastern U.S. ever since colonists began settling the
new world. The three original areas of cattle herding tradition, that significantly contributed to
the practices we then and now use with cattle in the Southeast U.S., include: the Iberian
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Peninsula (Spain and Portugal: 1493), the British Highlands (Scotland and Ireland: 1611), and
West Africa (Gambia: 1670) (Thomas, 1986; Jordan, 1993; Carlson, 2001). It was the settlers
from these areas that originated the “open-range” management strategy in the Southeast
(Carlson, 2001). The ‘open-range’ term referred to moderately caring for wild cattle with no
fence barriers or breeding management. This management style led to the need of branding
methods to mark ownership of the wild cattle. Quickly the Carolinas became the main source of
large-scale Anglo-American cattle production in the early- to mid- 1700s, raising approximately
100,000 head and butchering 12,000 cattle per year (Jordan, 1993). Beef was barreled and
shipped to the West Indies slave plantations as a major export resource (Carlson, 2001). The
British-African cattle raising culture essentially let the cattle roam free but used salt as bait to
keep them local and improve the producer’s ability to gather them. The Carolina cattle ranchers
were also the North American originators of using dogs and bullwhips to gather cattle when it
was time to select animals for slaughter (Jordan, 1993). Cattle ranching in the Southeastern states
maintained its dominance until the ending of the American Revolution (1783) when there were
greater occurrences of overgrazing and cattle diseases, such as distemper, plagued the animals
(Carlson, 2001). As cattle began to move west, it was the Carolina Cattle culture that influenced
most of the open-range and cattle herding styles in Texas. A Texas cattleman by the name of
Colonel Myers unknowingly helped revive and stabilize Southeastern U.S. cattle production
when he began driving and selling cattle to the Mormon elder Heber Kimball in Utah for three
years in the 1870s. Unbeknownst to Col. Myer, Heber Kimball and the Mormon civilians were
not slaughtering the cattle for consumption in Utah, but actually shipping them east by railway
for increased breeding and slaughter to compete in the Eastern U.S. markets (Carlson, 2001).
This caused the demand for Texas cattle to decrease. Despite the numerous challenges for the
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Southeast cattle industry, livestock was still regarded as more valuable than crops before the
Civil War (1860s). Agriculture experts in the South shifted their focus away from cattle
production to focus on improving cotton production in the mid-1800s (Jordan, 1993). Presently
in the Southeast, crop farming or confinement livestock operations are the primary focus, with
cattle as a secondary resource (Anderson, 1956; McAllister, 2020).
Cattle production is still a common and widespread commodity in the Southeast, even
though it is not the main industry or commodity. Today the beef industry is lumped into three
primary sectors: cow/calf, growing cattle, and cattle finishing (McKinnon and Snodgrass, 2009).
These sectors work together to produce a live beef animal yearly, in order to provide high-quality
beef to the consumer. Geographical distribution of these sectors is heavily influenced by many
factors including available agricultural land, forage availability, cereal grain production,
environmental conditions, human population density, and lifestyle traditions (Herring, 2014;
Asem-Hiablie et al., 2018).
1.2.1 Cow-calf
The seedstock or purebred sector is typically a cow-calf operation that helps set the cattle
type and direction for the industry in the upcoming years (McKinnon and Snodgrass, 2009).
They are the primary source of bulls and new genetics and sometimes additional marketing
services for the commercial cow-calf sector. Adkins and Riley (2012) provide some of the few
figures reporting seedstock numbers in the Southeast at 61% of beef producers responding to
their survey of 194 beef producers in the states of WV, VA, KY, NC, TN, AR, LA, MS, AL,
GA, SC, and FL. They also reported that 54% of the seedstock respondents had herds of less than
100 head, indicating that they are more than likely a multiplier purebred operation, using
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genetics from the elite breeders to multiply and supply genetics to local commercial cow-calf
producers.
The commercial cow-calf operation on the other hand is the largest sector of the beef
industry, maintaining breeding females and bulls to produce an annual crop of feeder calves
(McKinnon and Snodgrass, 2009). Some heifers can be retained as replacements, while steers
and the remainder of heifers are destined to be finished and harvested. Cow-calf operations are
located throughout the U.S. and ranked first in U.S. agriculture commodity sales in 2007.
Approximately 32% of the beef cow-calf farms are located in the Southeast (McBride and
Mathews, 2011). This is primarily due to the Southeast’s mild climate, abundant precipitation,
and ample forage availability, resulting in a longer grazing season and reduced need for
supplemental feed. Additionally, 81% of Southeast producers considered themselves cow-calf
only, meaning they retained no ownership of growing or finishing cattle (Adkins and Riley,
2012). By 2017 that portion was substantially less with 58% of Southeast producers considering
themselves as only cow-calf producers according to Asem-Hiablie et al. (2018). Only 24% of the
U.S. beef cows can be found in the Southeast, with the average of 40 – 50 cows per farm
(McBride and Mathews, 2011; Adkins and Riley, 2012; Asem-Hiablie et al., 2018).
According to McBride and Mathews (2011) economies of scale in beef cow-calf
production suggest that Southeast farms have an incentive to increase herd size. However, due to
limited land available, producers having off-farm occupations (40% in 2008; McBride and
Mathews, 2011 and 68% in 2010; Adkins and Riley, 2012), and only 25% of their total income
coming from the beef operation (McBride and Mathews, 2011; Adkins and Riley, 2012),
Southeast cattle producers have been reluctant to expand their operations. Limited time available
and reduced priority leads to negligent management strategies as well, which was indicated
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through reports of 60% of Southeast producers having a year-round calving season and 70% of
them selling calves immediately after weaning (McBride and Mathews, 2011). These practices
may contribute to why calves from the Southeast average the lowest weaning weight of 222
kilograms (kg) of any other region despite similar weaning age (206 d). Many of these
management strategies result in inefficiency and reduced profitability, which is why it is not
surprising that the Southeast producers have the lowest net returns for cow-calf operations
compared to other regions (McBride and Mathews, 2011). On the bright side, Southeast
producers did lead the grazing efficient practice of rotational grazing pastures, which is a critical
management strategy and easier to accomplish with the smaller pasture sizes and rapid forage
growth in the Southeast as compared to the more arid Midwest and Western U.S. forage
production and grazing management (McBride and Mathews, 2011).
1.2.2 Growing Cattle
Hoveland (1986) stated that the growing sector (backgrounding or stocker) of the beef
industry is where the greatest opportunity could be had for improving profitability in southeast
beef production, by grazing or feeding weaned calves an abundant high-quality, annual forage or
perennial grass. Generally, these forages are seasonally grazed which more specifically defines
the stocker segment, but harvested forages are also utilized in full and semi-confinement systems
typically referring to the backgrounding operations. The stocker or backgrounding programs
have been described as the most variable of the three sectors of cattle production (Peel, 2003).
Due to the various types of growing cattle systems, it is difficult to define what it is, and
what type of cattle pertain to this stage. There is no set calf age, weight, frame size, breed,
geographical region, environment, or forage source that represents the majority of the growing
cattle industry. Yet, three common characteristics of growing systems were identified by Peel
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(2003) in a review of beef cattle growing programs: 1) Objectives of calf health and growth, 2)
Dependance on forage-based feed sources, and 3) Desire to remain independently stable
financially (Peel, 2003). Producers, whether as a cow-calf producer retaining calves to grow or a
producer buying and selling young calves, manage feeder calves through a very stressful
adjustment period in their life of weaning, shipping, and diet changes (McKinnon and Snodgrass,
2009). Growing calves are typically vulnerable to respiratory diseases, such as bovine respiratory
disease (BRD). Thomas (1986) explained how it is critical to at least precondition calves, or
prepare them to withstand the changes and stress by implementing the following practices:
backgrounding calves for at least 30-60 days after weaning, providing them an ample amount of
high-quality feed that they are familiar with, castrating and dehorning calves, familiarizing them
with bunks and troughs, vaccinating and deworming them, ensuring they have an identification,
and if possible grouping similar cattle together (size, weight, sex, breed, etc.) before sending
them to a feedlot for finishing. The growth component of calves in these systems refers to frame
and muscle growth, instead of fattening (Peel, 2003; Perillat et al., 2003). During stocker
management, calves typically gain 91 to 181 kg of weight over 3 to 6 months (Johnson et al.,
1989; Peel, 2003). In many cases the feeder cattle growing phase is just a portion of what the
producer is typically involved in, with many in the Southeast also managing a cow-calf operation
(Adkins and Riley, 2012). There are many factors that affect the economic viability of differing
growing systems including location, forage availability, feed prices, market, and cattle weight.
Thus, it is important for each producer to evaluate their particular circumstance before making
backgrounding or stocker management decisions.
With approximately a quarter of the U.S. beef calves being raised in the Southeast, this
offers opportunities to expand outside of just the cow-calf enterprise. Producers can retain feeder
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calves to add additional value or producers wanting to enter the beef industry can purchase
calves at weaning and stocker on abundant forages found in the Southeast (Hoveland, 1986).
Depending on what time of the year calves are weaned and ready to enter a
backgrounding/stocker operation determines which forages can be grazed. The possibilities are
endless in the Southeast because, as previously mentioned, in the cow-calf section, on average
60% of Southeast producers have a year-round calving season (McBride and Mathews, 2011) as
compared to other region in the U.S. where approximately 80% of calves are born in the spring
and weaned in the fall (Peel and Ward, 1994). If weaned in the late-spring, summer, or early-fall
calves could graze on warm-season perennial grasses such as coastal bermudagrass (Cynodon
dactylon), bahiagrass (Paspalum notatum), and most recently there has been a growing interest
in crabgrass (Digitaria sanguinalis L.) for moderate gains of approximately 0.7 kilogram/d
(kg/d) (Hoveland, 1986; Asem-Hiablie et al., 2018). If warm-season legumes such as Alfalfa
(Medicago sativa) or Clover (Trifolium) are added to the mix, calves could gain closer to1.0 kg/d
(Asem-Hiablie et al., 2018). Another option, especially if renovating tall fescue pastures, is to
plant and graze warm-season annuals such as sorghum (Sorghum bicolor), sudangrass (Sorghum
bicolor x), and pearl millet (Pennisetum glaucum) for gains of 0.8 to 1.6 kg/d (Duckett et al.,
2013; Parish et al., 2013). For calves weaned in late-fall, winter, or early-spring there are a few
grazing options. In the Piedmont and Appalachian areas of the Southeast, stockers are typically
grazed on the cool-season perennial tall fescue. Depending on the toxicity level of common tall
fescue or Novel Endophyte tall fescue (Lolium arundinaceum schreb. darbysh), steer calf gains
could range from 0.3 to 0.9 kg/d (Hoveland et al., 1983; Pedersen et al., 1985; Stuedemann et al.,
1985). In the Coastal areas and Piedmont/Appalachian areas cool-season annuals are often
planted on dormant warm season perennial grasslands to extend grazing length into the winter.
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Cool-season annual grasses such as oat (Avena sativa L.), rye (Secale cereale), wheat with the
addition of brassicas like kale (Brassica oleracea var. sabellica), radish (Raphanus sativus), and
turnip have been shown to provide the highest quality forage resulting in greatest steer gains of
0.75 to 2.1 kg/d (Smart and Pruitt, 2006; Riley et al., 2019).
The stockering opportunities are diverse and abundant for producers in the Southeast, but
it is also a high-risk enterprise compared to a cow-calf operation (Hoveland, 1986). It requires a
lot of critical planning, managerial time, and preferably economies of size due to increased
purchasing and selling of cattle, health care, production and grazing management of high-quality
pastures, and strategic supplemental feeding. Since the majority (70%) of Southeast producers
work off-farm jobs, the risk and labor of stockering may contribute to the preference of selling
calves immediately after weaning (McBride and Mathews, 2011). McBride and Mathews (2011)
also reported that only 28% of Southeast cow-calf producers backgrounded their feeder calves
prior to selling. In another survey by Asem-Hiablie et al. (2018) only 3% of eastern U.S.
producers had only stocker cattle. The Asem-Hiablie et al. (2018) and McBride and Mathews
(2011) results both concluded that very few Southeast U.S. beef cow-calf operators retained their
calves after weaning to background/stocker. Definitely the time, resource, and financial
investment is large for maintaining a stocker operation, but if correctly managed the profit
potential is grand (Hoveland, 1986).
1.2.3 Finishing Cattle
The finishing sector is the final phase of the beef industry and refers to the growth toward
maturity and fattening of cattle just prior to harvest at a packing plant facility (McKinnon and
Snodgrass, 2009). Cattle can enter the finishing phase as calf-feds immediately after weaning at
around 6 months of age and as low as 181 kg or after an extensive long-yearling stockering
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period at around 14 months of age and as heavy as 454 kg (Peel, 2003). Proper preconditioning
or growing cattle set up is critical for preparing younger feeder cattle for the housing and diet
changes experienced during the finishing phase, in order for them to maintain their health and
grow efficiently (Thomas, 1986). Most weaned cattle are destined for a feedlot, which is
intensely operated, confined, open pen set-up where a balanced total mixed ration typically high
in concentrates is delivered to the cattle at least twice a day (Thomas, 1986).
The two primary types of finishing cattle systems are feedlots or grass-finishing. It is
commonly known that most feeder calves in the U.S. are sent to mid-western feedlots primarily
concentrated in Nebraska, Texas, Kansas, Iowa, and Colorado where the weather is primarily
dry, the grain and by-products are abundant, and packing plants are relatively close (Johnson et
al., 1989; Herring, 2014). This move of young feeder cattle from cow-calf operations all over the
U.S. to the Midwest as fed cattle, is illustrated in Figure 1.1, showing the abundance of calf
inventory in the orange and cattle on feed inventory in the green (USDA NASS, 2015). Results
from the McBride and Mathews (2011) survey reported that only 2% of calves in the Southeast
were retained on site by the cow-calf owner until harvest. Whereas the Asem-Hiablie et al.
(2018) survey indicated that approximately 20% of cow-calf producers finished cattle. They also
indicated that 37% of the cattle that were finished by Southeast producers were finished through
a grass-finished system where cattle had diets primarily consisting of grazed forage (AsemHiablie et al., 2018). With abundant high-quality forages and a larger growing season, a greater
portion of grass-finished cattle are harvested in the eastern U.S. than other parts of the country
(Hoveland, 1986). Cool-season annuals with good management have shown excellent potential
for finishing cattle. However, it should be known that carcasses are typically leaner, darker in
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color, less marbled, and may contain a more yellowish color in their backfat compared to
carcasses that were finished through the feedlot, high concentrate diet system (Hoveland, 1984).
Regardless of how finishing is accomplished the ultimate goal of the finishing phase is to
feed cattle for low cost of gain for typically 90 to 250 days until they are estimated to be finished
at a weight ranging between 454 and 680 kg and achieve a satisfactory carcass quality and yield
grade (McKinnon and Snodgrass, 2009). The quality grade is based on a combination of the
maturity of the animal and amount of intramuscular fat or marbling at harvest (Holland and
Loveday, 2013). A Grade A or B maturity carcass (9-30 or 31-42 months, respectively) can be
graded as either Prime, Choice, or Select, with Prime being superior with the greatest marbling.
Yield grades on the other hand are reported numerically from 1 to 5 based on a calculation that
considers the hot carcass weight (HCW), amount of external fat, amount of kidney, pelvic, and
heart fat, and the ribeye area to determine the relative amount of lean, edible meat from the
carcass (Holland and Loveday, 2013). Ideal quality and yield grades of finished carcasses are
Prime or Choice and a 1 through 3 yield grade.
Growing phase management such as animal handling, diet type, and average daily gain
(ADG), have been reported to impact subsequent finishing performance and carcass
characteristics (Owens et al., 1995; McCurdy et al., 2010; Lancaster et al., 2014). Due to
compensatory gain following the growing phase, it has been widely understood that lesser
growing phase ADG is associated with increased finishing phase ADG and finishing phase gain
to feed (Reuter and Beck, 2013; Lancaster et al., 2014). Feedlot placement body weight (BW)
has also been shown to have a negative correlation with gain to feed (G:F), with an increase in
BW resulting in an increase in dry matter intake (DMI) without as much increase in gain and
thus less G:F (Reuter and Beck, 2013; Lancaster et al., 2014). Type of diet in the growing phase
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has also been shown to influence finishing phase performance. A study by McCurdy et al. (2010)
indicated that growing steers limit-fed a high-concentrate diet and steers consuming ad libitum a
sorghum silage diet had 20% greater G:F in the feedlot than steers that had grazed winter pasture
during the growing phase, despite all 3 treatments having similar ADG (1.14 kg/d) in the feedlot
and feedlot placement BW (376 kg). Some suggestions for this difference were either greater
starch availability in the two drylot fed growing diets and/or a more sedentary lifestyle for steers
in the drylot as compared to steers having to travel more while grazing winter wheat pastures
during the growing phase (McCurdy et al., 2010). It is also possible that additional stress endured
by the steers grazing wheat pasture due to shipment from pasture to feedlot and adaptation to
pen, bunk, and water could have caused their decrease in G:F (McCurdy et al., 2010). Excess
stress could also cause reduced marbling and quality grade, due to an elevation in catecholamine
hormone thus causing lipolysis (Pethick and Dunshea, 1996; Pethick et al., 2004). Other than this
potential influence on marbling score, it has been reported by most studies that growing
performance has little to no impact on marbling score as long as cattle are harvested at a
common 12th-rib fat thickness (Reuter and Beck, 2013; Lancaster et al., 2014). In regard to
ribeye area and yield grade, feedlot placement BW had the strongest positive relationship (R2 =
0.86) with HCW and ribeye area (Lancaster et al., 2014). Due to the strong influence growing
phase management has on subsequent finishing and carcass performance it is critical to evaluate
different growing phase systems before making recommendations to producers.
1.3 Integrated Crop-Livestock Systems
Within the past century, many agricultural operations have become specialized and made
crop and livestock production highly efficient to meet the increasing food demand of global
population growth (MacDonald and McBride, 2009). However, this specialization of agriculture
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enterprises results in soil and ecosystem degradation and unsustainable resource use (Tilman et
al., 2001). The current state of society and the need for a change in agricultural approaches were
best described by Franzluebbers (2007), “Today, agriculture is faced with challenges and
opportunities, not necessarily unique from the past, but melded with a diverse range of societal
and ecological concerns about how the world and its people can be sustained.” Integrated croplivestock systems could provide an alternative management strategy that would potentially keep
up with the increasing food demands while benefiting the soil, crop and livestock production,
producer’s income, and the environment (Kumar et al., 2019). Even environmental groups, like
the International Panel of Climate Change, have supported and promoted the potential positive
impacts of integrated crop-livestock systems as a resource-efficient and cost-effective agriculture
adaptation strategy to sustainably maintain or increase food production while improving the
environment (IPCC, 2018). With a growing wealth in society and transitions of rural land to
people relatively unknowledgeable about food production, it has never been more critical than
now to reduce the negative impacts of agriculture so that it can function more effectively in the
future (Franzluebbers, 2007).
Integrated crop-livestock systems in simple terms are agricultural systems that manage
crop and livestock production together on a single farm (on-farm mixing) or among farms
(between-farm mixing) so that products from both industries are used to support each other
(Schiere and Kater, 2001; Russelle et al., 2007; Sulc and Franzluebbers, 2014; Kumar et al.,
2019). Some common examples of integrated crop-livestock practices include grazing cash crop
residues (corn, sorghum, cotton, etc.), swath grazing (cereal grains, corn, alfalfa, etc.), grazing
perennial forages in a rotation with cash crops, and grazing annual cover crop forages during a
period of cash crop vacancy (Kumar et al., 2019). These systems offer the ability for the land to
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support crop and forage production, which eventually benefits livestock by providing a feed
source, and in return the residue/fallow and livestock waste provide nutrients back to the
cropland (Franzluebbers et al., 2014). The incorporation of annual cover crops, in particular, help
the soil by reducing erosion, adding nitrogen, enhancing phosphorous flow rate, retaining
nutrients near the land surface that tend to leach from uncovered soil, and providing an excellent
forage feed for ruminants. It has also been emphasized that ruminant livestock should be
considered an important part of the integrated approach, because they not only provide nutrients
such as nitrogen, phosphorous, and potassium back to the soil through their waste and build soil
organic matter (Schiere and Kater, 2001), but they also convert fibrous feedstuffs from crop
residues and forages into high-value meat and milk products (Oltjen and Beckett, 1996). All of
these combined details result in a positive, intricate, and complex symbiotic relationship between
soil, plant, and animal.
1.3.1 History of Integrated Crop-Livestock Systems
Smith (1995) and Halstead (1996) have articulated in their reviews of the emergence of
agriculture that humans have been incorporating crop and livestock production over the last 8 to
10 millennia. Mixed farming is common worldwide, with examples of grazing catch crops also
known as cover crops in Mali and Sahel, Nile Delta, Thailand, India, Europe, Australia, and the
U.S. (Schiere and Kater, 2001). There have been records of American scientists evaluating the
grazing of clover and turnip cover crops occurring in the eighteenth century (Carlson, 2001). By
the 20th century, modern industrialization was occurring with huge technological advances in
plant genetics, machinery, synthetic chemicals, and nutrient balanced total mixed rations which
drastically improved agricultural production, and eventually shifted diverse agriculture
enterprises into specialized sectors (Franzluebbers, 2007). In the 1950s conservation practices
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such as planting, and potentially grazing cover crops were being promoted and financially
assisted by the U.S. Soil Conservation Service in order to improve 80% of 9.3 million ha of
cropland in the Southeastern U.S. (Anderson, 1956). Additionally, in 1950, 14% of cropland was
incorporated into a rotation with pasture. Anderson (1956) mentioned that before more producers
incorporated livestock onto their cropland, they would need to receive more training and
experience to be efficient livestock operators. Within the last two decades, concepts of integrated
crop-livestock systems began re-emerging globally as documented through a series of
international conferences and publications (Schiere and Kater, 2001; Franzluebbers et al., 2014).
Despite integrated crop-livestock system advantages such as reducing risk, spreading labor,
utilizing resources, improving net returns, and having the ability to be resilient to adverse
weather events (Schiere and Kater, 2001; Russelle et al., 2007; Brown, 2018), Southeast
producers are slow to adopt this type of system (Kumar et al., 2019). In an evaluation of the
USDA NASS data from 2002 and 2012 Russell and Bisinger (2015) concluded that there was a
substantial decrease of pastured cropland over this time. Some disadvantages to integrated croplivestock systems include dividing the producers attention, reducing economies of size,
increasing the need to coordinate intricate details (clashing techniques, land use, infrastructure,
balancing production activities, etc.), increase general communication among individuals
involved, learn efficient techniques, and incorporate modernizing ideas and may be preventing
current producers from adopting the systems approach (Schiere and Kater, 2001; Franzluebbers,
2007). Wang et al. (2017) concluded that producers often prioritize short-term benefits and
profits ahead of long-term sustainability. However, increased research indicates that adoption of
integrated crop-livestock systems can be beneficial to producers and agricultural production in
respect to both short- and long-term goals (Kumar et al., 2019).
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1.3.2 Integrated Crop-Livestock Systems in the Southeast U.S.
The opportunity to incorporate the integrated crop-livestock systems into Southeast
agricultural production is abundant. Beef cattle are typically kept on perennial pastures
throughout the year in the Southeast, but few producers can depend on grazing these pastures
alone to supply year-round forage (McBride and Mathews, 2011). According to the USDA’s
National Animal Health Monitoring System, 97% of producers had to feed cows some harvested
forage almost every year (USDA, APHIS, 2010). The opportunity for Southeast producers to
reduce the need for harvested forages by utilizing late-summer/early-fall harvested cropland may
contribute to achieving year-round grazing. Crop residue or cool-season annuals could be planted
following harvest and grazed by stocker calves or cow-calf pairs with greater nutrient
requirements. Typically, a three species crop rotation of corn, winter wheat, and soybeans is
common on crop land in the Southeast. However, due to low wheat prices (Avg. $0.16 per kg) in
recent years, fewer farms are incorporating wheat into the rotation (USDA NASS, 2019), leaving
opportunity for livestock producers to take advantage of the 6 to 8 month period of vacant land.
There are potentially 2 million ha of bare ground available to be utilized for winter-annuals in the
Southeastern U.S.
Embracing this system takes more than a single-minded approach on just crops or just
cattle, one has to think beyond those confines and understand the details about soil, crop, forage,
livestock, and people, and all the interactions among them to truly master an integrated croplivestock system (Schiere and Kater, 2001). There is a great need for crop, soil, and animal
scientists to conduct more integrated crop-livestock systems studies, within various climate and
soil conditions in order to establish the production, logistical, and environmental limitations, as
well as the multitude of interactions among the various components (Franzluebbers, 2007;
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Russelle et al., 2007). The challenge will be to integrate crop and animal scientists, who
currently work separately and have different experimental requirements in order to conduct
controlled research (Russelle et al., 2007). In order to do so, scientists, extension agents, policy
makers, and agricultural producers must study it in its entirety and not as separate parts in order
to understand the system and the factors that drive farmers and influence their decisions (Donald,
1981; Schiere et al., 1999). This may be the most important principle to achieve increased
production in integrated crop-livestock systems (Schiere and Kater, 2001).
1.4 Grazing Dual Purpose Cover Crops
Cover crops provide a viable short-rotation option for almost any cropping sequence in
the Southeastern U.S. (Franzluebbers, 2007). As described earlier, the Southeast has
approximately 3 million ha of corn harvested each summer/fall, plus the harvest of 2 million ha
of cotton, 485 thousand ha of peanuts, and 162 thousand ha of corn silage according to the 2019
USDA National Agricultural Statistic Service (USDA NASS, 2019). This leaves approximately
5.64 million ha of vacant land available in the Southeast over the fall, winter, and early-spring
for planting annual cool-season forages to act as a cover crop or also be grazed by cattle
(Sustainable Agriculture Research and Education, 2012; Drewnoski et al., 2018). The
implementation of cover crops has increased in popularity over the last few years (SARE/CTIC,
2017), with an estimated doubling of cover crops planted per farm from 2012 (88 ha) to 2017
(183 ha). In 2012 approximately 4.2 million ha of land was planted to cover crop forages in the
U.S and that number grew to 6.2 million ha in 2017 (USDA NASS, 2017b). Cover crops are
typically referred to as annual forages planted on cropland with no intention of being harvested.
When grazing these forages, they are considered dual purpose cover crops; since we are
receiving the agronomic benefit from the cover and a feed source for cattle (Glaze-Corcoran and
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Hashemi, 2018). Glaze-Corcoran and Hashemi (2018) further delineated these grazed forages as
also double-crops since they would be following a corn harvest within the same year, resulting in
two potentially profitable harvests from the same land. The use of cover crops are primarily
implemented to improve soil conservation, soil structure, weed control, and nutrient cycling
(Sulc and Tracy, 2007; Sulc and Franzluebbers, 2014; SARE/CTIC, 2017; Kumar et al., 2019).
Although cover crops are proven to be beneficial, the time and labor for forage establishment,
and cost involved with planting and managing cover crops are perceived as major challenges for
producers to justify implementing their use (Drewnoski et al., 2015; SARE/CTIC, 2017).
Additionally, Drewnoski et al. (2015) stated that grazing management may be a novel and
intimidating experience for many of the producers, therefore educational training would be
needed. Yet, grazing might be one way to offset the costs of planting cover crops while still
potentially gaining the conservation benefits (Franzluebbers, 2007).
The most abundant cover crop research has been on un-grazed forages or green manure
and how they improve soil and crop productivity potential and reduce environmental threats
(Hargrove, 1991; SARE, 2012). More recently there has been a slight increase in the
investigation of the incorporation of livestock grazing cover crops as an integrated crop-livestock
system (Sulc and Franzluebbers, 2014; Kumar et al., 2019). The renewed interest has grown
worldwide for integrated crop-livestock production using annual cool-season forages as cover
crops (Moore et al., 2009; Hilimire, 2011). Increased production of livestock and crops on the
same land in subsequent seasons may help meet the growing global food demands (Hilimire,
2011). Gibson (1987) reported positive subsequent cassava yield results following the grazing of
native legume forages by dairy cows in Thailand. Early experiments have been traced as far back
as the 1940s to help control erosion, nitrogen, and water retention, and increase soil organic
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matter (Crozier et al., 2014). Anderson (1956) reported that 14% of cropland in 1950 was being
used for grazing in the Southeast Coastal Plains region and indicated that the Southeast had some
advantages that would continue to expand a winter cover crop and grazing system. Although
they mentioned grazing was possible, they warned about the potential of grazing to be short
lived, decrease nitrogen in soil, and cause compaction or pugging of the soil (Crozier et al.,
2014).
The increased interest in this research coincided with the introduction of government cost
share opportunities encouraging the planting of cover crops for conservation during the 1940s
(Anderson, 1956). In the 2017 SARE cover crop survey, only 27% of producers indicated
utilizing cost share dollars to help pay for cover crops (SARE/CTIC, 2017). The government
subsidy for planting cover crops currently does not allow grazing of the cover crop (RMA,
2015). Allowing ruminants to graze cover crops could increase the forages value, by achieving
the short-term goals of an immediate increase in income and the long-term goals of sustaining
soil, environment, and a gradual increase in yield benefits (Gardner and Faulkner, 1991). It has
been reported that by grazing livestock on cover crops within an integrated crop-livestock
system, producers could see increased net returns of 20% to their operation just from the
livestock alone (Gardner and Faulkner, 1991; Beck et al., 2013). Clark et al. (2004) stated that
grazing cover crops are an economically viable way to maintain multi-year, low-till cover crops.
A more recent survey conducted in South Dakota indicated that 20% of South Dakota producers
used a cover crop with the incorporation of livestock on crop land in 2016 (Koladay, 2017).
Despite an increased interest in grazing cover crops, adoption is still minimal, when compared to
the overall opportunities available. This lack of adoption is more likely due to behavioral and
lifestyle changes associated with incorporating grazing of cover crops on cropland, instead of
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physical soil, forage, crop, and animal scientific performances and characteristics
(Franzluebbers, 2007). Some challenges were described previously. Gardner and Faulkner went
on further to say that producers were really just reluctant to obtain and manage cattle primarily
due to lack of experience, and they claimed it overlapped with their timing of farming practices.
An evaluation conducted of an average North Dakota farm, concluded that livestock increased
labor by 50%, but only 30% of that increased labor competed directly with farming practices.
Despite the perceived challenges, producers are still considering grazing of cover crop.
1.4.1 Common Cover Crop Forage Species their Forage Yields and Nutritive Value
Time is of the essence, in order to achieve adequate forage biomass for the potential of
grazing the forage over the winter. The earlier fall harvest of corn, cotton, peanuts, or corn silage
the greater the production window to plant and produce approximately 2,000 to 5,000 kilograms
dry matter per hectare (kg DM/ha) of annual cool-season, winter resilient forages (Franzluebbers
and Stuedemann, 2014). The ability to plant cover crops following a variety of early fall
harvested crops provides the Southeast with greater opportunities than the Midwest where only
late wheat, seed corn, or corn silage harvest occur early enough to allow time to produce
adequate cover crop forage for grazing (Drewnoski et al., 2018). The warmer Southeast
temperatures could allow planting of winter hardy forages throughout the entire winter if desired
(Franzluebbers and Stuedemann, 2014), but it is important to keep in mind that forage available
for grazing and the number of grazing days could be severely reduced. Wiedenhoeft and Barton
(1994) also demonstrated in Maine that forages, from later planting dates during colder
temperatures can reach a desired forage yield for adequate grazing but maintain low maturity and
thus higher quality. The Wiedenhoeft and Barton (1994) concept is contrary to the more
commonly understood relationship that as forage biomass increases, the forages nutritive value
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deceases (Sotola, 1937; Cherney and Martin, 1982). The observed phenomenon of maximizing a
reasonable forage yield while still maintaining excellent forage nutritive value, may or may not
hold true in the moderate winter temperatures of the Southeast. Temperatures needed to slow
cool-season annual maturity without winter killing the plant are 2 to 3 ⁰ C (SARE, 2012).
Sometimes these temperatures are reached in the Southeast, but typical winter averages are 7.1 ⁰
C and ranging from -6 ⁰ C to 23 ⁰ C throughout November, December, January, and February
(NOAA National Weather Service, 2019). This is very different from the much colder
temperatures experienced in the upper Midwest where many of these increased forage yields and
constant nutritive value results were reported (Coblentz and Walgenbach, 2010; Villalobos and
Brummer, 2015).
Small grains such as oat, wheat, triticale (Triticosecale rimpaui), and rye are most
commonly used as a cover crop for their relatively rapid growth and extensive root system
(SARE, 2012). Annual cereal rye is a common cover crop and grazing forage planted in the
Southeastern U.S., with well-known and reliable forage biomass and nutritive values for
ruminant animals (Edmisten et al., 1998b; SARE, 2012). The Southeast temperatures are warm
allowing early growth, with a winter cool down to slow maturity (Dubeux et al., 2016). Rye is
hardy enough to resist winter kill, down to -20 ⁰ C, and maintain regrowth (SARE, 2012). There
have been minimal studies in the Southeast evaluating the forage potential of solely rye, but it is
often evaluated in studies as a component of a forage mixture (Edmisten et al., 1998a). Forage
yield in Georgia, of a cereal rye and annual-ryegrass (Lolium multiflorum) mix when sampled in
mid-April, was reported to be on average 5890 kg DM/ha in a 3 year no-till system planted
between the first and third week of November on late-summer/early-fall harvested crop land
(Franzluebbers and Stuedemann, 2014). Likewise, Dubeux et al. (2016) in northern Florida
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described cereal rye as having earlier growth compared to oat or triticale when planted in a mix
with annual ryegrass between October 21 and 24 and measured the first week of January. Forage
yields for the annual ryegrass mixes with cereal rye, oat, and triticale averaged 1005, 935, and
815 kg DM/ha, respectively, over the two years. This was less than values reported by
Franzluebbers and Stuedemann (2014). However, the sampling date was approximately 3 months
sooner and all of the forage was grazed by April, whereas Franzluebbers and Stuedemann (2014)
measured forage biomass from a non-grazed exclusion. Dubeux et al. (2016) also reported the
rye and ryegrass mix to have less in vitro organic matter (OM) digestibility (80%) compared to
the other mixes (85%). They concluded that this was due to the greater maturity of the rye as it
grew more rapidly at first. Bowman et al. (2008) in Arkansas had moderate forage accumulation
for a wheat and rye mix of 1967 kg DM/ha average, over 3 years in a no-till system planted on
the first of September and sampled in March. They also reported the average nutritive value of
the mix sampled in March to be 21.9% crude protein (CP), 49.7% neutral detergent fiber (NDF),
33.0% acid detergent fiber (ADF), and 81.6% true in vitro organic matter digestibility (IVOMD).
Those results were very similar to Dubeux et al. (2016) estimates for digestibility. Lastly, a study
conducted in North Carolina evaluating barley (Hordeum vulgare), oat, rye, and wheat
monocultures concluded that rye stood out from a yield and nutritive value perspective among
the species at the vegetative and boot stages of growth (Edmisten et al., 1998b). They reported an
average forage yield of 4720 kg DM/ha (Edmisten et al., 1998a) and nutritive values of 23.3%
CP, 41.3% NDF, 23.8% ADF, 2.4% Lignin, and 79.1% true in vitro dry matter digestibility
(IVDMD) for monoculture rye planted in mid-August and harvested in early-March over a 3 year
period (Edmisten et al., 1998a; Edmisten et al., 1998b). In the milder winter temperatures of the
Southeast there is potential for small grains such as rye to reach a greater maturity thus resulting
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in even greater amounts of cellulose and lignin corresponding with greater NDF and ADF and a
decrease in digestibility.
Brassicas such as swede (Brassica napobrassica), radish, and turnip have also piqued
producers’ interest more recently for their agronomic benefits, due to their large, deep tap root
(SARE, 2012). Additionally, the inclusion of a nutrient dense brassica like turnip, with greater
digestibility, could provide potential animal gain benefits for ruminants grazing these forages.
Brassicas are more suitable for the warmer temperatures of the Southeast than the small grains
but can still be relatively resilient to winter kill (Koch et al., 2002). Colder temperatures, like
discussed earlier, can also slow maturity of brassica forages (Villalobos and Brummer, 2015),
providing even greater nutritive value to the yield produced in the fall. However, as previously
mentioned and due to the warmer winter temperatures, this may not be the case in the Southeast
(Weidenhoeft and Barton, 1994). Turnips are an excellent potential cool-season forage to add to
a mix, as cattle tend to prefer this brassica over other species (Horadogoda, 2009). Turnips have
proven to provide comparable if not greater biomass than small grains, when planted in August
and sampled in November in Pennsylvania over 3 years, averaging 5567 kg DM/ha (Jung and
Schaffer, 1993). They also further delineated the sampled forage to 4500 kg DM/ha of turnip leaf
and 1167 kg DM/ha of turnip root. It is important to consider turnip root, when estimating forage
biomass available and nutritive value, because it has been evident in past studies that grazing
cattle do consume the root in addition to the leaf (Rook, 1998; Koch et al., 2002). Reid et al.
(1994) had even greater forage yield of 5870 kg DM/ha for the turnip leaf and 3530 kg DM/ha
for root in West Virginia, sampled in October, 90 days after planting. This dramatic increase of
3833 kg DM/ha could have been heavily influenced by the planting of turnip in June (Reid et al.,
1994) as opposed to an August planting (Jung and Schaffer (1993). Thus, providing one month
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longer growing degree days for turnip in the Reid et al., 1994) study. Villalobos and Brummer
(2016) reported a total purple top turnip yield of 4478 kg DM/ha with a CP value of 20.1%, NDF
at 20.0%, and in vitro true DM digestibility at 91.6% when the turnips were planted in midAugust and sampled in mid-October. A similar yield and nutritive value were reported by Koch
et al. (2002) with turnip leaf biomass at 2820 kg DM/ha and 2240 kg DM/ha for the root when
planted the last week of July and sampled the first week of October. They demonstrated that
turnip decreased fiber and increased nutrient digestibility compared to cool-season grasses by
reporting the average nutritive value for turnip leaf sampled in October to be 11.8% CP, 22.6%
NDF, 18.6% ADF, and 83.5% true IVDMD. The greater nutritive value of turnip compared to
annual cool-season grasses really becomes apparent when evaluating the turnip root nutritive
value of 8.4% CP, 18.0% NDF, 12.5% ADF, and 88.5% true IVDMD (Koch et al., 2002). At an
estimated 50:50 turnip leaf to root ratio according to their forage biomass data for leaf and root,
the total nutritive value would be 10.1% CP, 20.3% NDF, 15.6% ADF, and 86.0% IVDMD
(Koch et al, 2002). Turnips have been proven to have a greater digestibility and with this being
known it would be expected that greater inclusion of a brassica such as turnip would improve
calf gains. However, there is also concern that a reduction of fiber in the diet could increase the
passage rate as well as disrupt the rumen environment.
A mix of small grains and brassicas might be most ideal for a yield boost (Helgadόttir et
al., 2018), diversity of mineral nutrient exchange between plants (Brown, 2018), and a better
match to animals’ nutrient requirements for increased gains (NASEM, 2016). There are limited
studies that have evaluated yield and nutritive value of cool-season forage mixes. Forage
nutritive value of turnip and ryegrass, oat, or cereal rye from Sun et al. (2012), Lenz et al. (2019),
and Smart and Pruitt (2006), respectively are summarized in Table 1.1. Although planted
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separately, Sun et al. (2012) compared turnip and perennial ryegrass to each other when planted
at the same time in New Zealand. They reported the following values for turnip and ryegrass
when harvested 6 months after planting, respectively: Dry Matter (DM) 10.1 and 17.6%, CP 13.0
and 15.0%, total ethanol soluble carbohydrate (TESC) 23.8 and 10.6%, NDF 24.0 and 53.6%,
ADF 18.0 and 27.7%, and readily fermentable carbohydrate to structural carbohydrate ratio
(RFC:SC) of 1.88 and 0.23. The TESC lab assay has been a trusted estimate of determining the
water-soluble carbohydrate (WSC) component of forages (Hall et al., 1999). Another study in
central Nebraska evaluated an oat (57%), radish (leaf = 13% and root = 3%), and turnip (leaf =
22% and root = 5%) mix that resulted in an initial forage biomass of 4450 kg DM/ha when
drilled in early-September and sampled in early-November (Cox-O’Neill et al., 2017). In a
companion paper nutritive value for the oat was 17.9% CP, 48.9% NDF, 27.1% ADF, and 79%
IVMOD. Radish and turnip on the other hand had nutritive values for CP at 27.9 and 24.9%,
respectively; NDF at 26.5 and 21.5%, respectively; ADF at 19.9 and 15.2%, respectively; and
true IVOMD at 88.0 and 89.8%, respectively. The low fiber and elevated digestibility were
especially influenced by the turnip root as it had a 18.3% NDF, 12.3% ADF, and 95.5% true
IVOMD (Lenz et al., 2019). Additionally, they reported the turnip to have a TESC content of
15.3% for the leaf and 45.8% for the root, resulting in a total of 21.4% for the entire plant which
was significantly greater than the TESC of oats at 17.1%. Another study in South Dakota
compared yields of a rye and turnip mix forage planted in early August with a seeding rate of 84
kg/ha rye and 5 kg/ha turnip (Smart and Pruitt, 2006). When sampled on November first, yield of
rye was 2228 kg DM/ha and yield of turnip was greater at 5904 kg DM/ha. The following year a
grazing trial was conducted comparing monoculture rye treatments (90 kg/ha seeding rate) and a
rye (45 kg/ha seeding rate) and turnip (2.2 kg/ha seeding rate) mix treatment, planted late-July.
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Although they did not report yield by forage component, they indicated that turnip dominated the
mix pastures. In the grazing study samples collected early-October, reported CP at 18.0%, NDF
and ADF at 40.8 and 21.3%, respectively for cereal rye. In regard to the turnip, they reported
nutritive value of turnip leaf and root to be 23.5 and 13.9% CP, respectively; 14.9 and 13.7%
NDF, respectively; and 13.2 and 11.8% ADF, respectively. As determined by these findings,
brassicas are unique in the fact that they have elevated concentrations of highly fermentable
carbohydrates (Barry, 2013). Potentially, the elevated levels of fiber in small grains, which slow
down rumen passage rate, and protein and WSC in brassicas, which increase rumen digestibility,
complement each other well in ruminant animal diets.
1.4.2 Livestock Grazing Cover Crop Forages
Cool-season annual grasses such as oat, rye, wheat, and the addition of brassicas like
kale, radish, and turnip have been shown to provide the higher quality forage and greater stocker
calf gains than other options such as tall fescue or warm-season perennials and annuals
(Hoveland, 1986; Drewnoski et al., 2018). Livestock gains while grazing small grains have been
extensively studied (Beck et al., 2005, Beck et al., 2007; Beck et al., 2013). Beck et al. (2007)
reported the greatest ADG and gain/hectare of heifers and steers grazing from mid-December to
mid-March was with monoculture wheat (0.56 kg/d and 484 kg/ha), followed by monoculture
cereal rye (0.45 kg/d and 433 kg/ha), and least for monoculture oats (0.42 kg/d and 385 kg/ha).
When ryegrass was added to create a mix, the rye-ryegrass combination had greater ADG (0.58
kg/d) over the winter than oat-ryegrass, triticale-ryegrass, wheat-ryegrass, and monoculture
ryegrass (0.49, 0.32, 0.40 kg/d, and not grazeable, respectively) in year 1. The previously
mentioned daily gains resulted in a significantly greater gain/hectare of 573 kg/ha for the ryeryegrass treatment (Beck et al., 2007). However, in year 2 ADG (0.66 kg/d) and gain per hectare
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(662 kg/ha) were similar among the 5 treatments. Dubeux et al. (2016) observed greater gains in
a study conducted in northern Florida in which ADG was not different between annual-ryegrass
mixes with oat, rye, and triticale averaging 0.88 kg/d in both years of the study. Gain per hectare
was greater for oat-ryegrass mix (103 kg/ha) than rye-ryegrass (72 kg/ha), with triticale-ryegrass
intermediate (99 kg/ha) in year 1. Whereas, none of the forage treatments were different from
each other in year 2 (79 kg/ha; Dubeux et al., 2016). These results agree with an Arkansas study,
utilizing steers grazing a wheat and rye mix forage from November to April with ADG averaging
0.98 kg/d over a 4-year study (Bowman et al., 2008).
On the other hand, grazing brassicas has been more extensively studied with sheep (Reid
et al., 1994; Koch et al., 2002). Koch et al. (2002) observed no difference in ADG when
comparing Columbia-Rambouillet crossbred lambs (37.6 kg) solely grazing turnip or radish from
October 24 to January 15 to lambs (37.4 kg) fed a feedlot diet (35% corn, 35% barley, and 30%
alfalfa hay) (0.14, 0.15, and 0.15 kg/d, respectively). The turnip and radish pastures in the Koch
et al. (2002) study were planted in early-August and initial forage yield, including leaf and root
was 4,063 kg/ha and 4,139 kg/ha, respectively. All lambs remained in their respective treatments
all the way through finishing until slaughter, immediately after a 2-month grazing period.
Additionally, they observed no difference in carcass weight (24.7 kg), YG (1.6), or fat depth
(0.12 cm) among the 3 treatments. Likewise, in a similarly designed study with 7 mo old ewe
lambs (38.2 kg), ADG (0.16 kg/d) was similar between lambs grazing radish or turnip, or lambs
in a feedlot fed a 35% corn, 35% barley, and 30% alfalfa hay diet (Yun et al., 1999). Yun et al.
(1999) also reported similar fat streaking (5.6; 5 = small and 6 = modest) and conformation
scores (10.9; 10-12 = choice) among the three treatments resulting in acceptable yield and
quality grades. The lack of differences in carcass performance between lambs consuming
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brassicas versus a heavy concentrate finishing diet, could be due to the elevated nutrient
digestibility and energy value of brassicas, which is more similar to that of corn.
There have been some inconsistent results and observations of grazing animal
performance utilizing cereal rye grasses alone or in combination with brassicas, despite their
greater apparent DM digestibility (Barry, 2013; Lenz et al., 2019). In a 63-d fall grazing study,
heifers grazing monoculture rye pastures gained greater (0.74 kg/d) compared to a rye-turnip
mixture (0.56 kg/d) that was described to be dominated by turnip (Smart and Pruitt, 2006). Barry
et al. (1981) also reported that yearling cattle had greater gains of 0.38 kg/d when consuming a
grass-clover mixed pasture than a monoculture Kale sward gaining 0.25 kg/d within the first 42 d
of grazing. However, they found that ADG was 17% greater for yearling calves grazing the
turnip pasture over the grass-clover mix from days 42 – 168. Campbell et al. (2011) concluded
that sheep grazing a monoculture turnip sward had greater ADG than sheep grazing a grassclover mixed pasture (0.27 and 0.15 kg/d, respectively). Riley et al. (2019), also reported a
tendency for steers grazing an oat-rapeseed mix containing 73% oat and 27% rapeseed, to gain
more than steers grazing a monoculture oat pasture (1.05 and 0.95 kg/d, respectively). One
possible explanation for the inconsistencies found in performance of animals grazing these
variations of cool-season grasses and brassica monocultures and mixes could be due to the
greater moisture content of brassicas, typically around 85% or greater (Dillard et al., 2018b).
Since increased moisture content could both limit DMI and increase rumen passage rate, thus
reducing digestibility and nutrient absorption. It has also been suggested that there are greater
proportions of WSC or sugars in turnips, specifically when including the root portion. The WSC
could contribute to rapid digestion and a decrease in ruminal pH (Westwood and Mulcock,
2012). This physiological response to consumption of the increased levels of WSC could put
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those grazing animals at risk of experiencing subacute acidosis. Water-soluble carbohydrates,
estimated by using a TESC assay, were greater for turnip roots (45.8%) than either cool-season
oats or turnip leaf at 17.0 and 15.3%, respectively (Lenz et al., 2019). The proposed contributing
factors of decreased ruminal pH along with the fact that most brassica forages are typically
foreign to grazing animals at first, may have contributed to Brunsvig et al. (2017) observing less
BW gain for grazing heifers from d 1 – 21 (3.7 kg), than d 22 – 48 of grazing (26.6 kg). These
authors indicated that adaptation to the forage contributed greatly to animal performance when
grazing brassicas. This was also supported by results from another study in which ADG of lambs
solely grazing turnip was 0.298 kg/d from week 1 to 3 but was 0.343 kg/d when a hay
supplement was provided (Reid et al., 1994). Yet, the following week ADG was greater for
lambs grazing turnip (0.259 kg/d) than for lambs grazing turnip with hay supplement. They
concluded that most likely a grazing behavior adaption period was necessary to optimize gains
when grazing turnip. Varying percentages of cool-season grasses to brassica forages making up
the pastures being grazed, could also cause much variability in the nutrients being provided and
provide possible explanations for animal performance variations.
1.4.3 Fermentation Characteristics of Cover Crop Forages
Evaluating microbial fermentation characteristics such as volatile fatty acids (VFAs) and
methane production could help determine the fermentation efficiency of grazing these various
ratios of the cool-season grasses and forage brassicas. A number of research articles have been
published on ruminal function and digestion of forages fed or grazed by ruminant animals
(Beever et al., 1986; Cherney and Allen, 1995; Buxton and Redfearn, 1997; Klopfenstein et al.,
2001; Bargo et al., 2003; Waghorn and Clark, 2004; Vibart et al., 2010; Brunsvig et al., 2017;
Dillard et al., 2018a; Winichayakul et al., 2019). Three of the most common VFAs produced
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during rumen fermentation are acetate, propionate, and butyrate with the acetate to propionate
(A:P) ratio used to determine the energy metabolism efficiency of the feedstuff being fermented
(Orskov et al., 1986). A lower A:P ratio creates an environment with fewer hydrogens available
for methane production (Moss et al., 2000; Janssen, 2010) due to an increase in propionate. The
increase in propionate in relation to acetate results in increased efficiency of nutrient digestion
and metabolism, due to decreased heat of fermentation and methane production (Orskov et al.,
1968). Thus, greater production of propionate and steady or reduced production of acetate and
methane is preferred for improved stocker cattle gains and forage grazing efficiency towards
growth (Van Kessel and Russell, 1996; Hook et al., 2011). For the purposes of this review,
consideration and discussion will come from articles evaluating rumen fermentation products
(VFAs and methane), and rumen environment (pH) of cool-season annual grasses, like cereal
rye, and forage brassicas, like turnip.
Many of these forages are highly digestible as indicated by true IVDMD of 74.1% for
fresh pasture perennial ryegrass and 81.7 to 94.8% for turnip leaf and root (Moate et al., 1999),
respectively. Dillard et al. (2018) reported similar apparent digestibility during a continuous
culture in vitro fermentation, of a 50:50 blend of orchardgrass (Dactylis glomerata) and ryegrass
and a 50:50 blend of orchargrass and turnip with values averaging 45% for both treatments. A
calculated DM of a subsample of effluent was used to determine the overall DM of the effluent
and ruminal DM digestibility. They also observed no difference for apparent OM digestibility or
true DM and OM digestibility (63, 66, and 86 %, respectively; Dillard et al., 2018). Most studies
report true digestibility rather than apparent, and it is common for turnip to have greater
digestibility than cool-season grasses such as cereal rye, oats, and ryegrass (Cassida et al., 1994;
Sun et al., 2012; Lenz et al., 2019). Koch et al. (2002) has further described the differences
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observed in DM digestibility between annual cool-seasons and turnips to be primarily due to the
differences observed in fiber content and digestibility between the turnip leaf and turnip root.
They reported the average nutritive value for turnip leaf sampled in October to be 22.6% NDF,
18.6% ADF, and 83.5% true IVDMD. However, the turnip root was 18.0% NDF and 12.5%
ADF, and true IVDMD greater at 88.5% (Koch et al., 2002). Additionally, most of the CP in
theses forages is rumen degradable protein (RDP), for example, the RDP of fresh annual ryegrass
was 74% (NASEM, 2016) and 65 to 100% for turnip leaf and root (Moate et al., 1999),
respectively. Much of the nutrients present in these forages will be digested by microbes in the
rumen to provide energy in the form of VFAs and protein in the form of microbial true protein to
the ruminant animal. Therefore, the fermentation process and the products produced through
fermentation of different types of forages will have a major influence on the ruminant animal’s
health and growth performance.
In regard to fermentation characteristics, annual ryegrass itself has been shown to have an
A:P ratio of 3.8 when fermented in a batch culture system using rumen fluid from pasture-fed
fistulated dairy cows (Winichayakul et al., 2019). Fresh annual ryegrass produced less methane,
26 mL/g DM compared to ensiled annual ryegrass at 38 ml/g DM. Results from another in vitro
batch culture fermentation experiment using sheep rumen fluid showed that purple top turnip had
a lower A:P ratio of 2.9 compared to other brassica forages (mustard/rape hybrid, rape, and
cabbage) 3.3 (Durmic et al., 2016). Interestingly purple top turnip produced an intermediate
amount of methane (49 mL/g DM in tube) compared to other brassicas (average 43 mL/g DM in
tube). Unfortunately, little to no research has evaluated brassicas as a part of a forage mixture
with cool-season grasses in an in vitro fermentation system.
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In vitro research studies using similar forage species have reported varying results of
VFA production. Sun et al. (2012) indicated that a diet of turnip leaf and root fed to sheep
resulted in an A:P ratio of 1.50 which was less than 2.90 for ryegrass. They observed
significantly less methane production for turnip (18.0g/d) than perennial ryegrass (20.7 g/d).
However, methane energy loss per gross energy intake for in situ with sheep was not different
between turnip and perennial ryegrass, averaging 0.073. Dillard et al. (2018a) saw no difference
in the A:P ratio (1.83) between a turnip and orchardgrass (Dactylis glomerata) mix diet and a
ryegrass and orchardgrass mix diet when evaluating them via a continuous culture fermentation
system. Due to the relationship between acetate and methane production, it would be expected
when the A:P ratio is not different, then methane production should also not be different.
However, Dillard et al. (2018a) reported that the turnip plus orchardgrass diet had significantly
less methane production (10.2 mg/d) than the ryegrass plus orchardgrass treatment (68.9 mg/d),
despite the A:P ratio being not different. These reduced methane productions for turnips
potentially indicate that incorporating turnip in typically grass dominated forages for grazing by
ruminants could potentially reduce methane output and negative environmental impact by
ruminants. As methane makes up 55-63% of greenhouse gas emissions to the atmosphere and the
primarily grazing sectors (cow-calf and stocker) of the beef industry contribute approximately
85% of the overall beef cattle industry methane production (NASEM, 2016). Despite feeling
confident that consuming turnip will result in reduced methane output, it is still not well
understood on how this is occurring from a fermentation mechanism perspective. Dillard et al.
(2018a) propose that the increased presence of glucosinolates in brassicas decreased methane
production during fermentation. They observed 0 mg/g DM of glucosinolates in the ryegrass plus
orchardgrass diet, but 21.90 mg/g DM of glucosinolates in the turnip plus orchardgrass diet.
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Glucosinolates may inhibit methanogens such as Methanobrevibacteria ruminantium from using
hydrogen and carbon dioxide to produce methane (Ohene-Adjei et al., 2008). Another possible
mechanism explanation is a reduced opportunity for methanogen bacteria to use free hydrogens
to produce methane. Sulfates have been known to act as a hydrogen sink in the rumen removing
available free hydrogens produced during acetate and butyrate production from the rumen
environment (NASEM, 2016). Sun et al. (2012) reported that sulfur and sulfate-sulfur secondary
compounds were approximately twice as great in turnip than ryegrass. There is a potential that
the increased sulfate compounds in turnip could be reducing methane production by occupying
the free hydrogen gas produced during fermentation.
In the study of Dillard et al. (2018a) no difference was observed between treatments for
total VFA and acetate production (87.2 mol/100 mol and 44.6 mol/100 mol, respectively) or
rumen pH (6.47). There was no mention of turnip root being considered in the forage samples
and in vitro treatments. These results are logical as the two treatments had similar digestibility,
VFA production, and ruminal pH. It is common for these variables to tightly correlate with one
another (van Soest, 1994). The addition of 50% orchardgrass to each treatment might have
contributed to the lack of differences among treatments in digestibility, total VFA production,
and pH. Dillard et al. (2018a) concluded that the use of brassicas in a ruminant grazing system
could extend the fall grazing season while increasing animal efficiency and decreasing
greenhouse gas emissions. Conversely, Sun et al. (2015) reported that lambs fed a 100% forage
rape diet had lower pH (6.02) than lambs fed a 100% ryegrass diet (6.71). Researchers attributed
these findings to the forage rape having less effective fiber than the ryegrass. Some studies have
suggested that increased lactate production during fermentation is associated with reduced
ruminal pH and onset of acidosis (Aschenbach et al., 2011; Goad et al., 1998; and Nagaraja and
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Titgemeyer, 2007). Interestingly, one of the primary products of sugar fermentation is lactate
(Strobel and Russell, 1986) and as previously mentioned turnips (brassicas) have a greater
proportion of total ethanol soluble carbohydrates (sugar) than small grains.
Vibart et al. (2010) conducted a continuous culture study to evaluate the replacement of a
typical total mixed ration (TMR) in dairy diets with fresh ryegrass on fermentation
characteristics. The greatest inclusion of ryegrass in the diet was 45% pasture and 55% TMR.
The TMR was composed of almost 50% high fiber feedstuffs, consisting of corn silage, whole
cottonseed, dry rolled corn, alfalfa silage, soybean hulls, corn gluten feed, bypass blend (animal
by-product), and soybean meal in order of greatest to least proportion in the diet. Therefore, the
addition of the ryegrass would have been more rapidly and extensively digested. The total VFA
concentration for this diet was 60.5 mM, with acetate, propionate, and butyrate concentrations of
40.9, 20.3, and 27.0 mM, respectively. They reported no difference in A:P ratio for the 55:45
(TMR:ryegrass) diet as compared to the 100% TMR diet (Vibart et al., 2010). It would be
expected that the 55:45 (TMR:ryegrass) diet would have a reduced A:P ratio with the ryegrass
component having greater digestibility. However, the dry rolled corn and corn within the silage
may have caused an elevated propionate to acetate concentration resulting in a dilution of the
A:P ratio difference between the two diets. Additionally, Vibart et al. (2010) reported a pH of
5.80 that is common for these types of diets and ammonia nitrogen of 23.2 mg/dL. Less methane
was emitted from the 55:45 (TMR:ryegrass) at 26.1 mmol/d as compared to the 100% TMR diet
(42.5 mmol/d), which was not expected based on A:P for the two diets. In a study by de Veth and
Kolver (2001) evaluating digestion of ryegrass forage under various ruminal pH conditions via
the continuous culture system determined that fiber digestibility was optimal at a rumen pH of
6.35. However, many studies have reported that ruminal pH typically ranges between 5.8 and 6.2
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for cattle grazing ryegrass pastures (Van Vuuren et al., 1992; Carruthers et al., 1997; Kolver et
al., 1998). When de Veth and Kolver (2001) maintained a pH of 6.2 they reported True DM
digestibility at 68.1% and apparent digestibility of 55.5% (DM), 57.6% (OM), 71.4% (NDF), and
74.1% (ADF).
Rumen pH is important when evaluating feedstuffs that are greatly and rapidly digestible.
It has been reported that forage fiber digestion and synthesis of microbial crude protein is
significantly reduced when ruminal pH drops below 5.7 (de Veth and Kolver, 2001). This could
be an issue when grazing a rye and turnip mix pasture, the increased concentration of nonstructural carbohydrates (NSC) in turnip roots could speed up the fermentation process and
reduce pH to a level that suppresses rye fermentation. Many studies have agreed that an overall
decrease in DM and OM digestibility is due to a significant decrease in NDF and ADF
digestibility as compared to NSC digestibility (Hoover et al., 1984; Shiver et al., 1986; de Veth
and Kolver, 2001). Russell and Dombrowski (1980) concluded that the larger decrease in fiber
digestion occurs because cellulolytic bacteria are less tolerant to low pH than amylolytic and
saccharolytic bacteria. Amylolytic and saccharolytic bacteria are consuming the NSC portion of
the diet and further driving the low pH rumen environment.
Total VFA (40.3 to 62.5 mM), acetate (23.9 to 38.4 mM), and propionate (9.7 to 14.6
mM) concentration quadratically increased as pH rose from 5.4 to 6.6 during fermentation in a
continuous culture system feed a highly digestible ryegrass (de Veth and Kolver, 2001). They
recorded no difference in A:P ratio (2.6). This lack of difference indicates that the type of
carbohydrate digested has a greater impact on changes in VFA production and proportion than
the change in ruminal pH over this pH range. Incidents of decreasing rumen pH have been
reported to be a result of quickly increased VFA production rather than lactate production when
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ruminant animals are consuming a highly digestible forage diet (Russell and Hino, 1985; de Veth
and Kolver, 2001). Further investigating these fermentation mechanisms and metabolism could
help determine the optimal combination of forage species for a mixture.
1.4.4 Recommended Cool-Season Cereal Grass and Brassica Ratios for Grazing
There is strong evidence that varying percentages of cool-season grasses to brassica
forages in the research trials discussed, could be the reason for varying results in grazing
performance (Smart and Pruitt, 2006; Barry, 2013; Brunsvig et al, 2017; Drewnoski et al., 2018)
and fermentation characteristics (Sun et al., 2012; Barry, 2013; Brunsvig et al, 2017; Dillard et
al., 2018a). This raises the question of what proportion of cool-season grasses and brassicas
should provide optimal ruminant animal growth? Is it better for ruminants to graze a more
fibrous monoculture, such as oat or rye, or will addition of brassicas with greater digestibility
increase animal gains? If brassicas do increase animal gain, how much brassica should be
included in order to optimize animal performance and reduce animal health risk?
It has been reported that brassicas like turnip, have greater concentrations of WSC and
significantly less NDF and ADF compared to grasses, which subsequently leads to greater
digestibility than grass (Sun et al., 2012; Barry, 2013). Greater DM digestibility measured in
sheep (Nicol and Barry 1980; Sun et al., 2012) and greater OM digestibility measured in cattle
(Clark et al., 1997; Brunsvig et al., 2017) were reported for brassicas compared to grass. Other
studies reported that brassicas had 41% more metabolizable energy (ME; 3.1 Mcal ME/kg DM)
than ryegrass (2.2 Mcal ME/kg DM; Lindsay et al., 2007; Sun et al., 2012; Barry, 2013). Sheep
feeding trials have concluded that digestion and animal performance response to consuming
brassicas were more similar to responses of consuming concentrate diets than forage diets
(Lambert et al., 1987; Cassida et al., 1994). Eriksson and Murphy (2004) also indicated that
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energy potential of sugar from fodder beets (Beta vulgaris ‘Mangelwurzel) was greater than
starch from barley or oat grain. Barry (2013) also determined that milk yield of dairy cows was
not different between a diet containing brassica or barley grain as a supplement.
All of these results indicate that potential inclusion of a nutrient dense brassica like
turnip, with greater digestibility, could provide potential animal gain benefits for ruminant
livestock grazing these forages (Barry, 2013; Brunsvig et al., 2017). Barry (2013) stated that
while increased gains would be expected with a 100% brassica diet, it is generally not the case.
They reported that when monoculture brassicas were grazed by young ruminant animals, growth
was less than would have been expected based on the ME, and results were extremely variable
(Barry, 2013). Animal performance is often correlated to intake. Grazing intake and selection by
cattle could be influenced by previous grazing experience (Launchbaugh and Provena, 1991),
bulk and chemostatic fill feedback mechanisms (Allen et al., 2009), and deleterious plant
compounds (Catanese et al., 2012). Brassicas contain secondary compounds such as S-methyl
cysteine sulfoxide, glucosinolates, and nitrates which could be harmful to the grazing animal and
thus reduce their feed intake (Belesky et al., 2007; Sun et al., 2012; Barry, 2013; Brunsvig et al.,
2017). The negative impacts associated with low NDF and high WSC are similar to the
metabolic concerns in feedlots when cattle are feed primarily concentrate diets and may
contribute to decreased animal performance on high brassica diets (Drewnoski et al., 2018).
Brassicas may not stimulate the gut fill regulation of intake, however, the chemostatic fill
mechanism may play a greater role due to the high digestibility and ME (Plegge et al., 1984).
The fermentation characteristics of consuming brassicas typically fit the chemostatic theory as
brassica consumption has been shown to reduce the A:P ratio and decrease the production of
methane compared to ryegrass (Barry, 2013; Sun et al., 2015). Increased and rapid VFA
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production in response to brassicas reduced the ruminal pH (6.02) compared to ryegrass (6.71)
and subsequently lead to incidents of subacute acidosis for ruminants grazing brassicas
(Westwood and Mulcock, 2012; Sun et al., 2015). However, there is very little research
evaluating pH in response to fermentation of brassicas and grass mixes. Decreased ruminal pH
could also lead to a decrease in ruminal fibrolytic bacteria activity because of greater sensitivity
to lower pH (Marais et al., 1988). When fibrolytic bacteria are hindered it typically can result in
a negative associative effect on cellulose digestion (Lambert et al., 1987; Cassida et al., 1994). In
both studies incidents of a negative associative effect occurred when sheep consumed a diet of
70 to 100% brassica.
Due to the numerous limitations of brassicas that have been discussed it has been
recommended that brassicas be fed or grazed in combination with other feedstuffs or forages
(Barry, 2013). However, if a brassica dominant pasture has to be grazed it is encouraged that
ruminant livestock be gradually introduced or adapted to the predominant brassica diet over an
approximately 5-week period (Sun et al., 2012; Barry, 2013). Very few suggestions of the
relative amount of brassica as part of a mixed forage diet are available except for a single
recommendation of brassica consumption to not exceed 75% of the animal’s diet with a grass or
hay making up the difference (Cassida et al., 1994; Lemus and White, 2019). Positive animal
performance and ruminal environments have also been reported with brassica as a supplement at
20 to 30% of the diet (Barry, 2013). Limited data are available regarding the digestibility and
fermentation characteristics associated with consuming various proportions of brassica and
grasses. Therefore, further trials are needed to determine changes in fermentation in response to
varying brassica to grass proportions in grazing ruminants.
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1.5 Integrated Crop-Livestock System’s Impact on Soil Properties and Crop Production
For crop producers, considering or already beginning to implement integrated croplivestock systems, cash crop yield and stable economic return are of utmost importance. Impacts
of grazing on the agronomic qualities of the land play a major role in decisions to implement
livestock activity on cropland (Peterson et al., 2020). It is important to carefully evaluate the
impact of grazing cover crops on soil properties and cash crop grain yield. Much of the potential
cropland in the Southeast for integrated crop-livestock systems is under the control of producers
who specialize in crop production but do not own cattle (Drewnoski et al., 2018). Crop producers
must experience little to no negative impact on cash crop production and financial income to
adapt to grazing livestock.
1.5.1 Impact of Cover Crops on Soil Properties and Row-Crop Production
Cover crops have consistently improved subsequent cash crop yield (SARE/CTIC, 2017;
Peterson et al., 2020). Crop yield improvement has been attributed to soil health benefits of
planting cover crops (Crozier et al., 2014). Cover crops help control erosion, reduce water and
nutrient runoff, improve soil structure, increase water infiltration, increase nutrient cycling,
contribute to soil organic carbon sequestration and soil biological diversity, control weeds,
control insects and disease, and provide biologically fixed nitrogen (Franzluebbers, 2007;
Crozier et al., 2014). Anderson (1956) reported that many of the Southern Coastal Plans land
development and improvement projects incorporated cover crops as a conservation strategy
during the 1940s. Previous research on cover crops or green manure, reported positive impacts
including improved production, reduced environmental threat, and reduced nutrient loss
(Langdale et al., 1991; Meisinger et al., 1991; Sharpley and Smith, 1991). One of the primary
benefits of a cover crop, is protection of the soil by reducing erosion and soil temperatures which
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additionally reduces nutrient loss and evaporation of soil moisture (Redin et al., 2017; Weber and
Gokhale, 2011). It is not only the above-ground biomass that enhances conservation, but also the
intricate root system of diverse cover crops which decrease erosion and also creates macropores
to reduce the onset of compaction (Russell and Bisinger, 2015). Both the above- and belowground plant material contribute to soil organic matter (SOM), but it is the plant root carbon and
plant root exudates that greatly benefit the soil microbial community and accumulation of SOM
(Drewnoski et al., 2018). Gale and Cambardella (2000) reported root derived carbon contributed
26% more carbon to the soil in a no-till system than above-ground oat residue carbon. It has been
further emphasized that SOM is extremely critical for highly functioning soils within an
integrated crop-livestock ecosystem (Doran and Parkin, 1994; Franzluebbers, 2002). Increased
SOM has been shown to have a direct positive influence on increased carbon sequestration,
cation exchange capacity, and soil aggregation (Conant et al., 2001; Follett and Reed, 2010).
These positive changes additionally improve the soil health by reducing nutrient leaching and
increasing water infiltration and holding capacity (Tiessen et al., 1994; Follett and Reed, 2010).
Through a meta-analysis, Poeplau and Don (2015) reported that land with a cover crop had 320
kg per ha per year more soil organic carbon sequestration than soil that was not covered with an
annual forage. They also concluded that this increased carbon sequestration could compensate
for 8% of the direct annual greenhouse gas emissions from agriculture. The positive effects on
soil health from the presence of cover crops, has been reported to increase the yield potential of
the cash crop (Reeves et al., 1995). Adams et al. (1970) indicated that corn grain yield was
greater (approximately 5800 kg/ha) when planted following a winter of annual cereal rye, than
when planted on land left vacant over the winter (approximately 4800 kg/ha) in Georgia.
Additionally, in Maryland, Clark et al. (1994) reported corn yield to be greatest following a
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cover crop of hairy vetch (7700 kg/ha), intermediate for the hairy vetch (Vicia villosa) and rye
mixture (6700 kg/ha), and least for no cover crop and no additional fertilizer (5200 kg/ha).
It is important to be aware that the high temperatures and sandy soils often found in the
Southeastern U.S. can result in rapid decomposition of soil organic carbon and consequentially
decreased forage or crop plant production, further resulting in less soil organic carbon
accumulation despite cover crop use (Parton et al., 1987; Burke et al., 1989). One advantage that
the Southeast has is greater precipitation than other regions in the U.S., to aid in increasing soil
organic carbon, but with too much rain it could also easily runoff (Jenny, 1980; Neff and Asner,
2001; Jacinthe et al., 2004). Additionally, it was reported that small grain forages had the
potential to reduce subsequent corn yields, if not terminated at least three weeks prior to corn
planting in drought prone regions (Kasper and Bakker, 2015; Drewnoski et al., 2018). However,
others have mentioned that use of managed grazing of cover crops can help control soil moisture
by either increasing removal or leaving forage residue to allow for greater water retention based
on environmental conditions (Reese et al., 2014; Nielsen et al., 2015; Robinson and Nielson,
2015). Crop producers have also raised concerns about cover crops, such as cereal rye or annual
ryegrass, persisting within the cash crop, decreasing the cash crop value (Drewnoski et al.,
2018). Cover crops have been identified as a possible host for insects, like wheat stem maggot or
wire worms, which may impact the subsequent cash crop yield. (McMechan et al., 2017). On the
other hand, potential conservation benefits of implementing a cover crop appear to be worth it
despite the few potential negative consequences.
1.5.2 Grazing’s Impact on Soil Properties and Row-Crop Production
Despite the many agronomic benefits of cover cropping, it has still been slowly adopted
(Franzluebbers, 2007). This is primarily due to the increased time, labor, and resource inputs
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associated with implementing this conservation practice without any immediate economic
benefits (Franzluebbers, 2007). Grazing cover crops with ruminant livestock has the potential to
provide the immediate economic benefit needed in order for producers to implement cover crops,
or at least offset the cost of them. If producers decide to incorporate livestock, they must do so
with appropriate management in order to avoid deterioration of soil and water quality
(Franzluebbers, 2007). Reports on the effects of integrated crop-livestock systems on
productivity and biophysical characteristics have often been contradictory, with results indicating
an increase (Franzluebbers et al., 2014), decrease (Miller et al., 2015), or no change to
subsequent crop yield (de Oliveira et al., 2013). Grazing management decisions (biomass
removal, stocking density, grazing during wet conditions, etc.), in addition to soil type, climate,
and interactions of each factor described have contributed to the outcome of integrated croplivestock systems (Warren et al., 1986; Peterson et al., 2020).
Overgrazing can reduce the soil cover provided by cover crops and subsequently reduce
the following cash crop yields (Kumar et al., 2019). Skinner (2008) concluded that high forage
removal by grazing or haying could drastically prevent the forage from acting as a carbon sink
by increasing soil temperatures and decreasing soil moisture (Peterson et al., 2019) to ultimately
drive accelerated decomposition of SOM. Negative effects on subsequent corn yield when the
cover crop was removed as hay were described by Touchton et al. (1982). However, grazing has
been mentioned to improve soil physical and hydrological properties, which results in increased
soil water use during grazing in the off-season but leaving enough forage cover to retain
adequate water for the subsequent cash crop (Bonetti et al., 2019). In addition to the concern of
reduced soil cover, there are also reports of grazing or haying removing nutrients from the
system that would have been retained in the soil and contributed to the subsequent cash crop
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(Franzluebbers, 2007). However, excessive nutrient removal is not necessarily the case with
grazing, as grazing returns a majority of the nutrients removed from the cover crop in a partially
digested form back to the land as feces and manure (Follett and Wilkinson, 1995). Feces added
back to the soil contains partially digested and transformed plant derived P, K, Ca, and Mg
which contribute to nutrient and SOM maintenance and accumulation (Russelle et al., 2007;
Martins et al., 2014; Alves et al., 2019). Ultimately, if sufficient soil surface cover is left, the
forage can protect the land from negative impacts on soil properties, even if grazed or hayed
(Blanco-Canqui et al., 2013).
The primary concern of grazing cropland is increased occurrences of soil compaction, as
soil physical properties change more rapidly than soil nutrients or soil organic carbon
(Greenwood and McKenzie, 2001). Soil compaction is defined by Bilotta et al. (2007) as a
reduction in the fractional air volume of a soil, when pressure is applied to the surface, forcing
soil particles to form aggregates as air or water are forced from soil pores. Compaction will
physically obstruct root growth by reducing water and nutrient uptake of the plant. Soil
compaction is typically measured as soil bulk density or penetration resistance (Unger and
Kaspar, 1994; Evans et al., 2012). Research has reported the static compression forces exerted on
the soil from standing and walking cattle are much greater at 123 and 250 kPa, respectively, than
the force excreted from an unloaded tractor at 80 kPa (Scholefield et al., 1985). However, the
width of the tractor would cause the compaction to occur much deeper in the soil, while
compaction from the hooves of cattle would be localized at the soil surface (Russell and
Bisinger, 2015). Russell and Bisinger (2015) reported that compaction from grazing is also
inevitable as grazing has increased soil bulk density or penetration resistance in most studies
regardless of stocking density or grazing system. Cattle grazing 90% utilization of overall cereal
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rye forage biomass produced each year over 2.5 years, in a no-till system during the winter,
increased penetration resistance by 32% for subsequent corn and sorghum planting in Georgia,
but the authors concluded that grazing of cover crops had little effect on soil bulk density or the
stability of soil aggregates when compared to not grazing (Franzluebbers and Stuedemann,
2008). In Alabama, grazing an oat and ryegrass cover crop increased soil strength as measured
by a cone penetrometer, to a level that required soil tillage prior to planting the subsequent cash
crop (Gamble et al., 2005; Siri-Prieto et al., 2005). A majority of the time, soil compaction
occurs when grazing follows a tillage practice, because during tillage the soil loses its structural
stability (Diaz-Zorita et al., 2002; Franzluebbers, 2007). However, the impact of grazing may not
be a soil compaction issue in systems using conservation tillage with crop residue and cover crop
plant roots helping build the soil surface SOM levels (Franzluebbers and Stuedemann, 2005). In
addition to tillage practices, soil moisture at the time of grazing might also influence soil
physical properties (Scholefield et al., 1985; da Silva et al., 2003). Warm, moist conditions such
as in the Southeast, may result in greater soil compaction than in regions of the country where
soil is frozen during cover crop grazing. Increased moisture at the time of grazing will most
likely increase the chance of compaction occurring and more likely poaching would occur as a
displacement and remolding of the soil; otherwise referred to as pugging of the soil (Scholefield
et al. 1985; Greenwood and McKenzie, 2001; Bilotta et al., 2007). This occurrence of increased
soil compaction during periods of increased moisture in the soil can also be correlated with most
incidents of decreased subsequent corn yield within an integrated crop-livestock system
occurring after grazing during wet or thawing soil conditions (Schomberg et al., 2014). Even
though compaction at the surface (0-10 cm) has been proven to occur with grazing cropland, it is
typically below the bulk density threshold level to cause a negative impact on root growth
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(Greenwood and McKenzie, 2001; Bell et al. 2011; Drewnoski et al., 2018). Additionally, the
compaction is usually short lived due to natural amelioration processes of wet-dry and freezethaw cycles and the biological activity of root and soil microbes creating micropores to help
reduce compaction and increase water infiltration (Abdel-Magid et al, 1987; Greenwood and
McKenzie, 2001; Wheeler et al., 2002; Jabro et al., 2014). This was demonstrated in a Ohio
study that grazed oat and rye over the winter in a no-till system after corn silage and resulted in a
7-15% increase in penetration resistance compared to no-grazed exclusions, but a year later
penetration resistance had decreased and there was no difference between grazed and no-graze
treatments (Fae et al., 2009). Some studies have shown there is little to no effect of grazing on
soil properties over the long term, despite the concerns voiced by producers about compaction
(Cǒnte et al., 2011; Liebig et al., 2012).
Soil type and climate are uncontrollable, but proper grazing management can potentially
mitigate the negative effects of grazing while increasing the conservation benefits of cover crops
and ultimately boosting economic return (Twerdoff et al., 1999; Agostini et al., 2012; Franchin et
al., 2014; Blanco et al., 2017). In an integrated crop-livestock system it is of utmost importance
to manage grazing in a way that maintains and leaves adequate ground cover to protect the soil
(Russell and Bisinger, 2015). Some grazing management factors to keep in mind in order to
maintain soil cover are to focus on grazing intensity, timing of grazing relative to climatic and
seasonal concerns, the animal’s nutritional needs, the existing soil fertility, and the needs of the
subsequent cash crop (Kumar et al., 2019). Kumar et al. (2019) went on further to say that
production and ecological goals must be integrated in order to identify the optimal grazing
management system. It is common for studies to report no change or an improvement in soil
health and water conservation, no impact on subsequent crop yield, and lastly, improved
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economic productivity as a consequence of grazing (Allen et al., 2007; de Oliveira et al., 2013;
Sanderson et al., 2013; Tobin et al., 2020). In summary, integrated crop-livestock systems have
an overall neutral effect on soil health and subsequent crop yield as concluded by Peterson et al.
(2020) in a comprehensive meta-analysis of multiple integrated crop-livestock studies.
Proper livestock management plays a critical role in both organic and inorganic carbon
and nitrogen balance within these fragile ecosystems (Liebig et al, 2005). Organic N provided by
plant material and animal manure can be an excellent source of N for living plant uptake, but it
must be converted to inorganic N before it can be utilized (Harmesen and Kolenbrander, 1965).
The process of N mineralization is performed by soil microbes that convert organic N from plant
residues and manure into ammonium (NH4+-N), which is one of the two inorganic N forms that
can be utilized by plants (Harmesen and Kolenbrander, 1965). Nitrate-N (NO3—N) is the other
form of inorganic N used by plants (Harmesen and Kolenbrander, 1965). Franzluebbers and
Stuedemann (2015) has reported no difference in inorganic N (19 mg/kg soil) due to grazing or
no-grazing under a no-till system averaged over a 0-20 cm soil depth measurement.
Fecal depostion from grazing livestock has a positive impact on soil microbial biomass
(Xun et al., 2018) and activity (Acosta-Martinez et al., 2010). Falkowski et al. (2008) suggested
that soil microbial biomass and activity are essential to the sustainability of crop systems since
soil microbes recycle carbon and nutrients. Manure excreted from grazing animals increases soil
microbial abundance and microbial community interactions. This boost in soil microbial activity
results in a boost in decomposable organic matter beyond decaying plant residue alone
(Franzluebbers and Stuedemann, 2008a). How livestock waste is distributed impacts the
evenness of soil organic carbon accumulation (Russell and Bisinger, 2015). Drinkwater et al.
(1998) determined that adding cattle to a legume-small grain cash crop rotation doubled the rate
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of soil organic carbon accumulation due to manure. All of these improvements in SOM and soil
microbial communities aid in the soils’ ability to ultimately increase soil carbon sequestration
from the atmosphere (Singh et al., 1998; Mäder et al., 1999; Soussana et al., 2004). As
previously mentioned, plant root carbon and plant root exudates additionally benefit the soil
microbial community and accumulation of SOM (Gale and Cambardella, 2000; Drewnoski et al.,
2018). There have been some concerns that grazing would greatly hinder root growth and
function (Johnson and Matchett, 2001). Yet, properly managed grazing has little impact on root
growth of small grains, unless grazed during early growth, which would decrease root mass and
depth (Drewnoski et al., 2018). Root mass and depth of triticale or wheat were not affected by
varying intensities of forage utilization rate by grazing (Mapfumo et al., 2002 and Kieragaard et
al., 2015). Franzluebbers and Stuedemann (2009) reported grazing increased root mass and soil
organic carbon by 0.82 t C per hectare per year at a depth between 0-15 cm when compared to
un-grazed enclosures. Franzluebbers (2007) also reported no difference in soil C concentration
between grazed and un-grazed treatments. However, in Wyoming grazing management was
reported to have an impact on soil organic carbon with light grazing having the greatest SOC and
soil nitrogen (13800 and 1220 kg/ha, respectively), compared to heavy grazing (10900 and 940
kg/ha, respectively), and significantly less for no-grazed exclusions (10800 and 940 kg/ha,
respectively; Ganjegunte et al., 2005). Overall, it appears that grazing will not compromise the
SOM benefits of cover crops. Especially in the Southeastern U.S. due to elevated levels of rain,
as increased rain is commonly associated with greater soil organic carbon accumulation and
carbon sequestration (Conant et al., 2001; Franzluebbers and Follett, 2005; Franzluebbers and
Stuedemann, 2009).
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Martins et al. (2014 and 2016) in a 9 yr and 11 yr study, has reported on the impacts of
grazing on soil chemical and fertility properties. They reported less base saturation percent only
in a 5-10 and 10-20 cm soil depth for no grazing areas of a conventional continuous farming as
compared to intensive and moderate grazing areas of an integrated crop-livestock farming system
in Brazil. They contributed this difference to non-productive outputs (nutrient leaching) of Ca
and Mg under the no grazing treatment compared to the integrated crop-livestock systems
treatments (Martins et al., 2014). Additionally, they reported reduced acidity or greater pH in the
integrated crop-livestock system as compared to the no graze continuous soybean system
(Martins et al., 2014). It was suggested by Haynes and Williams (1993) that when ruminants
ingest the plant biomass and return it as manure to the soil surface, the animal is acting as a
catalyzer that modify and accelerate the flow of nutrients (Haynes and Williams, 1993; Russelle,
1997). Increased phosphorus has consistently been associated with animal waste manure. In
Kansas it was concluded that, cattle manure application and swine effluent application although
not different from each other exceeded P fertilizer target rates and resulted in greater corn yield
as compared to no fertilizer control and was similar to inorganic fertilizer application (Schlegel
et a., 2015). However, in regard to soil K, Ca, and Mg, Alves et al. (2019), concluded they
decreased in a 14 yr, integrated crop-livestock system in Brazil, due to a constant removal of the
nutrients through crop harvesting and grazing without adequate return to the soil. However, they
mentioned that lime was not applied at all during the 14 yr experiment, which explain the
reduction of Ca and Mg. Initial soil responses in these studies of grazing cover crops appear to be
minimal with no significant damage to the environment (Franzluebbers, 2007).
There is typically no change in cash crop yield following livestock grazing of cover
crops as would be expected due to minimal alteration of soil health (Peterson et al., 2020). In
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Georgia, subsequent cotton and peanut yield were not different between grazed and un-grazed
exclosures following a rye or ryegrass cover crop (1250 and 4150 kg/ha, respectively:
Franzluebbers, 2007). Fae et al. (2009) also reported that grazing a cover crop of annual ryegrass
or cereal rye and oat mixture had no effect on subsequent corn silage production compared to nograzed cover crops or no cover crop treatment, averaging 10400 kg/ha. Redmon et al. (1995)
concluded in their study that as long as the soil had high fertility and there was ample
precipitation, grazing dual-purpose wheat (grazed and harvested for grain) until the joint stage
often increased wheat grain yield compared to un-grazed wheat. Conversely, a meta-analysis by
Peterson et al. (2020) of 66 integrated crop-livestock system studies determined that dualpurpose crops, like wheat and canola, yielded 20% less on average than crops that were only
harvested. They also reported that all of the 66 studies had no effects on cash crop yield
averaging only 1% less than the comparable unintegrated crop yields. When dual-purpose crop
studies were removed from the analysis there was a 1% net increase of crop yield within an
integrated crop-livestock system when compared to grain yield from an unintegrated system.
They also determined that within loamy soil locations integrated crop-livestock systems had a
5% greater crop yield than unintegrated systems. Livestock type (sheep or cattle) and study
duration (1-8 years) had no influence on cash crop yield differences, but soil texture and
weather-anomalies (drought or flood) had the most impact on results (Peterson et al., 2020). It
was concluded from their meta-analysis results that when grazing is included in cropping
systems design, average crop yields are the same as un-grazed systems across a variety of
management strategies and environments (Peterson et al., 2020). When finding a way to use the
land more efficiently without harming the environment, a non-effect has value when
incorporating integrated crop-livestock systems.
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There is still a lot to discover about the crop yield following winter cover crop grazing in
the Southeastern U.S. (George et al., 2013; Schomberg et al., 2014; Peterson et al., 2020),
especially in regard to subsequent corn grain yield (Franzluebbers and Stuedemann, 2006;
Franzluebbers and Stuedemann, 2014). The limited literature available suggests that grazing
cover crops will not negate the soil benefits of adding the cover crop (Drewnoski et al., 2018;
Peterson et al., 2020). However, more research is needed to feel confident in grazing’s neutral
impact on subsequent cash crop yield.
1.6 Economic Outcomes of Integrated Crop-Livestock Systems
In the 21st century, agriculture producers are presented with an unprecedented challenge
of meeting food, fuel, and fiber demands; taking responsibility for protecting the environment;
and receiving adequate financial return (Robertson and Swinton, 2005). Through integrated croplivestock systems producers have the opportunity to sustainably intensify food production while
benefiting the soil, environment, and farm income (Franzluebbers, 2007). Economic viability is
important to producers when considering the incorporation of cover crops into their row crop
enterprise or adding grazing livestock to develop an integrated crop-livestock system. Economic
outcome is one of the top factors affecting management decisions (Cary and Wilkinson, 1997).
One challenge is that many environmental and long-term production services derived from
integrated crop-livestock systems are not directly tied to income from products, such as a boost
in grain or livestock performance, and it is therefore difficult to attach a monetary value to these
services (Kumar et al., 2019). Some of these services include improvements in pollinator and
wildlife habitats and increased carbon and nutrient cycling (Ouma et al., 2003). Due to this
inability to measure and quantify the value of these beneficial services, it makes it difficult for
producers to economically justify planting cover crops. Furthermore, grazing cover crops may or
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may-not provide additional economic benefit to the conservation effort (Franzluebbers and
Stuedemann, 2014; Drewnoski et al., 2018). To date there have been no comprehensive
calculations of total economic value provided to society through implementing integrated croplivestock systems as a result of changes in water quality and usage, and greenhouse gas
emissions. These calculations and estimates are needed in order to determine the value of
integrated crop-livestock services to society and to help guide producer recommendations and
policy decisions (Garrett et al., 2017). The variability and lack of understanding of financial
return has been a limiting factor for producers’ adoption of integrated crop-livestock systems
(Snapp et al., 2005). Currently studies are still being conducted to evaluate the economic impact
of integrated crop-livestock systems on environmental services and financial return (Kumar et
al., 2019).
Another primary concern that troubles almost all agriculture producers is variation in the
weather, as it plays a major role in the economic success for agriculture production. This can be
especially challenging when you are adding complex components like combining crop and
livestock use on the same land. Weather can drastically influence cover crop forage growth and
nutritive value, subsequent cattle gain, and ultimately economics (Drewnoski et al., 2018). An
example of this weather impact occurred in a backgrounding study in Nebraska that evaluated a
two year replicated study with steers grazing an oat-brassica cover crop over the winter
following corn silage harvest, prior to feedlot entry (Cox-O’Neill et al., 2017). During the dry
cold temperatures of 2014, the cost of gain for grazing steers 64 days was $1.24/kg. However, in
2015 six rain events occurred during cold temperatures, resulting in ice covering the forage and
increased maintenance requirements for the steers. This lead to a $1.94/kg cost of gain, despite
the forage yield being adequate and nutritive value being similar to the year before (Cox-O’Neill
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et al., 2017). Beck et al. (2005) also stated that the variation they had in animal and economic
performance was to be expected across years due to weather variation. It was concluded that
returns on grazing cattle are very volatile due to the risk of cattle markets and uncertainty in
forage production due to drought or winter kill weather conditions (Coulibaly et al., 1996; Beck
et al., 2005).
Due to the separateness of scientific disciplines (soil, crop, and animal science) some
studies simply report economics on just the crop cost and income (Bergtold et al., 2017) or just
the animal cost and income (Beck et al., 2005), with few reporting from a systems approach
(Tobin et al., 2020). Additionally, the presence of separate disciplines creates a controversial
debate about how cost should be divided between crop and livestock producer, if not one and the
same, including cover crop seed cost and nitrogen fertilizer in particular (Drewnoski et al.,
2018). Cover crop establishment costs have varied due to location and resources available.
Drewnoski et al. (2018) reported oat, wheat, and brassica forage establishment cost to range from
$64/ha to $160/ha with the mean being $123/ha when evaluating 8 winter grazed forage cover
crop treatments from 2013 to 2016 in Nebraska. Beck et al. (2005) reported greater small grain
forage establishment cost with a non-significant range of $188.73/ha to $226.80/ha when grazed
over the winter from 1999 to 2001 in Arkansas. Both studies included seed and fertilizer cost and
planting/application cost. Drewnoski et al. (2018) stated that their greatest cost variation was due
to fertilizer cost, whereas Beck et al. (2005) contributed their variation to seed cost. The cost of
establishment for Beck et al. (2005) was most likely greater than Drewnoski et al. (2018) due to
the increased seeding rate per hectare of small grain planting when compared to small grain and
brassica mixes resulting in the mixes having a much less seed cost per hectare. Most often the
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cost is billed to the livestock enterprise because they have the most immediate use of it and
receive the more guaranteed income from grazing it (Drewnoski et al., 2018).
1.6.1 Economic Outcomes from the Agronomy Perspective
Bergtold et al. (2017) listed direct cost, indirect cost, opportunity cost, direct benefits,
indirect benefits, risk, and ag policy considerations as economic factors that should be estimated
or thought about before adopting a cover crop practice within a cash crop operation. It has been
stated that increased profit and decreased variation in yield are often the strongest motivators for
implementing this conservation practice (Pannell, 1998). Bergtold et al. (2017), described direct
cost as seed ($61/ha), custom drilling ($43.74/ha), nitrogen fertilizer ($91.39/ha), and cover crop
termination ($17.29/ha). They described indirect and opportunity costs as increased water
infiltration which would result in increased nutrient leaching; increased residue on soil which
would reduce soil temperatures slowing down planting and emergence time; the decreased ability
to plant an additional cash crop; and increase potential of pests and diseases associated with the
cover crop. However, they did not indicate a monetary value with these potential costs. They also
described foregoing grazing of the cover crop as an opportunity cost, in order to maximize the
cover crop benefits (Bergtold et al., 2017). However, as described in the previous sections, many
studies have found that you can offset cost by grazing while still capitalizing on the agronomic
benefits of the cover crop (Liebig et al., 2012; Peterson et al., 2020). Direct benefits described
were economic increases due to increased crop yield, and decreased weed, fertilizer, and tillage
cost due to protection of the soil (Bergtold et al., 2017). Again, monetary values were not
provided due to the dependence on actual crop yield increases and market volatility. Lastly, they
described indirect benefits as increased SOM, which they reported to be worth $50.59/ha when
including radish in the mix and $108.42/ha when clover was included. Indirect benefits also
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included decreased erosion, which would prevent declining future productivity and income. An
integrated crop-livestock study by Poffenbarger et al. (2017) stated that overall, the 2-year
integrated crop-livestock system resulted in the greatest crop enterprise revenue ($2037/ha),
when compared to a 2-year continuous cash crop system ($1740/ha), 4-year cash crop system
including alfalfa hay rotation ($1590/ha), and a 4-year cattle integrated system including alfalfa
($1572/ha). They also reported that costs were greater for the integrated crop-livestock system
($942/ha) than the non-integrated cash crop system ($831/ha), resulting in no difference in total
revenue return to the land and management averaging $806/ha (Poffenbarger et al., (2017).
Bergtold et al. (2017) concluded that producers should be aware of and consider all impacts of
cover crop adoption beyond monetary estimates.
1.6.2 Economic Outcomes from the Animal Perspective
Since the 1960s and 1970s there has been mixed conclusions on the profitability of
stocker and backgrounding systems. It has been understood that profitability depends greatly on
the buy-sell margin, which is very volatile due to feed cost and the sale date within the cattle
market cycle (Jacobs, 1974; McLemore, 1978). In Nebraska, Drewnoski et al. (2018)
summarized economics of 8 stockering studies in a 3-year period. Cost of gain for grazing cover
crops ranged from $0.53/kg to $2.08/kg, with net return positive for 3 out of the 4 years. Beck et
al. (2005) stated that fall to early-spring grazing of small grain pastures has been used by
producers to improve net farm income in the high plains of Arkansas and Oklahoma due to the
availability of high quality forage during forage scarcity and increased availability of weaned
calves at low prices in the market cycle. It has also been claimed that grazing wheat pastures in
Oklahoma is one of the most profitable cattle enterprises available to producers (Caulibaly et al.,
1996). Producers could buy calves during the fall when prices are low and grow them through
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the winter, before selling them in the spring for greater prices (Drewnoski et al., 2018). Beck et
al. (2005) studied a variety of small grains planted in Arkansas during the fall as monocultures or
mixes: oat, wheat, cereal rye (rye), annual ryegrass (RG), rye + ryegrass (RRG), wheat + rye
(WR), wheat + ryegrass (WRG), and wheat + rye + ryegrass (WRRG). They reported that
individuals contracting grazed stockers for other producers at $35/45.4 kg BW gain, could expect
the greatest net return from the RRG, wheat, RG, and WRG forage treatments averaging
$305/ha, WRRG and WR treatments were intermediate ($239/ha), and rye and oat treatments
returned the least income ($197/ha). From a producer’s perspective who owned and grazed their
cattle, net return was greatest for RRG, wheat, and WRG at $238/ha, intermediate for RG, oat,
WRRG, and WR ($200/ha), and least for rye ($166.65; Beck et al., 2005). In another dualpurpose small grain, graze and harvest system in rotation with permanent pasture, sheep grazing
winter wheat increased income by $23/ha as compared to the pasture only system, and when a
brassica was added, grazing increased the income by $30/ha (Moore et al., 2009). Moore et al.
(2009) concluded that dual-purpose wheat can provide both economic and environmental
benefits. In the Southeast, the small grain grazing system economically outranked ($51.58/calf,
averaged across two sale dates) both fescue grazing and corn silage feeding backgrounding
systems (-$11.51/calf and -$82.77/calf, respectively), with average return the greatest for calves
gaining 0.68 kg/d and grazed from October to June or April at $62.20/calf and $40.95/calf,
respectively (Johnson et al., 1989). Further evaluation of the cattle market cycle, indicated that
the best time to buy calves, due to low prices, was during the months of October, November, and
December. The best time to sell with greater prices was during the months of March, April, and
May (Johnson et al., 1989). This window of opportunity to buy and sell within this timeline fits
perfectly with incorporating an integrated crop-livestock system as the earliest calves could graze
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following grain harvest and forage growth would be late-October, and calves would need to be
removed from cropland and sold by late-March to allow for planting the subsequent cash crop.
Additionally, it has been determined that stockering cattle on winter cover crops could also
increase profits of the final finishing step in the feedlot. As demonstrated in North Dakota, where
steers that grazed before feedlot entry were more profitable than calf-feds (Krall and Schuman,
1996; Sentürklü et al., 2016).
1.6.3 Economic Outcome Evaluations of the Entire System
When analyzing economics of the entire integrated crop-livestock system, it is important
to focus on the input use efficiency rather than just the crop yield and subsequent income or the
livestock gain and subsequent income. The input use efficiency refers to doing more with less
(Kumar et al., 2019). Most integrated crop-livestock studies have a hard time considering the
change in input use efficiency when determining the economic outcome of these complex
systems (Duru and Therond, 2015). Yet, it is so important because greater input use efficiency
means there is more production at less cost per unit. Greater input use efficiency is often related
to economies of scale as there are lower costs for larger farms (Kumar et al., 2019). Integrated
crop-livestock systems have been shown to provide opportunities to improve resource use
efficiency (Kumar et al., 2019). The improved sustainability of integrated crop-livestock systems
by more efficiently using natural resources, reducing cost by using natural weed and pest control
and fostering nutrient retention, and improving productivity results in an increase in economic
return (Franzluebbers, 2007). Most studies have shown that integrated crop-livestock systems are
profitable (de Oliveira et al., 2013; Franzluebbers and Stuedemann, 2014). However, there was a
study in Europe that concluded that the integrated crop-livestock system was less profitable than
the specialized cash crop operation (Ryschawy et al., 2012). Poffenbarger et al. (2017) also
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concluded that integrated crop-livestock systems were profitable in Iowa, but required greater
capital and labor inputs, on top of being more variable in return than conventional systems. Some
proposed ways to overcome these increased costs and variability include the use of government
conservation subsidies (Singer et al., 2007) or effective grazing of the cover crop forages rather
than harvesting and feeding them (Franzluebbers and Stuedemann, 2014). Garrett et al. (2017)
determined that integrated crop-livestock systems were more profitable than either a continuous
beef pasture system or a separate cropping system. Additionally, Tobin et al. (2020) reported that
implementing an integrated crop-livestock system increased farm profit by $42.56/ha within the
first year and $107.72/ha in the second year, due to initial fence and water infrastructure cost
($49.40/ha and $33.91/ha, respectively) being covered in year 1. They concluded that with
proper grazing management integrated crop-livestock systems could benefit the soil health and
producers’ income (Tobin et al., 2020). In general, scientists have found that grazing cover crops
pays for itself and is an economically viable way to maintain a multi-year low-till conservation
improvement effort (Hilimeire, 2011).
1.6.4 Production Risk and Risk Management
Risk is another major economic concern for producers that is often associated with
weather or volatile markets. Some risk in agriculture can include high prices when buying or low
prices when trying to sell, and production failure of crops, forages, or livestock (sickness or poor
gain). Integrated crop-livestock systems can help reduce the costs and risks of agriculture
production (Kumar et al., 2019). Merging these two enterprises can help producers be resilient to
the forecasted increases in severity and changing frequencies of floods and droughts and can
ultimately help stabilize or increase their production and income (Kumar et al., 2019). This type
of system could definitely be useful in the Southeast where it has been known to be dry in the

60

summer and early fall, when crops and cover crop forages are in desperate need of moisture, but
in the winter, it tends to be excessively high in precipitation (Franzluebbers and Stuedemann,
2014). Planting cover crops can provide some risk protection to these weather extremes by
avoiding a negative effect of drought through assistance with retaining moisture in the soil for
the subsequent cash crops (Franzluebbers and Stuedemann, 2014; Bergtold et al., 2017).
Additionally, Franzluebbers and Stuedemann (2014) determined that during those difficult
weather years causing crop failure, gain from cattle grazing a winter cover crop added a stable
component to the production system. They concluded in the study that the addition of cattle into
the cropping system provided a large production benefit from cattle gains by grazing them on the
winter cover crop (Franzluebbers and Stuedemann, 2014). There has always been an awareness
of the increased uncertainty and financial risk associated with implementing production practices
which is why the government conservation subsidies were designed to reduce the risk of testing
out cover crops on a producer’s operation for at least 3 years (Bergtold et al., 2017). Within the 3
years the goal was to have producers decide if they saw benefit in the cover crop use and wanted
to continue planting them, after learning how to effectively manage them for increased
production and profit (Bergtold et al., 2017). However, Archer et al. (2003) stated that crop
insurance programs and government subsidies have typically incentivized them to plant on
unsuitable land rather than diversifying the operation (Wang et al., 2017). Integrated croplivestock systems have been shown to help provide producers with a more stable and diversified
income throughout the year by spreading their risk over multiple enterprises, versus simple
specialized crop or livestock operations (Ryschawy et al., 2012; Sanderson et al., 2013; Kumar et
al., 2019). Diversification can be used as an agronomic resilience mechanism in order to
overcome periods of economic and climatic instability (Lawrence et al., 2018). If producers
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establish a system including both crop and livestock commodities, they can adjust levels of crop
and livestock due to changes in the market and weather (Dynes et al., 2010; Bell and Moore,
2012). Furthermore, livestock integration decreases the risk of volatility in markets (Peyraud et
al., 2014) and of farm incomes by capitalizing on opposing production trends in crop and
livestock commodities (Peterson et al., 2020). One way that reduced risk in an integrated croplivestock system has been demonstrated is through grazing failed crops due to inclement
weather, ultimately converting the low value crop into high-value protein (Held and Zink, 1982).
This type of risk mitigation strategy was done in order to increase the total farm return. Bell et al.
(2014) reported that grazing sacrificial crops due to crop failure provided 20-40% of the
economic benefit of the crops over the years in Australia. Including risk in economics provides
information on net return stability (Just and Pope, 1979). An optimistic outlook on risk
management and risk sharing among farmers with an adaptive capacity can help provide
resilience to each individual producer partaking in an integrated crop-livestock system
partnership (Darnhofer et al., 2010).
1.7 Societal and Social Influence and Impact of an Integrated Crop-Livestock System
It is interesting to learn why integrated crop-livestock systems are so rare in high-income
countries, yet so abundant in low-income countries (Garret et al., 2017). Research previously
described that integrated crop-livestock systems may have positive impacts on many components
of society including increasing agricultural diversity, increasing productivity for forage,
livestock, and crops, boosting or at least stabilizing producer economics, and benefiting the
environment. Many integrated crop-livestock studies reported benefits for the soil, cash crops,
environment, animal performance, and economics associated with these systems, but rarely
looked at management/organizational or social aspects that might be hindering adoption of this
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system (Moraine et al., 2014; Noa and Hugo, 2015). The success of integrated crop-livestock
systems is dependent on many factors including producers past choices, detailed planning, tradeoff decisions, economic cost and benefits, policies and regulations, and proper management
skills (Auger and Haggerty, 2016; Kumar et al., 2019). Co-located integrated crop-livestock
systems, which use the same land for crop and livestock, are among the most ecologically
complex commercial production settings (Peterson et al., 2020). In general, integrated croplivestock systems tend to require broader knowledge and greater managerial intensity, which are
often two components that delay adoption of this complex systems (Franzluebbers, 2007;
Bergtold et al, 2017; Garrett et al., 2017; Kumar et al., 2019). This systems approach requires
extensive planning and potential reduction in short-term output in favor of long-term resilience
(Gil et al., 2016). Adequate processing facilities, marketing channels, and transportation routes
for both crop and livestock must be considered and prepared (Moraine et al., 2014; Gil et al.,
2016). This growth in knowledge and changes in management strategies are difficult to develop
due to the familiarity and comfort of old practices (Krall and Schuman, 1996). A large volume of
novel information needs to be acquired by the individual in order to design a sophisticated
production system (Franzluebbers, 2007). Timely management is key in these complex systems
and a producer testing it out needs to coordinate cash and cover crop planting dates, harvest dates
and grazing duration, soil fertility management, and herbicide use and application dates
(Drewnoski et al., 2018). With all of the new management activities, the window of opportunities
to accomplish them are shorter, and time is of the essence (Franzluebbers and Stuedemann, 2014;
Drewnoski et al., 2018). Often times, initial day to day workloads increase for producers
implementing a crop-livestock system (Kumar et al., 2019). Poffenbarger et al. (2017)
discovered that labor significantly increased in an integrated system as opposed to a specialized
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system. Arbuckle et al. (2009) also determined in a survey that 91% of respondents in Iowa
would not adopt an integrated crop-livestock system due to the increased labor requirement.
Thus, it is important to have and foster community support and a willingness to learn through
local training opportunities (Dunlap et al., 2000; Kolady, 2017). Finding a support system can be
tricky though as culture and tradition can be a strong influencer on decision making. Currently
farmers’ traditions involve specialization and valuing single commodity yield over farm-level
performance, which inhibits their acceptance of integrated crop-livestock systems (Sulc and
Tracy, 2007). Additionally, social prestige of being associated with crop farming versus cattle
ranching are strong motivators of behavior (Gil et al., 2016). Current producers will have to
overcome many social barriers in order to connect crop products directly to animal feed (Peyraud
et al., 2014). Individuals often find that their efforts to integrate the two enterprises can be easily
accepted by the consumers but shunned by fellow producers.
In the initial phases of implementing integrated crop-livestock systems there is a need for
increased capital for the initial cost and time commitment (Garrett et al., 2017; Kumar et al.,
2019). The initial capital is required for resource investment, such as fence or water for livestock
(Franzluebbers, 2007; Prokopy et al., 2015). Some capital support through loans and subsidies
might help producers initiate the integration of crop and livestock enterprises (Kumar et al.,
2019). Additionally, partnerships between crop and livestock producers are beneficial to both
initiate an integrated system, but also to share resources (Drewnoski et al., 2018). Formal longterm business relationships are challenging due to differing motivations, expectations, and
concerns about each producer’s role in the relationship (Martin et al., 2016). Many farmers might
not be willing to face the new constraints that arise in a partnership, like the loss of autonomy in
decision making and dependence on others (Martin et al., 2016). Producers attempting this
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endeavor will have to learn to accept that not everything will be perfect or controllable.
Supportive governmental policies will also be needed to drive more integrated crop-livestock
adoption (Garrett et al., 2017). Stronger carbon and nitrogen regulations, less climate insurance,
greater imported feed tariffs, and a food safety policy that does not inhibit animals on cropland
will aid in adoption (Garrett et al., 2017). Garret et al. (2017) concluded that if government
policies began more strictly regulating carbon and nitrogen emissions, integrated crop-livestock
systems would look more appealing to producers.
Despite all of its challenges, crop and livestock play a synergistic role in global food
production and farmer livelihoods (Garrett et al., 2017). This type of system does not have to
entirely rest on one manager’s shoulders. Integrated crop-livestock systems can be structurally
organized beyond the farm level, through partnerships negotiating land use and exchanging
resources (Martin et al., 2016). In order to develop these partnerships, Ingram and Kirwan (2011)
found that committed formalized business partnerships were made only after an informal
relationship was established between two individuals. Asai et al. (2014) went on further to say
that ease of contact and communication, respect, and trust were all essential components for a
successful co-location management of land between two individuals. Each farmer needs to
perceive that they are acting or responding jointly to a decision, and the multiple and possibly
diverging goals of the individuals need to be met (Mills et al., 2011; Nuno et al., 2014). A
primary concern within the integrated crop-livestock community is how to deal with intra- and
inter- annual variations in weather that could potentially compromise the established plans and
products to be exchanged (Martin et al., 2016). However, in a synergistic and successful
partnership, individuals must learn to work together with the variation instead of against it (Lyon
et al., 2011). The additional issues in management conflicts previously discussed can also be
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resolved or reduced through a synergistic organization between crop and livestock producers
through cutting cost by sharing of land, equipment, and labor (Martin et al., 2016). This sharing
of resources through cooperation can ultimately increase individual and collective input use and
economic efficiency (Andersson et al., 2005). The potential increased support and collaborative
opportunities provide a great entry point for young farmers and ranchers interested in managing a
livestock enterprise to become active in the agriculture industry (Kumar et al., 2019). Benefits to
young producers and the collaborating individual include increased land access, the ability to
build cash reserves, and also develop and share experiences through social learning and
collective empowerment (Martin et al., 2016; Kumar et al., 2019). Collaborative programs such
as the Grain and Graze program in Australia or the National Crop-Livestock, Forestry Integration
Policy in Brazil can help initiate these positive relationships (Garret et al., 2017). Adoption of
this complex system will not occur over night, but rather occur through gradual, unnoticed shifts
toward more adaptive management techniques and resource use efficiencies (Kumar et al.,
2019).
In order for increased adoption of integrated crop-livestock systems we must better
understand the social influences hindering producer’s decision to implement the system. Thus
far, no review has been conducted to access the social dimensions of integrated crop-livestock
systems within commercial agriculture (Garrett et al., 2017; Kumar et al., 2019). However, a
moderate amount of knowledge has been required evaluating the nutrient flows, soil quality, crop
performance, and animal performance outcomes of adopting an integrated crop-livestock system
(Garret et al., 2017). Additionally, important but poorly understood are the social networks
determining producers’ access to information, perceptions about, and attitudes toward integrated
crop-livestock systems (Garret et al., 2017). Garrett et al. (2017) stated that agricultural research
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and extension, civil society groups, and farmer-to-farmer programs can increase knowledge
about the benefits and management strategies associated with implementing this type of
conservation system. However, in order to disseminate information scientists and educators need
to approach the science from a systems perspective and also determine what information
producers need to know before they will consider implementing an integrated crop-livestock
system (Garrett et al., 2017).
1.8 Conclusions and Research Objectives
There are many Southeast producers who manage crop land for corn production. These
farmers could add grazing cover crop forages by beef stocker calves to their system while their
crop land is vacant. Currently few producers capitalize on these combined resources, despite this
crop-livestock diversification potentially increasing soil, water, crop production, livestock
production, environmental, and economic sustainability. Analyzing management, observations,
and research results from an entire systems perspective seems to be a difficult thing for both
producers and scientists to accomplish. Thus, the literature is sparse and often times
contradictory, especially when it comes to cover crop forage mix recommendations for optimal
livestock performance and a thorough economic evaluation.
Therefore, the objective of this research program is to evaluate the forage yield and
nutritive value, calf growth, soil characteristics, subsequent corn grain yield, and economic
effects of winter grazing stocker calves on either 1) a monoculture rye or 2) 60% rye and 40%
turnip mixture, as a diversified crop-livestock system. A subsequent investigation will explore
the ideal cool-season grass to brassica ratio for optimal fermentation products and rumen
environment for improved beef cattle health and growth. Conclusions from this study will
demonstrate which winter cover crop was more practical, sustainable, and economical to
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implement for Southeast agricultural producers interested in adopting an integrated croplivestock system.
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1.9 Tables and Figures

Figure 1.1. Cattle commonly move from cow-calf or stocker/backgrounding operations all
over the U.S. to Midwest U.S. Feedlots. Calf Inventory and Cattle on Feed Inventory, January
1, 2015. U.S. Department of Agriculture, National Agricultural Statistics Service.
http://calag.ucanr.edu/archive/?article=ca.2016a0019
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Table 1.1. Summary of forage nutritive value (%) for crude
protein (CP), total ethanol soluble carbohydrates (TESC), neutral
detergent fiber (NDF), and acid detergent fiber (ADF) of turnip
and a small grain grass collected from forage mixture studies.
CP
TESC
NDF
ADF
Smart and Pruitt (2006)1
Turnip
18.7
-14.3
12.5
Cereal rye
18.0
-40.8
21.3
Sun et al. (2012)2
Turnip
Ryegrass

13.0
15.0

23.8
10.6

24.0
53.6

18.0
27.7

Lenz et al. (2019)3
Turnip
24.9
21.4
21.5
15.2
Oat
17.9
17.0
48.9
27.1
1
Grazing study conducted in South Dakota where turnip and
cereal rye forage was planted as a mixture in July and forage
collected in October.
2
Sheep in situ study conducted in New Zealand using turnip
monoculture and ryegrass monoculture planted in December and
forage collected in June.
3
Grazing study conducted in Nebraska where turnip, radish, and
oat was planted as a forage moxture in September and forage
collected in November.
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CHAPTER 2: Evaluation of cereal rye with or without turnip on forage biomass, forage
nutritive value, and stocker steer performance as part of a Southeastern U.S. integrated
crop-livestock system

2.1 Abstract
Farmers in the Southeast U.S. looking for greater sustainability of land use while land is not
occupied for corn (Zea mays L.) production, could graze beef stocker calves on cool-season
annual forages in the winter. The objective was to evaluate the grazing potential of cover crop
annual forages during the winter and stocker calf performance of either cereal rye (Secale
cereale) monoculture (RYE) or a targeted 60% cereal rye and 40% turnip (Brassica rapa L.)
mixture (MIX) as part of a diversified crop-livestock system. The study was conducted at three
locations in eastern North Carolina. Each treatment had 3 to 4 replicate pastures (1.8-3.6 ha) per
location with a stocking rate of 0.6 ha/steer. Winter-annual treatments were planted following
corn grain harvest, with the MIX producing 61% ± 2.9% rye and 39% ± 2.0% turnip (leaf and
root) on a dry matter (DM) basis in yr 1 and 26% ± 7.9% rye and 74% ± 7.0% turnip (leaf and
root) on a DM basis in yr 2. Angus crossbred steers (n = 136) were stratified by BW (275 ± 8 kg
in yr 1 and 317 ± 22 kg in yr 2) and hip-height (118.4 ± 5.8 cm in yr 1 and 120.4 ± 7.8 cm in yr
2) into 20 groups (n = 4-6/group) and randomly assigned to graze RYE or MIX. Two-day
consecutive weights of steers were taken at initiation and completion of the grazing period. Data
were analyzed using Mixed Procedure of SAS and differences were declared at P ≤ 0.05, with
tendencies declared at > 0.05 but < 0.10. Initial total forage mass averaged across both years and
locations were greater (P < 0.05) for MIX (1889 and 4290 kg DM/ha; 19% and 53% turnip root;
yr 1 and yr 2, respectively) than RYE (1568 and 1528 kg DM/ha; yr 1 and yr 2, respectively). All
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steers at a location were removed from grazing when forage mass was estimated at
approximately 1000 kg DM/ha in at least one paddock. Across both years and locations rye
monoculture had greater (P < 0.01) crude protein (16.4%), neutral detergent fiber (44.6%), and
acid detergent fiber (18.4%) than rye-turnip mixture (13.1%, 28.8%, and 14.0%, respectively).
Conversely, the rye-turnip mixture had greater (P < 0.01) non-fiber carbohydrate content
(45.8%) than rye monoculture (29.4%). The grazing period was 45 and 77 d for location 1 and 2,
respectively in yr 1 and 28, 60, and 34 d for location 1, 2, and 3, respectively in yr 2. Values for
steers grazing RYE and MIX for the following variables did not differ (P > 0.10) and thus
averaged across both years, locations, and treatment: ADG 1.06 kg/d; gain per hectare 89 kg/ha;
and hip-height growth 8.1 cm. Despite significant forage availability and nutritive value
differences the ADG and Gain/ha for grazing steers were not different. Grazing of both forage
schemes may be viable options as an additional productive enterprise.
2.2 Introduction
In the Southeastern U.S. there is opportunity to plant and potentially graze cover crop
forages on crop land during the winter. There are approximately 2.5 million hectares of land
either planted to corn silage or corn grain each year that may be available for implementing an
integrated crop-livestock system (USDA NASS, 2019). In recent years there has been an increase
in cover crops planted for soil health and grain yield improvements (SARE report, 2017).
However, cover crops are often sprayed with an herbicide and plowed into the soil prior to
planting the next cash crop. Some of the 6 million weaned calves in the Southeastern U.S.
(USDA NASS, 2019), could potentially graze these cover crop forages.
Previous research has indicated that late summer planted cereal rye produced forage
biomass of approximately 4720 kg DM/ha (Edmisten et al., 1998a). Turnip leaf has been shown
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to produce similar forage biomass, 4500 kg DM/ha, However, the combination of both turnip
leaf and root forage biomass was greater at approximately 5567 kg DM/ha (Jung and Schaffer,
1993). Percent CP is typically greater for rye (19%) than the turnip (15%) components, and rye
also has greater percent ADF (32%) than the turnip (18%) components (Smart and Pruitt, 2006).
Conversely, non-fiber carbohydrates (NFC) is greater for the turnip root, which often translates
to greater digestibility (Lenz et al., 2019). Preston (2016) reported that total digestible nutrients
for cereal rye is 65% and turnip 77%. Estimated nutrient requirements for a 250 kg growing steer
consuming 5.72 kg DM/d are 16% CP and 75% TDN to gain approximately 1.17 kg/d, according
to the most recently updated nutrient requirements of beef cattle (NASEM, 2016). These nutrient
requirements appear to be met with a diet mixture of both rye and turnip. However, there have
been concerns of decreased forage intake and gains of cattle with inclusion of brassicas in the
diet (Launchbaugh and Provena, 1991; Sun et al., 2012; Barry, 2013; Brunsvig et al., 2017).
Results reported on grazing monoculture small grains compared to grass and brassica mixes have
varied. Smart and Pruitt (2006) in South Dakota reported that heifers grazing a monoculture rye
pasture had greater ADG (0.71 kg) than heifers grazing a rye-turnip mix pasture (0.54 kg/d). In
contrast, Riley et al. (2019) reported that steers grazing an cool-season grass and brassica mix
containing 73% oat and 27% rapeseed, gained more than steers grazing a monoculture oat
pasture (1.05 and 0.95 kg/d, respectively). The cost of planting a cover crop is a major hurdle for
many producers, but Franzluebbers (2007) stated that grazing might be one way to offset the cost
associated with planting these forages.
The objective of this study was to evaluate a cereal rye monoculture (RYE) or cereal rye
and turnip mixture (MIX) cover crop forage biomass availability, forage nutritive value, and the
associated grazing steer growth. One group of steers were retained to also evaluate subsequent
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drylot growing and finishing performance in addition to carcass characteristics. It was
hypothesized that the MIX would yield similar forage biomass, ash, organic matter, and crude
protein to RYE. Additionally, the MIX is predicted to have greater non-fiber carbohydrate, but
less fiber including neutral detergent fiber, acid detergent fiber, hemicellulose, cellulose, and
lignin than RYE. All ultimately leading to greater steer gain (average daily and gain/ha) for
steers consuming the MIX than RYE.
2.3 Material and Methods
All cattle care, handling, and data measurement protocols were approved by the North
Carolina State University Animal Care and Use Committee. The Guide for the Care and Use of
Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) was used for animal
care and the protocol was approved by the Institutional Animal Care and Use Committee
(IACUC protocol # 18-071-A).
Research Site and Experimental Design
Three cooperating farms in Eastern, North Carolina were utilized in the experiment:
Location 1 (Loc 1) near Trenton, North Carolina, USA (34⁰59’ N; 77⁰34’ W), location 2 (Loc 2)
near Richlands, North Carolina, USA (34⁰56’ N; 77⁰32’ W), and location 3 (Loc 3) at the
Tidewater Research Station near Plymouth, North Carolina, USA (35⁰50’N; 76⁰40’ W). Each
cooperating farm planted a minimum of 22 ha to each of the two cover crop annual forage
schemes. The two forage schemes included 1) rye monoculture (RYE) and 2) 60 rye:40 turnip
mixture (MIX) of available forage as a randomized complete block design. Cover crop forages
were no-till drilled (Figure 2.1) on October 5 and 6, 2018 for Loc 1 and Loc 2, and October 16 –
24, 2018 for Loc 3 in yr 1. In yr 2 forage treatments were no-till drilled on September 23 – 25,
2019 following corn grain harvest for each location. Seeding rate in both years for RYE was
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123.3 kg/ha of Abruzzi Cereal Rye and the MIX seeding rate was 89.7 kg/ha of Abruzzi Cereal
Rye and 2.2 kg/ha of Purple Top Turnip. Drought conditions during fall cover crop planting of
2019 resulted in suppressed rye forage emergence and growth for an inadequate forage stand.
Thus, on November 11, 2019 replicate fields that were determined to need additional rye planted
were either drilled in RYE treatments at 123.3 kg/ha or broadcast in MIX treatments at 112.1
kg/ha to avoid damaging already established turnip forage.
Loc 1 was a swine wastewater irrigated farm with a Rains fine sandy loam (98.5%) soil
type and a 0 to 2% slope (USDA NRCS, 2019), thus nitrogen fertilizer was applied to the cover
crop treatments via wastewater irrigation with a target rate of 45 kg/ha of nitrogen. Wastewater
irrigation and fertilization is highly regulated and very dependent on precipitation and standing
water in the field. Year 1 was a very wet (84.4 cm of precipitation from September 2018 to
January 2019; Table 2.1; The Weather Company, LLC, 2020) which resulted in a challenge for
applying nitrogen via wastewater application. A total of 28 kg/ha of nitrogen were applied to the
cover crop treatments in yr 1. In yr 2, the fall season was much drier, with the area under drought
conditions from June 04, 2019 to July 23, 2019 (30.5 cm precipitation from September 2019 to
January 2020; Table 2.1; The Weather Company, LLC, 2020). Much of the stored swine
wastewater had been applied to the previous corn crop resulting in an application rate of 39 kg/ha
of nitrogen applied to the cover crop. Loc 2 and Loc 3 were dryland farms. Location 2 soils are
predominantly a mix of Rains fine sandy loam (45.2%) and Onslow loamy fine sand (52.8%).
Location 3 has a mix of Roanoke loam (75.8%), Cape Fear loam (14.4%), and Portsmouth fine
sandy loam (9.8%) soil types (USDA NRCS, 2019). Both locations had a 0 to 2% slope.
Nitrogen was applied once at 45 kg/ha of nitrogen in yr 1 as liquid via tractor sprayer and yr 2 as
a slow-release pellet via broadcast method for Loc 2 and Loc 3. Temporary fencing was set up to
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divide fields into 6 grazing paddocks at Loc 1 and Loc 2 (3 per treatment per location) and 8
grazing paddocks at Loc 3 (4 per treatment), and a portion (approximately 0.40 hectare) of each
paddock was fenced off as a grazing exclusion (No-GRAZE), which corresponded with a
subsequent soil characteristic and corn yield study (Cox-O’Neill, 2021; Chapter 3).
Forage Sampling and Lab Analysis
Forage biomass samples were obtained from each paddock prior to the start of grazing on
December 4-6, 2018 (yr 1) and January 9-10, 2020 (yr 2), and once per month until grazing
ceased. For biomass determination, 6 random 0.37 m2 areas were sampled in each paddock (CoxO’Neill et al., 2017). Turnips were pulled up to measure both above and below ground biomass
and rye was clipped at ground level. Additional plant species were also clipped at ground level or
collected from the ground surface, which primarily included corn residue, volunteer corn, and
weeds such as henbit (Lamium amplexicaule), which were designated as “other”. The biomass
samples were separated by species including rye, turnip leaf and root components, and other;
individually weighed and then forced-air oven dried at 60° C in cloth bags (rye), paper bags
(turnip leaf and other), or aluminum pans (turnip root) until a constant weight was obtained
(AOAC, 1965; method 935.29) to determine forage DM per hectare and the botanical
composition (rye, turnip leaf, and turnip root). Above ground forage biomass estimations
included only rye for the RYE treatment and rye and turnip leaf for the MIX treatment. Total
forage biomass estimations included only rye for the RYE treatment and rye, turnip leaf, and
turnip root for the MIX treatment.
Fresh forage samples, to determine nutritive value and to be used in a corresponding in
vitro fermentation study, were obtained alongside forage biomass samples prior to grazing on
December 4-6, 2018 (yr 1) and January 9-10, 2020 (yr 2), and once every two weeks until
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grazing ceased. In the RYE paddocks, rye was randomly selected 8 to 10 times throughout the
paddock, clipped at ground level, and compiled into gallon bags. In the MIX paddocks, rye and
turnip were selected randomly 8 to 10 times throughout the paddock. Rye was clipped at ground
level and turnips were pulled by the root. Each component (rye, turnip leaf, and turnip root) was
separately compiled into gallon bags, according to species type. Forage samples were transported
in a cooler with ice to the laboratory. Once at the lab, samples were chopped up into smaller
particle sizes to ensure adequate freeze drying and stored at -30° C until freeze-dried using a
VirTis freeze-drier (SP Scientific, Warminster, PA) and ground through a 1-mm screen using a
Wiley mill (Thomas Scientific, Sweedesboro, NJ). Freeze-dried forages typically have more
similar chemical composition and digestion analysis results to fresh forage tissue than heat
drying (Smith, 1973). Freeze-dried sub-samples were analyzed for corrected dry matter (105° C),
organic matter, crude protein, neutral detergent fiber, acid detergent fiber, cellulose, lignin, and
non-fiber carbohydrate.
Lab DM was used to adjust nutritive value assay results to a 100% DM basis. Lab DM
was determined by getting an original dry weight of a glass beaker, weighing 1 g of sample into
the beaker, drying for 24 hr in a 105° C forced-air oven, removing the beaker from the oven and
placing it in a desiccator, and removing each sample from the desiccator for a final dry sample
weight. Organic matter (OM) was determined by placing previously lab dried samples in the
glass beakers, into a muffle furnace for at least 6 h at 600 °C (AOAC, 1999; method 4.1.10).
Crude protein (CP) analysis was determined using a combustion chamber (828 Series
carbon/nitrogen Analyzer, LECO Corporation, St. Joseph, MO; AOAC 1999; method 990.03).
Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using an
ANKOM200/220 fiber analyzer (ANKOM Technology Corp., Macedon, NY) and cellulose and
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lignin were quantitated using an ANKOM DaisyII (ANKOM Technology Corp., Macedon, NY)
analyzer. The fiber analyses were conducted sequentially without the addition of heat-resistant
alpha-amylase (Van Soest and Robertson, 1980; Van Soest et al.; 1991).
𝑁𝐹𝐶 = 100 − (𝐶𝑃 + 𝑁𝐷𝐹 + 𝐸𝐸(𝑓𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝐸, 𝑒𝑡𝑐. ) + 𝐴𝑆𝐻)
Non-fiber carbohydrate (NFC) was calculated from the previously mentioned nutritive value
measurements. A constant ether extract value for rye (4%), turnip leaf (2.6%), or turnip root
(1.6%) was multiplied by the proportion of those components in each replicated field according
to forage biomass measurements (NASEM, 2016; Preston, 2016). The NFC equation was used
according to Hall et al. (1999).
Cattle and Animal Care
A total of 136 spring-born steer calves were used over the 2 years of the study. Loc 1
utilized 24 steers/yr in yr 1 and yr 2, Loc 2 utilized 32 steers/yr in yr 1 and yr 2, and Loc 3
utilized 24 steers in yr 2 only as forage biomass availability was not sufficient (<1,000 kg/ha) in
yr 1. All steers were weaned in late-summer or early-fall. Steers at Loc 1 and Loc 2 were
provided free-choice access to ryegrass haylage and fed a commodity supplement at 0.6% of
their body weight (BW) for 31 and 48 d, during yr 1 and yr 2, respectively, prior to the start of
the study. Steers at Loc 3 were on ryegrass pasture and were provided free-choice access to dry
bermudagrass and crabgrass mix hay and fed a cracked corn supplement at 0.6% of their BW for
50 d prior to the start of grazing forage treatments.
Angus based, black and black-white face crossbred steers were purchased, as a previously
preconditioned group in yr 1, and stratified by coat color (black or black/black-white face),
temperament, initial hip height (118.4 ± 5.8 cm), and initial BW (275 ± 8 kg) and assigned to 1
of the 2 forage treatments at both Loc 1 and Loc 2. In yr 2, Angus*Hereford and
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Angus*Limousin crossbred steers were purchased from two local producers, vaccinated and
dewormed, and comingled 48 d prior to the start of the study for Loc 1 and Loc 2. Steers were
stratified by original farm, coat color (black or black/black-white face), temperament, initial hip
height (121.9 ± 5.5 cm), and initial BW (296 ± 18 kg) and assigned to 1 of the 2 forage
treatments at both Loc 1 and Loc 2 in a completely randomized block design. Location 3 utilized
Angus based crossbred steers with Senepol influence previously preconditioned at the Cherry
Research Farm near Goldsboro, North Carolina. Loc 3 steers were stratified by hair coat (hair or
slick), temperament, initial hip height (118.9 ± 4.8 cm), and initial BW (338 ± 12 kg) and
assigned to 1 of the 2 forage treatments in a completely randomized block design. At Loc 3 in yr
2, 2 steers (1 steer/treatment) were removed from the study because they were unable to be
caught within 2 d of the study completion.
Initial BW was determined by taking two-day consecutive weights in the morning prior
to supplement feeding and after steers were denied access to hay and water for at least 1 hr. On
the day steers were caught off treatment pastures, weights were taken as soon as all steers were
removed from the pasture and then weights were collected again the following morning prior to
supplemental feeding and after steers were denied access to hay and water for at least 1 hr. Twoday consecutive body weights were averaged to determine initial and final BW (Stock et al.,
1983). Hip heights were also collected on the first weighing day at the beginning and end of the
study. The average daily gain (ADG) was calculated using the average initial BW and average
final BW divided by the number of days that the steers grazed.
In yr 1 forage paddocks were continuously grazed (Figure 2.1) from December 18, 2018
to February 1, 2019 (Loc 1) or March 5, 2019 (Loc 2) at a stocking rate of 0.61 ha/calf. In yr 2
forage paddocks were continuously grazed from January 18, 2020 to February 15, 2020 (Loc1)
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or March 18, 2020 (Loc 2). Loc 3 steers continuously grazed from January 14, 2020 to February
17, 2020. Steers were removed from grazing treatments at a location when the forage biomass
began to visually appear limiting (<1,000 kg/ha) at the time of monthly forage biomass
collections. At Loc 1 and Loc 2, steers had ad libitum access to a common mineral and water.
Steers at Loc 3 had ad libitum access to water and were consistently supplemented with a
common mineral. For Loc 1 and Loc 2, mineral in each paddock was checked daily and 22.7 kg
of mineral was added to paddocks that were low in mineral and offerings were recorded. At the
end of grazing, residual mineral was collected and weighed in the field and a subsample was
taken to the lab and force air oven dried at 60° C in aluminum pans to determine the DM content.
This data was used to calculate the grams of mineral consumed per steer per day. Once the
grazing study was completed, Loc 1 and Loc 2 steers were sold via an online video sale and
shipped to the Midwest for finishing in both years.
Post-grazing Animal Measurements
Steers from Loc 3 were sent to the Butner Beef Cattle Field Lab near Bahama, North
Carolina (36⁰10’ N; 78⁰48’ W) for finishing. Upon arrival on February 25, 2020 steers were
dewormed with Dectomax® and put-on pasture with a corn silage supplement for 7 d. Steers
were stratified by grazing period final hip height (121.6 ± 5 cm), final BW (367 ± 16 kg), and
previous forage grazing treatment and randomly assigned to 1 of 2 pens (11 steers/pen) with a
Calan gate system, within a covered and slotted floor barn. Steers were fed a primarily corn
silage growing total mixed ration (TMR) diet (Table 2.2) for 20 d for adaptation to the Calan
gate system and growing period. The official start of finishing trial began on March 23, 2020
once all steers had been observed eating from their individually assigned bunk on 3 separate
occasions. Starting on May 20, 2020, steers were transitioned from the growing TMR diet to the
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finishing TMR diet (Table 2.2) over a 9-d period by gradually increasing the concentration of
corn and soybean meal premixed concentrate and decreasing the amount of corn silage in the
diet. They were then fed the finishing diet for 48 d until harvest.
Calan gate feed bunks were visually evaluated daily at approximately 0730 h to
determine the feed offering for each bunk daily within a range of 1 kg above or below the
targeted feed offering based on bunk appraisal. Steers were fed once daily at approximately 0900
h. If feed was still remaining in the bunk the following morning it was removed and weighed to
subtract from the feed amount offered the following morning. Feed samples including the corn
silage component, grain concentrate component, and TMR were collected randomly every 2
weeks and stored at – 20° C for chemical composition analysis. After the experiment, the 2-week
samples were transported to the laboratory, thawed, and composited to form monthly samples.
Composited monthly samples were analyzed for standard DM (60° C), corrected DM (105° C),
OM, CP, NDF, ADF, cellulose, lignin, and NFC as described previously in the forage sampling
and lab analysis section. Feed percent DM was determined in the lab for the growing and
finishing phase diet by drying in a force-aired oven at 60° C for 48 h. Dry matter intake (DMI)
was calculated by multiplying the recorded weight in feed consumed daily by the diet DM
percentage measured in the lab for the growing and finishing diet of each animal.
An initial BW was taken at the start of the feeding trial, when transitioning from the
growing to finishing diet, and at the time ultrasound carcass measurements. Average daily gain
was calculated by subtracting the initial BW from the ending BW and dividing it by the number
of days in each feeding phase, 57 d for the growing phase and 49 d for the finishing phase. Gain
to feed (G:F) was calculated by dividing ADG by DMI data. All steers were ultrasounded for
carcass measurements 21 d prior to shipment for harvest on July 28, 2020 in Wyalusing,
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Pennsylvania. Carcass measurements via ultrasound were conducted due to Covid-19 restricted
access to slaughter facility. Ultrasound measurements included: backfat thickness, longissimus
dorsi area (LM area), and intramuscular fat percentage (converted to marbling score using a
regression equation) provided by Cup Lab, LLC (Ames, IA). A hot carcass weight (HCW) was
calculated by multiplying the BW at the time of ultrasound measurements by a common dressing
percentage of 63%. Yield grade (YG) was calculated using the following equation [2.5 + (6.35 X
12th rib fat) + (0.2 X 2.5[KPH]) + (0.0017 X HCW) – (2.06 X LM area)] (USDA, 1997).
Statistical Analysis
Forage biomass, forage nutritive value, grazing and finishing performance of steers, and
carcass characteristics were analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc.,
Cary, NC) with grazing field as the experimental unit for forage and grazing performance and
animal as the experimental unit for finishing performance and carcass characteristics. Year and
locations were analyzed separately due to year-to-year weather variations and site variations
causing differences in grazing duration. The statistical model included field block (replicate),
treatment, date, and treatment by date for forage biomass and nutritive value with date as a
repeated measure. Grazing and finishing performance and carcass characteristics had a statistical
model including replicate and treatment (main effect). Forage treatments were considered a fixed
effect in all analysis. For all analysis, differences were considered significant at P-value ≤ 0.05,
with tendencies declared at P-value > 0.05 but < 0.10. Once response variable was considered
significant or a tendency then treatment differences were evaluated using the pdiff function in
SAS 9.3 and treatment comparisons were considered significant at P-value ≤ 0.05, with
tendencies declared when P-value is > 0.05 but < 0.10.
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2.4 Results
Forage Biomass
Botanical composition for the MIX was different between yr 1 and yr 2 at any location
(Table 2.3). In yr 1 there was a greater proportion of rye than turnip within the total forage
biomass (not statistically analyzed) and turnip had a 50:50 turnip leaf to root ratio. In yr 2 there
was a greater proportion of turnip than rye within the total forage biomass (not statistically
analyzed) and turnip had a 27:73 turnip leaf to root ratio.
Forage biomass data are summarized in Table 2.4 for Loc 1, Table 2.5 for Loc 2, and
Table 2.6 for Loc 3. In yr 1 at Loc 1, December and January which were not different, both had
greater (P < 0.05) above ground forage biomass, than in February. Additionally, in yr 1 at Loc 2,
December and January which were not different, both had greater (P < 0.01) above ground and
total forage biomass than February, and least (P < 0.01) for March. Location 2 also had greater
(P < 0.05) above ground and total forage biomass for MIX than RYE. There were no additional
forage treatment or date effects and no forage by date interactions for above ground and total
forage biomass.
In yr 2 at Loc 1 and 2, MIX had greater (P < 0.01) total forage biomass than RYE. At
Loc 3, MIX had greater (P < 0.05) above ground and total forage biomass than RYE and January
had greater (P < 0.01) above ground and total forage biomass than February. There were no
additional forage treatment or date effects and no forage by date interactions for above ground
and total forage biomass.
Other biomass was not different (P > 0.10) between RYE or MIX on either year at any
location, averaging 858 kg DM/ha across years, locations, and forage treatments; data not
presented in a table.
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Supplemental forage biomass and botanical composition for the MIX treatment for NoGRAZE plots are reported in Appendix A.
Forage Nutritive Value
Forage nutritive value data are summarized in Table 2.7 for Loc 1, Table 2.8 for Loc 2,
and Table 2.9 for Loc 3. In yr Loc 1, MIX had a tendency (P = 0.08) of greater ash and less OM
for MIX than RYE. Location 2 also had greater (P < 0.01) ash and less OM for MIX than RYE
in both years. In yr 2 at Loc 3, there was a forage treatment by date interaction (P = 0.04) for ash
and OM with RYE in February (10.9%a and 89.1% b, respectively) and MIX in January (8.7% a, b
and 91.3% a, b, respectively) and February (8.7% a, b and 91.3% a, b, respectively) not different but
had greater (P < 0.01) ash and less (P < 0.01) OM than RYE in January (6.6% b and 93.4% a,
respectively); data not presented in a table (a, bMeans lacking common superscript differ). This
interaction indicates that the MIX consistently had greater ash and less OM throughout the
duration of the grazing trial, but RYE only acquired greater ash and decreased OM at the end of
grazing. There were no additional forage treatment or date effects and no additional forage by
date interactions for ash and OM in both years.
Crude protein values can also be found in Table 2.7 for Loc 1, Table 2.8 for Loc 2, and
Table 2.9 for Loc 3. In yr 1 at Loc 2, RYE had greater (P < 0.01) CP than MIX and decreased (P
< 0.01) over time from December to February. In yr 2 at all locations, RYE had greater (P <
0.01) CP than MIX. Location 2 in yr 2 also had a decrease (P < 0.01) in CP over time. There
were no additional forage treatment or date effects and no additional forage by date interactions
for CP in both years.
In yr 1 both Loc 1 and Loc 2 had greater (P < 0.05) NDF and ADF for RYE than MIX
and NDF and ADF increased (P < 0.01) over time at both locations. In yr 2 at Loc 2 and Loc 3,
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there was a forage treatment by date interaction (P = 0.05) for NDF, where RYE in February
(52.0% a at Loc 2 and 50.4% a at Loc 3) and March (54.7% a at Loc 2 only) although not different
were greater (P < 0.01), followed by RYE in January (44.3% b at Loc 2 and 48.7% b at Loc 3),
and least (P < 0.05) for MIX at any date (January, February, and March) which were not
different (25.0% c at Loc 2 and 30.0% c at Loc 3, averaged across dates); data not presented in a
table (a, b, CMeans lacking common superscript differ). This interaction indicates that RYE had
the greatest NDF and ADF, which also continued to increase over time, while the MIX had less
NDF and ADF and did not change over time. Loc 3 also had a forage treatment by date
interaction (P = 0.05) for ADF in yr 2, where RYE in February (23.2% a) had greater (P < 0.01)
ADF than RYE in January (16.0% b) or MIX in February (14.9% b) which were not different, and
least (P < 0.01) for MIX in January (12.5% c); data not presented in a table (a, b, CMeans lacking
common superscript differ). This interaction indicates that RYE had greater ADF in February
than MIX at any time and increased over time, but MIX in February obtained similar ADF to
RYE in January, while MIX in January had the least ADF. Also, in yr 2 at Loc 1, NDF and ADF
were greater (P < 0.01) for RYE than MIX. Additionally, at Loc 2 RYE had greater (P < 0.01)
ADF than MIX. Both Loc 1 and Loc 2 increased (P < 0.01) in ADF over time. Lastly in yr 2,
there was a tendency (P = 0.06) for NDF to increase over time at Loc 1.
Hemicellulose and cellulose followed similar trends to NDF and ADF (Table 2.7 for Loc
1, Table 2.8 for Loc 2, and Table 2.9 for Loc 3). In yr 1 at Loc 2, there was a forage treatment by
date interaction (P = 0.04) for hemicellulose, which was greatest (P < 0.01) for RYE in February
(31.7% a), followed by RYE in January (28.1% b), then RYE in December (23.1% c) and MIX in
January and February (21.3% c and 22.6% c, respectively) which were not different, and least (P
< 0.01) for MIX in December (17.8% d); data not presented in a table (a, b, c, dMeans lacking
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common superscript differ). This interaction indicates that RYE had the greatest hemicellulose,
which also continued to increase over time, while the MIX had less hemicellulose and only
increased during early maturity and then did not continue to change over time. Additionally, in
yr 1 at Loc 1, RYE had greater (P < 0.01) hemicellulose and cellulose than MIX and both
hemicellulos and cellulose increased (P < 0.01) over time. Cellulose was also greater at location
2 for (P < 0.01) RYE than MIX and cellulose increased (P < 0.01) over time. In yr 2 at Loc 2,
there was a forage by date interaction (P < 0.01) for cellulose at Loc 2, in which cellulose
increased over time for RYE (18.5% a, 23.5% b, and 25.1% c for January, February, and March,
respectively) and was greater (P < 0.01) at any date than MIX in February and March (14.1% d
and 14.4% d, respectively) which were not different and least (P < 0.01) for MIX in January
(12.8% e); data not presented in a table (a, b, c, d, eMeans lacking common superscript differ). This
interaction indicates that RYE had the greatest cellulose, which also continued to increase over
time, while the MIX had less cellulose and only increased during early maturity and then did not
continue to change over time. Additionally, in yr 2, RYE had greater (P < 0.01) hemicellulose
than MIX at any location. The RYE treatment also had greater (P < 0.01) cellulose than MIX at
Loc 1 and Loc 3 in yr 2. Hemicellulose at Loc 2 and Loc 3 increased (P < 0.05) over time, but
there was only a tendency (P = 0.08) at Loc 1 for hemicellulose to be greater in February than
January in yr 2. Cellulose also increased (P < 0.01) over time at Loc 1 and Loc 3 in yr 2.
Lignin is reported in Table 2.7 for Loc 1, Table 2.8 for Loc 2, and Table 2.9 for Loc 3. In
yr 1 at both Loc 1 and Loc 2, lignin increased (P < 0.01) over time and at Loc 2 only RYE had
greater (P = 0.01) lignin than MIX. In yr 2, lignin was greater (P ≤ 0.02) for RYE than MIX at
Loc 2 and 3. There were no additional forage treatment or date effects and no forage by date
interactions for lignin.
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In yr 1 at both Loc 1 and Loc 2, NFC was greater (P < 0.05) for MIX than RYE and
decreased (P < 0.01) over time. In yr 2 at Loc 3, there was a forage treatment by date interaction
(P = 0.02) for NFC, in which MIX in January and February (49.8% a and 46.5% a, respectively)
were not different but had greater (P < 0.01) NFC than RYE in January (36.4% b) and was least
(P < 0.05) for RYE in February (19.5% c); data not presented in a table (a, b, cMeans lacking
common superscript differ). This interaction indicates that MIX had the greatest NFC that
remained constant over time, while RYE had less NFC and decreased over time. Additionally, in
yr 2 at Loc 1 and Loc 2, MIX had greater (P < 0.01) NFC than RYE. As well as a tendency (P =
0.09) for NFC to be greater in January than February at Loc 1 in yr 2. There were no additional
forage or grazing treatment effects and no forage by date interactions for NFC.
Cattle Performance and Carcass Characteristics
All grazing performance data is located in Table 2.10. There were no treatment effects (P
≥ 0.10) for grazing ADG, final BW, gain/ha, or hip height growth for any location in either year
of the study.
Subsequent growing and finishing performance data, and carcass characteristics is
presented in Table 2.11. for Loc 3 in yr 2. There were no treatment effects for growing (P ≥
0.10) or finishing (P ≥ 0.10) ADG, final BW, DMI, or G:F. There were also no treatment effects
(P ≥ 0.10) for HCW, 12th rib fat, LM area, calculated YG, marbling score, or % Choice.
2.5 Discussion
Forage Biomass
The seeding rates were designed to achieve similar total forage biomass for the RYE and
MIX (60% rye and 40% turnip leaf and root). This was best achieved in yr 1, when the above
ground (1369 kg DM/ha) and total (1496 kg DM/ha) forage biomass for Loc 1 was not different
between forage treatments and the MIX consisted of 61% rye and 39% turnip for Loc 1 and Loc
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2. However, in yr 2 the warmer drought conditions during the fall suppressed rye emergence but
favored turnip growth and resulted in the reverse of yr 1 with 24% rye and 76% turnip in the
MIX. Additionally, in yr 1 based on observation Loc 2 had better soil drainage than the other
locations which allowed both the rye and turnip to excel in these conditions, resulting in the MIX
having greater above ground and total forage biomass (1552 and 1892 kg DM/ha, respectively)
than RYE (1392 kg DM/ha for both above ground and total forage biomass). A mix of small
grain grasses and brassicas might be most ideal for a yield boost (Helgadόttir et al., 2018), due to
diversity of mineral nutrient exchange between plants (Brown, 2018). The extremely low forage
biomass produced at Loc 3, approximately 1400 kg DM/ha less than the other two locations was
primarily due to a three-week later planting date than the other two locations. Thus, not allowing
sufficient growing degree days (GDD) of 571 GDD at Loc 3 as compared to 1117 GDD for the
other two locations by December 15, 2018 when we began grazing in yr 1. Fewer growing
degree days has been shown by Wiedenhoeft and Barton (1994) to substantially suppress forage
yield potential.
In yr 2 all locations had sufficient growing degree days of approximately 1750 GDD by
January 16, 2020 to allow enough forage growth for grazing. Forage biomass was similar
between forage treatments for the above ground forage measurement at all locations. However,
all three locations had an average of 2648 kg DM/ha greater total forage biomass for the MIX
than RYE, due to the inclusion of the turnip root component. In yr 1 the turnip root component
made up approximately 17% of the entire MIX treatment for all three locations, but in yr 2
approximately 53% of the forage MIX treatment consisted of turnip root for all three locations.
That equals a 50:50 turnip leaf to turnip root ratio in yr 1 and a 27:73 turnip leaf to turnip root
ratio in yr 2 as calculated by the forage component percentages of total forage in Table 2.3.
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Despite an identical seeding rate, the week earlier seeding date and warmer dry weather favored
the accelerated maturity and turnip root growth causing these forage proportion and total forage
biomass differences. Havilah (2011) reported turnip leaf to root ratios ranging from 90:10 within
the first month of planting and 15:85 as the plant matures and begins to increase significantly in
root yield, which supports the findings of the current study. Forage biomass generally decreased
over time as steers consumed the forage especially in yr 1. This was also the case for Loc 1 and
Loc 3 in yr 2 resulting in a similar date of grazing termination. Location 2 in yr 2 maintained a
more constant forage biomass over time throughout the entire grazing duration. The excess
forage biomass available at Loc 2 in yr 2 at the time of grazing termination could have
potentially allowed at least another month of grazing, but steers had to be removed from fields to
allow the crop producer time for preparing fields for corn planting by the first of April. There
were no differences between the RYE or MIX for the ‘other’ forage components, averaging 858
kg DM/ha across both years and locations, which mainly consisted of corn residue. This
indicates that the residue was evenly distributed across the fields during corn harvest. Even
residue distribution prevents an advantage of one treatment having greater energy available from
the corn residue leaf and husk than the other treatment.
Forage Nutritive Value
The forage MIX consistently had greater OM than the RYE forage treatment and there
was a trend for OM to decrease over time. Soil ash contamination was minimized by bagging
forage components separately at sample collection and through washing turnip roots before
storage for chemical analysis. It is also not uncommon for longer grazing duration and increased
precipitation which was especially observed in yr 2 to result in increased forage trampling by
cattle and mud splash, could increase soil ash content on the forage leaf.
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Throughout the majority of the study, RYE had greater CP than the MIX forage
treatment. Small grain forages such as cereal rye and oat range from 17% to 24% CP (Smart and
Pruitt, 2006; Bowman et al. 2008). Crude protein for the RYE monoculture in the current study
only fell within that range during yr 2 at Loc 2, while the other dates and locations had CP below
16% and as low as 10%. On the Piedmont and Coastal Plains border in Raleigh, NC, Edmisten et
al. (1998b) reported greater CP for cereal rye in the vegetative and boot stage (26.9% and 19.9%,
respectively), but similarly reduced CP to the current study during the heading and milk stage of
plant maturity at 10.1% and 7.5%, respectively. The current study based on observation would
have remained in the vegetative and boot stage until the last month of grazing. Nitrogen fertilizer
was applied at the recommended rate in both years for Loc 2 and Loc 3 but was under applied at
Loc 1 in both years due to swine wastewater limitations. Reduced N fertilization could partially
explain the reduced CP at Loc 1; however, this reduced CP trend was observed in almost every
year, location, and sampling timepoint. A more likely cause for the reduced CP at all three
Coastal Plains sites is the sandy soil texture (65% sand; Cox-O’Neill, 2021; Chapter 3) and
typically abundant precipitation. It has been reported that course or sandy soils are prone to
nutrient leaching below the soils surface and out of reach of plant roots in combination with
heavy precipitation (Brady, 1974; Huang and Hartemink, 2020). Cation exchange capacity
(CEC) is one soil measurement tool used to determine a soils ability to retain nutrients at the
soils surface, and it is recommended that sandy soils have a CEC of greater than 12 meq/100cc to
reduce nutrient application (Gaines and Gaines, 1994). In a companion study evaluating the soil
and subsequent corn grain yield of this integrated crop-livestock system, soil samples determined
that the CEC was not different between RYE or MIX and averaged 10 meq/100cc across both
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years and all locations (Cox-O’Neill, 2021; Chapter 3). Which is an indicator that these soils
might not have adequately retained N for the growing plants to use.
Consistently, studies have reported less CP in the turnip root than the turnip leaf,
averaging 11% and 18% respectively (Koch et al., 2002; Smart and Pruitt, 2006). In the current
study, it is not surprising that the MIX had less CP than RYE in most locations, since turnip root
made up half the turnip leaf to root ratio in yr 1 and more than half of the entire MIX total forage
biomass in yr 2. A study by Lenz et al. (2019) reported turnip leaf to have even greater CP value
of 24.9% than oats at 17.9%. Their results could have been due to the oats accelerated forage
maturity and thus decrease of forage nutritive value during the Fall, but yet suppressed maturity
for the turnip in the cooler Nebraska temperatures. A decrease in cool-season grass forage
nutritive value due to increased maturity in the fall has been observed by others (Coblentz and
Walgenbach, 2010), whereas nutritive value of brassicas remained steady throughout maturation
(Weidenhoeft and Barton, 1994; Villalobos and Brummer, 2015). The milder winter temperatures
in eastern, North Carolina did allow for the forage to mature and resulted in a trend for CP to
decrease over time.
Neutral detergent fiber and ADF were consistently greater for the RYE treatment than the
MIX forage treatment in both years and for all locations. Many other studies have reported cereal
rye or oat NDF between 40% to 50% and ADF between 21% to 33% (Bowman et al., 2008;
Edmisten et al., 1998b; Lenz et al., 2019; Smart and Pruitt, 2006). Whole turnip has been
reported to have an NDF of 22% and ADF of 17.5% (Sun et al., 2012; Lenz et al., 2019;
Villalobos and Brummer, 2016). It is common for fiber to increase in small-gran grasses as they
mature (Coblentz and Walgenbach, 2010). This was observed in the current study where NDF
and ADF increased over time as the plant matured at most locations. Interestingly there was a
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significant treatment by date interaction for NDF in yr 2 Loc 2 and Loc 3 that indicated RYE had
greater NDF and it increased over time, and the MIX had less NDF that did not decrease over
time. This finding is similar to the theory that brassicas do not decrease in nutritive value over
time like small grains typically do with increased maturity (Weidenhoeft and Barton, 1994;
Villalobos and Brummer, 2015). This phenomenon was also supported by the similar interactions
at Loc 2 for hemicellulose in yr 1 and cellulose in yr 2. Lignin was also typically greater for RYE
than MIX and either increased or did not change with plant maturity over time. Although the
differences were not as drastic as the differences observed for hemicellulose and cellulose for a
treatment and date effect.
The non-fiber carbohydrate component of the MIX was greater than RYE, which is
exactly opposite of the greater fiber for RYE than MIX trend discussed earlier. The NFC also
decreased over time as the fibrous component of the plant increased. Plant maturity and winter
weathering can accelerate the decrease of NFC (Lenz et al., 2019). However, turnip roots are
efficient at retaining their NFC content throughout the winter and grazing duration (Lenz et al.,
2019). Similar lab measurements, such as total ethanol soluble carbohydrate have been reported
in other studies of 23.8% total ethanol soluble carbohydrate for turnip as compared to only
10.6% for ryegrass (Sun et al., 2012). Lenz et al. (2019) also reported total ethanol soluble
carbohydrate at 15.3% and 45.8% for the turnip leaf and root, respectively, or 21% for the entire
turnip and 17% for oats. These values are slightly less than the NFC results reported in the
current study. One difference is the NFC value was calculated based on other chemical
composition measurements and total ethanol soluble carbohydrates were measured in a separate
lab analysis described by Hall et al. (1999).
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Grazing Performance
Greater NFC for the MIX was expected to result in greater gain for steers grazing the
MIX than RYE, based on a literature review of rye and rye-turnip mix forages for chemical
composition and grazing results. Greater NFC is typically associated with greater digestibility
(Lenz et al., 2019). This potential increase in digestibility is correlated with greater energy
content of turnip for the animal than solely rye, that is known to decrease in digestibility as the
plant matures and fiber content increases (Lenz et al., 2019). Conclusions from some studies
advise to not graze turnip as a monoculture (Cassida et al., 1994; Lenz et al., 2019). However,
Cassida et al. (1994) used sheep as the study animal and were making conclusions based on
chemical composition of the forage rather than actual grazing results (Lenz et al., 2019). This
recommendation was based on ruminant animals needing at least 27% to 30% NDF to optimize
rumen function (Westwood and Mulcock, 2012); which can sometimes be difficult to achieve
with solely grazing turnip. Additionally, CP has been shown to not be limiting for either rye or
turnip forage as long as turnip root did not make up the majority of the forage being grazed, as
previously mentioned in the forage nutritive value discussion. Thus, the current study was
designed to include the increased fiber and CP of the rye for optimal rumen function with the
addition of energy from the NFC component of turnip, to enhance growth. However, in the
current study there were no differences in ADG for any location in either years, averaging 1.06
kg/d. The greater turnip root component especially in yr 2 could have driven the MIX to be
deficient in CP thus becoming a limiting factor in supplying nitrogen to rumen microbes for
maximum microbial fermentation efficiency with steers grazing the MIX (Stern and Hoover,
1979). In contrast, the reduce NFC of RYE could have been a limiting factor in supplying energy
to rumen microbes for maximum microbial fermentation efficiency with steers grazing RYE
(Stern and Hoover, 1979). It takes a balance of nitrogen in the form of plant CP and energy
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provided rapidly by NFC to maximize the efficiency of microbial growth and fermentation
(Stern and Hoover, 1979), leading to greater VFA production and microbial protein synthesis
ultimately used by the ruminant animal for increased growth.
Another benefit of the MIX in the current study was the increased forage biomass
available as compared to RYE, which could have potentially resulted in increased DMI and thus
improved steer gains. Yet no improved gains were detected. Some studies have reported that
despite there being an abundance of forage available in the cool-season grass and brassica mixes,
calves decide to reduce forage intake due to other factors. Some of those factors have been
described as cattle being unfamiliar with the forages (Launchbaugh and Provena, 1991; Brunsvig
et al., 2017), an unhealthy rumen environment due to reduced NDF and greater NFC (Drewnoski
et al., 2018), or deleterious plant compounds like S-methyl cysteine sulfoxide and glucosinolates
(Catanese et al., 2012; Sun et al., 2012; Barry, 2013; Brunsvig et al., 2017). Average daily gain
results of this study were greater than most other studies grazing similar cool-season grass and
brassica forages, which averaged 0.58 across all studies cited for cool-season grass monocultures
and mixes (Smart and Pruitt, 2006; Beck et al., 2007; Dubeux et al., 2016). Bowman et al. (2008)
in Arkansas achieved the most similar gains to the current study when grazing a wheat and cereal
rye mix forage of 0.98 kg/d averaged over the 4-year study. Smart and Pruitt (2006) reported that
heifers grazing a monoculture rye pasture gained greater (0.74 kg/d) compared to a rye-turnip
mixture (0.56 kg/d) that was described to be dominated by turnip. In contrast, Riley et al. (2019)
reported that steers grazing an oat-rapeseed mix containing 73% oat and 27% rapeseed, gained
more than steers grazing a monoculture oat pasture (1.05 and 0.95 kg/d, respectively). One
possible explanation for the inconsistencies found in animal performance associated with these
variations of cool-season grasses and brassica monocultures and mixes is the greater proportions
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of NFC or sugars in turnip, specifically when including the root portion, could contribute to rapid
digestion and decreased ruminal pH (Westwood and Mulcock, 2012) resulting in subacute
acidosis. These contributing factors along with the fact that most brassica forages are typically
foreign to grazing animals at first, supports the findings of Brunsvig et al. (2017) who observed
less body weight (BW) gain from d 1 – 21, than from d 22 – 48 in grazing heifers. These authors
indicated that adaptation to the forage contributed greatly to animal performance when grazing
brassicas. Varying percentages of cool-season grasses to brassica forages making up the pastures
being grazed, could also contribute variability in the nutrients being provided and subsequent
variation in animal performance. It is not clear whether it is better for ruminants to graze a more
fibrous monoculture, such as oat or rye, or whether an addition of brassicas with greater
digestibility will increase animal gains.
Although there was no difference in Gain/ha in the current study (89 kg/ha) it was much
less than other studies have reported in cool-season grass grazing trails (507 kg/ha) in Oklahoma
and Arkansas (Beck et al., 2007). Dubeux et al. (2016) in Florida did however report more
similar gain/ha to the current study, averaging 91 kg/ha for grazing a combination of small grain
grasses and ryegrass. Both forage treatments are viable options for producers to plant as a cover
crop and graze for a potential increase in productivity as both treatments surpassed the 0.90 kg/d
estimate, needed in order breakeven, as reported by Beck et al. (2013). Location 2 also had a
much longer grazing duration which doubled the gain/ha. However, they had to be removed from
the fields by mid-March to allow for field corn preparation. These conditions of longer grazing at
Loc 2 in both years would potentially be more appealing to producers looking to add grazing
cattle on crop land as an additional enterprise.
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Finishing Performance and Carcass Characteristics
At Loc 3 steers were hauled to a covered feeding facility and fed a TMR diet for the
growing and finishing phase before being harvested in yr 2 of the study. There were no
differences in finishing ADG, final BW, DMI, or G:F between the two forage treatments.
Additionally, there were no subsequent carcass characteristic differences. The short grazing
duration of 34 d and lack of grazing ADG differences between the RYE or MIX treatment
reduced potential impact on long-term performance. Steers in the current study had a similar BW
(405 kg) when entering the confined feeding growing phase but a heavier BW (479 kg) when
entering the finishing phase than steers from another recent cool-season and brassica mix forage
grazing study (381 kg; Cox-O’Neill et al., 2017). Reuter and Beck (2013) and Lancaster et al.
(2014) have both concluded that increased feedlot placement BW is closely correlated with
increased DMI and lesser G:F. Feedlot placement BW was the same between forage treatments
in this study and we also observed no difference between finishing DMI or G:F. In the study of
Cox-O’Neill et al. (2017) steers on the oat and brassica forage treatment had a lighter feedlot
placement BW for the finishing phase and less finishing DMI and greater finishing G:F (10.5
kg/d and 0.158 kg/kg, respectively) than steers in the current grazing trial (10.9 kg/d and 0.130
kg/kg, respectively). A meta-analysis evaluating the effects of growing management on marbling
score have found no impact as long as steers were harvested at a similar 12th rib fat thickness
(Lancaster et al., 2014). This held true in the current study where steers previously grazing either
RYE or MIX had a similar 12th rib fat thickness of 1.17 cm and marbling score of 721. A
marbling score above 700 corresponds with the Choice + quality grade, and all steers in the study
graded Choice or higher resulting in 100% Choice for steers in both grazing treatments.
In conclusion, forage biomass, forage mixture components, and forage nutritive value can
vary tremendously from year to year. Forage biomass availability was typically greater for the
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MIX than the RYE. Forage nutritive value varied with RYE having greater CP but the MIX
having less NDF and ADF but greater NFC, all of which are commonly associated with greater
digestibility and increased metabolizable energy. Despite these significant forage differences,
grazing ADG and gain/ha were not different at any location or year during the winter. The lack
of grazing differences between forage treatments at location 3 in yr 2 also resulted in no
differences for drylot growing performance, finishing performance, and carcass characteristics.
Lastly, grazing of both forage options resulted in gains exceeding the 0.90 kg/d recommended to
justify incorporating grazing cattle in a productive enterprise as long as there is adequate forage
biomass produced during the fall for winter grazing.
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2.6 Tables

Table 2.1. Weather during late-summer, post-planting of forage, and during winter grazing period.1
Sept.
Oct.
Nov.
Dec.
Jan.
Feb.
1
Year 1: 2018-2019
Mean high temperature, ⁰C
29.4
24.4
17.8
14.4
12.2
17.2
Mean low temperature, ⁰C
12.2
12.2
6.7
2.8
1.1
4.4
Mean average temperature, ⁰C
21.1
18.3
11.7
9.4
6.7
10.6
Total monthly precipitation, cm
38.20
6.35
15.54
17.98
6.32
2.46

Mar.
17.8
4.4
11.1
4.27

Year 2: 2019-20202
Mean high temperature, ⁰C
30.0
25.6
16.1
15.6
16.1
16.1
20.6
Mean low temperature, ⁰C
18.9
13.9
3.9
4.4
3.9
3.9
8.9
Mean average temperature, ⁰C
23.3
19.4
10.0
10.0
10.0
10.6
14.4
Total monthly precipitation, cm
12.65
4.90
5.11
6.25
2.13
12.42
4.50
1
Weather data were collected from the weather history at the Greenville, NC airport located halfway between Loc
1/Loc 2 and Loc 3 at The Weather Company, LLC (2020).
2
In yr 1, the forages were no-till drilled on October 5 and 6, 2018 for Loc 1 and Loc 2, and October 16 – 24, 2018
for Loc 3 in yr 1.
3
In yr 2 forage treatments were no-till drilled on September 23 – 25, 2019 following corn grain harvest for all
locations.
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Table 2.2. Composition of growing and finishing diet.
Growing Diet
Finishing Diet
Item
DM basis, %
DM basis, %
Ingredient
Dry Rolled Corn
3.4
55.4
Corn Silage
90.0
34.0
Soybean Meal
6.0
9.4
Limestone
0.4
0.9
1
Trace Mineral Salt
0.1
0.2
Vitamin A, D,E Premix2
<0.1
<0.1
Analyzed composition
13.7
Crude Protein, %
11.5
22.0
Neutral Detergent Fiber, %
36.3
9.1
Acid Detergent Fiber, %
17.7
1
Trace mineral salt included: Salt Min-Max of 91.5-96.5%, Zinc Min of
1.0%, Copper Min of 5000 ppm, Manganese Min of 2500 ppm, Iodine
Min of 10 ppm, Selenium Min of 104 ppm, and Cobalt Min of 72 ppm.
2
Vitamin Premix provided Rumensin (Purina Animal Nutrition LLC.,
Gray Summit, MO).
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Table 2.3. Two-year percent (%) forage component of total forage biomass of the rye-turnip
mixture (MIX) sampled once per month during the winter beginning with a pre-grazing sample and
ending with a post-grazing sample for all three locations.
Year 1
Year 2
Item
Dec.
Jan.
Feb.
Mar.
Dec.
Jan.
Feb.
Mar.
Location 1
Rye
53.2
67.3
53.2
--19.3
31.7
-Turnip leaf
18.8
20.0
18.8
--18.6
15.7
-Turnip root
28.0
12.7
28.0
--62.1
52.6
-Location 2
Rye
Turnip leaf
Turnip root

61.4
18.4
20.2

61.4
20.0
18.6

Location 3
Rye
Turnip leaf
Turnip root

----

----

59.0
16.2
24.8

66.3
14.8
18.9

----

15.2
34.3
50.5

12.5
31.9
55.6

10.6
24.6
64.8

----

91.4
2.4
6.2

----

38.4
18.7
42.9

40.7
9.3
50.0

----
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Table 2.4. Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or
rye-turnip mixture (MIX) samples taken once per month during the winter beginning with a pre-grazing sample and
ending with a post-grazing sample for Location 1.1
Treatments
Date
P - Value
2
3
Item
RYE
MIX
SEM
Dec.
Jan.
Feb.
SEM
Treatment Date Trt*Date4
Year 1: 2018-2019
Above ground5
1382
1356
104
1574a 1487a
1047b
127
0.86
0.03
0.69
Total6
1383
1609
116
1653
1601
1233
142
0.20
0.12
0.94
Year 2: 2019-2020
Above ground5
1254
1396
330
-1575
1076
330
0.77
0.33
0.96
7
b
a
Total
1254
3713
493
-2948
2018
493
0.01
0.23
0.54
1
In yr 1 grazing began on December 15 and lasted 45 d and began on January 16 and lasted 28 d in yr 2.
2
Standard error of the least squares mean (n = 9 pastures*date in yr1 and n = 6 pastures*date in yr 2).
3
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
4
Treatment by date interaction.
5
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX
treatment.
6
Total forage biomass in year 1 includes the rye (58%), turnip leaf (19%), and turnip root (23%) components
measured for the MIX treatment.
7
Total forage biomass in year 2 includes the rye (26%), turnip leaf (17%), and turnip root (57%) components
measured for the MIX treatment.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Table 2.5. Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or rye-turnip
mixture (MIX) samples taken once per month during the winter beginning with a pre-grazing sample and ending with a postgrazing sample for Location 21.
Treatments
Date
P - Value
2
3
Item
RYE
MIX SEM
Dec.
Jan.
Feb.
Mar.
SEM Treatment
Date
Trt*Date4
Year 1: 2018-2019
Above ground5
1392b
1552a
47
1699a 1744a 1328b 1117c
66
0.03
<0.01
0.20
6
b
a
Total
1392
1892
57
1803a 1967a 1544b
1253c
80
<0.01
<0.01
0.19
Year 2: 2019-2020
Above ground4
2252
2616
209
-2271
2782
2249
256
0.25
0.29
0.52
7
b
a
Total
2252
6164
315
-3630
4518
4475
386
<0.01
0.23
0.54
1
In yr 1 grazing began on December 15 and lasted 77 d and began on January 16 and lasted 60 d in yr 2.
2
Standard error of the least squares mean (n = 12 pastures*date in yr1 and n = 9 pastures*date in yr 2).
3
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
4
Treatment by date interaction.
5
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX treatment.
6
Total forage biomass in year 1 includes the rye (62%), turnip leaf (17%), and turnip root (21%) components measured for the
MIX treatment.
7
Total forage biomass in year 2 includes the rye (13%), turnip leaf (30%), and turnip root (57%) components measured for the
MIX treatment.
a,b,c
Means within year, item, and treatment or date lacking common superscript differ.
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Table 2.6. Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or
rye-turnip mixture (MIX) samples taken once per month during the winter beginning with a pre-grazing sample and
ending with a post-grazing sample for Location 31.
Treatments
Date
P - Value
2
3
Item
RYE
MIX SEM
Jan.
Feb.
Mar. SEM Treatment Date Trt*Date4
Year 1: 2018-2019
Above ground5
395
322
35
--359
-0.24
--Total6
395
343
36
--369
-0.39
--Year 2: 2019-2020
Above ground5
1020
1400
132 1491a
929b
-132
0.07
0.01
0.60
7
b
a
a
Total
1020
2594
190 2148 1466b
-190
<0.01
0.03
0.43
1
In yr 2 grazing began on January 16 and lasted 35 d.
2
Standard error of the least squares mean (n = 4 pastures*date in yr1 and n = 8 pastures*date in yr 2).
3
Standard error of the least squares mean (n = 8 pastures*treatment in yr1 and n = 8 pastures*treatment in yr 2).
4
Treatment by date interaction.
5
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX
treatment.
6
Total forage biomass in year 1 includes the rye (91%), turnip leaf (2%), and turnip root (6%) components measured
for the MIX treatment.
7
Total forage biomass in year 2 includes the rye (40%), turnip leaf (14%), and turnip root (46%) components
measured for the MIX treatment.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Table 2.7. Two-year chemical nutritive value analysis (% of DM) of either a cereal rye monoculture (RYE) or rye-turnip
mixture (MIX) samples taken once every two-weeks and combined into a month during the winter beginning with a pregrazing sample until end of grazing for Location 11.
Treatments
Date
P - Value
Item
RYE
MIX SEM2
Dec.
Jan.
Feb. SEM3 Treatment
Date
Trt*Date4
Year 1: 2018-2019
Ash
7.9
10.1 0.74
8.9
9.1
-0.74
0.08
0.83
0.91
Organic matter
92.1
89.9 0.74
91.1
90.9
-0.74
0.08
0.83
0.91
Crude protein
11.5
11.9 0.35
12.4a
11.0b
-0.35
0.44
0.03
0.29
Neutral detergent fiber
44.7a
38.3b 0.67
37.9b
45.2a
-0.67
<0.01
<0.01
0.99
a
b
b
a
Acid detergent fiber
21.8
19.5
0.53
18.8
22.5
-0.53
0.02
<0.01
0.77
Hemicellulose
22.9a
18.9b 0.43
19.1b
22.7a
-0.43
<0.01
<0.01
0.61
a
b
b
a
Cellulose
20.5
17.8
0.31
17.8
20.4
-0.31
<0.01
<0.01
0.72
Lignin
2.0
1.8 0.11
1.7b
2.1a
-0.11
0.37
0.04
0.83
b
a
a
b
Non-fiber carbohydrate
31.6
36.2
1.57
37.1
31.0
-1.57
0.03
<0.01
0.68
Year 2: 2019-2020
Ash
8.0
10.3 0.86
-8.2
10.1
0.86
0.10
0.17
Organic matter
92.0
89.7 0.86
-91.8
89.9
0.86
0.10
0.17
Crude protein
14.6a
11.1b 0.50
-13.4
12.2
0.50
<0.01
0.14
Neutral detergent fiber
52.3a
28.8b 3.46
-34.9
46.3
3.46
<0.01
0.06
a
b
b
a
Acid detergent fiber
23.0
14.4
2.07
-15.1
22.3
2.07
0.03
0.05
Hemicellulose
29.3a
14.5b 1.40
-19.8
24.0
1.40
<0.01
0.08
a
b
b
a
Cellulose
22.3
14.6
0.89
-15.8
21.1
0.89
<0.01
<0.01
Lignin
2.9
1.8 0.42
-1.8
2.9
0.42
0.10
0.13
b
a
a
b
Non-fiber carbohydrate
21.1
47.4
4.30
-40.4
28.1
4.30
<0.01
0.09
1
Nutritive value analysis was conducted on total forage RYE (rye) and MIX (rye, turnip leaf, and turnip root).
2
Standard error of the least squares mean (n = 6 pastures*date in yr1 and n = 6 pastures*date in yr 2).
3
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
4
Treatment by date interaction.
a,b
Means within year, item, and treatment or date lacking common superscript differ.

0.80
0.80
0.06
0.72
0.52
0.95
0.39
0.52
0.98
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Table 2.8. Two-year chemical nutritive value analysis (% of DM) of either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) samples taken once every two-weeks and combined into a month during the winter beginning with a pre-grazing sample
until end of grazing for Location 21.
Treatments
Date
P - Value
Item
RYE
MIX SEM2 Dec.
Jan.
Feb. Mar. SEM3 Treatment Date Trt*Date4
Year 1: 2018-2019
Ash
7.4b
9.2a 0.16
8.3
7.9
8.6
-0.20
<0.01
0.08
0.80
a
b
Organic matter
92.6
90.8
0.16
91.6
92.1
91.4
-0.20
<0.01
0.08
0.91
Crude protein
14.4a
12.7b 0.25
14.9a 13.2b 12.4b
-0.30
<0.01
<0.01
0.88
Neutral detergent fiber
50.8a
40.1b 0.72
39.0c 46.3b 50.9a
-0.88
<0.01
<0.01
0.26
a
b
c
b
a
Acid detergent fiber
23.1
19.5
0.44
18.6
21.6
23.9
-0.54
<0.01
<0.01
0.69
Hemicellulose
27.6a
20.6b 0.37
20.5c 24.7b 27.1a
-0.45
<0.01
<0.01
0.04
a
b
b
a
a
Cellulose
23.1
19.0
0.41
19.0
21.7
22.5
-0.50
<0.01
<0.01
0.84
Lignin
2.4a
2.1b 0.09
1.9b 2.3a,b
2.5a
-0.11
0.01
<0.01
0.57
b
a
a
b
c
Non-fiber carbohydrate 23.5
34.8
0.61
34.0
28.9
24.4
-0.75
<0.01
<0.01
0.21
Year 2: 2019-2020
Ash
8.7b
11.2a 0.28
-9.8
10.0 10.0
0.34
<0.01
0.85
b
a
Organic matter
91.3
88.8
0.28
-90.2
90.0 90.0
0.34
<0.01
0.85
Crude protein
19.5a
14.7b 0.64
-20.2a 15.5b 15.6b 0.78
<0.01
<0.01
Neutral detergent fiber
50.4a
25.0b 0.86
-33.7b 39.5a 39.8a 1.05
<0.01
<0.01
a
b
b
a
a
Acid detergent fiber
21.7
12.6
0.55
-14.4
18.4 18.6
0.68
<0.01
<0.01
Hemicellulose
28.7a
12.5b 0.38
-19.3b 21.2a 21.4a 0.47
<0.01
0.02
a
b
b
a
a
Cellulose
22.4
13.8
0.50
-15.6
18.8 19.8
0.36
<0.01
<0.01
Lignin
2.6a
2.0b 0.15
-2.1
2.5 2.3
0.18
0.02
0.31
b
a
Non-fiber carbohydrate 17.4
46.9
0.94
-33.2
31.8 31.5
1.15
<0.01
0.54
1
Nutritive value analysis was conducted on total forage RYE (rye) and MIX (rye, turnip leaf, and turnip root).
2
Standard error of the least squares mean (n = 9 pastures*date in yr1 and n = 9 pastures*date in yr 2).
3
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
4
Treatment by date interaction.
a,b,c
Means within year, item, and treatment or date lacking common superscript differ.

0.24
0.24
0.51
0.05
0.07
0.11
<0.01
0.50
0.22

129

Table 2.9. One-year chemical nutritive value analysis (% of DM) of either a cereal rye monoculture (RYE) or rye-turnip
mixture (MIX) samples taken once every two-weeks and combined into a month during the winter beginning with a pregrazing sample until end of grazing for Location 31.
Treatments
Date
P - Value
Item
RYE
MIX SEM2 Dec.
Jan.
Feb. SEM3 Treatment Date Trt*Date4
Year 2: 2019-2020
Ash
8.7
8.7 0.63
-7.6b
9.8a 0.63
0.94
0.04
0.04
a
b
Organic matter
91.3
91.3 0.63
-92.4
90.2
0.63
0.94
0.04
0.04
Crude protein
14.7a
10.5b 0.62
-12.7
12.6
0.62
<0.01
0.95
0.28
Neutral detergent fiber
44.6a
30.0b 1.11
-33.2b
41.3a 1.11
<0.01
<0.01
0.05
a
b
b
a
Acid detergent fiber
19.6
13.7
0.50
-14.2
19.1
0.50
<0.01
<0.01
<0.01
Hemicellulose
25.0a
16.2b 0.66
-19.0b
22.2a 0.66
<0.01
<0.01
0.25
a
b
b
a
Cellulose
18.4
15.1
0.41
-15.1
18.4
0.41
<0.01
<0.01
0.15
Lignin
2.3a
1.8b 0.11
-1.9
2.1
0.11
<0.01
0.19
0.17
b
a
a
b
Non-fiber carbohydrate
28.0
48.2
1.76
-43.1
33.0
1.76
<0.01
<0.01
0.02
1
Nutritive value analysis was conducted on total forage RYE (rye) and MIX (rye, turnip leaf, and turnip root).
2
Standard error of the least squares mean (n = 6 pastures*date).
3
Standard error of the least squares mean (n = 6 pastures*treatment).
4
Treatment by date interaction.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Table 2.10. Two-year grazing performance of steers grazing either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage at 3 locations.
Year 1
P-value
Year 2
P-value
1
1
Item
RYE
MIX
SEM Treatment
RYE
MIX
SEM
Treatment
Location 1
Initial BW, kg
273
273
0.19
0.42
294
294
2.8
0.92
Grazing, d
45
45
--28
28
--Grazing ADG, kg
0.83
0.89 0.103
0.71
1.10
1.03 0.040
0.10
Final grazing BW, kg
310
313
4.8
0.70
325
323
2.6
0.58
Gain/ha, kg/ha
61
66
7.6
0.71
51
48
3.0
0.10
Initial hip height, cm
118.4
118.5
0.72
0.91
121.8
121.8
0.27
0.90
Grazing hip height growth, cm
7.2
5.8
0.67
0.28
6.5
5.0
0.52
0.18
Location 2
Initial BW, kg
Grazing, d
Grazing ADG, kg
Final grazing BW, kg
Gain/ha, kg/ha
Initial hip height, cm
Grazing hip height growth, cm

276
77
1.15
365
146
117.9
10.0

276
77
1.22
370
154
118.6
10.4

2.2
-0.072
6.8
9.1
0.81
0.87

0.98
-0.58
0.64
0.58
0.59
0.75

298
60
1.46
385
144
120.5
8.4

300
60
1.32
380
130
123.4
8.2

2.0
-0.040
3.0
3.9
1.21
0.23

0.43
-0.14
0.33
0.14
0.24
0.20

Location 3
Initial BW, kg
----338
339
2.5
Grazing, d
----34
34
-Grazing ADG, kg
----0.74
0.81 0.044
Final grazing BW, kg
----364
370
3.4
Gain/ha, kg/ha
----41
45
2.4
Initial hip height, cm
----118.9
118.8
0.99
Grazing hip height growth, cm
----3.2
2.2
0.65
1
Standard error of the least squares mean (n = 3 pastures/year at location 1 and 2; n = 4 pastures/year at location 3).

0.66
-0.35
0.29
0.34
0.92
0.35
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Table 2.11. Subsequent growing and finishing performance and carcass characteristics
(measured using an ultrasound) of steers previously grazing either a cereal rye monoculture
(RYE) or rye-turnip mixture (MIX) forage at Loc 3 in year 2.
Item
RYE
MIX
SEM1
P-value
2
Transport Period
Initial BW, kg
364
370
3.4
0.29
Average daily gain, kg
1.06
0.91
0.119
0.71
Final BW, kg
401
402
2.2
0.72
Growing Period3
Initial BW, kg
Average daily gain, kg
Final BW, kg
Dry matter intake, kg
Gain:Feed, kg/kg

401
1.31
477
10.0
0.131

402
1.25
473
9.5
0.131

2.2
0.091
3.6
0.20
0.455

0.72
0.63
0.69
0.17
0.92

Finishing Period4
Initial BW, kg
Average daily gain, kg
Final BW, kg
Dry matter intake, kg
Gain:Feed, kg/kg

477
1.41
548
10.9
0.129

473
1.40
542
10.8
0.130

2.2
0.146
9.8
0.28
0.521

0.72
0.88
0.67
0.68
0.83

Ultrasound Carcass characteristics
Hot carcass weight, kg5
345
342
6.1
0.64
12th rib fat, cm
1.15
1.19
0.081
0.72
2
LM area, cm
77
78
1.3
0.53
Calculated yield grade6
3.23
3.18
0.071
0.64
6
Marbling score
719
723
9.7
0.80
% Choice
100
100
0.0
1.00
1
Standard error of the least squares mean (n = 11 steers/treatment).
2
Transportation and adaption period was 35 d.
3
Growing period following grazing for 57 d.
4
Finishing period following growing period for 49 d.
5
Hot carcass weight was calculated by multiplying the BW at ultrasounding by a common
dressing percentage of 63%.
6
Yield grade was calculated: [2.5 + (6.35 X 12th rib fat) + (0.2 X 2.5[KPH]) + (0.0017 X
HCW) – (2.06 X LM area)] (USDA, 1997).
6
Marbling score: 600-699 = Modest00-100 = Choice; 700-799 = Moderate00-100 = Choice +.
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2.7 Figures

Figure 2.1. Two-year, general timeline of integrated crop-livestock study from spring prior to start of study to last corn sample.
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CHAPTER 3: Impact of cereal rye with or without turnip and grazing on soil
characteristics and subsequent corn grain yield as part of a Southeastern U. S. integrated
crop-livestock system

3.1 Abstract
Fluctuating commodity prices, shifting producer demographics, and widespread concern for the
environment have piqued interest for more diverse agricultural systems. Soil characteristics and
subsequent corn (Zea mays L.) yield components of an integrated crop-livestock system were
evaluated with and without grazing (GRAZE or No-GRAZE, respectively) stocker steers (303 ±
24 kg; at a stocking rate of 0.6 ha/steer) on cereal rye (Secale cereale) monoculture (RYE) or
rye-turnip (Brassica rapa L.) mixture (MIX) cover crops at three Coastal Plains locations in
North Carolina for two years. Each treatment had 3 or 4 replicate fields. Cover crop treatments
were planted following corn grain harvest both years and corn was planted in the spring of both
years following grazing. Core soil samples were collected prior to the start of the study as a
baseline and in March between termination of grazing and prior to corn planting from both
GRAZE and No-GRAZE. Corn was hand-harvested prior to the start of the study as a baseline
and each fall from both GRAZE and No-GRAZE. Data were analyzed using GLM Procedure of
SAS and differences were declared at P ≤ 0.05, with tendencies declared at > 0.05 but < 0.10.
Soil bulk density (1.23 g/cm3), soil test biological activity (204 mg C/kg soil), and soil microbial
nitrogen mineralization (52 mg N/kg soil) were generally not different (P > 0.10) with values
averaged across year, location, and soil depth. Corn grain yield did not differ (P = 0.54) between
forage and grazing treatments in Year 1 (6099 kg/ha) but tended to be greater (P = 0.08) for
GRAZE (8873 kg/ha) than No-GRAZE (7199 kg/ha) at location 1 in Year 2. Additionally, at
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location 3 the MIX*GRAZE (5429 kg DM/ha) was not different than RYE*No-GRAZE (4783
kg DM/ha) or RYE*GRAZE (4075 kg DM/ha), but corn yield was greater (P < 0.05) than
MIX*No-GRAZE (3742 kg DM/ha), which was not different from either RYE*No-GRAZE or
RYE*GRAZE. Results from this study indicate that grazing either forage treatment over the
winter should have an overall neutral effect on soil health and subsequent crop yield, and
therefore, cattle can add value to the farm operation.
3.2 Introduction
In the Southeastern U.S. there is opportunity to plant and potentially graze cover crop
forages on cropland during the winter. There are approximately 2.5 million hectares of land
available following either corn silage or corn grain each year that could potentially be used for an
integrated crop-livestock system, by grazing planted cover crops on the land during the winter
(USDA NASS, 2019). Although cover cropping has many agronomic benefits, it has still been
slowly adopted (Franzluebbers, 2007). This is primarily due to the increased time, labor, and
resource inputs associated with implementing this conservation practice, without any immediate
production or economic benefits (Franzluebbers, 2007). Grazing cover crops with ruminant
livestock has the potential to provide the immediate production and economic return needed for
producers to implement cover crops, or at least offset the cost of them.
After a winter of grazing cover crops on traditional cropland, crop producers must feel
confident that this new business endeavor has not negated the original purpose of planting the
cover crop which is to improve the land’s agronomic qualities. Reports on the effects of
integrated crop-livestock systems on productivity and biophysical characteristics have often been
contradictory. Russell and Bisinger (2015) reported that compaction from grazing is inevitable as
grazing increased soil bulk density or penetration resistance as compared to not grazing. A 2.5 yr
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study in Georgia reported no difference in soil bulk density due to grazing cereal rye over the
winter at a 90% grazing utilization of the forage as compared to not grazing (Franzluebbers and
Stuedemann, 2008b). Other studies have also concluded that even though some compaction at
the surface (0-10 cm) can occur with grazing cropland, it is typically below the bulk density
threshold level reported to cause a negative impact on root growth (Greenwood and McKenzie,
2001; Bell et al. 2011; Drewnoski et al., 2018). The impact of grazing cover crops on soil
organic matter is controversial as well. In some studies, fecal deposition from grazing livestock
had a positive impact on soil microbial biomass (Xun et al., 2018) and activity (Acosta-Martinez
et al., 2010). However, it was also observed that forage removal by grazing prevented the forage
from acting as a carbon sink (Skinner, 2008) by increasing soil temperatures and decreasing soil
moisture (Peterson et al., 2020) to ultimately drive accelerated decomposition of SOM. Impacts
of grazing on subsequent cash crop yield on cropland vary as well with results indicating an
increase (Franzluebbers and Stuedemann, 2014), decrease (Miller et al., 2015), or no change to
subsequent crop yield (de Oliveira et al., 2013) as compared to use of cover crop alone.
However, a recent review of integrated crop-livestock studies concluded there was typically no
change to the subsequent cash crop yield following grazing of cover crops (Peterson et al., 2020).
The objectives of this study were to investigate the impact of adding grazing to a
cropping system utilizing cover crops on soil characteristics (physical, organic, and chemical)
and subsequent corn grain yield. It was hypothesized that there would be no difference due to
study treatments on soil bulk density. However, an increase in soil microbial characteristics and
subsequent corn grain yield was expected following grazing of the rye-turnip mixture forage than
grazing the monoculture and least for the two forage schemes with no grazing.
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3.3 Material and Methods
Research Site and Experimental Design
Three cooperating farms in Eastern, North Carolina were utilized in yr 1 and yr 2:
Location 1 (Loc 1) near Trenton, North Carolina, USA (34⁰59’ N; 77⁰34’ W), location 2 (Loc 2)
near Richlands, North Carolina, USA (34⁰56’ N; 77⁰32’ W), and location 3 (Loc 3) at the
Tidewater Research Station near Plymouth, North Carolina, USA (35⁰50’N; 76⁰40’ W). Each
cooperating farm planted a minimum of 18 ha to each of the two cover crop annual forage
schemes. The two forage schemes included 1) rye monoculture (RYE) and 2) 60% rye:40%
turnip mixture (MIX) of available forage as a randomized complete block design for the forage
component of the experiment. Cover crop forages were no-till drilled (Figure 3.1) on October 5
and 6, 2018 for Loc 1 and Loc 2, and October 16 – 24, 2018 for Loc 3 in yr 1. In yr 2 forage
treatments were no-till drilled on September 23 – 25, 2019 following corn grain harvest for each
location. Seeding rate in both years for RYE was 123.3 kg/ha of Abruzzi Cereal Rye and the
MIX seeding rate was 89.7 kg/ha of Abruzzi Cereal Rye and 2.2 kg/ha of Purple Top Turnip.
Drought conditions during fall cover crop planting of 2019 resulted in suppressed rye forage
emergence and growth for an inadequate forage stand. Thus, on November 11, 2019 replicate
fields that were determined to need additional rye planted were either drilled in RYE treatments
at 123.3 kg/ha or broadcast in MIX treatments at 112.1 kg/ha to avoid damaging already
established turnip forage.
Loc 1 was a swine wastewater irrigated farm with a Rains fine sandy loam (98.5%) soil
type and a 0 to 2% slope (USDA NRCS, 2019), thus nitrogen (N) fertilizer was applied to the
cover crop treatments via wastewater irrigation with a target rate of 45 kg N/ha. Sand, clay, and
silt fractions from baseline soil samples consisted of 70%, 10%, and 20%, respectively.

143

Wastewater irrigation and fertilization is highly regulated and very dependent on precipitation
and standing water in the field. Year 1 was a very wet (84.4 cm of precipitation from September
2018 to January 2019; Table 2.1; The Weather Company, LLC, 2020) which resulted in a
challenge for applying N via wastewater application. A total of 28 kg/ha of N were applied to the
cover crop treatments in yr 1. In yr 2, the fall season was much drier, with the area under drought
conditions from June 04, 2019 to July 23, 2019 (30.5 cm precipitation from September 2019 to
January 2020; Table 2.1; The Weather Company, LLC, 2020). Much of the stored swine
wastewater had been applied to the previous corn crop resulting in an application rate of 39 kg/ha
of N. Loc 2 and Loc 3 were dryland farms. Location 2 soils are predominantly a mix of Rains
fine sandy loam (45.2%) and Onslow loamy fine sand (52.8%), with sand, clay, and silt fractions
from baseline soil samples consisting of 66%, 12%, and 22%, respectively. Location 3 has a mix
of Roanoke loam (75.8%), Cape Fear loam (14.4%), and Portsmouth fine sandy loam (9.8%) soil
types (USDA NRCS, 2019), with sand, clay, and silt fractions from baseline soil samples
consisting of 54%, 22%, and 24%, respectively. Both locations had a 0 to 2% slope. Nitrogen
was applied once at 45 kg/ha of N in yr 1 as liquid via tractor sprayer and yr 2 as a slow-release
pellet via broadcast method for Loc 2 and Loc 3.
In addition to the two forage treatments, the study consisted of a grazed and no-grazed
treatment as a split plot design. Temporary fencing was set up to divide fields into 6 grazing
paddocks at Loc 1 and Loc 2 (3 per treatment per location) and 8 grazing paddocks at Loc 3 (4
per treatment), and a portion (approximately 0.40 hectare) of each paddock was fenced off for
no-grazing exclusions. Grazing exclusions remained in the same location both years. For the
grazing treatments 136 spring-born steer calves were used over the two years. Loc 1 consisted of
24 steers/yr in yr 1 and yr 2, Loc 2 consisted of 32 steers/yr in yr 1 and yr 2, and Loc 3 had no
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grazing occur in yr 1 but consisted of 24 steers for yr 2. Average initial body weight (BW) for
the two grazing seasons was 303 ± 24 kg for all three locations, with yr 1 having the lowest
initial BW for Loc 1 and Loc 2 (275 ± 8 kg) with no steers grazing at Loc 3 during the first year
of the study and in yr 2, Loc 3 had the greatest initial BW (338 ± 12 kg) in yr 2 of the study. In
yr 1 forage paddocks were continuously grazed (Figure 3.1) from December 18, 2018 to
February 1, 2019 (Loc 1) or March 5, 2019 (Loc 2) by stocker steers at a stocking rate of 0.61
ha/calf. In yr 2 forage paddocks were continuously grazed from January 18, 2020 to February 15,
2020 (Loc1) or March 18, 2020 (Loc 2). Loc 3 steers continuously grazed from January 14, 2020
to February 17, 2020. Steers were removed from grazing treatments when the forage biomass
began to visually appear limiting (<1,000 kg/ha) at the time of monthly forage yield collections.
All steers at a location were removed at the same time to maintain similar days grazing.
Each spring corn was planted (Figure 3.1) on March 28, 2019 and April 8, 2019 for Loc 2
and Loc 1, respectively as the cash crop. In yr 2 following grazing, corn was planted on April 8,
11, and May 5, 2020 for Loc 2, Loc 1, and Loc 3, respectively. In both years, Loc 1 and Loc 3
were planted in a twin row and Loc 2 was planted in a single row configuration. Corn was
harvested by producers on August 30, 2018 at Loc 1 and Loc 2. The first-year post forage and
grazing treatments, corn was harvested on August 31, 2019 for Loc 1 and September 4, 2019 for
Loc 2. Prior to planting forage treatments at Loc 3, corn was harvested on September 4, 2019.
The final corn harvest occurred by producers on August 22, 2020 for Loc 1 and Loc 2 and
September 2, 2020 for Loc 3, after the incorporation of forage and grazing treatments for two
years at Loc 1 and Loc 2 and one year at Loc 3.
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Soil and Corn Sampling and Lab Analysis
Eight random 0-5 cm soil samples and 4 random 5-15 cm soil samples were collected and
composited into one, 0-5 cm soil sample and one, 5-15 cm soil sample, for each GRAZE and NoGRAZE paddock per location. The 0-5 and 5-15 cm soil samples were collected using a 4 cm
inside diameter probe to first measure bulk density using the core method (Grossman and
Reinsch, 2002). Soil samples were collected at Loc 1 and Loc 2 (Figure 3.1) on September 30,
2018 following corn grain harvest and prior to planting the cover crop forage treatments as an
initial baseline of soil characteristics. Samples were collected via similar methods, in the fall of
year 2 for Loc 3 on September 13, 2019 as a baseline sample as the grazing treatment did not
occur at Loc 3 in yr 1 of the study. Post forage and grazing treatment samples were also taken at
Loc 1 and Loc 2 on March 14, 2019 and March 22, 2020 for yr 1 and yr 2, respectively. Post
treatment soil samples were only taken once at Loc 3 on March 20, 2020. Upon arrival to the lab,
soil samples were oven-dried at 55° C for ≥ 72 h and weighed to determine bulk density from the
measured dry weight of soil and volume of coring probe. Soil was then sieved to pass thru a 4.75
mm screen following lightly crushing with a ceramic pestle. All stones and excessive organic
debris larger than 4.75 mm were removed from the sample and weighed. Soil samples were
stored dry at ambient conditions and thoroughly mixed before taking subsamples for subsequent
analyses. A 100 g subsample from each experimental unit and depth was sent to Soil Testing
Services of North Carolina Department of Agriculture and Consumer Services for soil fertility
analysis, including cation exchange capacity (CEC), base saturation %, soil pH, phosphorus (P),
potassium (K), calcium (Ca), and magnesium (Mg).
Two, 50 g subsamples of the < 4.75 mm sieved soil were weighed into 60 mL glass jars
and filled with water to achieve 50% water-filled pore space and placed in a 1 L canning jar that
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contained 10 mL of ~ 1 M sodium hydroxide (NaOH) to trap CO2, and one vial of water to
maintain humidity. Sample jars were aerobically incubated at 25° C for 24 d. The NaOH traps
were removed and replaced at 3 and 10 d. Carbon dioxide-C was measured on 3, 10, and 24 d via
titration as described by Franzluebbers et al. (1999) and Franzluebbers and Stuedemann (2008b).
The day 3 NaOH trap titration with ~ 1 M hydro chloric acid (HCl) in the presence of barium
chloride (BaCl2) to a phenolphthalein endpoint was used to determine soil test biological activity
by measuring the initial flush of CO2 after rewetting the soil and allowing it to incubate for 3 d
with a vial of water and NaOH trap. On day 10, one subsample was removed, fumigated with
CHCl3 for 24 h under vacuum and then placed in a new 1 L canning jar with a NaOH trap to
incubate at 25° C for an additional 10 d to determine soil microbial biomass carbon (C) (Voroney
and Paul, 1984; Franzluebbers et al., 1999). Net N mineralization was calculated as the
difference in inorganic N prior to and post a 24 d incubation. A 10 g dried and sieved subsample
of soil that was shaken with 20 ml of 2 M KCl for 30 min was used to determine inorganic N
(NH4-N + NO2-N + NO3-N). The filtered extract was analyzed for inorganic N using salicylatenitroprusside and hydrazine-reduction autoanalyzer techniques (Bundy and Meisinger, 1994;
Franzluebbers and Stuedemann, 2008b).
Total organic C and total N were determined with dry combustion (TruMac
Carbon/Nitrogen Analyzer, LECO Corporation, St. Joseph, MO) from a 1 g subsample that was
ground in ball-mill (8000M Mixer Mill, SPEX SamplePrep, Metuchen, NJ) for 1 min to a fine
powder. Soil pH was <6.5 in both years and at any location, thus, total C was considered
equivalent to organic C. Particulate organic C (POC) and particulate organic N (PON) were
isolated from sand fraction in soil by shaking 45 g subsample of soil overnight in 100 mL of 0.01
mol L-1 Na4P2O7 for 16 h, and then passing the solution over a 0.053 mm sieve, and collecting
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the contents remaining on the top of the sieve (Cambardella and Elliot, 1992; Franzluebbers et
al., 1999). Remaining soil contents were then dried at 55° C for at least 24 h, weighed, and
ground for 1 min in a ball mill (8000M Mixer Mill, SPEX SamplePrep, Metuchen, NJ), before
being analyzed for C and N concentration via dry combustion (TruMac Carbon/Nitrogen
Analyzer, LECO Corporation, St. Joseph, MO). Clay concentration from soil was determined
before passing solution through the 0.053 mm sieve for the initial baseline soil samples collected
on September 30, 2018 for Loc 1 and Loc 2 and September 13, 2019 for Loc 3. This was
measured in a 1 L cylinder with a hydrometer at the end of a 5 h settling period as described in
detail by Gee and Bauder (1986).
Corn grain yields were determined through hand harvest samples once corn reached the
black layer stage. An initial baseline corn hand harvest measurement was collected (Figure 3.1)
on August 22 and 29, 2018 for Loc 2 and Loc 1, respectively, whereas the grain yield baseline
for Loc 3 was collected on August 23, 2019. The first post grazing treatment grain yields were
collected on August 24 and 25, 2019 for Loc 1 and Loc 2, respectively. The last set of corn grain
hand harvest measurements were taken (Figure 3.1) on August 22, 2020 for Loc 1 and Loc 2 and
September 2, 2020 for Loc 3. Three random sets of corn ear yield measurements and samples at
physiological maturity were taken from all GRAZE and No-GRAZE of each forage treatment
paddock at each location. At Loc 1 and Loc 3 corn ears were removed from a 4.22 m row of corn
stalks and at Loc 2 a 4.42 m row of corn stalks based on the twin or single row planting method,
respectively, and weighed in the field as also described by Ulmer et al. (2018). Three random
ears were taken as a subsample for dry matter analysis by drying in a forced air oven at 60°C for
48 h. Corn grain from the three subsample ears were shelled and dried again for another 24 h
until a constant weight was obtained to determine corn grain yield. Corn grain yield on a kg
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DM/ha was determined by dividing the dry grain weight by the area collected and multiplying by
the 10000 m2/ha.
Statistical Analysis
The experimental design was a randomized complete block design for the forage
treatments with a split-plot design for the grazing treatments. Baseline study data was initially
screened for differences, but minimal differences and no consistent impact on study response
variables were discovered; thus, baseline data was not included as a covariate. Data were
analyzed using GLM procedure of SAS v. 9.3 with grazing field and no-grazing exclusion as the
experimental unit and field blocks as the replicate. The statistical model included field block
(replicate), forage treatment, grazing treatment, and forage by grazing for soil characteristics and
corn yield data. Site by year was analyzed separately due to minor study design differences
between locations and major weather difference between years. Dependent variables, including
soil characteristics and subsequent grain yield were analyzed with forage and grazing treatment
as fixed effects. For all analysis, differences were considered significant at P-value ≤ 0.05, with
tendencies declared at P-value > 0.05 but < 0.10. Once response variable was considered
significant or a tendency then treatment differences were evaluated using the pdiff function in
SAS 9.3 and treatment comparisons were considered significant at P-value ≤ 0.05, with
tendencies declared when P-value is > 0.05 but < 0.10.
3.4 Results
Soil Bulk Density
There were few treatment effects on soil bulk density (Table 3.2). At Loc 1 the MIX had
greater (P = 0.05) soil bulk density than the RYE for the 0-5 cm soil depth following the first
year of study treatments and a tendency (P = 0.09) for MIX to have greater soil bulk density than
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RYE following the second year of study treatments. At Loc 2, there was a tendency (P = 0.08)
for greater soil bulk density for Graze than No-Graze at the 0-5 cm depth following the second
year of study treatments. There were no other treatment effects on soil bulk density or any forage
by grazing interaction.
Soil Microbial Characteristics
The soil microbial biomass C (SMBC) data are summarized in Table 3.3, soil test
biological activity data in Table 3.4, and Table 3.5 contains data for soil microbial N
mineralization. There were few treatment effects on SMBC. At Loc 3, for the 5-15 cm soil depth,
the MIX had greater (P = 0.05) SBMC than RYE following the first year of study treatments.
There were no other forage or grazing effects and no forage by grazing interaction.
There was no forage (P ≥ 0.10) or grazing (P ≥ 0.11) treatment effects and no forage by
grazing interaction (P ≥ 0.10) for soil test biological activity in both years following study
treatments at either depth across locations.
There were few treatment effects on soil N mineralization. At Loc 1, for the 5-15 cm soil
depth, there was a tendency (P = 0.08) for GRAZE to have greater soil microbial N
mineralization than No-GRAZE following the first year of study treatments. At Loc 2, for the 05 cm soil depth, No-GRAZE was greater (P < 0.02) than GRAZE following the second year of
study treatments. There were no other forage or grazing treatment effects and no forage by
grazing interaction.
Soil Organic Matter and Inorganic Nitrogen
There were few treatment effects on total organic C (Table 3.6). At Loc 2, for the 5-15
cm soil depth, RYE tended (P = 0.08) to have greater total organic C than MIX following the
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first year of study treatments. There were no other forage or grazing effects and no forage by
grazing interaction for total organic C.
Total N had a forage by grazing interaction (P = 0.04) at Loc 2 for the 5-15 cm soil depth
following both years of study treatments (Table 3.7). In yr 1 RYE*GRAZE, MIX*No-GRAZE,
and RYE*No-GRAZE were not different (1.47 a, 1.31 a, and 1.26 a g N/kg soil respectively), but
greater (P < 0.01) than MIX*GRAZE (0.85 b g N/kg soil), not displayed in a table (a, b Means
lacking common superscript differ). This interaction indicates RYE when either GRAZE or NoGRAZE and MIX when No-GRAZE resulted in similarly greater total N, but GRAZEing the
MIX resulted in less total N. The second year following study treatments MIX*No-GRAZE
(1.68 a g N/kg soil) was not different than RYE*GRAZE (1.49 a g N/kg soil), but greater (P <
0.05) than RYE*No-GRAZE (1.26 b, c g N/kg soil), and least (P < 0.05) for MIX*GRAZE (1.14 c
g N/kg soil), which was not different from RYE*No-GRAZE; data not presented in a table (a, b,
c

Means lacking common superscript differ). This interaction indicates MIX when No-GRAZE

and RYE when GRAZE resulted in similarly greater total N, but No-GRAZEing the RYE and
GRAZEing the MIX resulted in less total N. There were no other treatment effects on total
organic N or any forage by grazing interaction.
Particulate organic C data are summarized in Table 3.8. The first year following study
treatments at Loc 2 for the 5-15 cm soil depth RYE had greater (P < 0.05) POC than MIX.
Additionally, in yr 1, Loc 3 for the 0-5 cm soil depth POC was greater (P < 0.01) for NoGRAZE than GRAZE. The second year following study treatments at Loc 1, GRAZE was
greater (P = 0.05) than No-GRAZE for POC, but at Loc 2 No-GRAZE was greater (P < 0.05)
than GRAZE for POC. there was a grazing effect (P ≤ 0.05) for POC. At Loc 1 and at Loc 2.
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Location 1 also had a tendency (P = 0.05) of greater POC for RYE than MIX. There were no
other treatment effects on POC or any forage treatment by grazing interaction.
Particulate organic N data are summarized in Table 3.9. The first year following study
treatments at Loc 2 for the 5-15 cm soil depth there was a tendency for RYE to have greater (P =
0.09) PON than MIX and No-GRAZE to have greater (P = 0.09) PON than GRAZE. Similarly,
to POC, Loc 3 for the 0-5 cm soil depth PON was greater (P < 0.01) for No-GRAZE than
GRAZE following first year of study treatments. The second year following study treatments at
Loc 1, GRAZE was greater (P = 0.05) than No-GRAZE for PON, but at Loc 2 No-GRAZE was
greater (P < 0.05) than GRAZE for PON. There were no other treatment effects on PON or any
forage treatment by grazing interaction.
Lastly, there were few treatment effects on inorganic N (Table 3.10). At Loc 3 there was
a tendency (P = 0.09) for the MIX to have greater inorganic N than the RYE at the 0-5 cm soil
depth the first year following study treatments. Additionally, at the 5-15 cm soil depth, Loc 3 had
greater (P = 0.05) inorganic N for GRAZE than No-GRAZE. There were no other treatment
effects on inorganic N or any forage treatment by grazing interaction.
Soil Fertility
There were few treatment effects for CEC (Table 3.11) and base saturation % (Table
3.12). At Loc 2, for the 0-5 cm soil depth, there was a tendency (P = 0.09) for No-GRAZE to
have greater soil CEC than GRAZE the first year following study treatments. In the second year
following study treatments Loc 1 at the 5-15 cm soil depth, GRAZE had greater (P = 0.04) base
saturation % than No-GRAZE. There were no other forage or grazing treatment effects and no
forage by grazing interaction for either CEC or base saturation %.
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There was no forage (P ≥ 0.40) or grazing (P ≥ 0.17) treatment effects and no forage by
grazing interaction (P ≥ 0.10) for soil pH in both years following study treatments at either soil
depth across locations (Table 3.13).
Phosphorus had a forage by grazing interaction (P = 0.02) at Loc 3 for the 5-15 cm soil
depth following the first year of study treatments (Table 3.14). In yr 1 at Loc 3, MIX*GRAZE
(124 a mg/dm3) was not different from RYE*No-GRAZE (115 a, b mg/dm3), but greater (P <
0.05) than RYE*GRAZE and MIX*No-GRAZE which were not different from each other (107 b
and 105 b mg/dm3 respectively) or RYE*No-GRAZE; data not presented in a table (a, bMeans
lacking common superscript differ). Indicating a decrease of P when No-GRAZE for the MIX,
but no difference between GRAZE and No-GRAZE of the RYE. At Loc 1 the second year
following study treatments, at the 0-5 and 5-15 cm soil depth, GRAZE had greater (P < 0.05) P
than No-GRAZE. There were no other forage or grazing treatment effects and no forage by
grazing interaction for P.
Potassium had a forage by grazing interaction (P ≤ 0.04) at Loc 2 for at both soil depths
following the second year of the study treatments (Table 3.15). At Loc 2, RYE*GRAZE (133 a
and 74 a mg/dm3 for 0-5 and 5-15 cm, respectively), MIX*No-GRAZE (124 a and 77 a mg/dm3 for
0-5 and 5-15 cm, respectively), and RYE*No-GRAZE (115 a and 77 a mg/dm3 for 0-5 and 5-15
cm, respectively) were not different, but greater (P < 0.05) than MIX*GRAZE (70 b and 29 b
mg/dm3 for 0-5 and 5-15 cm, respectively); data not presented in a table (a, b Means lacking
common superscript differ). Indicating a decrease of K when GRAZE for the MIX, but no
difference between GRAZE and No-GRAZE of the RYE. At Loc 1 for the 0-5 cm soil depth,
No-GRAZE had greater K than GRAZE (P < 0.05) following the first year of study treatments.
At Loc 2 for the 5-15 cm soil depth, RYE tended (P = 0.09) to be greater than MIX for K in yr 1.
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The second year following study treatments, Loc 1 at both the 0-5 and 5-15 cm soil depth, had
greater (P < 0.04) K for RYE than MIX. There were no other forage or grazing treatment effects
and no forage by grazing interaction for K.
There were few treatment effects for Ca (Table 3.16) and Mg (Table 3.17). At Loc 3,
GRAZE had greater (P < 0.05) Ca for the 0-5 cm soil depth and tended (P = 0.08) to have
greater Ca for the 5-15 cm soil depth than No-GRAZE following the first year of study
treatments. Magnesium tended to be greater (P = 0.06) for No-GRAZE than GRAZE for the 0-5
cm soil depth the first year following study treatments. There were no other forage or grazing
treatment effects and no forage by grazing interaction for Ca and Mg.
Supplemental soil fertility data including sulfur, manganese, zinc, copper, and sodium for
all forage and grazing treatment plots are reported in Appendix B.
Corn Grain Yield
The corn grain yield had a forage by grazing interaction (P = 0.03) at Loc 3 following the
first year of study treatments (Table 3.18). In yr 1 at Loc 3, MIX*GRAZE (5429 a kg DM/ha)
was not different than RYE*No-GRAZE (4783 a, b kg DM/ha) or RYE*GRAZE (4075 a, b kg
DM/ha), but corn yield was greater (P < 0.05) than MIX*No-GRAZE (3742 b kg DM/ha), which
was not different from either RYE*No-GRAZE or RYE*GRAZE; data not presented in a table
(a, b Means lacking common superscript differ). This indicates that GRAZE resulted in an
increase of corn yield for the MIX, but no difference between GRAZE or No-GRAZE of the
RYE. The second year following study treatments at Loc 1, there was a tendency (P = 0.08) for
greater corn grain yield for GRAZE than No-GRAZE. Additionally, at Loc 2 there was a
tendency (P = 0.07) for greater corn grain yield for MIX than RYE. There were no other forage
or grazing treatment effects and no forage by grazing interaction for corn grain yield.

154

3.5 Discussion
Soil Bulk Density
Increased risk of soil compaction is a primary concern of crop producers when
considering grazing cropland as soil physical properties change more rapidly than soil nutrients
or soil organic C and microbial activity (Greenwood and McKenzie, 2001). Planting cover crops
is often a management strategy used by producers to alleviate the onset of soil compaction due to
equipment traffic during farming (Russell and Bisinger, 2015). Cover crops have been shown to
improve soil health through their intricate root system especially with diverse cover crop species
by creating macropores to improve the soil structure and increase water infiltration
(Franzluebbers, 2007). In the current study, there was minimal differences between forage
treatments other than at Loc 1 in the first year following study treatments having greater soil bulk
density for the MIX (1.20 g/cm3) than RYE (1.15 g/cm3) at the 0-5 cm soil depth. However, bulk
density was not affected at other soil depths, locations, or post-treatment measurements. This
finding was contrary to the idea that brassicas are the best cover crop option for reducing
compaction issues (SARE, 2016).
Increased compaction due to grazing is supported by the results of Scholefield et al.
(1985) who reported the static compression force exerted on the soil from standing and walking
cattle are 123 and 250 kPa, respectively which is greater than the force exerted by an unloaded
tractor which is 80 kPa. Russell and Bisinger (2015) reported that compaction from grazing is
inevitable as grazing increased soil bulk density or penetration resistance in most studies
regardless of stocking density or grazing system. In the current study, across locations years and
soil depth we observed no difference in soil bulk density between cover crop planted fields that
were grazed (1.29 g/cm3) or not grazed (1.28 g/cm3). Another study conducted in Georgia also
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reported no difference in soil bulk density due to grazing cereal rye over the winter, at a 90%
grazing utilization of the forage, compared to not grazing for a 2.5 yr study (Franzluebbers and
Stuedemann, 2008b). Additionally, soil moisture and frozen or thawed soil conditions in relation
to timing of grazing might also influence soil physical properties (Scholefield et al., 1985; da
Silva et al., 2003). The mild winters of the sites for the present study was anticipated to result in
greater impact of grazing on soil compaction, and thus compaction mitigation with incorporation
of brassicas. Both winters were mild in temperature never reaching below freezing temperatures,
with the average low for both years of the grazing duration at 4.2⁰ C. Above average
precipitation during the winter grazing, totaling 31 cm from December 2018 to March 2019, was
also observed during yr 1 (The Weather Company LLC, 2020). Many studies have concluded
that increased moisture at the time of grazing will most likely increase the chance of compaction
occurring (Scholefield et al. 1985; Greenwood and McKenzie, 2001; Bilotta et al., 2007).
However, the potential increased soil compaction due to grazing in these warm and moist
conditions did not occur in the two years of grazing cover crops in the current study.
Other studies have also concluded that even though some compaction at the surface (0-10
cm) can occur with grazing cropland, it is typically below the bulk density threshold level to
cause a negative impact on root growth (Greenwood and McKenzie, 2001; Bell et al. 2011;
Drewnoski et al., 2018). This was the case for the current study. The highest soil bulk density
recorded was 1.50 g/cm3 which is below the reported threshold of 1.8 g/cm3 (Daddow and
Warrington, 1983) to be the threshold for fine sandy loam soils before occurrence of reduced
crop yields occur.
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Soil Microbial Characteristics
Cover crops have been shown to help contribute to soil organic C sequestration and soil
biological diversity, and provide biologically fixed N (Franzluebbers, 2007). Drewnoski et al.
(2018) stated that both the above- and below-ground plant material contribute to soil organic
matter, but it is the plant root C and plant root exudates that greatly benefit the soil microbial
community. In the current 2 yr study, SMBC (697 mg C/kg soil or 1286 kg C/ha), initial (0-3 d
incubation) soil test biological activity (204 mg C/kg soil or 376 kg C/ha), and soil microbial N
mineralization (52 mg N/kg soil or 96 kg N/ha) averaged across year, location, and soil depth
was mostly unaffected by grazing or no-grazing of either cover crop forage scheme. Leaving
approximately 1000 kg DM/ha or more forage residue and allowing for regrowth, in addition to
the passage of consumed plant material being deposited on the soil as manure, may have
contributed to stabilizing microbial activity despite removing some of the cover crop by grazing.
Results of the current study where similar to treatment outcomes of a 7 yr, integrated croplivestock study in Georgia, that reported no differences when averaged across grazing treatments
for SMBC (682 mg/kg soil), initial (0-3 d incubation) soil test biological activity (527 mg CO2C/kg soil), and N mineralization (49 mg N/kg soil) for cover crop either grazed or not grazed
under no-till management measured from 0-20 cm soil depth (Franzluebbers and Stuedemann,
2015). On the contrary, other studies lasting more than 7 yr have reported that fecal deposition
from grazing livestock had a positive impact on soil microbial biomass (Xun et al., 2018) and
activity (Acosta-Martinez et al., 2010). This boost in soil microbial activity resulted in a boost of
decomposable organic matter in addition to decaying plant residue, as determined in the
Franzluebbers and Stuedemann (2008a) 3 yr study. In support of those concepts, Drinkwater et
al. (1998) determined over 15 yr that adding cattle to a legume-small grain cash crop rotation
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doubled the rate of soil organic C accumulation due to manure. Potentially, our lack of observed
differences might have been a result of the short duration of this study as it takes numerous years
before differences in soil microbial abundance and activity are observed.
Soil Organic and Inorganic Matter
The current study observed little impact of grazing on total organic C (29 mg C/kg soil or
0.54 t C/ha), total N (1.49 mg N/kg soil or 0.0275 t N/ha), particulate organic C (6.9 mg C/kg
soil or 0.13 t C/ha), or particulate organic N (0.32 mg N/kg soil or 0.0059 t N/ha). There has
been some concern that grazing would greatly hinder root growth and function, resulting in
reduced soil organic C (Johnson and Matchett, 2001). However, Franzluebbers and Stuedemann
(2009) reported grazing increased root mass and soil organic C by 0.82 t C per hectare per year
at a depth between 0-15 cm when compared to un-grazed enclosures. Franzluebbers (2007) also
reported no difference in total organic C between grazed and un-grazed treatments. Although
there were few differences between forage treatments in the current study, RYE did tend to have
greater total organic C (28 g C/kg soil or 0.52 t C/ha) and particulate organic C (4.7 g C/kg soil
or 0.087 t C/ha) than MIX (24 g C/kg soil and 3.7 g C/kg soil or 0.44 t C/ha and 0.37 t C/ha,
respectively) at Loc 2 in the 5-15 cm soil depth measurement in yr 1. Additionally, in yr 1 at Loc
2 in the 5-15 cm soil depth total N was reduced following GRAZE (0.85 g N/kg soil or 0.016
N/ha) of the MIX as compared to No-GRAZE (1.31 g N/kg soil or 0.024 N/ha), but no difference
was observed between GRAZE and No-GRAZE of the RYE (1.36 g N/kg soil or 0.025 N/ha,
average). Cereal rye is known to have deeper and more extensive root growth than turnip (SAN,
2012), which could have contributed to this difference observed for soil organic C and soil
organic N. Since it has been determined to be the plant root C and plant root exudates that
greatly benefit accumulation of soil organic matter (Drewnoski et al., 2018). A grazing
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management study conducted in Wyoming reported an impact on soil organic C and N with
grazing having greater SOC and soil N (12.35 and 1.08 t N/ha, respectively) than no-grazed
exclusions (10.8 and 0.94 t N/ha, respectively; Ganjegunte et al., 2005). Taken together grazing
should not compromise the SOM benefits of cover crops. Elevated percipitation in the
Southeastern U.S. may be a cause of greater soil organic C accumulation and C sequestration
than compared to other U.S. regions (Conant et al., 2001; Franzluebbers and Follett, 2005;
Franzluebbers and Stuedemann, 2009).
Incorporating grazing into cover crop management may play a critical role in both
organic and inorganic N balance within these fragile ecosystems (Liebig et al, 2005). Organic N
provided by plant material and animal manure can be an excellent source of N for living plant
uptake, but it must be converted to inorganic N before it can be utilized (Harmesen and
Kolenbrander, 1965). The process of N mineralization is performed by soil microbes that convert
organic N from plant residues and manure into ammonium (NH4+-N), which is one of the two
inorganic N forms that can be utilized by plants (Harmesen and Kolenbrander, 1965). Nitrate-N
(NO3—N) is the other form of inorganic N used by plants (Harmesen and Kolenbrander, 1965). It
was previously mentioned that there were no differences between forage and grazing treatments
in the current study for N mineralization. Similarly, a lack of differences between the two forage
and grazing treatments were observed for total inorganic N (NH4+-N and NO3—N) averaging 12
mg N/kg soil across both years and soil depths at any location. Franzluebbers and Stuedemann
(2015) also reported no difference in inorganic N (19 mg/kg soil) due to grazing or no-grazing
under a no-till system averaged over a 0-20 cm soil depth measurement. Thus, indicating that
neither cover crop forage scheme or allowing grazing provided additional benefits of increased
or negative impacts of reduced residual inorganic N for subsequent corn plant uptake.
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Soil Fertility
In the current study, CEC, base saturation %, and soil pH were generally not impacted by
either forage or grazing treatment. Except for a greater base saturation % for GRAZE (80%) than
No-GRAZE (76%) only occurring in the 5-15 cm soil depth at Loc 1 the second year following
study treatments. Martins et al. (2014 and 2016) in a 9 yr and 11 yr study, also reported less base
saturation percent only in a 5-10 and 10-20 cm soil depth for no grazing areas of a conventional
continuous farming as compared to intensive and moderate grazing areas of an integrated croplivestock farming system in Brazil. They contributed this difference to non-productive outputs
(nutrient leaching) of Ca and Mg under the no grazing treatment compared to the integrated
crop-livestock systems treatments (Martins et al., 2014). Additionally, they reported reduced
acidity or greater pH in the integrated crop-livestock system as compared to the no graze
continuous soybean system (Martins et al., 2014). It was suggested by Haynes and Williams
(1993) that when ruminants ingest the plant biomass and return it as manure to the soil surface,
the animal is acting as a catalyzer that modify and accelerate the flow of nutrients (Haynes and
Williams, 1993; Russelle, 1997).
Cover crops have been consistently reported to increase nutrient cycling (Franzluebbers,
2007). There is a concern that grazing of cover crops would reduce soil cover thus removing
nutrients from the system that would have been retained in the soil and contributed to the
subsequent cash crop (Franzluebbers, 2007). However, excessive nutrient removal is not
necessarily the case with grazing, as grazing returns a majority of the nutrients removed from the
cover crop in a partially digested form back to the land as feces and manure (Follett and
Wilkinson, 1995). Feces added back to the soil contains partially digested and transformed plant
derived P, K, Ca, and Mg which contribute to nutrient and SOM maintenance and accumulation
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(Russelle et al., 2007; Martins et al., 2014; Alves et al., 2019). In the current study, P was greater
for GRAZE (208 mg/dm3) than No-GRAZE (137 mg/dm3) following the second year of study
treatments at Loc 1 at both soil depths. Additionally, P decreased when No-GRAZE (105
mg/dm3) for the MIX as compared to GRAZE (124 mg/dm3), but no difference between GRAZE
and No-GRAZE of the RYE (107 and 115 mg/dm3 respectively). These results align with the
corn grain yield tendency for GRAZE to be greater than No-GRAZE at Loc 1 in yr 2 and the
forage by grazing treatment interaction at Loc 3 in yr 1. A study by Ibrikci et al. (2004)
concluded that corn yield response increased from 8% to 33% compared to a control with no P
fertilizer, as P fertilizer rates increased. Indicating that it is likely the corn yield could have
positively responded to the increased P with grazing in the current study. The dramatic
difference between GRAZE and No-GRAZE on P really could have been due to the multiple
animal species manure application coming from grazing cattle as well as swine wastewater
application associated with the commercial swine operation at Loc 1. In Kansas it was concluded
that, cattle manure application and swine effluent application although not different from each
other exceeded P fertilizer target rates and resulted in greater corn yield as compared to no
fertilizer control and was similar to inorganic fertilizer application (Schlegel et al., 2015).
Potassium has also been shown to linearly increase corn yield (Heckman and Kamprath,
1992). Although, at Loc 1 K was greater for No-GRAZE (304 mg/dm3) than GRAZE (145
mg/dm3) at the 0-5 cm soil depth in yr 1 and greater for RYE (400 mg/dm3) than MIX (301
mg/dm3) in yr 2 at both soil depths, it did not align with increased corn yields for those
treatments at that location and years. Location 2 did have an interaction for RYE*GRAZE or
RYE*No-GRAZE and MIX*No-GRAZE (124 and 76 mg/dm3; 0-5 and 5-15 cm soil depth,
respectively averaged across treatments) to have greater K than MIX*GRAZE (70 and 29
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mg/dm3; 0-5 and 5-15 cm soil depth, respectively) in the second year following study treatments
at both soil depths. This is contrary to the corn yield observed in the second year following study
treatments at Loc 2 for MIX to have a tendency for greater corn yield than RYE. Calcium and
Mg were generally unaffected by forage or grazing treatments, in contrast to P and K. This is
contrary to results by Alves et al. (2019), that concluded there was a decrease in soil K, Ca, and
Mg in a 14 yr, integrated crop-livestock system in Brazil, due to a constant removal of the
nutrients through crop harvesting and grazing without adequate return to the soil. However, they
mentioned that lime was not applied at all during the 14 yr experiment, which explain the
reduction of Ca and Mg. In the current study lime was applied at least once at every location
within the 2 yr of the study as a common practice in the Coastal Plains region with a low CEC
and greater nutrient loss due to leaching (Heckman and Kampeth, 1992). Soil responses in the
current study following grazing or not grazing monoculture rye or rye-turnip mixture appear to
be minimal.
Corn Grain Yield
The positive effects on soil health from the presence of cover crops, have been reported
to increase the potential yield of the cash crop (Reeves et al., 1995). Adams et al. (1970)
concluded that corn grain yield was greater (approximately 5800 kg/ha) when following a winter
of annual cereal rye, than on land left vacant over the winter (approximately 4800 kg/ha) in
Georgia. Additionally, in Maryland, Clark et al. (1994) reported corn yield to be greater
following a rye and hairy vetch (Vicia villosa) mixture (6700 kg/ha) than without cover crop
(5200 kg/ha).
A meta-analysis by Peterson et al. (2020) has recently concluded that there is typically no
change in cash crop yield following livestock grazing of cover crops when compared to a
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specialized production system. This is often connected with minimal alteration of soil health due
to grazing. This is consistent with results of the current study in which reported forage scheme
and grazing had minimal impact on soil characteristics and subsequent corn grain yield (7672
kg/ha). In Georgia, subsequent cotton and peanut yield was not different between grazed and ungrazed enclosures following a rye or ryegrass cover crop, and thus were averaged across
treatments at 1250 and 4150 kg/ha, respectively (Franzluebbers, 2007). Fae et al. (2009) also
reported in Ohio that grazing a cover crop of annual ryegrass or cereal rye and oat mixture had
no effect on subsequent corn silage production compared to no-grazed cover crops or no cover
crop treatment, averaging 10400 kg/ha. A meta-analysis by Peterson et al. (2020) determined that
within loamy soil locations integrated crop-livestock systems had a 5% greater crop yield than
unintegrated systems. The current study did observe a tendency the second year following study
treatments at Loc 1 for the GRAZE (8873 kg/ha) treatment to have greater subsequent corn yield
than the No-GRAZE (7199 kg/ha). It was concluded from a meta-analysis that when grazing is
included in cropping systems design, average crop yields are similar to no graze systems across a
variety of management strategies and environments (Peterson et al., 2020). The limited literature
available suggests that grazing cover crops will not negate the soil benefits of adding the cover
crop (Drewnoski et al., 2018; Peterson et al., 2020).
In conclusion, grazing either monoculture cereal rye or a rye-turnip mixture had an
overall neutral effect on soil health and subsequent crop yield. There was minimal impact
observed for soil bulk density, soil microbial biomass and activity, soil organic matter (C and N),
and inorganic N due to forage and grazing treatments, as well as few differences for soil
chemical homeostasis (CEC, base saturation %, and pH) or soil chemical fertility (K, Ca, and
Mg) due to forage and grazing treatments. However, there was an observation of increased P for
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graze as compared to no-graze fields but only in the first year following grazing at Loc 1. This
lack of differences observed in the soil characteristics resulted in no differences in the
subsequent corn yield following two subsequent years of grazing the two forage schemes. Crop
producers in eastern North Carolina should not be concerned of reduced corn yield due to
planting either monoculture cereal rye or a rye-turnip mixture or allowing grazing of these
forages over the winter as an integrated crop livestock system.
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3.6 Tables
Table 3.1. Weather including mean high, low, and average temperature (High, Low, and Average, respectively) and total monthly
precipitation (Precip.) during the entire integrated crop-livestock study in Eastern, North Carolina from original corn planting in
March 2018 to the second post-study corn harvest in August 2020.1-5
Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.
Year 2018
High, ⁰C
--15.6
22.2
29.4
31.7
30.6
29.4
29.4
24.4
17.8
14.4
Low, ⁰C
--2.8
7.8
18.3
20.6
21.1
12.2
12.2
12.2
6.7
2.8
Average, ⁰C
--8.9
15.0
22.8
25.6
25.6
21.1
21.1
18.3
11.7
9.4
Precip., cm
--6.48
10.19
7.04
10.06 14.15
38.20
38.20
6.35
15.54
17.98
Year 2019
High, ⁰C
Low, ⁰C
Average, ⁰C
Precip., cm

12.2
1.1
6.7
6.32

17.2
4.4
10.6
2.46

17.8
4.4
11.1
4.27

23.9
10.0
17.8
5.94

30.6
15.6
23.3
0.86

31.1
18.9
24.4
3.18

33.9
21.1
26.7
3.84

31.7
21.1
25.0
5.44

30.0
18.9
23.3
12.65

25.6
13.9
19.4
4.90

16.1
3.9
10.0
5.11

15.6
4.4
10.0
6.25

Year 2020
High, ⁰C
16.1
16.1
20.6
22.8
25.0
28.3
32.8
31.1
----Low, ⁰C
3.9
3.9
8.9
8.3
13.9
19.4
22.2
22.2
----Average, ⁰C
10.0
10.6
14.4
15.6
19.4
23.9
26.7
26.1
----Precip., cm
2.13 12.42
4.50
5.11
5.79
0.71
3.51
0.00
----1
Weather data were collected from the weather history at the Greenville, NC airport located halfway between Loc 1/Loc 2 and Loc 3
at The Weather Company, LLC (2020).
2
Corn was planted in March and April for all three locations in 2018 for baseline corn. In 2019 post 1 corn was planted March 28,
April 8, and April 26 for Loc 2, 1, and 3, respectively. In 2020 post 2 corn was planted April 8, April 11, and May 5 for Loc 2, 1,
and 3, respectively.
3
Corn hand harvest samples were collected August 22 and August 29, 2018 for Loc 2 and Loc 1, respectively and August 23, 2019
for Loc 3 for baseline measurements. In 2019 post 1 corn was hand harvested August 24 and August 25 for Loc 2 and 1,
respectively. In 2020 post 2 corn was hand harvested August 22 for Loc 1 and 2 and September 2 for Loc 3.
4
In yr 1 of grazing, the forages were no-till drilled on October 5 and 6, 2018 for Loc 1 and Loc 2, and October 16 – 24, 2018 for Loc
3. In yr 2 forage treatments were no-till drilled on September 23 – 25, 2019 following corn grain harvest for all locations.
5
In yr 1 of grazing, grazing began on December 15 and lasted 45 and 77 d for Loc 1 and Loc 2, respectively. There was no grazing
at Loc 3. In yr 2 grazing began on January 16 and lasted 28, 60, and 34 d for Loc 1, Loc 2, and Loc3, respectively.
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Table 3.2. Two-year, subsequent soil bulk density (g/cm3) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for
two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
1.15b
1.20a
1.18
1.17
0.014
0.05
0.53
0.14
Post-treatments yr 2
1.12
1.17
1.13
1.17
0.016
0.09
0.22
0.16
5 – 15 cm
Post-treatments yr 1
1.44
1.46
1.47
1.44
0.029
0.69
0.49
0.47
Post-treatments yr 2
1.49
1.50
1.49
1.50
0.018
0.80
0.97
0.52
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

1.18
1.06

1.09
1.05

1.13
1.10

1.13
1.01

0.050
0.030

0.26
0.83

0.95
0.08

0.06
0.62

1.41
1.40

1.45
1.36

1.46
1.39

1.40
1.37

0.023
0.033

0.33
0.44

0.12
0.66

0.15
0.10

Location 3
0 – 5 cm
Post-treatments yr 12
1.20
1.19
1.16
1.22
0.032
0.90
0.22
0.35
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
1.40
1.37
1.36
1.41
0.027
0.46
0.29
0.29
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.3. Two-year, subsequent soil microbial biomass carbon (mg SMBC/kg soil) measured at a soil depth of 0-5 cm and 5-15
cm, following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
815
809
856
768
53.6
0.94
0.29
0.27
Post-treatments yr 2
897
797
881
812
42.6
0.15
0.29
0.10
5 – 15 cm
Post-treatments yr 1
474
409
403
480
37.4
0.26
0.20
0.28
Post-treatments yr 2
425
479
404
500
46.2
0.44
0.19
0.54
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

968
877

1022
894

976
815

1014
955

63.2
64.4

0.55
0.86

0.67
0.17

0.68
0.42

512
557

436
566

443
528

505
595

66.2
57.3

0.45
0.92

0.53
0.44

0.93
0.79

Location 3
0 – 5 cm
Post-treatments yr 12
858
913
916
855
24.5
0.15
0.12
0.91
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
584b
655a
613
626
21.8
0.05
0.69
0.94
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.4. Two-year, subsequent soil test biological activity for 0-3 d incubation (mg CO2-C/kg soil) measured at a soil depth
of 0-5 cm and 5-15 cm, following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE)
or rye-turnip mixture (MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
275
264
283
256
15.4
0.63
0.27
0.41
Post-treatments yr 2
234
218
235
217
11.2
0.33
0.30
0.67
5 – 15 cm
Post-treatments yr 1
112
115
108
118
11.6
0.87
0.56
0.63
Post-treatments yr 2
92
105
96
100
4.6
0.10
0.57
0.52
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

365
295

369
276

371
270

362
300

32.1
13.4

0.93
0.37

0.85
0.16

0.61
0.54

155
148

126
149

130
129

151
169

11.1
15.0

0.11
0.96

0.23
0.11

0.28
0.30

Location 3
0 – 5 cm
Post-treatments yr 12 231
255
254
253
10.6
0.15
0.19
0.72
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12 144
144
149
139
4.0
0.98
0.12
0.32
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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Table 3.5. Two-year, subsequent soil nitrogen mineralization (mg N/kg soil) measured at a soil depth of 0-5 cm and 5-15 cm,
following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
72
78
79
71
6.2
0.49
0.42
0.70
Post-treatments yr 2
35
34
31
38
5.3
0.84
0.38
0.56
5 – 15 cm
Post-treatments yr 1
61
60
65
55
3.4
0.80
0.08
0.95
Post-treatments yr 2
26
27
26
27
2.1
0.88
0.72
0.44
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

103
40

91
37

100
35b

94
43a

6.2
1.8

0.25
0.18

0.51
0.02

0.93
0.45

75
39

64
39

69
33

70
45

4.2
4.3

0.11
0.89

0.80
0.11

0.09
0.21

Location 3
0 – 5 cm
Post-treatments yr 12
48
50
51
47
2.7
0.61
0.39
0.34
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
34
34
34
33
1.5
0.91
0.79
0.63
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.6. Two-year, subsequent soil total organic Carbon (g C/kg soil) measured at a soil depth of 0-5 cm and 5-15 cm,
following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE
No-GRAZE
SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
31
31
31
31
1.4
0.94
0.95
0.27
Post-treatments yr 2
32
32
32
31
1.3
0.86
0.80
0.90
5 – 15 cm
Post-treatments yr 1
24
24
22
26
1.8
0.80
0.14
0.23
Post-treatments yr 2
22
24
22
24
1.6
0.46
0.26
0.69
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

37
37

37
36

37
35

37
38

2.5
3.1

0.83
0.95

0.89
0.49

0.35
0.66

28
27

22
27

24
26

27
28

1.8
2.4

0.08
0.87

0.32
0.53

0.15
0.07

Location 3
0 – 5 cm
Post-treatments yr 12
30
31
31
29
1.2
0.58
0.23
0.63
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
26
27
28
26
1.1
0.74
0.32
0.38
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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Table 3.7. Two-year, subsequent soil total nitrogen (g N/kg soil) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two
winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE
No-GRAZE
SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
1.88
1.94
1.96
1.84
0.083
0.81
0.35
0.26
Post-treatments yr 2
1.89
1.93
2.03
1.79
0.113
0.79
0.20
0.62
5 – 15 cm
Post-treatments yr 1
1.03
1.10
0.98
1.15
0.103
0.63
0.30
0.25
Post-treatments yr 2
0.93
1.03
0.94
1.02
0.061
0.29
0.38
0.79
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

2.38
2.20

2.32
2.10

2.35
2.02

2.35
2.28

0.153
0.145

0.81
0.65

0.99
0.25

0.25
0.32

1.36
1.35

1.08
1.41

1.16
1.31

1.28
1.45

0.091
0.113

0.07
0.72

0.36
0.44

0.04
0.04

Location 3
0 – 5 cm
Post-treatments yr 12
1.84
1.98
1.99
1.83
0.136
0.50
0.41
0.55
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
1.60
1.71
1.75
1.56
0.120
0.56
0.31
0.52
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.

171

Table 3.8. Two-year, subsequent soil particulate organic Carbon (g C/kg soil) measured at a soil depth of 0-5 cm and 5-15 cm,
following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE SEM1
Forage
Graze Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
11.3
10.6
11.7
10.3
0.85
0.61
0.29
0.52
Post-treatments yr 2
13.0
11.2
13.2a
11.0b
0.60
0.08
0.05
0.10
5 – 15 cm
Post-treatments yr 1
4.7
4.6
4.3
5.0
0.45
0.83
0.31
0.45
Post-treatments yr 2
4.2
4.7
4.2
4.7
0.45
0.49
0.42
0.79
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

12.2
11.5

12.7
11.6

12.4
10.6b

12.6
12.6a

0.87
0.47

0.69
0.84

0.87
0.02

0.90
0.09

4.7a
5.5

3.7b
6.4

3.9
5.6

4.5
6.3

0.24
0.62

0.02
0.31

0.11
0.41

0.99
0.15

Location 3
0 – 5 cm
Post-treatments yr 12
4.6
4.5
3.7b
5.4a
0.10
0.96
<0.01
0.78
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
3.2
3.5
3.6
3.2
0.24
0.51
0.29
0.17
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.9. Two-year, subsequent soil particulate organic nitrogen (g N/kg soil) measured at a soil depth of 0-5 cm and 5-15
cm, following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip
mixture (MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
0.56
0.52
0.60
0.48
0.051
0.63
0.14
0.46
a
b
Post-treatments yr 2
0.66
0.54
0.69
0.51
0.053
0.18
0.05
0.43
5 – 15 cm
Post-treatments yr 1
0.11
0.12
0.12
0.12
0.023
0.77
0.94
0.98
Post-treatments yr 2
0.12
0.12
0.11
0.13
0.014
0.86
0.36
0.86
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

0.61
0.53

0.64
0.56

0.62
0.50b

0.64
0.59a

0.047
0.024

0.62
0.41

0.78
0.03

0.84
0.11

0.13
0.19

0.10
0.25

0.10
0.21

0.13
0.23

0.010
0.026

0.09
0.20

0.09
0.48

0.16
0.17

Location 3
0 – 5 cm
Post-treatments yr 12
0.17
0.18
0.14b
0.21a
0.005
0.61
<0.01
0.16
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
0.13
0.14
0.15
0.12
0.016
0.68
0.29
0.22
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.10. Two-year, subsequent soil inorganic nitrogen (mg N/kg soil) measured at a soil depth of 0-5 cm and 5-15 cm,
following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE
SEM1
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
13.8
13.8
13.3
14.4
0.88
0.98
0.41
0.73
Post-treatments yr 2
13.9
14.6
14.6
13.8
1.09
0.66
0.62
0.96
5 – 15 cm
Post-treatments yr 1
8.0
7.5
7.2
8.3
0.52
0.56
0.18
0.07
Post-treatments yr 2
6.1
6.3
6.1
6.3
0.35
0.78
0.72
0.87
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

18.6
18.3

19.2
16.6

19.9
16.6

18.0
18.2

1.58
1.33

0.80
0.40

0.43
0.43

0.21
0.32

9.9
8.9

8.9
9.1

9.0
8.7

9.9
9.3

0.56
0.98

0.26
0.92

0.32
0.72

0.13
0.07

Location 3
0 – 5 cm
Post-treatments yr 12
9.6
11.0
10.6
10.0
0.53
0.09
0.41
0.59
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
7.7
8.3
8.5a
7.5b
0.31
0.25
0.05
0.44
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.11. Two-year, subsequent soil cation exchange capacity (meq/100cc) measured at a soil depth of 0-5 cm and 5-15 cm,
following steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE
SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
10.5
11.3
10.4
11.4
0.87
0.54
0.46
0.21
Post-treatments yr 2
10.2
9.7
10.3
9.6
0.48
0.48
0.33
0.69
5 – 15 cm
Post-treatments yr 1
8.3
8.5
8.1
8.6
0.50
0.74
0.52
0.15
Post-treatments yr 2
8.8
8.8
8.7
8.9
0.39
0.95
0.73
0.61
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

10.1
11.5

10.1
11.4

9.2
11.2

11.0
11.7

0.63
0.44

0.97
0.92

0.09
0.46

0.24
0.65

9.6
9.6

8.6
9.9

9.0
9.7

9.2
9.8

0.42
0.52

0.14
0.68

0.81
0.85

0.85
0.62

Location 3
0 – 5 cm
Post-treatments yr 12
10.7
10.7
11.0
10.4
0.23
0.91
0.12
0.29
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
10.6
10.7
11.0
10.3
0.38
0.89
0.26
0.72
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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Table 3.12. Two-year, subsequent soil base saturation % measured at a soil depth of 0-5 cm and 5-15 cm, following steers grazing
(GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two winters
at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE SEM1
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
81
83
79
85
3.4
0.79
0.26
0.26
Post-treatments yr 2
80
78
82
77
2.2
0.64
0.16
0.88
5 – 15 cm
Post-treatments yr 1
75
76
76
75
3.3
0.76
0.92
0.56
Post-treatments yr 2
79
77
80a
76b
1.4
0.56
0.04
0.80
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

80
84

81
84

79
84

81
84

2.3
1.5

0.69
0.82

0.50
0.82

0.20
0.12

82
80

80
80

83
82

79
79

1.8
2.2

0.53
0.92

0.16
0.37

0.70
0.18

Location 3
0 – 5 cm
Post-treatments yr 12
81
81
82
80
1.6
0.78
0.18
0.42
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
81
82
82
80
1.7
0.50
0.19
0.99
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.13. Two-year, subsequent soil pH measured at a soil depth of 0-5 cm and 5-15 cm, following steers grazing (GRAZE) or
not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two winters at 3
locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE SEM1
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
5.8
5.9
5.7
6.0
0.16
0.44
0.17
0.31
Post-treatments yr 2
5.9
5.8
5.9
5.7
0.11
0.53
0.17
0.99
5 – 15 cm
Post-treatments yr 1
5.7
5.7
5.7
5.7
0.14
0.99
0.87
0.74
Post-treatments yr 2
5.9
5.8
5.9
5.7
0.10
0.40
0.14
0.86
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

5.8
6.0

5.9
6.0

5.8
6.0

5.9
5.9

0.10
0.10

0.66
0.99

0.66
0.62

0.09
0.24

5.9
5.9

5.8
5.9

5.9
6.0

5.7
5.8

0.11
0.10

0.47
0.99

0.20
0.26

0.47
0.13

Location 3
0 – 5 cm
Post-treatments yr 12
5.9
5.9
5.9
5.9
0.10
0.82
0.27
0.82
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
5.8
5.9
5.9
5.8
0.10
0.46
0.46
0.71
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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Table 3.14. Two-year, subsequent soil Phosphorus (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two
winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
305
334
336
303
54
0.72
0.69
0.58
Post-treatments yr 2
234
203
258a
178b
12
0.13
<0.01
0.59
5 – 15 cm
Post-treatments yr 1
137
200
215
122
34
0.25
0.11
0.24
a
b
Post-treatments yr 2
121
133
158
96
18
0.63
0.04
0.68
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

260
409

249
398

246
395

263
412

39
33

0.84
0.82

0.76
0.72

0.26
0.53

331
293

367
328

367
288

331
333

72
29

0.74
0.42

0.74
0.31

0.20
0.34

Location 3
0 – 5 cm
Post-treatments yr 12 169
167
170
166
10
0.81
0.68
0.72
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12 111
115
115
110
3.4
0.43
0.29
0.02
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.15. Two-year, subsequent soil Potassium (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for
two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
214
236
145b
304a
36
0.67
0.02
0.45
a
b
Post-treatments yr 2
400
301
376
325
20
0.01
0.11
0.10
5 – 15 cm
Post-treatments yr 1
246
223
197
272
56
0.79
0.38
0.51
a
b
Post-treatments yr 2
305
241
296
251
17
0.04
0.11
0.12
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

191
124

231
97

205
102

216
120

71
10

0.71
0.11

0.92
0.25

0.36
0.04

163
76

64
53

102
51

125
77

35
5

0.09
0.02

0.65
0.01

0.97
0.02

Location 3
0 – 5 cm
Post-treatments yr 12 213
221
228
205
20
0.77
0.44
0.39
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12 129
133
142
120
18
0.88
0.42
0.55
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.16. Two-year, subsequent soil Calcium (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for
two winters at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE SEM1
Forage
Graze Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
1218
1341
1234
1328
170
0.62
0.70
0.31
Post-treatments yr 2
1022
977
1059
940
84
0.72
0.36
0.64
5 – 15 cm
Post-treatments yr 1
844
906
890
860
87
0.63
0.81
0.20
Post-treatments yr 2
917
928
939
906
54
0.90
0.68
0.49
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

1136
1449

1136
1457

1029
1446

1243
1461

99
73

0.99
0.94

0.18
0.89

0.10
0.38

1140
1154

1037
1195

1106
1205

1071
1144

85
96

0.42
0.77

0.78
0.67

0.94
0.52

Location 3
0 – 5 cm
Post-treatments yr 12
1175
1166
1211a
1131b
22
0.78
0.03
0.17
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
1178
1192
1236
1134
36
0.80
0.08
0.72
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table 3.17. Two-year, subsequent soil Magnesium (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following steers
grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two
winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
238
269
220
287
30
0.49
0.17
0.13
Post-treatments yr 2
250
238
261
227
24
0.73
0.36
0.81
5 – 15 cm
Post-treatments yr 1
171
180
158
193
22
0.79
0.29
0.58
Post-treatments yr 2
189
193
191
191
14
0.85
0.99
0.97
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

235
250

246
259

205
236

276
272

22
21

0.74
0.78

0.06
0.28

0.15
0.44

217
215

184
225

204
211

197
229

14
18

0.14
0.71

0.71
0.52

0.76
0.22

Location 3
0 – 5 cm
Post-treatments yr 12
280
282
290
271
8
0.88
0.15
0.44
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
294
300
307
287
16
0.77
0.41
0.98
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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Table 3.18. Two-year, subsequent corn grain yield (kg DM/ha) following steers grazing (GRAZE) or not grazing (No-GRAZE)
either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE
No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
Post-treatments yr 1
4964
6692
5136
6521
953
0.25
0.34
0.54
Post-treatments yr 2
7420
8652
8873
7199
566
0.17
0.08
0.23
Location 2
Post-treatments yr 1
Post-treatments yr 2

9549
10185

7873
12365

8766
11803

8656
10747

1222
697

0.37
0.07

0.95
0.33

0.10
0.18

Location 3
Post-treatments yr 12
4429
4586
4752
4262
336
0.75
0.33
0.03
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
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3.7 Figures

Figure 3.1. Two-year, general timeline of integrated crop-livestock study from spring prior to start of study to last corn sample.
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CHAPTER 4: Impacts of cereal rye with or without turnip and grazing on economic cost,
revenue, and net return as part of a Southeastern U.S. integrated crop-livestock system

4.1 Abstract
Economic viability is important to producers when considering the incorporation of cover crops
into their row crop enterprise or adding grazing livestock to implement an integrated croplivestock system. Thus, corn (Zea mays L.) and cattle economic outcome of an integrated croplivestock system were evaluated with and without grazing (GRAZE or No-GRAZE, respectively)
stocker steers (303 ± 24 kg; at a stocking rate of 0.6 ha/steer) on cereal rye (Secale cereale)
monoculture (RYE) or rye-turnip (Brassica rapa L.) mixture (MIX) as cover crop treatments, at
three Coastal Plains locations in North Carolina for two years. Each treatment had 3 to 4
replicate pastures of 1.8-3.6 ha for grazing and approximately 0.4 ha for fenced off grazing
exclusions per location. Cover crop treatments were planted following corn grain harvest both
years with an additional reseeding of rye in yr 2 and corn was planted in the spring of both years
following grazing. Common corn cost based on actual management incurred at the three
locations were applied to all of the management aspects of corn production starting with lime in
the spring and ending with a custom corn harvest charge, totaling $1,262.44/ha which was not
different for any forage or grazing treatment in both years at any location. No-grazing cover crop
cost was based on actual cost and common cost associated with initial forage establishment for
yr 1 and yr 2 plus rye reseeding cost in yr 2, averaging across locations at $240.11/ha for RYE
and $214.52/ha for MIX in yr 1 and $327.60/ha for RYE and $255.39/ha for MIX in yr 2.
Grazing cost included the same cover crop cost associated with forage establishment for each
forage treatment plus the cost of managing cattle such as fence, water, and handling facilities,
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resulting in an additional $107.59/ha. Revenue for corn was based on a 10 yr average U.S. corn
price at $0.17/kg and cattle revenue was set at the 10 yr value of gain based out of Oklahoma
City, Oklahoma at $1.83/kg. Net return was determined by subtracting the cost from revenue.
Data were analyzed using GLM Procedure of SAS and differences were declared at P ≤ 0.05,
with tendencies declared at > 0.05 but < 0.10. Cover crop and steer costs for main effects were
greater (P < 0.05) for the RYE and GRAZE treatment ($337.65 and $367.01, respectively
averaged across years and locations) than MIX and No-GRAZE treatment ($288.78 and $259.42,
respectively averaged across years and locations). There was a tendency (P = 0.06) for overall
net loss to be less or net return to be greater in the entire system for MIX (-$161.94 and $536.41,
Loc 1 and Loc 2 respectively) than RYE (-$460.04 and $162.26, Loc 1 and Loc 2 respectively)
and less or greater (P = 0.09) for GRAZE (-$184.82 and $506.14, Loc 1 and Loc 2 respectively)
than No-GRAZE (-$437.16 and $192.53, Loc 1 and Loc 2 respectively) in yr 2 of the study.
Also, in yr 2 at Loc 3 the MIX*GRAZE (-$633.64/ha) was not different than RYE*No-GRAZE
(-$792.17/ha) or MIX*No-GRAZE (-$880.59/ha), but greater (P < 0.05) than RYE*GRAZE ($938.54/ha), which was not different either RYE*No-GRAZE or MIX*No-GRAZE. These
variable results indicate that planting either monoculture cereal rye or a rye-turnip mixture or
allowing grazing of these forages over the winter will not provide additional economic profit or
loss to a producer’s operation.
4.2 Introduction
In the 21st century, agriculture producers are presented with an unprecedented challenge
of meeting food and fuel demands; taking responsibility for protecting the environment; and
receiving adequate financial return (Robertson and Swinton, 2005). Integrated crop-livestock
systems have been proposed as one way for producers to sustainably intensify food production
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while benefiting the soil and environment, and potentially increase farm income (Franzluebbers,
2007). Economic outcome is one of the top factors affecting producer’s management decisions
(Cary and Wilkinson, 1997). One challenge is that many environmental and long-term
production services from integrated crop-livestock systems are not directly tied to income from
products, such as a boost in grain or livestock performance, and are therefore difficult to attach a
monetary value to these services (Kumar et al., 2019). Some of these benefits include
improvements in pollinator and wildlife habitats and increased carbon and nutrient cycling
(Ouma et al., 2003). These calculations and estimates are needed in order to determine the value
of integrated crop-livestock systems to society and to help guide producer recommendations and
policy decisions (Garrett et al., 2017). Currently studies are still being conducted to evaluate the
economic impact of integrated crop-livestock systems on its resulting environmental effects and
financial return (Kumar et al., 2019). The inability to measure and quantify the value of these
benefits, makes it difficult for producers to economically justify planting cover crops. The cost of
planting a cover crop is a major hurdle for many producers, but Franzluebbers and Stuedemann
(2015) stated that grazing might be one way to offset the cost.
The results of the few studies that have reported the economic component of an
integrated crop-livestock system have varied. Variation could be due to drastic study location
differences (Rio Grande do Sul, Brazil; Georgia, U.S.A; Midi-Pyrénées, Europe; and Iowa
U.S.A.) and inconsistent study design as each producer is different with varying goals and
resources. Some studies have shown that integrated crop-livestock systems are profitable (de
Oliveira et al., 2013; Franzluebbers and Stuedemann, 2007). However, there was a study in
Europe that concluded that the integrated crop-livestock system was less profitable than the
specialized cash crop operation (Ryschawy et al., 2012). Poffenbarger et al. (2017) also
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concluded that integrated crop-livestock systems were profitable in Iowa, but required greater
capital and labor inputs, on top of being more variable in return than conventional systems. Some
proposed ways to overcome these increased costs and variability include the use of government
conservation subsidies (Singer et al., 2007) or effective grazing of the cover crop forages rather
than harvesting and feeding them (Franzluebbers and Stuedemann, 2014). Garrett et al. (2017)
determined in a review that integrated crop-livestock systems were more profitable than either a
continuous beef pasture system or cropping system separately. The variability and lack of
understanding of financial return has been a limiting factor for producers’ adoption of integrated
crop-livestock systems (Snapp et al., 2005).
The objective of this study was to evaluate the effects of a cereal rye monoculture (RYE)
or cereal rye and turnip mixture (MIX), either grazed (GRAZE) or not grazed (No-GRAZE), on
corn and cattle enterprise production cost, revenue, and net return as well as the overall net return
of the entire system. It was hypothesized that GRAZE of either forage treatment would have
greater cost than No-GRAZE due to the additional cost associated with cattle, but MIX*GRAZE
followed by RYE*GRAZE would have greater revenue than No-GRAZE of either forage
treatment due to the hypothesis that steers would gain more grazing the MIX than RYE, with no
revenue received by No-GRAZE. Thus, leading to a hypothesis of greater net return for GRAZE
than No-GRAZE and minimal impact on subsequent corn net return. Ultimately, incorporating
the entire integrated crop-livestock system would result in greater overall net return than just
simply incorporating cover crops.
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4.3 Material and Methods
Research Site and Experimental Design
Three cooperating farms in Eastern, North Carolina were utilized in yr 1 and yr 2:
Location 1 (Loc 1) near Trenton, North Carolina, USA (34⁰59’ N; 77⁰34’ W), location 2 (Loc 2)
near Richlands, North Carolina, USA (34⁰56’ N; 77⁰32’ W), and location 3 (Loc 3) at the
Tidewater Research Station near Plymouth, North Carolina, USA (35⁰50’N; 76⁰40’ W). Previous
soil and farming practice details for each location are described in Chapter 3 of Cox-O’Neill
(2021). Each cooperating farm planted a minimum of 22 ha to each of the two cover crop annual
forage schemes. The two forage schemes included 1) rye monoculture and 2) 60 rye:40 turnip
mixture of available forage as a randomized complete block design. Cover crop forages were notill drilled following corn grain harvest for all locations, specific dates outlined in Chapter 2 of
Cox-O’Neill (2021). Seeding rate in both years for the rye monoculture was 123.3 kg/ha of
Abruzzi Cereal Rye and for the mix treatment the seeding rate was 89.7 kg/ha of Abruzzi Cereal
Rye and 2.2 kg/ha of Purple Top Turnip. Drought conditions during fall of 2019 resulted in
suppressed rye forage emergence and growth, inhibiting an adequate forage stand (Cox-O’Neill,
2021; Chapter 2 and Chapter 3). Thus, on November 11, 2019 fields that were determined to
need additional rye planted were either drilled in RYE treatments or broadcast in MIX treatments
to avoid damaging already established turnip forage. The reseeding rate of rye for each field by
location is presented in Table 4.1.
Location 1 was irrigated with swine wastewater, thus nitrogen (N) fertilizer was applied
to the cover crop treatments via wastewater irrigation with a target rate of 45 kg/ha. Wastewater
irrigation and fertilization are highly regulated and limited by precipitation and standing water in
the field. Fall and winter 2018 were very wet reducing wastewater application and resulting in a
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total of 28 kg/ha of N applied, but in yr 2 the fall was much drier resulting in a total of 39 kg/ha
of N applied to the cover crop treatments at Loc 1 (Cox-O’Neill, 2021; Chapter 2 and Chapter 3).
Loc 2 and Loc 3 were dryland farms and N was applied once at 45 kg/ha of N in yr 1 as liquid
via tractor sprayer and yr 2 as a slow-release pellet via broadcast method. In addition to the two
forage treatments, the study consisted of a grazed and no-grazed treatment as a split plot design.
Temporary fencing was set up to divide fields into 6 grazing paddocks at Loc 1 and Loc 2 (3 per
treatment per location) and 8 grazing paddocks at Loc 3 (4 per treatment), and a portion
(approximately 0.40 hectare) of each paddock was fenced off for no-grazing exclusions. Grazing
exclusions remained in the same location for the consecutive years.
Cattle and Corn Management
For the grazing treatments 136 spring-born, Angus crossbred steer calves were used over
the two years. Average initial body weight (BW) for the two grazing seasons were 303 ± 24 kg
for all three locations, with yr 1 having the lowest initial BW for Loc 1 and Loc 2 (275 ± 8 kg)
and Loc 3 in yr 2 having the greatest initial BW (338 ± 12 kg). Steer details for each location are
described in Chapter 2 of Cox-O’Neill (2021). In yr 1, forage paddocks were continuously
grazed from December 18, 2018 to February 1, 2019 (Loc 1) and March 5, 2019 (Loc 2) by steer
calves at a stocking rate of 0.61 ha/calf. In yr 1, Loc 3 was unable to graze due to late cover crop
planting and inadequate forage availability. In yr 2, forage paddocks were continuously grazed
from January 18, 2020 to February 15, 2020 (Loc1) and March 18, 2020 (Loc 2) by steer calves
at a stocking rate of 0.61 ha/calf. Location 3 steers (0.61 ha/calf stocking rate) continuously
grazed from January 14, 2020 to February 17, 2020. All steers at a location were removed from
grazing when forage mass was estimated at approximately 1000 kg DM/ha in at least one
paddock. Cattle performance measurement details are described and results reported in Chapter 2

196

of Cox-O’Neill (2021). A timeline for the entire study starting with planting of the baseline corn
in the spring of 2018 and ending with the post 2 (only Loc 1 and Loc 2) treatment corn harvest in
fall of 2020 can be found in Figure 4.1.
Corn grain was planted in the Spring between March 28 and May 5, following cover crop
forage grazing at all locations. Additional, specifics on planting dates and details are outlined in
Chapter 3 of Cox-O’Neill (2021). In the fall, prior to planting forage treatments, corn grain
yields were determined through hand harvest once corn reached the black layer stage and prior to
the actual harvest. An initial baseline corn hand harvest measurement was collected on August
22, August 29, and September 3, 2018 for Loc 2, Loc 1, and Loc 3, respectively. The first post
grazing treatment grain yields were collected on August 23, August 24, and August 25, 2019 for
Loc 3, Loc 1, and Loc 2, respectively. The last set of corn grain hand harvest measurements were
taken on August 22, 2020 for Loc 1 and Loc 2 and September 2, 2020 for Loc 3. Actual hand
harvest dates and corn yield measurement details are described, and results reported in Chapter 3
of Cox-O’Neill (2021).
Economic Analysis
The cost per hectare, revenue, and net return in U.S. dollars were calculated for each
treatment (2 x 2 factorial of grazing and forage species). Cost associated with corn production
included variable costs for corn seed ($247.00/ha), synthetic fertilizer (nitrogen, phosphorus, and
potassium) plus the cost of a single application ($74.10/ha + $10.50/ha), lime plus single
application ($49.40/ha + $10.50/ha), weed and insecticide chemical plus the cost of three
separate applications ($222.30/ha and $74.10/ha, respectively + $31.49/ha), and interest on half
of operating cost ($44.95/ha). Fixed costs for harvest machinery and equipment ($123.50/ha),
general overhead ($53.50/ha), and land rent ($321.10/ha) were also included. Costs were
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determined through direct communication with producers at each location and the local Farm
Credit current interest rate. The final total for corn production cost was $1262.44/ha and used for
both years at each location because forage and grazing treatments did not alter corn production
management practices. Revenue for corn was based on a 10 yr average U.S. corn price at
$0.17/kg (USDA AMS, 2020) and multiplied by the kg/ha production for each field replicate to
determine revenue per hectare for each field replicate.
Cover crop establishment cost included the cost of seed, fertilizer + application, variable
machinery and equipment, fixed machinery and equipment, interest on half of operating cost, and
general overhead. Two-year average monetary values associated with these costs are presented in
Table 4.2. by forage treatment at each location. Cost differed between RYE and MIX ($99.24/ha
and $73.66/ha, respectively) based on seeding rate (listed earlier) and seed cost for RYE and
MIX seed at $0.80/kg and $0.86/kg, respectively. In yr 2, reseeding costs were added to forage
replications that had poor rye stands following the original drilling of cover crop seeds (Table
4.1). Differing fertilizer rates at Loc 1 between yr 1 and yr 2 also caused differences in fertilizer
cost and operating cost interest in yr 1 ($8.92/ha and $32.04/ha, respectively) and in yr 2
($12.50/ha and $42.48/ha, respectively). A consistent fertilizer rate for Loc 2 and Loc 3 in both
years resulted in similar cost of $16.06/ha for fertilizer and $45.94/ha for interest. Grazing cost
included the initial cover crop establishment cost (Table 4.2) and reseeding cost (Table 4.1) for
each forage treatment plus the cattle infrastructure cost valued at $107.60/ha which was the same
for both years at each location and forage treatment. No cost for cattle infrastructure was
assigned to the No-GRAZE treatment. Infrastructure cost included fence and water well and
underground pipes prorated over 30 yr and portable handling facilities prorated over 10 yr.
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Revenue for cattle was based on a 10 yr average U.S. cattle price at $1.83/kg based out of
Oklahoma City, Oklahoma at $1.83/kg (USDA AMS, 2020). Cattle price was multiplied by the
kg/ha growth for each field replicate to determine revenue per hectare for each field replicate. No
direct revenue was received for No-GRAZE cover crop treatments.
Statistical Analysis
The experimental design was considered a random complete block design for the forage
treatments with a split-plot design for the grazing treatments. Data were analyzed using GLM
procedure of SAS v. 9.3 with grazing field and no-grazing exclusion as the experimental unit and
field blocks as the replicate. The statistical model included field block (replicate), forage
treatment, grazing treatment, and forage by grazing for corn and cattle cost, revenue, and net
return as well as the overall net return. Site by year was analyzed separately due to minor study
design differences between locations and major weather difference between years. Dependent
variables, including cost, revenue, and net return data were analyzed with forage treatment and
grazed or no-grazing exclusion as a fixed effect. For all analysis, effects were considered
significant at P-value ≤ 0.05, with tendencies declared at P-value between 0.05 and 0.10. For all
analysis, differences were considered significant at P-value ≤ 0.05, with tendencies declared at
P-value > 0.05 but < 0.10. Once response variable was considered significant or a tendency then
treatment differences were evaluated using the pdiff function in SAS 9.3 and treatment
comparisons were considered significant at P-value ≤ 0.05, with tendencies declared when Pvalue is > 0.05 but < 0.10.
4.4 Results
Total cost associated with the cover crop and grazing management was consistently
greater (P < 0.05) for RYE than MIX and greater (P < 0.01) for GRAZE than No-GRAZE in
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both years and at any location (Table 4.3). There were no forage by grazing treatment
interactions.
Corn net return assimilated corn revenue due to the standardization of corn costs for all
locations and years and are thus described together. Corn revenue (Table 4.4) and net return
(Table 4.5) had a forage by grazing interaction (P = 0.03) at Loc 3 in yr 2. At Loc 3 corn revenue
and net loss for MIX*GRAZE ($875.44/ha a and -$387.00/ha a, respectively) was not different
than RYE*No-GRAZE ($771.15/ha a, b and -$491.29/ha a, b, respectively) or RYE*GRAZE
($656.97/ha a, b and -$605.48/ha a, b, respectively), but corn revenue was greater (P < 0.05) and
net loss less (P < 0.05) than MIX*No-GRAZE ($603.41/ha b and -$659.03/ha b, respectively),
which was not different from either RYE*No-GRAZE or RYE*GRAZE; data not presented in a
table (a, b Means lacking common superscript differ). This indicates that GRAZE resulted in an
increase of corn revenue and reduction in net loss for the MIX, but no difference between
GRAZE or No-GRAZE of the RYE. Additionally, in yr 2, Loc 1 had a tendency (P = 0.08) for
greater corn revenue and net return for GRAZE than No-GRAZE and a tendency (P = 0.07) at
Loc 2 for greater corn revenue and net return for MIX than RYE. There were no other forage or
grazing treatment effects and no forage by grazing interactions for corn revenue or net return.
Steer revenue was consistently greater (P < 0.01) for GRAZE than No-GRAZE in both
years and any location, since no income was gained from cover crop plots that were not grazed
(Table 4.4). There were no forage treatment effects or forage by grazing interactions for steer
revenue (P ≥ 0.10), since forage main effects revenue is reported as the average of GRAZE and
No-GRAZE ($0.00/ha) revenue for both RYE and MIX. For all forage and grazing treatments in
both years and every location steer production had a net loss (Table 4.5). In both years and every
location except yr 2 at Loc 2, MIX had less (P < 0.05) steer net loss than RYE. There were
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varying results due to the effect of grazing on steer net loss, with No-GRAZE assimilating the
average cost of establishing RYE and MIX (Table 4.3) when subtracted from $0.00 revenue
(Table 4.4) and GRAZE determined through subtracting the cost from revenue (Table 4.3 and
Table 4.4, respectively). Location 2 in both years had less (P < 0.01) steer net loss for GRAZE
than No-GRAZE. However, in yr 1 at Loc 3 and yr 2 at Loc 1, No-GRAZE had less (P ≤ 0.02)
steer net loss than GRAZE. Lastly, in yr 1 at Loc 1 and yr 2 at Loc 3, steer net loss did not differ
between GRAZE or No-GRAZE. Similarly, to steer revenue, steer net return had no forage by
grazing treatment interaction in both years at any location.
Overall net return for the entire integrated crop-livestock system is summarized in Table
4.6. In yr 2 at Loc 3 there was a forage by grazing interaction (P = 0.04) for overall net loss. In
which the MIX*GRAZE (-$633.64/ha a) was not different than RYE*No-GRAZE (-$792.17/ha a,
b

) or MIX*No-GRAZE (-$880.59/ha b), but greater (P < 0.05) than RYE*GRAZE (-

$938.54/hab), which was not different from either RYE*No-GRAZE or MIX*No-GRAZE; data
not presented in a table (a, b Means lacking common superscript differ). This indicates that
GRAZE resulted in an increase of overall net return or reduction in overall net loss for the MIX,
but no difference between GRAZE or No-GRAZE of the RYE. There was a tendency (P = 0.06)
in yr 2 for Loc 1 to have less net loss and Loc 2 to have greater net return for MIX than RYE.
Additionally, there was a tendency (P = 0.09) in yr 2 for Loc 1 to have less net loss and Loc 2 to
have greater net return for GRAZE than No-GRAZE. There were no other forage or grazing
treatment effects and no additional forage by grazing interactions for overall net return.
4.5 Discussion
The MIX cover crop cost was consistently less primarily due to the reduced seeding rate
of rye in the MIX as compared to the RYE treatment. Although turnip seed had greater cost than
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cereal rye ($0.86/kg and $0.80/kg, respectively), the low incorporation rate and overall reduced
seeding density of the MIX results in an overall saving of $25.58/ha for MIX than RYE. In other
studies, cover crop establishment costs have varied due to location and resources available.
Drewnoski et al. (2018) reported oat, wheat, and brassica forage establishment cost to range from
$64/ha to $160/ha with the mean being $123/ha when evaluating 8 winter grazed forage cover
crop treatments from 2013 to 2016 in Nebraska. Beck et al. (2005) reported greater small grain
forage establishment cost with a non-significant range of $188.73/ha to $226.80/ha from 1999 to
2001 in Arkansas. Both studies included seed, fertilizer, and planting/application cost.
Drewnoski et al. (2018) stated that their greatest cost variation was due to fertilizer cost, whereas
Beck et al. (2005) attributed their variation to seed cost. Seed cost vary due to the increased seed
needed per hectare of small grains as compared to small grains and brassica mixtures. In the
current study, fertilizer cost for the cover crop at Loc 1 varied between years primarily due to
weather and limitations with fertilizing via swine wastewater. This is a result of wastewater
irrigation and fertilization being highly regulated and very dependent on natural precipitation and
amount of standing water in the field. Year 1 was a very wet (84.4 cm of precipitation from
September 2018 to January 2019; The Weather Company, LLC, 2020) which resulted in a
challenge for applying N via wastewater application. However, in yr 2 the fall season was much
drier, with the area under drought conditions from June 04, 2019 to July 23, 2019 (30.5 cm
precipitation from September 2019 to January 2020; The Weather Company, LLC, 2020)
allowing for more opportunities to apply the nutrient dense wastewater. Use of swine wastewater
led to fertilizer cost being less at Loc 1 than Loc 2 and Loc 3.
Establishing the MIX was cheaper than establishing the RYE and had greater above
ground forage biomass in yr 1 at Loc 2 and greater total forage biomass production than RYE at
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most locations in both years (Cox-O’Neill, 2021; Chapter 2). The greater forage biomass could
lead to the potential of longer grazing duration for the MIX as compared to RYE, allowing for
greater gain/ha and cattle enterprise revenue. The GRAZE treatment always had greater cost than
No-GRAZE due to additional cost associated with fencing, water, and holding facilities for
cattle. Which would have not been incurred if a producer was simply planting a cover crop for
the sole purpose of potentially receiving its agronomic benefits. The costs associated with the
cover crops were applied to the new cattle enterprise than splitting the cost with the corn
production enterprise. This division between disciplines creates a controversial debate about how
cost should be divided between crop and livestock producer, if not one and the same, including
cover crop seed cost and N fertilizer in particular (Drewnoski et al., 2018).
Corn revenue and corn net return were minimally impacted by forage scheme and
grazing, similarly to the minimal treatment impacts on soil characteristics and subsequent corn
grain yield as reported in Chapter 3 (Cox-O’Neill, 2021). The few differences and trends
observed in yr 2 were variable among the three locations; with Loc 1 observing GRAZE and Loc
2 observing MIX to have a tendency for greater corn revenue and corn net return than NoGRAZE or RYE, respectively. Whereas Loc 3 was even more variable with MIX*GRAZE
having greater corn revenue and corn net return than MIX*No-GRAZE, but no other differences
among the four treatments. Conversely, for crop revenue Poffenbarger et al. (2017) stated that a
2-year integrated crop-livestock system treatment resulted in the greatest crop enterprise revenue
($2037/ha), when compared to a 2-year continuous cash crop system ($1740/ha) accounting for
corn and soybean revenue. However, they also reported that costs were greater for the integrated
crop-livestock system ($942/ha) than the non-integrated cash crop system ($831/ha), resulting in
no difference in total cash crop net return to the land and management ($806/ha; Poffenbarger et
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al., 2017). The trends and differences observed in the current study were only after two years of
incorporating cattle grazing cover crops on vacant cropland. More research is needed to
determine if these trends will remain or even become more significant after additional replicate
years.
There have also been reports of indirect benefits to subsequent cash crop production
associated with planting a cover crop and grazing such as decreased erosion and increased soil
organic matter or soil test biological activity, and N mineralization (Franzluebbers, 2007;
Bergtold et al., 2017). Monetary values are difficult to assign to these potential benefits since it is
challenging to measure the economic benefit associated with these biological measurements.
However, Bergtold et al. (2017) did report that increased SOM was worth $50.59/ha when
including radish in the mix. Soil characteristic data in a corresponding study observed minimal to
no differences for total organic carbon, soil test biological activity, and N mineralization (CoxO’Neill, 2021; Chapter 3) thus indicating no potential for indirect economic benefits due to
either forage or grazing treatment. However, GRAZE did have greater inorganic N, phosphorus,
and calcium at at-least one location in yr 2 of the study (Cox-O’Neill, 2021; Chapter 3).
Indicating that it might be possible to reduce fertilizer inputs and cost for subsequent cash crops
in future years if winter planted cover crops were grazed. Bergtold et al. (2017) also stressed that
producers should consider all impacts of cover crop adoption beyond monetary estimates.
No differences in average daily gain of steers in both years at all locations as reported in
Chapter 2 of Cox-O’Neill (2021), resulted in no differences in steer revenue when grazing either
forage treatment. There could have been potential to graze the MIX longer for greater gain per
hectare and increased revenue and net return since total forage biomass was typically greater for
MIX than RYE at the end of grazing. However, due to labor and resource limitations when one
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plot appeared limiting in forage availability, all steers were removed from the plots within a
location. Although significant forage biomass remained at Loc 2, steers had to be removed in
March in order to begin preparing the field for planting corn in April. Removing cattle early and
not allowing for cattle to potentially take advantage of the additional forage biomass available
for grazing in the MIX demonstrates the competing interests in the integrated crop-livestock
system.
Cost without immediate income or reimbursement is highlighted by many producers as a
concern and has resulted in the slow adoption of planting cover crops on cropland
(Franzluebbers, 2007). This was demonstrated in the current study with GRAZE providing
greater revenue than No-GRAZE in both years at any location, since there was a revenue of
$0.00 if the cover crop was not grazed. Neither forage or grazing treatment resulted in a positive
net return. The MIX consistently provided the least loss in net return associated with either the
GRAZE or No-GRAZE treatment as there were no forage by grazing treatment interactions. Net
return due to grazing varied based on the length of grazing. At Loc 2 grazing covered the cost
associated with managing the steers such as fence water, and handling facilities, as well as 71%
and 52% of the cost associated with the cover crop in yr 1 and yr 2, respectively. At Loc 1 in yr 1
and Loc 3 in yr 2, there was no difference in net return for GRAZE or No-GRAZE, meaning that
although grazing was able to cover most of the cost associated with managing cattle it was not
able to account for the cost of planting the cover crop. Unfortunately, at Loc 1 in yr 2 and Loc 3
in yr 1 grazing the cover crop or having intentions to graze but not actually being able to graze
resulted in more net loss than simply planting the cover crop for its potential agronomic benefits.
The cattle production enterprise would have had to gain 142 kg/ha in order to breakeven or fully
recover the cost of planting the cover crop and it would have had to gain 201 kg/ha to breakeven
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with the cost of cover crop and cattle management included. The previous estimates were based
on the average cost across forage treatments, both years, and locations incurred at $259.40/ha for
cover crop (including the initial establishment cost and reseeding cost) and $107.59/ha for cattle,
and a profit per kg of gain at $1.83/kg as established over a 10 yr average plus an average daily
gain of 1.06 kg/d (average of both years and all 3 locations in companion study; Cox-O’Neill,
2021; Chapter 2) and stocking rate of 0.61 ha/steer as described in Chapter 2 of Cox-O’Neill
(2021). Location 2 was able to meet or surpass the cover crop cost threshold and came closest to
the total cost threshold with growth per hectare averaging 144 (Cox-O’Neill, 2021; Chapter 2).
Conversely, in Nebraska, Drewnoski et al. (2018) summarized 8 stocker cattle studies in a 3-year
period that cost of gain for grazing cover crops ranged from $0.53/kg to $2.08/kg, with net return
positive for 3 out of the 4 years. Similarly, to the current study, all cover crop cost in those
studies were applied to the cattle operation and not split with the crop enterprise (Drewnoski et
al., 2018).
If incorporating both crop and livestock production on the same land it is important to
evaluate the overall net return for the entire system. In the current study these results followed a
similar forage and grazing treatment trend observed for corn revenue and net return in yr 2. As
the same few differences and trends observed in yr 2 were variable among the three locations.
However, the tendencies for GRAZE at Loc 1 and MIX at Loc 2 to be greater than No-GRAZE
and RYE, respectively were even more evident when the cover crop/steer net return was
combined with corn net return, than when only evaluating solely the corn net return.
Additionally, Loc 3 had the similar difference for greater overall net return with MIX*GRAZE
than MIX*No-GRAZE, but no other differences among the four treatments. Conversely to the
variable results of the current study, Tobin et al. (2020) reported that implementing an integrated
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crop-livestock system increased farm profit by $42.56/ha within the first year and $107.72/ha in
the second year, due to initial fence and water infrastructure cost ($49.40/ha and $33.91/ha,
respectively) being covered in year 1. They concluded that with proper grazing management
integrated crop-livestock systems could benefit the soil health and producers’ income (Tobin et
al., 2020). A great deal of research on integrated crop-livestock systems and their associated
economic outcome as compared to traditional separate crop and livestock enterprises is necessary
to feel more confident in predicting financial profitability or loss for producers considering
implementing an integrated crop-livestock system.
In conclusion, planting the MIX cover crop resulted in similar or greater forage biomass
with less cost than planting the RYE treatment. Thus, the MIX provided less net loss or greater
net return than RYE. Grazing either MIX or RYE provided no positive net return over the cost
associated with the cover crop and cattle management. However, grazing with at least a 142
kg/ha of cattle growth valued at at-least $1.83/kg gain should offset the cost of planting the cover
crop without altering the cash crop production and net return. Despite a couple of tendencies for
MIX and GRAZE to increase overall net return, the variable results indicate that planting either
monoculture cereal rye or a rye-turnip mixture or allowing grazing of these forages over the
winter as an integrated crop livestock system will not provide additional economic profit or loss
to a producer’s operation. Although the potential for increasing production and profit is possible
with planting a cover crop and grazing on cropland it is important to make sure management
practices allow you to achieve minimal production for positive net return.
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4.6 Tables
Table 4.1. Reseeding details of cereal rye in the second year of cover crop planting due to
fall drought conditions suppressing originally seeded rye emergence and growth. 1-3
Forage
Seeding Type # of Seeded ha
Seeding Rate
$/ha
Treatment
: Total # of ha
(kg/ha)
Location 1
Field 1
MIX
Broadcast
2.0:2.8
112
70.44
Field 2
RYE
Drilled
2.8:2.8
123
149.58
Field 3
RYE
Drilled
2.4:2.8
123
129.85
Field 4
MIX
Broadcast
1.6:2.8
112
58.37
Field 5
MIX
Broadcast
2.4:2.8
112
80.52
Field 6
RYE
Drilled
2.8:2.8
123
159.83
Location 2
Field 7
Field 8
Field 9
Field 10
Field 11
Field 12

RYE
MIX
MIX
RYE
RYE
MIX

Drilled
Broadcast
Broadcast
Broadcast
Broadcast
Broadcast

2.0:2.8
2.5:4.0
0.8:4.0
0.6:4.0
1.8:4.0
1.8:2.8

123
112
112
140
140
112

75.16
25.52
24.87
14.92
54.71
66.05

Location 3
Field 13
MIX
-0.0:2.0
-0.00
Field 14
RYE
Drilled
2.0:2.0
123
148.10
Field 15
MIX
-0.0:2.0
-0.00
Field 16
RYE
-0.0:2.0
-0.00
Field 17
RYE
Drilled
0.8:2.0
123
66.89
Field 18
MIX
-0.0:2.0
-0.00
Field 19
RYE
-0.0:2.0
-0.00
Field 20
MIX
-0.0:2.0
-0.00
1
In yr 1 of grazing, the forages were no-till drilled on October 5 and 6, 2018 for Loc 1 and
Loc 2, and October 16 – 24, 2018 for Loc 3. In yr 2 forages were no-till drilled on September
23 – 25, 2019 for all locations.
2
In yr 2 rye was reseeded on November 11, 2019 at all three locations.
3
Reseeding cost were applied to the field cover crop cost (experimental unit) before
analyzing statistics.
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Table 4.2. Initial cover crop establishment cost ($/ha) before including the reseeding cost, averaged across
years and listed by location.1-2
Item
Location 1
Location 2
Location 3
RYE
MIX
RYE
MIX
RYE
MIX
Seed
99.24
73.66
99.24
73.66
99.24
73.66
Fertilizer3
10.97
10.97
16.06
16.06
16.06
16.06
Fertilizer application
10.50
10.50
10.50
10.50
10.50
10.50
Variable equipment
36.31
36.31
36.31
36.31
36.31
36.31
3
Interest
37.26
37.26
45.94
45.94
45.94
45.94
Fixed equipment
25.39
25.39
25.39
25.39
25.39
25.39
General overhead
13.68
13.68
13.68
13.68
13.68
13.68
Total Cost
233.09
207.50
247.12
214.12
247.12
214.12
1
Data not analyzed statistically through SAS 9.3.
2
Does not include the rye reseeding cost presented in Table 4.1.
3
Fertilizer and interest cost at Loc 1 are the average of yr 1 ($8.92/ha and $32.04/ha, respectively) and yr
2 ($12.50/ha and $42.48/ha, respectively). Fertilizer and interest cost were not different between years for
Loc 2 and Loc 3
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Table 4.3. Two-year, cost ($/ha) for corn production and cover crop and steer production, as a part of an integrated crop-livestock
system study where steers grazed (GRAZE) or not grazed (No-GRAZE) a cereal rye monoculture (RYE) or rye-turnip mixture
(MIX) forage at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE
No-GRAZE
SEM
Forage
Graze
Forage*Graze
Corn2
Location 1, 2, and 3
Year 1 and 2
1262.44 1262.44
1262.44
1262.44
----Cover crop and steer3
Location 1
Year 1
Year 24
Location 2
Year 1
Year 24

279.88a
440.33a

254.29b
338.12b

320.88a
443.02a

213.29b
335.43b

0.00
1.05

<0.01
<0.01

<0.01
<0.01

0.99
0.99

300.92a
349.19a

275.36b
314.17b

341.94a
385.48a

234.34b
277.88b

0.00
8.21

<0.01
0.02

<0.01
<0.01

0.99
0.99

Location 3
Year 15
300.92a 275.36b
341.94a
234.34b
0.00
<0.01
<0.01
0.99
4
a
b
a
Year 2
354.67
275.36
368.81
261.21b
14.36
<0.01
<0.01
0.99
1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
Cost associated with corn production is an average of production cost for all locations.
3
Grazing cost included cover crop establishment (Table 4.2) plus reseeding cost in yr 2 (Table 4.1) and cattle production cost. No
cost was included for cattle in No-GRAZE. Values for each forage treatment main effect include half of the value of cattle cost.
4
Cost associated with cover crop in year 2 include initial cost, plus rye reseeding cost on November 11, 2019 (Table 4.1).
5
There was no grazing at Loc 3 in year 1, thus fall 2018 – fall 2019 soil and corn data were not evaluated in Chapter 2 and 3.
a,b
Means within item and forage or grazing treatment lacking common superscript differ.
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Table 4.4. Two-year, revenue ($/ha) for corn and steer production, as a part of an integrated crop-livestock system study where
steers grazed (GRAZE) or not grazed (No-GRAZE) a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage at 3
locations.1
Treatments
P-value
2
Item
RYE
MIX
GRAZE
No-GRAZE SEM
Forage
Graze Forage*Graze
Corn
Location 1
Year 1
800.36
1079.07
828.05
1051.38
153.70
0.25
0.34
0.54
Year 2
1196.32
1395.15
1430.72
1160.71
91.33
0.17
0.08
0.23
Location 2
Year 1
Year 2

1539.63
1642.24

1269.47
1993.73

1413.45
1903.12

1395.65
1732.85

197.07
112.40

0.37
0.07

0.95
0.33

0.10
0.18

Location 3
Year 13
Year 2

1003.43
714.06

976.21
739.42

1086.82
766.20

892.82
687.28

58.63
54.19

0.75
0.75

-0.33

-0.03

Steer4
Location 1
Year 1
Year 2

55.98
46.41

60.14
43.51

116.12a
89.92a

0.00b
0.00b

7.45
3.89

0.71
0.62

<0.01
<0.01

0.71
0.62

Location 2
Year 1
Year 2

133.50
131.64

141.15
119.29

274.65a
250.93a

0.00b
0.00b

7.18
8.37

0.48
0.34

<0.01
<0.01

0.48
0.34

Location 3
Year 13
0.00
0.00
0.00
0.00
0.00
---Year 2
37.70
41.26
78.96a
0.00b
3.17
0.45
<0.01
0.45
1
Corn and cattle revenue based on a 10 yr average U.S. corn price at $0.17/kg and cattle price at $1.83/kg (USDA AMS, 2020).
2
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
3
There was no grazing at Loc 3 in year 1, thus fall 2018 – fall 2019 soil and corn data were not evaluated in Chapter 2 and 3.
4
There was no income for cover crop plots that were not grazed.
a,b
Means within item and forage or grazing treatment lacking common superscript differ.
211

Table 4.5. Two-year, net return ($/ha) for corn and steer production, as a part of an integrated crop-livestock system study
where steers grazed (GRAZE) or not grazed (No-GRAZE) a cereal rye monoculture (RYE) or rye-turnip mixture (MIX)
forage at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE
No-GRAZE SEM
Forage
Graze
Forage*Graze
Corn
Location 1
Year 1
-462.09
-183.37
-434.39
-211.07
153.70
0.25
0.34
0.54
Year 2
-66.12
132.68
168.28
-101.73
91.33
0.17
0.08
0.23
Location 2
Year 1
Year 2

277.19
379.80

7.03
731.29

151.01
640.68

133.21
470.41

197.07
112.40

0.37
0.07

0.95
0.33

0.10
0.18

Location 3
Year 12
Year 2

-259.01
-548.38

-286.23
-523.02

-175.62a
-496.24

-369.62b
-575.16

58.63
54.19

0.75
0.75

0.04
0.33

0.78
0.03

Steer
Location 1
Year 1
Year 2

-223.90b
-393.92b

-194.15a
-294.61a

-204.76
-353.10b

-213.29
-335.43a

7.45
4.06

0.03
<0.01

0.45
0.02

0.71
0.63

Location 2
Year 1
Year 2

-167.42b
-217.54

-134.20a
-194.88

-67.28a
-134.54a

-234.34b
-277.88b

7.18
10.90

0.02
0.19

<0.01
<0.01

0.48
0.45

Location 3
Year 12
-300.92b -275.36a
-341.94b
-234.34a
0.00
<0.01
<0.01
-b
a
Year 2
-316.97
-234.10
-289.85
-261.21
14.23
<0.01
0.19
0.86
1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in year 1, thus fall 2018 – fall 2019 soil and corn data were not evaluated in Chapter 2 and 3.
a,b
Means within item and forage or grazing treatment lacking common superscript differ.
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Table 4.6. Two-year, overall net return ($/ha) for the entire integrated crop-livestock system where steers grazed
(GRAZE) or not grazed (No-GRAZE) a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage at 3
locations.
Treatments
P-value
Item
RYE
MIX
GRAZE
No-GRAZE SEM1
Forage
Graze
Forage*Graze
Location 1
Year 1
-685.99 -377.52
-639.16
-424.35
153.90
0.21
0.36
0.56
Year 2
-460.04 -161.94
-184.82
-437.16
93.38
0.06
0.09
0.25
Location 2
Year 1
Year 2

109.77
162.26

-127.17
536.41

83.73
506.14

-101.13
192.53

198.05
113.65

0.43
0.06

0.53
0.09

0.10
0.17

Location 3
Year 12 -559.93 -561.59
-517.55
-603.96
58.63
0.98
0.32
0.78
Year 2
-865.35 -757.12
-786.09
-836.38
59.38
0.23
0.56
0.04
1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in year 1, thus fall 2018 – fall 2019 soil and corn data were not evaluated in Chapter 2
and 3.
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4.7 Figures

Baseline Corn Sample

First Post Treatment
Corn Sample

Second Post Treatment
Corn Sample

Figure 4.1. Two-year, general timeline of integrated crop-livestock study from spring prior to start of study to last corn sample.
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CHAPTER 5: Effect of varying proportions of cereal rye and turnip on ruminal
fermentation and methane output through in vitro batch culture

5.1 Abstract
Ruminant animal performance has been variable in studies grazing annual cool-season grass and
brassica monocultures and mixtures, and there is little understanding of the fermentation
mechanisms causing variation. Thus, the aim of this study was to determine apparent dry matter
(DM) digestibility, ruminal fluid pH, and methane and volatile fatty acid (VFA) production of
varying proportions of cereal rye (Secale cereale) or turnip (Brassica rapa L.) including
Rye:Turnip dietary treatments of 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T in an in
vitro batch fermentation system. A subsample of freeze-dried forage samples from a
corresponding integrated crop-livestock study were assembled into the four treatments with the
turnip leaf and root components at a 50:50 leaf to root ratio. Tubes were used to measure
apparent DM digestibility and septum cap bottles were used to measure methane production,
ruminal pH, and VFA production, both following a 48 hr fermentation with 2:1 buffer and
ruminal fluid inoculum. Data were analyzed using Mixed Procedure of SAS with batch
(replicate) and treatment (main effect) in the model and differences were declared at P ≤ 0.05,
with tendencies declared at > 0.05 but < 0.10. Apparent DM digestibility (26.8%; overall mean)
was not different (P = 0.40) among treatments. Ruminal pH tended (P = 0.07) to be greater for
100R:0T (5.11) than 0R:100T (5.00) with 40R:60T (5.05) and 60R:40T (5.07) intermediate and
not different from either 100R:0T or 0R:100T. Methane concentration decreased with inclusion
of turnip (P < 0.01) ranging from the least methane at 774 nmol/ml for 0R:100T to 1416
nmol/ml for 100R:0T. Total VFA production, acetate to propionate ratio, acetate, and valerate
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were not different (P > 0.10) among treatments (117 mM, 1.45, 39.84 mol/100 mol, and 7.86
mol/100 mol, respectively; overall mean). Propionate, isobutyrate, and isovalerate all increased
with increasing proportions of rye (P < 0.01). However, butyrate decreased with increasing
proportion of rye (P < 0.01). No differences in digestibility or total VFA production indicate that
all combinations of these forages are suitable for grazing of ruminant livestock. Additionally,
inclusion of turnip reduced methane production which could potentially aid in reducing ruminant
livestock’s contribution to greenhouse gas emissions if consuming a forage mix including turnip.
5.2 Introduction
Cover crops have increased in popularity over the last few years as grain producers use
them for agronomic benefits and cattle producer have begun to incorporate more grazing of these
forages during the winter (Franzluebbers, 2007; SARE report, 2017). Although use of annual
cool-season grasses is common for livestock producers (Edmisten et al., 1998; SARE, 2012),
there has been increased interest in incorporating other annual forages such as brassicas for
potential increased animal gains (SARE report 2017). Decisions associated with cover crop
forage species selection and proportions to achieve ultimate ruminant livestock production goals,
can be quite overwhelming.
The proportions of cool-season grass to brassica in pastures or diets fed to cattle, have
resulted in varying cattle performance (Smart and Pruitt, 2006; Barry, 2013; Brunsvig et al,
2017; Drewnoski et al., 2018). Some have reported that brassicas like turnip, have greater
concentrations of non-fiber carbohydrates (NFC) and significantly less fiber compared to
grasses, which can subsequently lead to greater digestibility and potential increase in animal
performance than cool-season grasses (Sun et al., 2012; Barry, 2013). Some, sheep feeding trials
have concluded that digestion and animal performance response to consuming brassicas was
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more similar to responses of consuming high fiber concentrate diets than forage (Lambert et al.,
1987; Cassida et al., 1994). This conclusion also raises concern of negative impacts associated
with low NDF and greater NFC, which are common in metabolic health issues for feedlot cattle
primarily fed a concentrate diet (Drewnoski et al., 2018).
Evaluating the ruminal fermentation characteristics of varying proportions of annual,
cool-season grasses and brassicas, using an in vitro fermentation approach could answer some of
these questions in regard to cattle production and animal health. Most studies have reported an
increase in rumen digestibility for turnip as compared to rye or oats (Sun et al., 2012; Lenz et al.,
2019), but an in vitro study by Dillard et al. (2018) reported no difference in digestibility
between ryegrass-orchardgrass mix or turnip-orchardgrass mix. Despite differences in
digestibility between studies, methane has consistently been reduced for diets that contained
100% turnip (Sun et al., 2012) or 50% turnip (Dillard et al., 2018) as compared to diets
containing 100% rye or 50% rye. This knowledge and potential nutritional management practice
could be useful in reducing methane and greenhouse gas emissions. Since cattle’s contribution to
greenhouse gas emissions and subsequent global warming threats are a growing concern in
society, considering that cattle contribute approximately 6% of global anthropogenic greenhouse
gas emissions into the atmosphere (Beauchemin et al., 2020). Based on the digestibility and
methane results it would be expected that propionate production would be greater and acetate to
propionate (A:P) ratio and ruminal pH would be less when consuming turnip. However, those
results have been even more variable with Sun et al. (2012) reports aligning with the hypothesis
of increased propionate and decreased A:P ratio for turnip than ryegrass. Whereas Dillard et al.
(2018) did observe an increase in propionate with turnip-orchargrass than ryegrass-orchardgrass,
but no differences for A:P ratio or ruminal pH. Limited data are available regarding the
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digestibility and fermentation characteristics associated with consuming various proportions of
brassica and cool-season grasses. Additionally, there are currently no ideal cool-season grass and
brassica ratio recommendations to optimize animal performance and potentially reduce animal
health risks.
The objectives of this study were to determine the effects of varying proportions of an
annual, cool-season small grain grass (cereal rye) and forage brassica (purple top turnip) on the
apparent DM digestibility, ruminal fluid pH, and fermentation characteristics (methane and VFA
production) using an in vitro fermentation system. In addition, we measured chemical
composition of the dietary treatments to evaluate their relative nutritive value for grazing cattle.
The Rye:Turnip dietary treatments were: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T.
It was hypothesized that there would be greater apparent DM digestibility and propionate
production with greater inclusion of turnip, but less pH, methane, and acetate to propionate (A:P)
ratio with greater inclusion of turnip.
5.3 Material and Methods
Forage Management
Forage used for the in vitro batch fermentation trial was collected from three cooperating
farms in Eastern, North Carolina for two consecutive years for an integrated crop-livestock
systems study. The forages were no-till drilled on October 5 – 6, 2018 in yr 1 and September 23
– 25, 2019 in yr 2 following corn grain harvest. Drought conditions during fall cover crop
planting of 2019 resulted in suppressed rye forage emergence and growth for an inadequate
forage stand. Thus, on November 11, 2019 replicate fields that were determined to need
additional rye planted were either drilled in rye monoculture treatments or broadcast in ryeturnip mix treatments to avoid damaging already established turnip forage. Additional
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information on the locations and management details can be found in chapter 2 of the
dissertation, (Cox-O’Neill, 2021; Chapter 2).
Forage Sampling
Forage samples were obtained from each paddock prior to grazing for the integrated
crop-livestock systems study (Cox-O’Neill, 2021; Chapter 2) on December 4-6, 2018 in yr 1 and
January 9-10, 2020 in yr 2. For forage biomass determination of each forage component (rye,
turnip leaf, and turnip root), 6 random 0.37 m2 areas were sampled in each paddock (CoxO’Neill et al., 2017). Whole turnips were collected for above and below ground biomass and rye
was clipped at ground level. The biomass samples were separated by species and turnip leaf and
root component before oven drying until a constant weight was obtained (AOAC, 1965; method
935.29) to determine forage DM per acre and the botanical composition. Botanical composition
was used to determine the turnip leaf to root ratio. Fresh forage samples were obtained alongside
forage biomass samples prior to the start of the grazing study (Cox-O’Neill, 2021; Chapter 2), to
be used for chemical lab analysis to estimate nutritive value and assemble the in vitro
fermentation treatments. In the rye monoculture paddocks, rye was randomly selected throughout
the paddock and compiled into gallon bags. Whereas in the rye:turnip mixture paddocks, rye and
turnip were selected randomly throughout the paddock and each was separately compiled into
gallon bags, according to species type. Forage samples were transported in a cooler with ice to
the laboratory. Once at the lab, samples were chopped up into smaller particle sizes to ensure
adequate freeze drying and stored in a -30° C freezer until analysis.
Forage Lab Analysis
Forage nutritive value samples were freeze-dried, using a VirTis freeze-drier (SP
Scientific, Warminster, PA), and ground through a 1-mm screen using a Wiley mill (Thomas
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Scientific, Sweedesboro, NJ). Freeze-dried forages typically have more similar chemical
composition and digestion analysis results to fresh forage tissue than heat drying (Smith, 1973).
Freeze-dried sub-samples were analyzed at North Carolina State for corrected dry matter
(105°C), organic matter, crude protein, neutral detergent fiber, acid detergent fiber, cellulose,
lignin, and non-fiber carbohydrate (NFC). Lab dry matter (DM) was used to adjust nutritive
value assay results to a 100% DM basis. Lab DM was determined by getting an original dry
weight of a glass beaker, weighing 1 g of sample into the beaker, drying for 24 hr in a 105° C
forced-air oven, removing the beaker from the oven and placing it in a desiccator, and removing
each sample from the desiccator for a final dry sample weight. Organic matter (OM) was
determined by placing previously lab dried samples in the glass beakers, into a muffle furnace
for at least 6 h at 600 °C (AOAC, 1999; method 4.1.10). Crude protein (CP) analysis was
determined using a combustion chamber (828 Series Carbon/Nitrogen Analyzer, LECO
Corporation, St. Joseph, MO; AOAC 1999; method 990.03). Neutral detergent fiber (NDF) and
acid detergent fiber (ADF) were analyzed using an ANKOM200/220 fiber analyzer (ANKOM
Technology Corp., Macedon, NY) and cellulose and lignin were quantitated using an ANKOM
DaisyII (ANKOM Technology Corp., Macedon, NY) analyzer. The fiber analyses were conducted
sequentially without the addition of heat-resistant alpha-amylase (Van Soest and Robertson,
1980; Van Soest et al.; 1991).
𝑁𝐹𝐶 = 100 − (𝐶𝑃 + 𝑁𝐷𝐹 + 𝐸𝐸(𝑓𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝐸, 𝑒𝑡𝑐. ) + 𝐴𝑆𝐻)
Non-fiber carbohydrate (NFC) was calculated from the previously mentioned nutritive value
measurements. A constant ether extract value for rye (4%), turnip leaf (2.6%), or turnip root
(1.6%) was multiplied by the proportion of those components in each replicated field according
to forage biomass measurements (NASEM, 2016; Preston, 2016). The NFC equation was used
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according to Hall et al. (1999a).
In vitro Fermentation
The in vitro fermentation treatments were assembled using the freeze dried and ground
forage samples to create the following Rye:Turnip ratio treatments: 1) 0R:100T, 2) 40R:60T, 3)
60R:40T, and 4) 100R:0T. A 50:50 ratio of turnip root and leaf were composited as the turnip
component for the forage species ratio treatment. A subsample of the initial pre-grazing forage
samples used to determine nutritive value, that were freeze dried and ground were used to
assemble the 4 treatments for the in vitro digestibility trial. In each year, rye from all plots at a
location (6 plots/location at Jones and Onslow county and 8 plots at Washington county),
monoculture and mixed forage treatments, were proportionately combined to form the 100R:0T
ratio treatment samples and 40% and 60% of the 40R:60T and 60R:40T ratio treatment samples.
Turnip leaf and root components at a 50:50 leaf to root ratio from all mixed forage treatment
plots (3 plots/location at Jones and Onslow county and 4 plots at Washington county) in each
year, were proportionately combined to make up the turnip portion of the 60R:40T, 40R:60T, and
0R:100T ratio treatment samples. Compositing of forage occurred within a location and year,
with a total of 2 locations in year 1 and 3 locations in year 2 for treatment replication (5
replications per treatment). Table 5.1 outlines the breakdown of forages in each rye: turnip ratio
to be investigated. These treatments were created by evenly combining field replication forage
samples within location and year.
The in vitro fermentation experiment was conducted using a batch fermentation system
using tubes to determine the in vitro apparent DM digestibility and septum cap bottles were used
for measuring ruminal pH, methane production, and volatile fatty acid (VFA) concentration. For
a batch run of bottles and tubes, treatment samples, an alfalfa standard, and blank bottles and
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tubes were analyzed in triplicate sets. The 3 blank bottles and tubes contained ruminal fluid and
buffer solution but no sample substrate and were used to adjust for residual from ruminal fluid
and buffer solution. Alfalfa standards were used as a standard of reference and batch run control.
Sample variables were measured after 0 and 48 hr of incubation. The 0 hr measurement was used
to ensure acceptable ruminal fluid was collected for reliable 48 hr fermentation. The average pH
(6.19), methane (28 nmol/ml), and total VFA (39 mM) across batch and treatments were
considered acceptable baseline measurements. There was a total of 132 bottles and 132 tubes (((4
treatments * 5 replicates/treatment * 3 bottles/sample) + 3 blanks + 3 standards) * 2 incubation
durations) analyzed in each batch run. There was a total of 396 bottles and 396 tubes over the
three fermentation batch runs.
Approximately, 6 L of ruminal fluid was collected via hand pump from one fistulated Bos
taurus steer grazing perennial pastures. Ruminal fluid samples were placed in a pre-warmed
insulated thermos and transported to the laboratory. The ruminal fluid was filtered through a
double layer of cheesecloth to remove particles. Once at the lab a continuous stream of CO2 was
maintained during processing of the ruminal fluid. A 2:1 ratio, of premade McDougalls buffer
and ruminal fluid was made to add to the bottles and tubes to obtain a neutral pH (McDougall,
1948). In vitro batch fermentation procedure was conducted as according to Goering and Van
Soest (1970). One gram of the forage sample was weighed into 200 ml bottles, followed by 30
ml of the prepared ruminal fluid and McDougall’s buffer premixed solution, and then purged
with CO2 before capping with the septum cap. For tubes, 1 gram of the forage sample was
weighed into a 50 ml tubes, then 30 ml of the prepared solution of ruminal fluid and
McDougall’s buffer, and purged with CO2 before inserting the stopper containing the release
valve. One complete set of the bottles and tubes was placed directly on ice to cease fermentation
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and collect baseline data at a 0 hr sampling time. The other set of tubes and bottles were placed
in a water bath at 37⁰ C before incubating for 48 hr.
At the end of the 48 hr incubation, bottles and tubes were placed on ice to terminate
fermentation (Meale et al., 2012). In vitro digestion tubes were frozen at - 20 ⁰ C following the 0
and 48 hr incubation for DM digestibility analyses using the first stage of the Tilley and Terry
(1963) method with a slight modification of freeze-drying tubes, using a VirTis lyotroll freezedrier (SP Scientific, Warminster, PA) before weighing to determine DM digestibility. Bottles
were not vented during incubation in order to preserve gas production for measurement. Gas
samples (10 µL) were withdrawn directly from the headspace with the aid of a gastight syringe
(Hamilton Co., Reno, NV). Samples were immediately analyzed for methane concentration by
GLC (CP-3800 gas chromatograph, Varian, Walnut Creek, CA) equipped with a Molsieve 5A
45/60 mesh stainless steel column (Supelco Inc., Bellefonte, PA). Ruminal fluid pH was
measured using a pH probe following gas sampling. Residual digestion fluid was frozen at - 20 ⁰
C and latter analyzed for VFA concentrations. Samples for VFA analysis were processed by
mixing 1 mL of culture contents with 0.2 mL of metaphosphoric acid and internal standard (2ethylbutyric acid), then centrifuged (model Micromax; International Equipment Co., Needham
Heights, MA) at 21,000 × g for 10 min at 4°C. Supernatant was stored at −70°C until subsequent
analysis. VFA were analyzed by GLC (model CP-3380; Varian) using a fused-silica capillary
column, 30 m × 0.25 mm with 0.25-μm film thickness (Nukol; Supelco Inc., Bellefonte, PA)
according to the method of Fellner et al. (1997).
Statistical Analysis
All in vitro fermentation result variables were analyzed using the MIXED procedure of
SAS 9.3 (SAS Inst. Inc., Cary, NC) with location by year as the experimental unit for all four
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treatments and fermentation batch run as the replicate. The statistical model included batch
(replicate) and treatment as main effects. Batch (replicate) was considered a random variable and
dependent variables included apparent DM digestibility, ruminal pH, and fermentation
characteristics were analyzed with the forage proportion treatments as a fixed effect. For all
analysis, differences were considered significant at P-value ≤ 0.05, with tendencies declared at
P-value > 0.05 but < 0.10. Once response variable was considered significant or a tendency then
treatment differences were evaluated using the pdiff function in SAS 9.3 and treatment
comparisons were considered significant at P-value ≤ 0.05, with tendencies declared when Pvalue is > 0.05 but < 0.10.
5.4 Results
Forage Nutritive Value
Forage chemical nutritive value data for the four forage Rye:Turnip ratio treatments are
summarized in Table 5.2. In vitro forage treatment 0R:100T had the greatest (P < 0.01) ash and
least OM (P < 0.01), then followed by 40R:60T and 60R:40T which did not differ, and least (P <
0.05) ash and greatest (P < 0.05) OM for 100R:0T. Crude protein was not different (P = 0.43)
among the four forage Rye:Turnip ratio treatments. Neutral detergent fiber, ADF, hemicellulose,
and cellulose increased (P < 0.05) with greater inclusion of rye than turnip. Lignin was greater (P
< 0.05) for 100R:0T and 60R:40T than 0R:100T, and intermediate for 40R:60T, which was not
different from any Rye:Turnip combination. Lastly, NFC was greatest (P <0.01) for 0R:100T,
intermediate for 40R:60T and 60R:40T, and least for 100R:0T.
Nutrient Dry Matter Digestibility and Fermentation Characteristics
In vitro fermentation data for the four forage Rye:Turnip ratio treatments are summarized
in Table 5.3. Apparent DM digestibility was not different (P = 0.40) among the four forage
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Rye:Turnip ratio treatments. There was a tendency (P = 0.07) for the 100R:0T to have greater (P
< 0.01) pH than 0R:100T and intermediate for 60R:40T and 40R:60T which were not different
from any Rye:Turnip combination. Methane production increased (P < 0.05) with greater
inclusion of rye than turnip.
Volatile fatty acid data are summarized in Table 5.3. Total VFA production, acetate to
propionate ratio (A:P), acetate, and valerate were not affected (P > 0.10) by forage Rye:Turnip
treatments. There was an opposite treatment effect for propionate and butyrate. Propionate was
not different between 100R:0T and 60R:40T, but 100R:0T was greater (P < 0.05) than 40R:60T
and 0R:100T which were not different. Butyrate was greatest (P < 0.05) for 0R:100T and
intermediate for 40R:60T which was not different from either 0R:100T or 60R:40T, and least (P
≤ 0.05) for 100R:0T. The 100R:0T had the greatest (P < 0.05) isobutyrate and isovalerate,
followed by 60R:40T and 40R:60T which were not different, and least (P ≤ 0.01) for 0R:100T.
Supplemental regression estimates for apparent DM digestibility, methane, acetate to
propionate ratio, and acetate to butyrate ratio for the 4 rye:turnip treatments are reported in
Appendix C.
5.5 Discussion
Forage Nutritive Value
Crude protein was never different between the four rye:turnip ratio treatments (14.8%,
overall mean) but had a numerically increasing trend with increased inclusion of rye. This trend
is consistent with other studies that have reported greater CP for rye than turnip, averaging
23.3% and 15.5% across three studies (Koch et al., 2002; Smart and Pruit et al., 2006; and Lenz
et al., 2019). This difference is primarily due to the common reduced CP of turnip root, which
has been reported to be 11% as compared to turnip leaf 18%, when averaged across two studies
(Koch et al., 2002; Smart and Pruitt, 2006). However, in the current study the difference for CP
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to be greater for rye than turnip were not observed despite the 0R:100T consisting of 50% turnip
root.
Fiber values (NDF, ADF, hemicellulose, and cellulose) increased and NFC decreased
with greater inclusion of rye. These results are similar to many other studies that have reported
cereal rye NDF ranging from 40% to 50% and ADF ranging from 21% to 33% (Bowman et al.,
2008; Edmisten et al., 1998; Smart and Pruitt, 2006) to be greater than turnip forage components
that have NDF ranging from 13.5% to 21% and ADF from 12% to 16% (Koch et al., 2002; Lenz
et al., 2019; Smart and Pruitt, 2006). The increased NFC with greater inclusion of turnip is
typically associated with greater digestibility and increased energy available (Lenz et al., 2019),
potentially resulting in increased gain for cattle. Grazing a greater proportion of cereal rye might
result in energy becoming the limiting factor for maximum microbial fermentation efficiency due
to the reduced NFC in rye (Stern and Hoover, 1979). Sun et al. (2012) also observed this NFC
difference between turnip and rye when they reported another NFC lab measurement known as
total ethanol soluble carbohydrate (sugars) to be greater for turnip (23.8%) than ryegrass
(10.6%). Lenz et al. (2019) further described the cause of greater NFC to be due to turnip root
with total ethanol soluble carbohydrate at 45.8% as compared to turnip leaf at 15.3%, resulting in
the whole turnip consisting of 21% total ethanol soluble carbohydrates.
Despite the potential gain benefits of turnip due to increased digestibility, there is also
some concern of the rapid digestibility of turnip. According to Westwood and Mulcock (2012)
ruminant animals need a minimum of 27% NDF to optimize rumen function, which could
potentially not be met in a turnip monoculture grazing system. In the current study, the 100%
turnip and 60% turnip treatments were at or below the minimum (20.0 and 26.9%, respectively).
The reduced NDF concentration could potentially lead to a more rapid passage rate not allowing
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optimal nutrient utilization, regardless of sufficient CP and energy provided by the nutrient dense
turnip and rye mixture (van Soest, 1994; Dillard et al., 2018). Additionally, the rapid digestion
and increase of VFA production, has the potential to reduce ruminal pH and result in subacute
acidosis (Westwood and Mulcock, 2012). However, the effects of sugar fermentation on ruminal
pH have been more inconsistent than the consistent acidosis conditions observed with starch
fermentation (NASEM, 2016)
Nutrient Dry Matter Digestibility and Fermentation Characteristics
Evaluating microbial fermentation digestibility and fermentation characteristics, such as
methane and VFA production, could help determine the fermentation efficiency and potential
rumen health for cattle grazing various ratios of rye and turnip. These two forage species are
expected to have greater rumen digestibility by microbes in the rumen to provide energy in the
form of VFAs and protein in the form of microbial true protein to the ruminant animal.
Therefore, the fermentation process and the products produced through fermentation of different
types of forages will have a major influence on the ruminant animal’s health and growth
performance.
There was no difference in ruminal apparent DM digestibility in the current study,
averaging 27% across treatments. When in vitro was corrected for the buffer plus ruminal fluid
solution and did not include pepsin digestion in order to remove undigested protein from the
fermented samples, as typically common in the second stage of Tilley and Terry (1963). There is
limited in vitro research investigating rye and turnip mixtures. However, there are a few studies
evaluating these forages separately or within a mixture of dry hay (Cassida et al., 1994; Sun et
al., 2012; Durmic et al., 2016; Dillard et al., 2018). Dillard et al. (2018) had a similar observation
during a continuous culture in vitro fermentation that a 50:50 blend of orchardgrass (Dactylis
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glomerata) and ryegrass and 50:50 blend of orchargrass and turnip had similar apparent DM
digestibility averaging 45% for both treatments. They also did not include pepsin in the methods
and mentioned accounting for the weight of buffer (DM), but calculated ruminal apparent
digestibility as the culture effluent flow from the amount of substrate fed over a 3 d period
(Dillard et al., 2018). A calculated DM of a subsample of effluent was used to determine the
overall DM of the effluent and ruminal DM digestibility. This ability to allow fermented
substrate to pass more like what would occur in the rumen over a 3 d period could explain the
greater apparent DM digestibility observed when compared to the current study. They also
observed no difference for true DM and OM digestibility (66% and 86 %, respectively; Dillard et
al., 2018). When true DM and OM digestibility was described as accounting for not only the
weight of buffer, but also the weight of microbial DM and OM by isolating a microbial pellet
from the effluent subsample (Dillard et al., 2018). Dillard et al. (2018) did not describe the
proportion of turnip leaf to root ratio included in the orchardgrass-turnip treatment but did state
that they planted Appin turnips which are known to have a greater proportion of turnip leaf to
root (Collie and McKenzie, 1998) than purple top turnip used in the current study at a 50:50
turnip leaf to root ratio.
True digestibility is more commonly reported, with turnip having greater digestibility
than cool-season grasses such as cereal rye, oats, and ryegrass (Cassida et al., 1994; Sun et al.,
2012; Lenz et al., 2019). Koch et al. (2002) has attributed the differences in DM digestibility
between annual cool-seasons and turnip to be primarily due to the differences observed in fiber
content and digestibility between the turnip leaf and turnip root. Digestibility difference could
either result in a benefit of increased energy available for cattle grazing a forage mixture
including turnip (Lenz et al., 2019) or a consequence of reduced rumen function with grazing
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turnip (Westwood and Mulcock, 2012; Dillard et al., 2018). However, in the current study we
observed no difference in DM digestibility (26.8%, overall mean) as well as no difference in
total VFA production (117 mM, overall mean) which directly provides energy to the animal.
Indicating based on these results that varying proportions of rye or turnip will not influence
energy availability or impact rumen fermentation. This conclusion was reciprocated in a
corresponding grazing study using the same forages collected for the current in vitro study,
where steer gains at three locations for 2 years did not differ between a cereal rye monoculture or
rye-turnip mix forage, averaging 1.06 kg/d across both years, locations, and forage treatments
(Cox-O’Neill, 2021; Chapter 2). Additionally, in that grazing study rye and turnip component as
well as turnip leaf to root ratio varied greatly between the two years averaging 61% rye, 19%
turnip leaf, and 20% turnip root on a DM basis in yr 1 and 26% rye, 20% turnip leaf, and 54%
turnip root on a DM basis in yr 2, contrary to the original study target of 60% rye and 40% turnip
in both years (Cox-O’Neill, 2021; Chapter 2).
Rumen pH is important when evaluating feedstuffs that are greatly and rapidly digestible.
It has been reported that forage fiber digestion and synthesis of microbial CP are significantly
reduced when rumen pH drops below 5.7, due to a change in ruminal microbiome (Russell and
Wilson, 1996; de Veth and Kolver, 2001). In the current study, ruminal fluid pH was less for the
100% turnip diet (5.00 pH) than the 100% rye diet (5.11 pH), with rye and turnip mixtures being
intermediate. This difference was not expected based on the lack of difference in DM
digestibility. Differences in digestibility are often accompanied with similar differences in
amount of VFA production, such as digestibility increases so does VFA production which causes
a decrease in ruminal pH (Leek, 1986). Since ruminal DM digestibility and total VFA production
was not different in the current study it was expected that ruminal pH would also not be
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different. Dillard et al. (2018) did report no difference in ruminal fluid pH between orchardgrass
mixed with ryegrass or orchargrass mixed with turnip, averaging 6.59 pH; which matched the
lack of difference in ruminal digestibility observed as previously discussed. Some studies have
suggested that increased lactate production during fermentation is associated with reduced
ruminal pH and onset of acidosis (Aschenbach et al., 2011; Goad et al., 1998; and Nagaraja and
Titgemeyer, 2007). Interestingly, one of the primary products of sugar fermentation is lactate
(Strobel and Russell, 1986). This could have contributed to the reduced pH with increased
inclusion of turnip in the current study, as turnip root is abundant in NFC, primarily sugar as
previously mentioned. The pH for all treatments in the current study is below the 5.7
recommendation by Russell and Wilson (1996) for optimal fiber digestion and microbial
synthesis and below pH values reported by Dillard et al. (2018). The reduced pH in the present
study may be attributed to using the batch in vitro fermentation method as compared to the
continuous culture in vitro fermentation method used by Dillard et al. (2018). The batch system
does not remove any of the VFA and gasses throughout the 48 hr period as compared to
continuous cultures that are more like a live animal where products are being removed while
buffer and CO2 are added continuously.
Methane was greatest for the 100R:0T diet (1416 nmol/ml or 0.025 mg/g of OM fed) and
decreased as diets included increasing proportions of turnip, with the 0R:100T diet having the
least methane (774 nmol/ml or 0.014 mg/g of OM fed). The study by Dillard et al. (2018) also
reported that the turnip plus orchardgrass diet had less methane production (0.10 mg/g OM fed)
than the ryegrass plus orchardgrass treatment (0.94 mg/g OM fed). This was also the case in the
Sun et al. (2012) study indicating that a diet of turnip leaf and root fed to sheep resulted in less
methane production (18.0 g/d) than perennial ryegrass (20.7 g/d). These consistent results of
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reduced methane with greater inclusion of turnip for a batch in vitro, continuous culture in vitro,
and sheep in situ study (current study, Dillard et al. (2018), and Sun et al. (2012), respectively)
indicate that incorporating turnip in typically grass dominated forages for grazing by ruminants
could potentially reduce methane output and negative environmental impact by ruminants. As
methane makes up 55-63% of greenhouse gas emissions to the atmosphere and the primarily
grazing sectors (cow-calf and stocker) of the beef industry contribute approximately 85% of the
overall beef cattle industry methane production (NASEM, 2016). Despite feeling confident that
consuming turnip will result in reduced methane output, it is still not well understood on how
this is occurring from a fermentation mechanism perspective.
Evaluating VFA production could potential help explain differences observed in methane
between the turnip and rye mix treatments. As the A:P ratio is often used to determine the energy
metabolism efficiency of the feedstuff being fermented (Orskov et al., 1986). A lower A:P ratio,
due to increased propionate in relation to acetate, results in increased efficiency of nutrient
digestibility and metabolism, and creates an environment with fewer hydrogens available for
methane production (Orskov et al., 1968; Moss et al., 2000; Janssen, 2010). In the current study,
it was expected for A:P ratio to also be less with increased inclusion of turnip since methane
decreased with increased inclusion of turnip. However, in the current study there was no
difference in A:P ratio averaging 1.45 across the four treatments. More specifically there was
even an increase in propionate with greater inclusion of rye (26.58 mol/100 mol to 28.62
mol/100mol) which is opposite of the methane results, and no change in acetate production
(39.84 mol/100mol, overall mean) among the rye:turnip ratio treatments. There have been
conflicting results from other studies on the relationship between A:P ratio and methane
production. Sun et al. (2012) observed a lower A:P ratio for a 100% turnip diet (1.50) as
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compared to a 100% ryegrass diet (2.90), which aligns to their methane output results. However,
Dillard et al. (2018) reported no difference in the A:P ratio (1.83) between a turnip-orchardgrass
mix diet and a ryegrass-orchardgrass mix diet when evaluating them via a continuous culture
fermentation system with different methane production. Dillard et al. (2018) also reported no
difference in acetate (45.4 mol/100mol, overall mean) and greater propionate for ryegrass plus
orchardgrass (25.8 mol/100mol) than turnip plus orchardgrass (23.7 mol/100mol); which was
similarly observed in the current study. This indicates that there could be another interaction
between methane and turnip during fermentation or following fermentation other than the well
understood connection with methane and propionate production. Sulfates have been known to act
as a hydrogen sink in the rumen removing available free hydrogens produced during acetate and
butyrate production from the rumen environment (NASEM, 2016). Thus, reducing the
opportunity for methanogen bacteria to use the free hydrogens to produce methane. Sun et al.
(2012) reported that sulfur and sulfate-sulfur secondary compounds were approximately twice as
great in turnip than ryegrass. There is a potential that the increased sulfate compounds in turnip
could be reducing methane production by occupying the free hydrogen gas produced during
fermentation. Dillard et al. (2018) also proposed that the increased presence of glucosinolates in
brassicas may have suppressed the methane production from acetate during fermentation without
having an impact on the actual VFA production. They observed 0 mg/g DM of glucosinolates in
the ryegrass plus orchardgrass diet, but 21.90 mg/g DM of glucosinolates in the turnip plus
orchardgrass diet. Ohene-Adjei et al. (2008) has further stated that glucosinolates could
potentially inhibit methanogens such as Methanobrevibacteria ruminantium from using
hydrogen and carbon dioxide to produce methane.

236

Additionally, in the current study butyrate had an opposite result to propionate where it
decreased with increasing inclusion of rye, ranging from 23.83 mol/100mol in 0R:100T to 20.12
mol/100mol in 100R:0T. It is common for butyrate production with high forage diets to be 10%
of total VFA (Owens and Goetsch, 1988; Wolin et al., 1997), but in the current study butyrate
was double that at 21% of total VFA production in the 100% turnip diet. Interestingly, studies
containing diets with greater sugar content primarily evaluated in the form of molasses have
often been associated with greater butyrate production (Andries et al., 1987). As previously
mentioned, turnip roots contain a considerable amount of NFC or sugar (Sun et al., 2012; Lenz et
al., 2019), and could have been the cause for increased butyrate with increased inclusion of
turnip. In both the Sun et al. (2012) and Dillard et al. (2018) study there was no difference
between turnip or ryegrass for butyrate proportion. Sun et al. (2012) did describe using the turnip
root as a part of the diet, but Dillard et al. (2018) did not describe which portion of the plant they
included in the orchardgass mix diets. However, both studies stated that they used Appin turnip
species for their study, which is known to have a larger leaf to root ratio than purple top turnip
used in the current study (Collie and McKenzie, 1998). Production of butyrate would have also
contributed to increased production of free hydrogen gas in the rumen as compared to propionate
production, but not as much as acetate production (Sutton, 1979). Leading to a potential
increased production of methane for the turnip diet, further indicating that something other than
VFA and hydrogen gas production is influencing methane production when turnips are included
in the diet.
The ratio of rye and turnip did not impact valerate (7.9 mol/100mol, overall mean), but
greater inclusion of rye resulted in greater production of isobutyrate and isovalerate, with
100R:0T being greater (1.27 and 1.91 mol/100mol, respectively) than 0R:100T (0.84 and 1.28
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mol/100mol, respectively). Other than the lack of difference in valerate production these results
are similar to results from Sun et al. (2012) and Dillard et al. (2018) that both reported greater
valerate, isobutyrate, and isovalerate for ryegrass than turnip. The differences observed for the
isoacids (isobutyrate and isovalerate) in the current study, has been shown to improve rumen
digestibility (Hume, 1970; Robinson and Sniffen, 1983), but is not expected to have significant
impacts on cattle performance (Andries et al., 1987). The increased isoacids for diets including
rye could have played a role in the numerical increase in digestibility with increased inclusion of
rye. It has been reported that not only do ruminal microbes produce isoacids, but microbes such
as cellulolytic bacteria have been observed to use them as growth factors (Bentley et al., 1954;
Murray and MacLeod, 1955). It is known that isoacids are carbon skeleton products of the amino
acid deamination process for the amino acids valine, isoleucine, leucine, and proline in forages
and thus can be later used for protein synthesis (Allison, 1969). It is possible that the increased
CP with increased inclusion of rye in the diet could have been influential in the production of
isoacids during fermentation.
In conclusion, the lack of differences in apparent DM digestibility or total VFA
production indicates that both cereal rye and turnip forage species and any combination of the
two would be acceptable as a grazing feedstuff for cattle. The inclusion of turnip did not increase
fermentation efficiency as hypothesized with an increased propionate or reduced A:P ratio, but
results did indicate that grazing rye might provide greater propionate production but no influence
on A:P ratio. Decreased ruminal pH may be anticipated with cattle consuming greater
proportions of turnip, but results indicated that reduced pH did not negatively influence fiber
digestion or total VFA and acetate production. An increase in butyrate production with increased
inclusion of turnip in the diet should be expected due to elevated levels of sugar content in turnip
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roots. Whereas an increase in isobutyrate and isovalerate are expected with greater inclusion of
rye most likely due to increased CP values for rye than turnip. These results do not lead to any
particular recommendation for an ideal cool-season grass to brassica forage ratio for improved
fermentation and potentially improved cattle gain. However, inclusion of turnip to at least 40 –
60% of the forage mixture could have the potential to reduce methane output for reduced
greenhouse gas emissions by cattle. Additional, in vivo or in situ research studies should be
conducted to further verify the reduced methane production and overall impact on environment
with incorporation of turnip in the diet.
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5.6 Tables
Table 5.1. Percent of each forage component included into the portioning of
Rye:Turnip ratio treatments: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4)
100R:0T.
0R : 100T
40R : 60T
60R : 40T
100 R : 0 T
Rye, %
0
40
60
100
Turnip Leaf, %
50
30
20
0
Turnip Root, %
50
30
20
0

240

Table 5.2. Chemical nutritive value analysis (% of DM) of Rye:Turnip ratio treatments: 1)
0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T used for in vitro batch fermentation.
Treatments
P - Value
1
Item
0R:100T 40R:60T 60R:40T 100R:0T SEM
Treatment
Ash
11.0a
9.5b
8.8b
7.3c
0.44
<0.01
c
b
b
a
Organic matter
89.0
90.5
91.2
92.7
0.44
<0.01
Crude protein
12.7
14.5
15.2
16.8
1.7
0.43
d
c
b
a
Neutral detergent fiber
20.0
26.9
31.6
38.8
1.2
<0.01
Acid detergent fiber
10.0d
13.2c
14.5b
16.9a
0.59
<0.01
d
c
b
a
Hemicellulose
10.0
13.7
17.1
21.9
1.2
<0.01
Cellulose
10.7d
14.0c
15.1b
17.5a
0.43
<0.01
b
a,b
a
a
Lignin
1.2
1.7
1.8
2.0
0.20
0.07
Non-fiber carbohydrate
54.2a
46.3a,b
41.2b,c
33.2c
3.1
<0.01
1
Standard error of the least squares mean (n = 5).
a,b,c,d
Means within item lacking common superscript differ (P ≤ 0.05).
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Table 5.3. Nutrient DM digestibility, fermentation pH, methane output, and VFA concentration and
molar proportion of Rye:Turnip ratio treatments: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T
after a 48 hr in vitro batch fermentation.
Treatments
P - Value
1
Item
0R:100T 40R:60T 60R:40T
100R:0T
SEM
Treatment
Apparent DM digestibility, %
24.1
26.8
27.7
28.4
1.7
0.40
pH
Methane, nmol/ml

5.00b
774c

5.05a,b
983b,c

5.07a,b
1151b

Total VFA, mM
116
120
116
2
A:P
1.48
1.44
1.43
Acetic, mol/100 mol
39.14
39.33
40.09
Propionic, mol/100 mol
26.58c
27.40b,c
27.93a,b
Butyric, mol/100 mol
23.83a
22.62a,b
21.65b
c
b
Isobutyric, mol/100 mol
0.84
1.03
1.12b
Valeric, mol/100 mol
8.51
8.04
7.68
Isovaleric, mol/100 mol
1.28c
1.54b
1.70b
1
Standard error of the least squares mean (n = 5).
2
Acetate to propionate ratio.
a,b,c
Means within item lacking common superscript differ (P ≤ 0.05).

5.11a
1416a
115
1.43
40.78
28.62a
20.12c
1.27a
7.21
1.91a

0.030
91
3.7
0.049
0.987
0.361
0.614
0.057
0.385
0.066

0.07
<0.01
0.80
0.85
0.63
<0.01
<0.01
<0.01
0.12
<0.01
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CHAPTER 6: Interpretive Summary and Future Directions
The focus of these studies were to evaluate the forage, animal, soil, corn, and economics
associated with an integrated crop-livestock system, which is critical to get a complete
understanding of how each component performs as a unit and interacts with each other. As
reported in this dissertation, current agriculture producers are burdened with an unprecedented
demand to achieve optimal food and fuel production, a positive financial return, and also
discover innovative ways reduce their impact on the environment. Implementing an integrated
crop-livestock system was proposed as an option to achieve the previously mentioned demands
on agriculture producers through a symbiotic relationship between soil, plants, and animals for
improved land resource efficiency and reduced environmental impact. Furthermore, the results
reported in this dissertation have shed light on multiple areas for future research that could
expand on the longer-term impacts of these integrated crop-livestock systems on forage, cattle,
soil, corn, and economics. It has also encouraged thought provoking questions regarding the
microbial and chemical mechanisms of reduced methane production without an altered acetate to
propionate ratio associated with ruminal fermentation of turnip.
Opportunities to graze cover crops in the Southeastern United States are abundant with
approximately 2.5 million hectares of land being harvested for either corn silage or corn grain
each fall and crop producers’ interest in cover crops increasing due to potential agronomic
benefits. Unfortunately, cover crops are often sprayed with an herbicide and plowed into the soil
prior to planting the next cash crop. In Chapter 2, the primary focus was an evaluation of RYE or
MIX cover crop on forage biomass availability, forage nutritive value, and the associated grazing
steer growth. Results indicate that forage biomass availability was typically greater for the MIX
than RYE, but forage nutritive value varied with RYE having greater crude protein and the MIX
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having greater non-structural carbohydrates which is commonly associated with greater
digestibility and increased metabolizable energy. However, despite these significant forage
differences, grazing average daily gain and gain per hectare were not different at any location or
year. Grazing of both forage options resulted in gains exceeding the 0.90 kg/d recommended at
location 1 in yr 1 and location 2 in both years, to justify incorporating grazing cattle in a
productive enterprise as long as there is adequate forage biomass produced during the fall for
winter grazing. Limitations with labor and other resources at the producer locations did result in
all steers at a location being removed from grazing forages when at least one field was
determined to be limiting in forage biomass, despite some field replicates having adequate forage
to continue grazing. This has spurred numerous questions regarding if the MIX treatments could
have provided additional grazing days and greater gain per hectare as compared to the RYE
treatment. There is good reason to conduct additional large scale, applied research preferably
only at one location over multiple years of similar cool-season grass and brassica forage
monocultures and mixtures, but in a more controlled grazing management setting to better
evaluate the additional grazing duration opportunities of certain forage treatments over others.
This could be done by intensely monitoring forage biomass availability and allowing growing
calves to graze until a certain forage biomass threshold is meet. Additionally, a lack of grazing
steer average daily gain differences between forage treatments despite the MIX having greater
forage biomass and potentially increased energy from non-structural carbohydrates available,
causing the authors to wonder if cattle were selectively choosing rye forage within the MIX at
the start of grazing. It would be beneficial to conduct a grazing selection study for various cover
crop forage mixtures of annual cool-season grasses, brassicas, and legumes using esophageal
fistulated ruminants. Timed and observed grazing events could occur over a set number of days,
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with consumed forage being collected in a bag directly below the esophageal fistula. Collected
masticated forage could be sorted by forage species to determine the animals forage preference
overtime after first being exposed to the forage mixtures. Together these proposed research
studies could provide a better understanding of gain potentials for annual cool-season forage
monocultures and mixtures in order to make better informed planting recommendations to
producers interested in grazing stocker calves on winter annuals.
Some crop producers have been reluctant to allow grazing of cover crops on their
cropland, despite the abundant opportunities to do so in the Southeastern United States. This is
often due to the concerns of grazing negatively impacting soil health characteristics and
subsequent crop yields, which were the original improvement focuses of the cover crop.
However, crop producers have also described a lack of immediate production or economic
benefit discouraging them from planting cover crops. Thus, grazing the cover crops with
ruminant livestock have been proposed to potentially provide immediate production and
increased economic returns desired by producers before implementing cover crops, to at least
help offset the cost of planting them. In Chapter 3 and 4, the primary focus was investigating the
impact of adding grazing to a cropping system utilizing RYE or MIX on soil characteristics and
subsequent corn grain yield (Chapter 3) as well as corn, cattle, and overall systems economic
outcome (Chapter 4). Results indicate that grazing either RYE or a MIX had an overall neutral
effect on soil health and subsequent crop yield. There was minimal impact observed for soil bulk
density, soil microbial biomass and activity, soil organic matter (carbon and nitrogen), and
inorganic nitrogen due to forage and grazing treatments, as well as few differences for soil
chemical homeostasis (cation exchange capacity, base saturation %, and pH) or soil chemical
fertility (phosphorus, potassium, calcium, and magnesium) due to forage and grazing treatments.
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The minimal differences observed in the soil characteristics resulted in similar minimal
differences in the subsequent corn yield following two subsequent years of grazing the two
forage schemes. Ultimately, crop producers in eastern North Carolina should not be concerned of
reduced corn yield due to planting either RYE or a MIX or allowing grazing of these forages
over the winter as an integrated crop livestock system. Economic outcome the MIX resulted in
similar or greater forage biomass with less cost than planting the RYE. Thus, the forage MIX
provided less net loss or greater net return than RYE. A positive net return was never received by
grazing either MIX or RYE. However, grazing with at least a 142 kg/ha of cattle growth valued
at $1.83/kg or greater, gain should offset the cost of planting the cover crop without altering the
cash crop production and net return. The increased steer gain per hectare was best achieved at
Loc 2 where forage biomass was abundant and grazing duration was longer. Despite a couple of
tendencies for MIX and GRAZE to increase overall net return, the variable results indicate that
planting either RYE or a MIX or allowing grazing of these forages over the winter as an
integrated crop livestock system will not provide additional economic profit or loss to a
producer’s operation. The lack of differences and variability in results for the soil, subsequent
corn, and economic results stress the importance of conducting these systems studies under a
long-term evaluation. It would be useful and interesting to conduct a 10 yr study with a similar
experimental design, but with the addition of a no-cover crop/no-graze treatment. The additional
treatment would allow researchers to access not only the impact of grazing or not grazing cover
crops on soil, subsequent crop, and economic return, but it would also determine the agronomic
and economic effectiveness of planting the cover crop as a potential control treatment. The study
could also be designed to a more traditional cropping system of corn and soybean rotation with
cover crop and grazing occurring every other year following corn grain harvest. Instead of the
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less realistic continuous corn production over a 10 yr period. This would align more with
common practices of producers and also allow for 5 yr of cover crop and grazing evaluation.
Results from this proposed long-term study would provide greater confidence in the
interpretation of results and allow for a better-informed recommendation to producers regarding
the impacts of integrated crop-livestock systems.
Finally, annual cool-season forage species selection for a monoculture or mixture of
small grains and brassicas to achieve producer’s ultimate ruminant livestock production goals, is
both overwhelming and not understood well enough to make sound recommendations to
producers. Despite the continued growing interest and use of cover crops by both crop and
livestock producers. Few and variable results of studies evaluating animal performance and
fermentation characteristics of various species of small grains and brassicas and combinations
thereof raise some questions regarding the best species for optimal gain or species to avoid
because of less-than-optimal animal health concerns. In Chapter 5, the primary focus was to
evaluate effects of varying proportions of an annual, cool-season small grain (cereal rye) and
forage brassica (purple top turnip) on the apparent dry matter digestibility, ruminal fluid pH, and
fermentation characteristics (methane and volatile fatty acid production) using an in vitro
fermentation system. Results indicate that both cereal rye and turnip forage species and any
combination of the two would be acceptable as a grazing feedstuff for cattle, due to the lack of
differences in apparent dry matter digestibility or total volatile fatty acid production.
Interestingly, the inclusion of turnip did not increase fermentation efficiency as hypothesized
with an increased propionate or reduced acetate to propionate ratio, despite observing a decrease
in methane production with increased inclusion of turnip. Additionally, acetate production was
not different and butyrate production was greater with increased inclusion of turnip which are
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both contributors of free hydrogen gas available for production of methane. These results did not
lead to any particular recommendation for an ideal small grain grass to brassica forage ratio for
improved fermentation and potentially improved cattle gain. However, results did indicate that
inclusion of turnip to at least 40 – 60% of the forage mixture could have the potential to reduce
methane output for reduced greenhouse gas emissions by cattle. This finding also raises
additional questions about how this is occurring from a microbial and chemical mechanistic
perspective, since it defies previously accepted theories that increased acetate and butyrate
production along with reduced propionate production result in a simultaneous increase in
methane production. Turnip may not be impacting the initial stages of fermentation with the
production of volatile fatty acids or hydrogen gas, but potential secondary compounds such as
sulfate-sulfurs or glucosinolates which have been found in brassicas are interfering with the
hydrogen gas being produced or methanogen bacteria responsible for utilizing hydrogen gas and
producing methane. Additional research is necessary to elucidate if there is an interaction
between these secondary compounds of brassicas and ruminal hydrogen gas or methanogen
bacteria and its impacts on methane production. In vivo or in situ research studies should also be
conducted to further verify the reduced methane production and overall impact on environment
with incorporation of turnip in the diet. These types of research could provide a better
understanding of the ruminal fermentation characteristics such as different fractions of
digestibility and ruminal pH than determined in the current study batch in vitro fermentation
method.
As a whole, this work provides novel insights to our understanding of the complex
interactions of separate agriculture disciplines such as forage, rumen microbe, cattle, soil, crop,
and economics when evaluated from an integrated crop-livestock system perspective. This
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research will provide a strong foundation from which to base future research studies in order to
further investigate the overall effectiveness of integrated crop-livestock systems at achieving
food and fuel production goals, positive economic return, and reduced environmental impact.
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APPENDIX A: Supplemental No-GRAZE forage biomass and forage compositions of the rye-turnip mixture (MIX) treatment.

Table (Suppl. A1): Two-year percent (%) forage component of total forage biomass of the ryeturnip mixture (MIX) samples taken once per month during the winter from No-GRAZE plot
exclusions for all three locations.
Year 1
Year 2
Item
Dec.
Jan.
Feb.
Mar.
Dec.
Jan.
Feb.
Mar.
Location 1
Rye
76.9
56.5
46.3
--27.7
39.9
-Turnip leaf
17.8
17.8
12.0
--16.3
10.1
-Turnip root
5.3
25.7
41.7
--56.0
50.0
-Location 2
Rye
Turnip leaf
Turnip root

70.2
21.4
8.4

57.9
19.0
23.1

Location 3
Rye
Turnip leaf
Turnip root

----

----

66.2
16.8
17.0

65.9
12.8
21.3

----

23.9
30.1
46.0

34.0
24.8
41.2

21.3
21.1
57.6

----

95.6
2.3
2.1

----

26.9
20.4
52.7

45.3
8.9
45.8

----

258

Table (Suppl. A2): Two-year above ground, total forage, and other biomass (kg DM/ha) of either a cereal rye
monoculture (RYE) or rye-turnip mixture (MIX) samples taken once per month during the winter from No-GRAZE
plot exclusions for Location 1.
Treatments
Date
P - Value
Item
RYE
MIX
SEM1 Dec.
Jan.
Feb.
SEM2 Treatment Date Trt*Date3
Year 1: 2018-2019
Above ground4
1298
1465
140
1492
1306
1346
172
0.42
0.73
0.92
5
b
a
Total
1298
1962
130
1536
1514
1839
159
<0.01
0.32
0.13
Other6
362
536
117
470
277
599
144
0.32
0.32
0.82
Year 2: 2019-2020
Above ground4
844
1178
365
-1012
1010
365
0.54
0.99
0.49
Total7
844
2912
706
-1784
1971
706
0.08
0.86
0.86
Other6
1834
1976
478
-1971
1839
478
0.84
0.85
0.77
1
Standard error of the least squares mean (n = 9 pastures*date in yr1 and n = 6 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX
treatment.
5
Total forage biomass in year 1 includes the rye (60%), turnip leaf (16%), and turnip root (24%) components
measured for the MIX treatment.
6
Other biomass included any forage other than drilled rye or turnip, mostly corn residue and henbit.
7
Total forage biomass in year 2 includes the rye (34%), turnip leaf (13%), and turnip root (53%) components
measured for the MIX treatment.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Table (Suppl. A3): Two-year above ground, total forage, and other biomass (kg DM/ha) of either a cereal rye monoculture
(RYE) or rye-turnip mixture (MIX) samples taken once per month during the winter from No-GRAZE plot exclusions for
Location 2.
Treatments
Date
P - Value
1
2
Item
RYE
MIX SEM
Dec.
Jan.
Feb.
Mar.
SEM Treatment
Date
Trt*Date3
Year 1: 2018-2019
Above ground4
1747
1941
119 1473b 1460b 2202a
2241a
169
0.27
<0.01
0.30
5
b
a
b
b
a
a
Total
1747
2387
186 1535
1703
2452
2578
186
<0.01
<0.01
0.09
Other6
232
301
69
53b
183b
246b
585a
97
0.49
0.01
0.92
Year 2: 2019-2020
Above ground4
2807
2857
266
-2331
2854
3310
339
0.89
0.12
0.50
7
b
a
b
b
a
Total
2807
5825
416
-3469
3896
5583
530
<0.01
0.03
0.20
Other6
1182b 1963a
162
-1701
1838
1179
198
<0.01
0.09
0.08
1
Standard error of the least squares mean (n = 12 pastures*date in yr1 and n = 9 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX treatment.
5
Total forage biomass in year 1 includes the rye (65%), turnip leaf (18%), and turnip root (17%) components measured for the
MIX treatment.
6
Other biomass included any forage other than drilled rye or turnip, mostly corn residue and henbit.
7
Total forage biomass in year 2 includes the rye (26%), turnip leaf (25%), and turnip root (48%) components measured for the
MIX treatment.
a,b,c
Means within year, item, and treatment or date lacking common superscript differ.
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Table (Suppl. A4): Two-year above ground, total forage, and other biomass (kg DM/ha) of either a cereal rye
monoculture (RYE) or rye-turnip mixture (MIX) samples taken once per month during the winter from No-GRAZE
plot exclusions for Location 3.
Treatments
Date
P - Value
1
2
Item
RYE
MIX SEM
Jan.
Feb.
Mar. SEM Treatment Date Trt*Date3
Year 1: 2018-2019
Above ground4
420
366
15
--393
-0.09
--5
Total
420
374
16
--397
-0.14
--6
Other
968
1001
296
--985
-0.94
--Year 2: 2019-2020
Above ground4
1228
1409
173 1330
1308
-173
0.48
0.93
0.75
7
b
a
a
b
Total
1228
2901
199 2159 1970
-199
<0.01
0.52
0.40
6
Other
1165
925
230 1072
1019
-230
0.48
0.87
0.55
1
Standard error of the least squares mean (n = 4 pastures*date in yr1 and n = 8 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 8 pastures*treatment in yr1 and n = 8 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX
treatment.
5
Total forage biomass in year 1 includes the rye (96%), turnip leaf (2%), and turnip root (2%) components measured
for the MIX treatment.
6
Other biomass included any forage other than drilled rye or turnip, mostly corn residue and henbit.
7
Total forage biomass in year 2 includes the rye (36%), turnip leaf (15%), and turnip root (49%) components
measured for the MIX treatment.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Table (Suppl. A5): Two-year total forage biomass and the forage components including rye, turnip leaf, and turnip root of the
rye-turnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 1.
Treatments
Date
P - Value
1
2
Item
GRAZE No-GRAZE SEM
Dec.
Jan.
Feb.
SEM Treatment
Date Trt*Date3
Year 1: 2018-2019
Total, kg DM/ha 1609
1962
136
1721
1751
1885
166
0.09
0.76
0.04
Rye, %4
57.9
59.9
3.8
65.1
61.9
49.8
4.7
0.72
0.09
0.04
4
Turnip leaf, %
19.2
15.9
1.9
18.3
18.9
15.4
2.3
0.24
0.54
0.66
Turnip root, %4
22.9
24.2
3.0
16.6
19.2
34.8
3.7
0.76
<0.01
<0.01
Year 2: 2019-2020
Total, kg DM/ha 3713
2912
742
-3659
2965
742
0.47
0.53
0.53
Rye, %
25.5
33.8
9.0
-23.5
35.8
9.0
0.53
0.36
0.99
Turnip leaf, %
17.2
13.2
2.4
-17.5
12.9
2.4
0.27
0.21
0.64
Turnip root, %
57.4
53.0
9.3
-59.1
51.3
9.3
0.75
0.57
0.90
1
Standard error of the least squares mean (n = 9 pastures*date in yr1 and n = 6 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Grazing treatment by date interaction values for the forage components in year 1 at location 1 are reported in Figure A1.
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Table (Suppl. A6): Two-year total forage biomass and the forage components including rye, turnip leaf, and turnip root of the ryeturnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 2.
Treatments
Date
P - Value
Item
GRAZE
NoSEM1 Dec.
Jan.
Feb. Mar.
SEM2 Treatment Date Trt*Date3
GRAZE
Year 1: 2018-2019
Total, kg DM/ha 1892
2387
111
1734
2274
2236
2314
157
<0.01
0.06
<0.01
Rye, %4
62.0
65.0
2.5
65.8
59.6
62.6
66.1
3.6
0.41
0.56
0.57
4
Turnip leaf, %
17.3
17.5
1.7
19.9
19.5
16.5
13.8
2.4
0.94
0.27
0.88
Turnip root, %4
20.6
17.5
1.5
14.3
20.9
20.9
20.1
2.2
0.16
0.13
0.05
Year 2: 2019-2020
Total, kg DM/ha 6164
5825
483
-5174b
5511b 7297a 612
0.62
0.04
Rye, %
12.8b
26.4a
3.9
-19.6
23.3
16.0
5.0
0.03
0.57
Turnip leaf, %
30.0
25.4
2.7
-32.2
28.0
22.9
3.5
0.24
0.15
a
b
b
b
a
Turnip root, %
57.0
48.2
2.0
-48.2
48.4
61.2
2.5
<0.01
<0.01
1
Standard error of the least squares mean (n = 12 pastures*date in yr1 and n = 9 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Grazing treatment by date interaction values for the forage components in year 1 at location 2 are reported in Figure A2.
a,b
Means within year, item, and treatment or date lacking common superscript differ.

0.32
0.62
0.95
0.37
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Table (Suppl. A7): Two-year total forage biomass and the forage components including rye, turnip leaf, and turnip root of the
rye-turnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 3.
Treatments
Date
P - Value
Item
GRAZE No-GRAZE SEM1 Jan.
Feb.
Mar.
SEM2 Treatment
Date Trt*Date3
Year 1: 2018-2019
Total, kg DM/ha 343
374
58
--359
-0.72
--Rye, %
91.4
95.6
3.1
--93.5
-0.43
--Turnip leaf, %
2.4
2.6
0.45
--2.5
-0.32
--Turnip root, %
6.1
2.1
2.4
--4.1
-0.27
--Year 2: 2019-2020
Total, kg DM/ha 2594
2631
251
3084a 2141b
-251
0.92
0.02
Rye, %
39.5
33.8
4.0
32.7
40.7
-4.0
0.33
0.18
Turnip leaf, %
14.0
14.9
1.0
19.6
9.3
-1.0
0.58
<0.01
Turnip root, %
46.4
51.3
3.3
47.8
50.0
-3.3
0.32
0.65
1
Standard error of the least squares mean (n = 4 pastures*date in yr1 and n = 8 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 8 pastures*treatment in yr1 and n = 8 pastures*treatment in yr 2).
3
Treatment by date interaction.
a,b
Means within year, item, and treatment or date lacking common superscript differ.

0.92
0.33
0.58
0.32
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Table (Suppl. A8): Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or
rye-turnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 1.
Treatments
Date
P - Value
Item
GRAZE No-GRAZE SEM1 Dec.
Jan.
Feb.
SEM2 Treatment
Date Trt*Date3
Year 1: 2018-2019
Above ground4
1369
1381
86
1533
1397
1196
106
0.92
0.10
0.26
5,6
Total
1496
1630
89
1595
1558
1536
109
0.30
0.93
0.05
Year 2: 2019-2020
Above ground4
1325
1011
240
-1293
1043
240
0.37
0.47
0.48
5
Total
2483
1878
416
-2366
1995
416
0.32
0.54
0.36
1
Standard error of the least squares mean (n = 9 pastures*date in yr1 and n = 6 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX treatment.
5
Total forage biomass includes the rye, turnip leaf, and turnip root components measured for the MIX treatment.
6
Grazing treatment by date interaction values for the total forage biomass in year 1 at location 1 is reported in Figure A3.
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Table (Suppl. A9): Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or ryeturnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 2.
Treatments
Date
P - Value
1
2
Item
GRAZE
NoSEM Dec.
Jan.
Feb. Mar.
SEM Treatment Date Trt*Date3
GRAZE
Year 1: 2018-2019
Above ground4,6
1472
1844
63
1586
1602 1765
1679
88
<0.01
0.47
<0.01
5,6
Total
1642
2067
71
1669
1835 1998
1916
100
<0.01
0.14
<0.01
Year 2: 2019-2020
Above ground4
2434
2852
159
-2301 2848
2779
207
0.08
0.13
5
b
a,b
a
Total
4208
4243
242
-3550 4248
5029
316
0.70
<0.01
1
Standard error of the least squares mean (n = 12 pastures*date in yr1 and n = 9 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 6 pastures*treatment in yr1 and n = 6 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX treatment.
5
Total forage biomass includes the rye, turnip leaf, and turnip root components measured for the MIX treatment.
6
Grazing treatment by date interaction values for the total forage biomass in year 1 at location 2 is reported in Figure A4.
a,b
Means within year, item, and treatment or date lacking common superscript differ.

0.16
0.16
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Table (Suppl. A10): Two-year above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or
rye-turnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots for Location 3.
Treatments
Date
P - Value
Item
GRAZE No-GRAZE SEM1 Jan.
Feb.
Mar.
SEM2 Treatment
Date Trt*Date3
Year 1: 2018-2019
Above ground4
358
393
27
--376
-0.39
--5
Total
369
397
26
--383
-0.47
--Year 2: 2019-2020
Above ground4
1210
1319
105
1410
1119
-105
0.47
0.06
0.08
Total5
1807
2065
133
2154a 1718b
-133
0.18
0.03
0.20
1
Standard error of the least squares mean (n = 4 pastures*date in yr1 and n = 8 pastures*date in yr 2).
2
Standard error of the least squares mean (n = 8 pastures*treatment in yr1 and n = 8 pastures*treatment in yr 2).
3
Treatment by date interaction.
4
Above ground forage biomass includes the rye and turnip leaf components of the forage measured for the MIX treatment.
5
Total forage biomass includes the rye, turnip leaf, and turnip root components measured for the MIX treatment.
a,b
Means within year, item, and treatment or date lacking common superscript differ.
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Figure (Suppl. A1): Percent of forage components including rye, turnip leaf, and turnip root of the total forage biomass for the ryeturnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots at Location 1 in year 1.
1
Standard error of the least squares mean (n = 9 pastures*date).
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Figure (Suppl. A2): Percent of forage components including rye, turnip leaf, and turnip root of the total forage biomass for the ryeturnip mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots at Location 2 in year 1.
1
Standard error of the least squares mean (n = 12 pastures*date).
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Figure (Suppl. A3): Total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) samples
taken once per month during the winter from GRAZE and No-GRAZE plots.at Location 1 in year 1.
1
Standard error of the least squares mean (n = 9 pastures*date).
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Figure (Suppl. A4): Above ground and total forage biomass (kg DM/ha) of either a cereal rye monoculture (RYE) or rye-turnip
mixture (MIX) samples taken once per month during the winter from GRAZE and No-GRAZE plots at Location 2 in year 1.
1
Standard error of the least squares mean (n = 12 pastures*date).
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APPENDIX B: Supplemental soil fertility data.
Table (Suppl. B1): Two-year, subsequent soil Sulfur (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following
steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX)
forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
26
24
24
24
1.7
0.61
0.70
0.80
Post-treatments yr 2
18
17
18
18
1.0
0.59
0.91
0.91
5 – 15 cm
Post-treatments yr 1
17
19
19
17
1.0
0.15
0.22
0.22
Post-treatments yr 2
15
15
15
16
0.7
0.54
0.37
0.37
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

22
24

24
23

23
25

23
22

1.5
1.0

0.34
0.54

0.94
0.11

0.82
0.71

23a
23

19b
21

22
23

21
21

0.7
1.1

<0.01
0.15

0.23
0.15

0.06
0.61

Location 3
0 – 5 cm
Post-treatments yr 12
15
16
16
15
0.6
0.19
0.45
0.45
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
14
14
14
14
0.5
0.64
0.88
0.88
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table (Suppl. B2): Two-year, subsequent soil Manganese (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following
steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage
for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE
SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
21
19
21
19
4.6
0.83
0.85
0.29
a
b
Post-treatments yr 2
14
12
15
11
0.8
0.28
0.03
0.78
5 – 15 cm
Post-treatments yr 1
6
9
8
6
1.4
0.28
0.35
0.22
Post-treatments yr 2
7
6
7
6
0.7
0.77
0.48
0.99
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

12
23

13
24

13
26

13
22

2.0
2.0

0.75
0.56

0.99
0.19

0.13
0.90

12
12

15
14

14
14

13
12

1.6
1.3

0.28
0.21

0.57
0.36

0.33
0.56

Location 3
0 – 5 cm
Post-treatments yr 12
13
13
13
12
0.5
0.83
0.17
0.99
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
10
9
9
10
0.5
0.20
0.39
0.47
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table (Suppl. B3): Two-year, subsequent soil Zinc (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following
steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX)
forage for two winters at 3 locations.
Treatments
P-value
1
Item
RYE
MIX
GRAZE No-GRAZE SEM
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
29
24
25
28
5.8
0.54
0.77
0.65
a
b
Post-treatments yr 2
23
18
26
15
2.3
0.20
0.01
0.70
5 – 15 cm
Post-treatments yr 1
7
9
11
6
1.5
0.37
0.09
0.08
Post-treatments yr 2
8
8
10
6
1.4
0.97
0.11
0.92
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

18
31

17
34

15
36

21
29

2.4
2.9

0.80
0.59

0.13
0.16

0.12
0.93

17
17

17
22

18
22

16
18

2.9
2.2

0.95
0.23

0.59
0.26

0.37
0.84

Location 3
0 – 5 cm
Post-treatments yr 12
5
5
5
5
0.3
0.53
0.95
0.95
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
3
3
3
3
0.1
0.70
0.80
0.22
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table (Suppl. B4): Two-year, subsequent soil Copper (mg/dm3) measured at a soil depth of 0-5 cm and 5-15 cm, following
steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX)
forage for two winters at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE
SEM1
Forage
Graze Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
9
9
11
7
2.9
0.95
0.35
0.69
Post-treatments yr 2
3
3
3a
2b
0.2
0.45
<0.01
0.96
5 – 15 cm
Post-treatments yr 1
6
4
6
1
1.3
0.35
0.07
0.35
a
b
Post-treatments yr 2
2
2
2
1
0.2
0.47
0.02
0.74
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

6
12

6
14

6
14

6
13

1.8
1.0

0.98
0.34

0.99
0.29

0.14
0.91

8
10

10
11

9
11

9
10

1.6
0.9

0.40
0.34

0.84
0.48

0.36
0.61

Location 3
0 – 5 cm
Post-treatments yr 12
2
2
2
2
0.1
0.87
0.87
0.42
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
1
1
1
1
0.1
0.37
0.37
0.37
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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Table (Suppl. B5): Two-year, subsequent soil Sodium (meq/100cc) measured at a soil depth of 0-5 cm and 5-15 cm, following
steers grazing (GRAZE) or not grazing (No-GRAZE) either a cereal rye monoculture (RYE) or rye-turnip mixture (MIX) forage
for two winters at 3 locations.
Treatments
P-value
Item
RYE
MIX
GRAZE No-GRAZE
SEM1
Forage
Graze
Forage*Graze
Location 1
0 – 5 cm
Post-treatments yr 1
0.17
0.20
0.12b
0.25a
0.038
0.56
0.05
0.99
Post-treatments yr 2
0.22
0.17
0.20
0.18
0.030
0.28
0.70
0.28
5 – 15 cm
Post-treatments yr 1
0.22
0.18
0.17
0.23
0.039
0.57
0.27
0.57
Post-treatments yr 2
0.23
0.17
0.20
0.20
0.025
0.10
0.99
0.99
Location 2
0 – 5 cm
Post-treatments yr 1
Post-treatments yr 2
5 – 15 cm
Post-treatments yr 1
Post-treatments yr 2

0.15
0.10

0.22
0.10

0.20
0.10

0.17
0.10

0.051
0.000

0.39
0.99

0.66
0.99

0.39
0.99

0.18
0.10

0.10
0.10

0.13
0.10

0.15
0.10

0.035
0.000

0.15
0.99

0.75
0.99

0.75
0.99

Location 3
0 – 5 cm
Post-treatments yr 12
0.10
0.10
0.10
0.10
0.000
0.99
0.99
0.99
Post-treatments yr 2
--------5 – 15 cm
Post-treatments yr 12
0.10
0.10
0.10
0.10
0.000
0.99
0.99
0.99
Post-treatments yr 2
--------1
Standard error of the least squares mean (n = 6 pastures/year at location 1 and 2; n = 8 pastures/year at location 3).
2
There was no grazing at Loc 3 in yr 1, therefore post-treatment yr 1 is the second numerical year of the study in 2019-2020.
a,b
Means within item lacking common superscript differ.
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APPENDIX C: In vitro fermentation regression estimates.

Figure (Suppl. C1): Quadratic regression fit to the apparent dry matter (DM) digestibility of
4 rye:turnip forage treatment: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T after a
48 hr in vitro batch fermentation.

Figure (Suppl. C2): Linear regression fit to the methane gas production (nmol/ml) of
4 rye:turnip forage treatment: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T after
a 48 hr in vitro batch fermentation.
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Figure (Suppl. C3): Quadratic regression fit to the acetate to propionate ratio of
4 rye:turnip forage treatment: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T after
a 48 hr in vitro batch fermentation.

Figure (Suppl. C4): Quadratic regression fit to the acetate to propionate ratio of
4 rye:turnip forage treatment: 1) 0R:100T, 2) 40R:60T, 3) 60R:40T, and 4) 100R:0T after
a 48 hr in vitro batch fermentation.
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