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USING ANNUAL FORAGES TO REPLACE DECLINING COOL-SEASON GRASS
PASTURE AVAILABILITY
Jonathon Matthew Jenkins, M.S.
University of Nebraska, 2024
Advisor: John Andrew Guretzky
As land area in grain crop production increases in the US Midwest, perennial

pasture availability decreases but the demand increases. Matching the seasonal growth
patterns of Cs and Cas plant species to grow forages that are complementary allows
producers to fill production gaps in otherwise monoculture systems and possibly increase
overall productivity. One way to fill the forage production gap of Cs grass dominated
pastures is by producing a warm-season, annual forage in a separate field. However, with
continual reductions in land availability, this may not be an option. Using two studies,
our objectives were to improve forage crop production within existing perennial pastures
and in historical cropland converted to annual pastures. We also wanted to compare the
effects of N fertilized grass monocultures to non-N fertilized grasses mixed with legumes
to see if N fertilization could be replaced by legumes. To improve the total forage
production within smooth bromegrass pastures, we sod-seeded sorghum x sudangrass but
found too large a reduction in smooth bromegrass forage mass the following year with no
improvement in forage production. To sustainably improve forage production and
distribution within land area under annual forage production, we tested the viability of a
double cropped forage system using fall planted triticale cut once in the spring followed
by pearl millet cut once in the summer and compared it to a perennial system containing

smooth bromegrass. We found that timely precipitation was crucial to the success of the



annual system and when abundant, the double cropped annual forage system produced
most of the forage during the summer. This contrasts with smooth bromegrass pastures,
which produced the greatest during the spring. Nitrogen fertilization and mixed grass-
legume produced similar forage mass in smooth bromegrass pastures, but mixed grass-

legume pastures produced less mass in the annual forage system.
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CHAPTER 1 - REVIEW OF LITERATURE

Abstract

Perennial forage systems are the backbone of ruminant livestock production
because they are productive and nutritious, they are relatively inexpensive to maintain by
nature, and they provide several benefits to the ecosystem. Forage systems in the
midwestern United States are dominated by cool season perennial species, but these
create a gap in forage production during the early spring, late fall and winter, and
especially the summer. One way to produce forage during these gaps is to establish
annual forages, which can be manipulated by planting time and management to balance
the production from perennial forages. This review identifies established and novel
management strategies to use annual forages during these production gaps to fill livestock
nutrient requirements.

Why Do Forage Production Gaps Exist?

In the midwestern United States, pasture systems are often dominated by cool
season grass species such as smooth bromegrass (Bromus inermis Leyss.), tall fescue
(Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.), Kentucky bluegrass (Poa
pratensis L.), reed canarygrass (Phalaris arundinacea L.) and orchardgrass (Dactylis
glomerata L.) which all contain C3 photosynthesis. The C3 photosynthetic pathway
exhibits highest photosynthetic rates during cool temperatures, with photosynthesis
occurring between 0 and 30° C and rapidly declining around 35° C (Moser and Hoveland,
1996; Sage and Kubien, 2007). At high temperatures, C3 plants have reduced C fixation
rates because of a process called photorespiration, whereas the enzyme (Rubisco) which

normally fixes CO2 to a 5-carbon sugar (RuBP), fixes Oz to it instead (Ogren, 1984).
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Instead of creating energetic sugars for the plant to derive ATP and reducing power from,
photorespiration consumes ATP and NADPH and thus is a waste of solar and chemical
energy (Peterhansel et al., 2010). Oxygenation is increased under certain conditions such
as hot and dry environments because Rubisco’s affinity for Oz increases with temperature
(Ku and Edwards, 1977a), CO2 solubility is reduced in the aqueous cytoplasm and stroma
(Ku and Edwards, 1977b), and stomatal gas exchange is reduced in an effort to conserve
water (Cornic and Briantais, 1991). For these reasons C3 plants tend to be less productive
during summers in the midwestern region of the U.S.This is commonly referred to as the
“summer slump” (Denison and Perry, 1990; Ottman and Mostafa, 2014).

Even though this review grouped cool season perennial grasses together under
one category because of their growth characteristics, it is an incomplete description of
them and should be recognized as such. Many of these grasses occupy different growth
habits and niches which might affect yield distribution into the spring and fall. For
example, ‘Justus’ orchardgrass and smooth bromegrass are able to maintain yields under
80% tree shade compared to being grown under full sun in Missouri. In fact, smooth
bromegrass yields were higher when grown under 50% shade compared to the full sun
treatment (Lin et al., 1998). Another niche of smooth bromegrass is that it dominates the
western portion of the Midwest because of its superior ability to resist and survive dry
conditions relative to other cool season species (Sheaffer et al., 1992b). Inversely, reed
canarygrass has an excellent ability to thrive in high moisture riparian areas within
pastures (Jensen et al., 2018) and Kentucky bluegrass is good at taking over bare patches
in degraded rangelands and under other warm and cool-season pasture grasses (Grant et

al., 2020).
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Differing from C3 photosynthesis, the C4 photosynthetic pathway provides an
evolutionary advantage by blocking photorespiratory processes. In this pathway, CO2
comes into the plant via stomata and instead of being directly fixed to RuBP, it is fixed to
phosphoenolpyruvate (PEP) to become a 4-carbon acid which is shuttled to specialized
bundle sheath cells through intercellular pores called plasmodesmata; here, the COz is
released and concentrated around rubisco molecules (Ehleringer and Monson, 1993). This
process makes photorespiration nil in C4 type plants because it prevents O2 from coming
in contact with rubisco. In addition to decreased photorespiration, C4 plants have high
photosynthetic rates under warmer temperatures compared to C3 plants. Depending on
the species, warm season grasses can continue to photosynthesize in temperatures from
7° to 45° C and have higher optimum temperatures than C3 (Sage and Kubien, 2007). A
study conducted on numerous types of C3 and C4 plants showed that under high light
intensity and temperatures above 30°C, C4 plants exhibited higher quantum yields than
C3 plants, that is, a higher efficiency of photon absorption (Ehleringer and Bjorkman,
1977). At these conditions, they attribute the superior quantum yield by C4 plants to a
threshold temperature when C3 photorespiratory losses exceed the additional ATP
requirement from 4-carbon acid shuttling of C4 photosynthesis.

A secondary advantage to C4 photosynthesis is enhanced water use efficiency. In
all terrestrial plants, there are pores on the epidermis of their leaves called stomata.
Stomata are largely responsible for atmospheric exchange of H20 and CO2 which are
important for evapotranspiration and carbon assimilation, respectively (Lawson and
Matthews, 2020). Overall, both C3 and C4 species tend to exhibit increases in daytime

stomatal aperture from environmental cues like high quality light, elevated COz2, good
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leaf water status, and high nutrient availability (Farquhar and Sharkey, 1982). Since C4
plants concentrate CO2 at the site of rubisco, they exhibit lower stomatal conductance
than C3 plants which results in higher water retention, especially during unfavorable
conditions (Collatz et al., 1992). Another reason C4 plants have higher water use
efficiency compared to C3 plants is due to their rapid stomatal closure and reduced
‘leakiness’ (Ozeki et al., 2022). However, these advantages aren’t without some costs. It
has been implied by (Way et al., 2014) that C4 plants experience a higher photosynthate
cost during times of water loss than C3 plants but have similar or greater net carbon
assimilation. This means that although C4 plants have higher WUE, they may suffer
more severely under specifically droughty conditions (Ghannoum, 2009).

The advantages of the C4 photosynthetic pathway extend beyond enhancements
to carbon assimilation and transpirational water loss, such as the augment in multiple
types of nitrogen use efficiency (NUE) calculations. Foremost, C4 plants have a higher
NUE in terms of biomass production per unit of assimilated N which is likely the result
of a reduced requirement of Rubisco (Brown, 1978) inherently decreasing the leaf N
content compared to C3 plants (Oaks, 1994). Another way C4 plants they have higher N
use efficiency is by partitioning less N towards photosynthetic enzymes. For example,
lambsguarter (Chenopodium album, C3) invests 10-27% of its assimilated N into rubisco
while redroot pigweed (Amaranthus retroflexus, C4) only invests 5-9% plus an additional
2-5% in PEPcarboxylase. At similar leaf N per unit area, lambsquarter had 1.5 to 2.6
times more COz2 saturated rubisco than redroot pigweed but a slower photosynthetic rate

(Sage et al., 1987). In part by these advantages, C4 species are able to produce more
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above and belowground biomass than C3 species in soils containing low available N
(Brown, 1985).

Physiological differences between photosynthetic mechanisms provide both
advantages to the plant and to animals who graze them. As was previously described, the
high quantities of leaf rubisco in C3 plants inherently yield higher crude protein (CP)
concentrations than their C4 counterparts. Crude protein determination is a method of
estimating protein in ruminant feeds for the purpose of forming a diet ration (von
Keyserlingk et al., 1996). Based on a standardized calculation of %N x 6.25, CP can be
expressed as a percent of total feed, or for further N fractionation used to estimate protein
digestibility (Licitra et al., 1996).

Fiber is another component of forage quality relevant to photosynthetic types that
can be better understood by looking into anatomical differences between their cellular
and tissue characteristics. One distinction includes that C4 plants tend to have thicker,
waxier, and more lignified cell wall on the outer epidermal layer of leaves and stems
which is impermeable and requires mechanical degradation to complete digestion
(Wilson, 1993). This effect was visualized when green panic (Panicum maximum) and
Italian ryegrass (Lolium multiflorum) were artificially chewed and digested in vivo.
Results showed that relatively large pieces of epidermis of green panic remained attached
to undigested bundle sheath cells and took over 48 hours to complete digestion because
of the epidermis’s lowly penetrable barrier. The epidermis of Italian ryegrass was fully
separated within 24 hours, though, and neither type had significant digestion of
longitudinal fibers (Wilson et al., 1989). Because of the prominent epidermis in C4

plants, rumination is likely to be a more impactful component to forage digestion
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compared to C3 plants, assuming other differences affecting fiber digestibility, like
maturity, are equal.

Other less digestible features of C4 type plants include bundle sheath cells due to
their secondary cell wall thickening by lignification. Since bundle sheath cells are
primarily found in the leaves of C4 plants, they particularly affect leaf blade digestibility.
A study conducted on multiple species found bundle sheath cell digestibility to be about
50% for 20 hours in vitro (Akin et al., 1983). A different study showed that only 25-50%
of bundle sheath cells in mature indiangrass (Sorghastrum nutans) and big bluestem
(Andropogon gerardii) leaf blades were degraded following a 128 hour in vivo
incubation period (Hastert et al., 1983). Referring back to the photosynthetic pathways of
C4 plants provides a deeper look into why indigestible bundle sheath cell walls are more
problematic than the fiber component alone. When CO: is fixed inside plant cells
(mesophyll for C3 and bundle sheath for C4), the sugars produced can be used to form
starch granules within the chloroplasts (Raines, 2003). Since C4 plants store these starch
in their bundle sheath cells, a large proportion of the digestible component is physically
protected from the rumen microbes. On average, leaf blades have about 25% more
indigestible epidermis and bundle sheath cells and because of this, have about 22% less
easily digestible tissue like mesophyll and phloem cells in vitro (Akin and Burdick,
1975).

Consider the differences between photosynthetic types and the role seasonal
temperature distribution plays on them. In perennial native warm season forage systems,
most of the growth occurs between June and September and forage production gaps exist

in spring and fall months during the growing season. In forage systems that largely
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consist of cool season species, the summer slump is obvious during July through
September and growth moderately increases through the fall as plants prepare for winter.
For the purposes of this review, the depression in Autumnal forage production below that
of spring production is considered to be a gap that needs to be filled to meet nutrient
requirements of ruminant livestock.

In general, it’s a sound economic practice to try to fill these production gaps with
grazable forage rather than with concentrates or stored forage supplementation by
reducing livestock production and maintenance costs. For example, when annual forages
are productive and of good nutritive value, grazing annual forages is less expensive in
growing cattle (McCartney et al., 2004; Kumar et al., 2012), developing heifers (Funston
and Larson, 2011), and cow-calf pairs (Willms et al., 1993; Anderson et al., 2014)

compared to supplementation with stored feedstuffs.
Using Summer Annuals to Fill the Summer Slump

Perennial warm season forages can be a vital component of forage systems in the
midwestern U.S. by having the ability to fill the gap of the summer slump (Keyser et al.,
2022), although they represent a dwindling proportion of pastureland in the midwestern
US mainly due to overgrazing. For example, big bluestem pastures subjected to repeated
defoliation with recovery periods of <40 d resulted in especially traumatic responses to
the plant, including a reduction in root mass and a large reduction in tiller regrowth
(Mousel et al., 2005). Warm season perennial species are also notorious for difficult
establishment procedures and often require multiple years before they are available to
graze. In addition, warm season annual forages like sorghum x sudangrass have similar

average forage yields to perennials like switchgrass, but are more dependent upon
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summer moisture for production (Gelley et al., 2016). However, many warm season
perennials require lots of management and upfront costs through high seed costs,
stratification or chilling periods, seedbed preparation, and weed management with
herbicides (Bragg and Sutherland, 1989; Kindiger, 1993; Mitchell and Britton, 2000). In
the short term, it may be more profitable to utilize annual warm season forages to
produce forage during the summer slump but in the long term, production costs will
decrease as seeding costs of perennials are amortized across years. However, the
importance of annuals in the long term may be more valuable to a producer by filling
unforeseen gaps, and reducing risk associated with yearly weather patterns that affect the
growth of perennial forages.

There are a variety of summer annuals used to produce forage during the summer
slump. Some of the most common warm season grasses include many sorghum species
(Sorghum spp.), pearlmillet (Pennisetum americanum), crabgrass (Digitaria sanguinalis),
teff (Eragrostis tef), and corn (Zea mays). Some common heat tolerant annual forage
species are legumes including cowpea (Vigna unguiculata), forage soybean (Glycine
max), and sunn hemp (Crotalaria juncea) while some other forbs include sunflower

(Helianthus annuus) and buckwheat (Fagopyrum esculentum). Each of these annual

forage types have certain applications to fit the goals of the producer. For example, if
they wish to produce the most biomass in mechanically harvested systems, monocultures
of warm season grass species fertilized with N may be the best option. If they wish to
have the highest crude protein and the lowest fiber concentrations, it is generally thought
that it is advantageous to include more legumes as part of the seed mixture (Ibrahim et

al., 2012). However, legumes are prone to low forage yields and consequently no
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improvement to the nutritive value of the system in combination with the grass
(Contreras-Govea et al., 2013). A more important factor than plant selection for
maintaining nutritive value is the defoliation strategy, which also affects subsequent
forage yield by changing where new growth originates from (Creel and Fribourg, 1981)
Grasses tend to have the greatest contribution to dry matter production and
nutrient yields for ruminant livestock in warm season annual forage systems, so species
and cultivar selection are still crucial to the success of the system. Cultivars of sorghums
used for forage production can be broken down into 3 main categories: true forage
sorghum (Sorghum bicolor), sudangrass (Sorghum halepense var. sudanese), and
sorghum x sudangrass hybrids. In a grazing study, true forage sorghum cultivars were
found to have the largest stem diameter and the least amount of tillering. Because of this,
they tend to have a lower leaf to stem ratio and are likely the better option for ensiling
than the other types. Sudangrass is on the other side of the spectrum and had the greatest
tissue consumption and was better utilized for grazing in sheep and cattle, probably
because it has smaller stems and many tillers, and has a relatively high proportion of leaf
to stem by weight. On one hand this characteristic of sudangrass leads to a high potential
for lodging if harvest is delayed, but it also results in high palatability (Rabas et al.,
1970). Sorghum x sudangrass cultivars also tend to have more tillers and smaller stems
than forage sorghum (Venuto and Kindiger, 2008). Under single cut systems, sorghum x
sudangrass hybrids generally have similar or higher yields than their parent forage
sorghum cultivar, and both have greater yield potential than the sudangrass parent
(Glamoclija et al., 2011). A study done on 300 forage sorghum cultivars and 137

sorghum-sudangrass cultivars showed that one cut forage sorghum varieties surpass
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sorghum-sudangrass cultivars for total digestible nutrients (TDN) and ultimately have
higher predicted milk yield across April and July (Pupo et al., 2022). Under grazing
systems, however, sudangrass tends to have similar or greater fat corrected milk yields
compared to sorghum x sudangrass (Cunningham and Ragland, 1971). Despite
differences among sorghum type and cultivar selection, they all remain viable options for
increasing summer forage yield in a cool season dominated forage system.

One important benefit to sorghum and pearl millet cultivars is their superior water
use efficiency compared to corn. Traditionally used as a grain crop, pearl millet has
grown in popularity as a summer annual forage crop since breeding in the mid 1900s
began producing dwarf, trichomeless, and increased leaf to stem ratio varieties which
increased forage quality and animal performance (Andrews and Kumar, 1992). Sorghum,
corn, and pearl millet grown for forage under a gradient of irrigation regimes showed that
all three produced similar single cut forage yield under adequate water supply, but DM
yields of corn rapidly declined with decreasing water supply whereas sorghum and pearl
millet maintained higher yields under moderate and severe drought stress. In this study,
the sorghum variety was able to maintain forage production under moderate drought
stress better than pearl millet, but both became similar under severe drought stress (Singh
and Singh, 1995). A similar effect was also seen by Bhattarai et al. (2020b) when they
had one year with better distribution of rain during vegetative growth than the other, and
saw that single cut corn and sorghum outproduced pearl millet during the well distributed
year. However, sorghum was statistically similar and had a tendency towards greater
yields to pearl millet during the less distributed year. Both sorghum and pearl millet had

higher yields than corn silage fertilized at 50-60 kg N ha* (Bhattarai et al., 2020b). From
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the research that has been conducted in dry growing conditions, silage type sorghum
cultivars seem to be better than corn and pearl millet on the basis of forage production
and crop growth rate whereas corn tends to have the highest in vitro dry matter
digestibility (IVDMD) and pearl millet accumulates the most crude protein of the three
crops (Bhattarai et al., 2020a).

Perhaps a more important difference to account for among sorghum species
compared to other summer annual forages goes beyond yield and digestibility
components, but rather their difference in accumulation of antinutritional metabolites.
Prussic acid (hydrogen cyanide) is a toxic gas formed during chewing of plant tissues
containing cyanogenic glucosides where they mix with beta-glucosidases, a process
called cyanogenesis (Jones, 2007). Sorghum species partition the glucoside, dhurrin,
fairly equally between stems and leaves, but its levels are increased by multiple stressors
including moisture deficit and frosting (Gleadow et al., 2016). Lauriault et al. (2021)
observed 68 kg greater cattle BW gain ha on pearl millet than sorghum-sudangrass
grazed in the fall due to pearl millet being prussic acid free in post-frost conditions and
2.2 additional Mg DM ha! of sorghum-sudangrass were left ungrazed because of
potential toxicity (Lauriault et al., 2021). Young tissues have significantly higher prussic
acid concentrations than mature tissue, so it is well established that allowing forage
sorghum to mature makes most cultivars safe for grazing (Haskins et al., 1987; Gleadow
etal., 2016). It is also possible that increasing grazing selectivity decreases the risk for
prussic acid poisoning as sheep and deer were seen to favor acyanogenic plants of the
same species, though this study was observational (Cooper-Driver et al., 1977). Until

further research addresses cyanogenic preference by livestock, the current best



24

management practice is to reduce selectivity by rotationally grazing sorghum species.
Most extension publications warn that animals tend to prefer new growth first and
suggest that sorghum species should not be grazed until 45-60 cm tall as a rule-of-thumb
to be sure that tissues are mature enough to dilute prussic acid potential (Lehmkuhler,
2011; Strickland et al., 2009; Whittier & Stanton, 2011). Although sorghum species may
be the most productive and drought tolerant types of warm season annual forages, they
have a clear disadvantage compared to other warm season grasses.

Using warm season annual forages may become increasingly important with a
changing climate, as the summer slump becomes more dramatic from increasing
atmospheric temperatures and variability in precipitation. One study done to predict
climate warming effects on grain and forage sorghum yields found that there was a 0.53
Mg ha! increase in forage yield for every degree centigrade increase up to +4 degrees
under typical moisture availability in Argentina (Druille et al., 2020). In another climate
change scenario, where temperature and atmospheric CO2 concentrations increase, and
rainfall decreases, dryland annual ryegrass/forage sorghum double-crop are modeled to
resist annual DM vyield decline whereas both perennial ryegrass and tall fescue pastures
were predicted to decrease in yield under these changes (Pembleton et al., 2020). In
another paper by this author, where only elevated atmospheric CO2 was modeled against
crop parameters from baseline levels, we see that dryland wheat, oats, and annual
ryegrass all increase in crop biomass more than dryland forage sorghum (Pembleton et
al., 2016). This is likely why the cool season annual grasses do not experience a decrease
in forage production during theoretical elevated temperature and reduced moisture

projections, as springtime moisture and temperatures are already forgiving.
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Using Cool Season Annuals to Fill Gaps in Spring and Fall

Despite differences between species mentioned previously, cool season grasses
still experience some level of growth rate reduction during late fall, winter, and early
spring in addition to the summer slump. It has long been understood that successful
perennial cool-season grass species prioritize root growth as winter approaches. In North
Dakota, Power (1988) measured top and bottom growth of smooth bromegrass across the
growing season and found that root mass increased the most between 9 September and 1
October which vastly exceeded the growth rate of aboveground biomass at that time
(Power, 1988). It is because of this adaptation that benefits the overwintering survival of
perennial cool season grasses that creates a gap in forage production during fall months,
when the climate should be conducive to moderate or high cool-season forage
production.

A tried and true method of producing fall forage is to establish a cool-season
annual in late summer or early fall which doesn’t have the capacity to overwinter and
continues growing as long as environmental conditions allow. Some common examples
of these include spring cereal grains like oats and barley; brassicas such as turnip, radish,
swedes, and forage rape; and legumes including Austrian winter pea.

Research conducted in Wisconsin examining small grains for fall and spring
forage found that spring grains (oats, barley, and spring triticale) planted in mid-august
and cut once produced 1.1-1.6 tons DM ac-1 of forage yield during the fall while winter
small grains (wheat, rye, and winter triticale) produced only 0.3-0.7 tons DM ac-1 and
noted this was due to the winter small grains’ preparation for winter dormancy. During

spring, winter small grains had more than double the forage yield of spring grains’ fall
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growth but had only 9.5-10.1% CP and 84-105 relative feed value (RFV) while spring
grains were 12.1-19.7% CP with 155-164 RFV. In simpler terms, winter small grains
produced more quantity in the spring but spring small grains produced more quality
forage in the fall. When one spring and one winter small grain were planted together,
forage yields were reduced in both fall (compared to spring small grain monocultures)
and spring (compared to winter small grain monocultures). In this study, forage nutritive
value of the mix was as good or better during the spring than when winter grains were
planted in monocultures (Maloney et al., 1999). In Nebraska, a four-year study grazing
crossbred steers on oats planted after chopping corn silage and after high moisture corn
harvest showed that oats planted after corn silage produce over twice the forage mass of
oats planted after high moisture corn, ultimately yielding 111 kg ha-1 and 65 kg ha-1
gain, respectively (Brinton et al., 2019). This large difference was mainly due to the oats
planted after high moisture corn having an average of 33% less GDD than the oats
planted after corn silage, thought harvest dates were not shown.

In the Midwest, oats remain a viable option to produce forage during the fall with
relatively high nutritive values. However, adding a forage brassica to the mixture has the
potential to further increase forage CP and digestibility. In Nebraska, turnips and radishes
planted with oats were seen to increase and maintain CP and IVOMD in the main late fall
and winter production gap from November through January. During the span of these
three months, turnips had 22.8-24.9% CP, radishes had 25.6-27.9% CP, and oats had
15.8-17.9% CP. Although turnips had slightly less crude protein, they were similar in
digestibility and both reduced slowly across time, starting with around 88% and reducing

to between 81.8% and 83.5% IVOMD (Lenz et al., 2019).
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A one-year study in Ohio on fall-born lambs (24 kg BW) strip grazing
monocultures of oats and turnips sewn in mid-August, and August stockpiled tall fescue,
turnips provided the highest ADG at 107 g day-1 whereas oat alone only produced 13 g
day-1 and stockpiled tall fescue produced 34 g day-1. In this study, oats reduced in forage
quality across the 57 day grazing period due to winter weather events. This emphasizes
the benefit of including a brassica in fall and winter grazing as day 0 of grazing exhibited
the following nutritive values: TDN in oats were similar to stockpiled pastures but were
less than turnip, CP in oats were greater than both stockpile pasture and turnips, and
similar forage yields were reported at turnout across all three pasture species (3404-3566
kg ha-1) (Campbell et al., 2021). In central Nebraska, cross-bred steers grazing
monoculture oats gained 1.95 Ib day-1 while steers grazing an oat/rapeseed mixture
gained 2.11 Ib day-1, decreasing cost of gain by $0.05/Ib as the mixture had reduced seed
costs (Riley et al., 2019). In Michigan, Red Angus steers (437 kg BW) in their last 70
days of finishing, grazing an oat/turnip mixture, gained 138.3 kg/ha but steers grazing
stockpiled perennial grass-legume pastures only gained 99.9 kg ha-1 (Maciel et al.,
2022). In this study, oat/turnip pastures planted in early June had forage yields exceeding
stockpiled pasture yields, but IVDMD of the annual mixture were lower than stockpiled
pastures in two out of three years. In a typical system, there are very few opportunities to
plant an oat/brassica mixture this early as wheat harvest typically occurs in late June or
early July and corn silage harvest begins even later in the midwestern US.

In the southern US, annual ryegrass has been proven as a successful annual forage
because of its ability to grow high quality forage during fall, winter, and early spring in

monocultures (Redfearn et al., 2002) and planted with cereal rye (Islam et al., 2011;
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Butler et al., 2012). A 5-year study in Oklahoma concluded that a producer could have
similar net returns continuously grazing stocker cattle on a cereal rye/annual ryegrass
mixture as they could a newly planted novel endophyte tall fescue variety, though annual
ryegrass expenses were higher. This was because annual pastures produced an average of
491 kg ha-1 gains while tall fescue pastures produced an average of 349 kg ha-1 gains
over the 5 years (Islam et al., 2011). Research conducted in central Missouri reveals
annual ryegrass may have potential for winter stockpiling in more northern latitudes.
When the moisture and temperature are close to average for this area, forage yields of
‘Marshall’ annual ryegrass can accumulate to above 2000 kg ha-1 with 15% ADF and
above 17% CP, but these qualities and forage yield deteriorate throughout cold winter
temperatures. When moisture and temperatures are above average, Marshall annual
ryegrass can accumulate forage over winter and reach close to 3500 kg ha-1 by March
and stay below 20% ADF and above 20% CP. In these conditions, cereal rye outyields
annual ryegrass across each collection date, but decreases in quality in the spring much
more rapidly after February (Kallenbach et al., 2003). When annual ryegrass and cereal
rye were in a mixture, they were seen to produce 3000-4000 kg ha-1 of high quality
forage (30% ADF and 14-15% CP) by the beginning of May (Kallenbach et al., 2006).
Even though Maloney et al. (1999) reported moderate to low forage quality in
accumulated winter small grains, they do have the opportunity to be a productive and
nutritious forage during the early spring production gap before reaching maturity. Steers
grazing cereal rye in Nebraska until late April produced gains of 1.4-1.5 kg d-1 and
returns were shown to be between $62 and $70 ac-1 (Conway et al., 2019). Unpublished

data in Nebraska spring grazing wheat, rye, and winter triticale suggest there is little
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differentiation in profitability between species with an average cost per animal unit
month (AUM) around $24. From this study, Drewnoski et al. (2018) suggests winter
cereal grains can, in fact, be cost effective early spring grazing options in the midwestern
US that fit crop production systems (Drewnoski et al., 2018).

Distribution of DM yields and nutritive values among cereal grain types are
thought to differ, which may affect the suitability of grazing systems. In Minnesota,
Phillips et al (2021) investigated nutritive values of grazed wheat and cereal rye across
time and found that while total tract neutral detergent fiber digestibility (TTNDFD)
reduced at the same rate across species as they mature, wheat growth was linear and rye
growth was cubic. Beginning grazing on 25 April at early elongation stage, forage yields
were similar between wheat and rye but in just 4 days, rye began to accumulate forage at
a faster rate for a few weeks until growth became similar to wheat, around the second
week of May. Around the last week of May, they saw wheat forage yields exceed rye
while becoming similar in CP, after wheat began with a higher CP than rye and they
declined linearly with different slopes (Phillips et al., 2021). These data suggest that rye
has the ability to capitalize on an earlier window of growth than wheat. In southern
Oklahoma, a more comprehensive analysis between plant species mechanically harvested
multiple times by comparing 30 wheat, 14 rye, and 12 winter triticale varieties agree as
they saw rye and triticale tend towards the greatest growth, earlier in the season than
wheat (Kim et al., 2017). In Georgia, rye yields have also historically been shown to
produce more forage in late-winter than triticale and wheat (Bruckner and Raymer,

1990).
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To date, there are relatively few grazing studies in the midwestern US that
investigate cattle performance on winter cereals and the few that exist are contrasting in
profitability. This is probably because the studies were designed to fit row cropped
systems by terminating the forage crop prior to grain crop planting dates which maximize
yields but don’t optimize profitability of both. Partially for this reason, one Iowa study
concluded that while spring grazing lactating cows on cereal rye until 1 May helped to
diminish profit loss of planting a cereal rye cover crop, average net returns were still
negative since grazable forage was low (Plastina et al., 2023). Economic research on
grazed winter cereal grains double cropped with a grain harvested row crop should be
done to evaluate how whole system profitability changes with varying termination time

of the annual forage and subsequent grain crop planting date.
Opportunities to Fill Multiple Gaps Within a Pasture

Double cropped annual forages have the opportunity to fill forage gaps across
multiple season, but forage production is highly dependent on termination time and
planting practices between them. The most common example of this is to plant a winter
cereal grain in the fall, graze or harvest in spring, terminate, and plant corn for silage. In
these double crop systems, total forage yields are generally greater but can be less than
monoculture corn silage systems if termination of the winter cereal is delayed too long
(Krueger et al., 2012). Acharya et al. (2017) recommends that a cereal rye cover crop
should be terminated >10 d to maximize corn yield, though debate is still ongoing. More
recent literature claims that no-till corn grain yields planted following cereal rye will be
less than those planted without a cover crop and may increase prevalence of plant

diseases, reduced soil temperatures, and allelopathy from rye; all of which can reduce



31

corn yields (Plastina et al., 2023). In this study, cereal rye terminated between 17 days
before planting and 6 days after planting resulted in similar corn yields, all a loss of less
than or equal to 1 Mg ha-1 (16 bu ac-1). Rye contains three allelochemicals which are
released into soils during residue breakdown after termination including 2-
benzoxazolinine (BOA), 4-benzoxazine-3(4H)-one (DIBOA), and 2,4-dihydroxy-7-
methoxy-(2H)-1,4-benzoxazine-3(4H)-one (DIMBOA). In no-till cotton fields in Texas,
soil concentrations of DIBOA was reduced by grazing in December after the third
consecutive year of rye but by February, DIBOA and DIMBOA were similar between
grazed and ungrazed treatments. In August after May termination, grazed rye treatments
had greater concentrations of DIMBOA in their soils (Li et al., 2013). However, more
recent literature shows that the release of these chemicals occur within the first day or
two and subsequent breakdown occurs within the first 10-20 days before the slope
reduces to an asymptote (Rice et al., 2022). Therefore, no conclusions can be made about
the grazing effect on allelochemicals in a relevant timeframe but it can be assumed that
the reduction in corn yields planted in rye residues from Plastina et al. (2023) are
probably because soil temperatures are cooler. Additionally, when tilled between forage
crops including a cereal grain has also been shown to decrease corn silage yields, but
increase total annual forage yields . One Pennsylvania study indicates that the tillage may
have been unnecessary to maintain corn silage yields and increase total forage production
(Fouli et al., 2012), though harvest dates were not reported so the evidence on whether
this was from a gap between cereal grain termination and corn planting, or variability

between these studies remains inconclusive.
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An increasingly researched variation on double-cropped annual forage systems is
to replace the corn for another warm season forage variety and harvest it throughout the
summer. A seemingly obvious benefit to replacing the corn silage is the improvement in
forage distribution during the summer slump and perhaps decreased livestock
performance costs associated with yardage and feeding. In lowa, a double-cropped
system doing a single harvest of cereal rye and single harvest of sorghum produced more
forage than a single harvest monoculture sorghum at high N rates while at moderate to
low N rates, they were similar in 3 out of 4 years in Ames and 3 out of 5 years at
Chariton (Buxton et al., 1999). This effectively distributed the forage across both spring
and summer and increased CP in harvested pastures over a monoculture stand of
sorghum. In Kansas, a winter triticale/forage sorghum double crop produced forage
yields higher than or similar to a forage sorghum double crop cut at optimum stages
(Holman et al., 2020). In both of these studies, ADF was similar to or higher in the winter
cereal than sorghum. Indeed, these double-cropped systems provide an agronomic
advantage into forage production and nutritive value, but additional research is
imperative before making conclusions about animal performance in a grazed pasture as
management has significant impacts on forage quality and seasonal distribution over
mechanically harvested pastures.

Of the few studies, one Minnesota study rotationally grazing lambs (29-32 kg) on
a double-cropped annual forage of sudangrass, cowpea, soybean, or kochia after a forage
harvest of barley hay found that while soybean and cowpea produced the best individual
animal performance (0.20 kg day-1; 224 and 263 kg ha-1, respectively), sudangrass and

kochia resulted in the best gains on a land area basis (0.15 kg day-1; 330 and 309 kg ha-



33

1). These pastures were split into two paddocks and grazed once through for
approximately 14 d each; perhaps even better performance and more gains on these
summer annuals could be achieved if regrowth had been grazed. (Sheaffer et al., 1992a).
Clearly a productive and moderate quality warm season grass species like sudangrass has
potential to perform in a grazed double-cropped annual forage program.

Stockpiled forage is accumulated forage for grazing at a later time (Allen et al.,
2011). This can be done with either cool- or warm-season forages and be utilized during
dormant seasons of production. For example, summer and fall stockpiling is a common
practice in cool season perennial grasses common in the midwestern US (e.g. tall fescue,
smooth bromegrass) that can allow forage to be grazed in late fall, winter, and early
spring before breaking dormancy and accumulation of new growth; all while maintaining
their quality compared to other winter forage sources like corn residues (Hitz and Russell,
1998). Cool-season annuals also have potential to be stockpiled as mentioned in earlier
sections, examples being oats, barley, forage brassicas, and annual ryegrass. Additionally,
warm season annuals may be stockpiled and utilized during late fall and winter months to
fill those production gaps in double cropped forage systems. For production systems that
need higher nutritive value stockpile, late summer planting can provide accumulated
growth that hasn’t reached mature stages yet. In spring or early summer planted warm
season annuals, midsummer grazing can be a management strategy that reduces maturity
within a pasture, utilizes the forage while it’s at nutritious stages, and subsequent rest in
late summer can allow for stockpile to accumulate.

A 5-year study grazing pregnant, commercial beef cows with summer planted

monoculture foxtail millet or a mix containing some level of spring cereals, legumes,
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warm season annual grasses and forbs, and forage brassicas each year. In this North
Dakota study, planting the summer forage was not as productive in a double-cropped
system (planted after a spring planted oats or barley) as in a single-cropped system where
the summer forage was planted earlier in the season. However, double-cropping foxtail
millet or the cocktail mix in the summer after the spring cereal produced the lowest cost
($0.68-$1.76 hd-1 d-1) annual system compared to the single summer cropping systems
($0.83-$2.20) even though they produced the most forage (Sedivec et al., 2011). In a
similar study, cows grazing a double-crop annual forage system containing spring barley
followed by a stockpiled mix of oats, field pea, sorghum-sudangrass, sunflower, radish,
and turnip in late October through late November gained 2.02 Ib day-1, maintained body
condition, and had a lower maintenance cost ($0.89 hd-1 d-1) than in a drylot system
($2.13 hd-1 d-1) or in a system without the spring barley ($1.92 hd-1 d-1) (Gaugler et al.,
2014). Swath grazing stockpiled warm season annual forages may also be a potential
method in midwestern forage systems but should be utilized relatively quickly or some
degree of decline in nutritive value should be expected, depending on temperature and
moisture exposure (Dahlke et al., 2022).

One less accepted management practice to fill multiple seasonal production gaps
within a pasture using annuals is sod-seeding. As the name suggests, sod-seeding is a
method of no-till drilling or interseeding of forage crops into living, established pastures
(Koch et al., 1983). Some already well accepted practices to fill production gaps using
sod-seeding include seeding perennial legumes into cool season (Sheaffer and Swanson,
1982; Kunelius et al., 1988) and warm season (Gettle et al., 1996) perennial grass

pastures. While southern latitudes and coastal regions of the United States can



35

successfully grow cool season annual forages in bermudagrass and bahiagrass through
fall and winter months (Swain et al., 1965; Hill et al., 1985), mostly only recent studies
have begun to evaluate the effects of sod-seeding annual forages into perennial grasses in
the Midwest. In north-central Georgia, one older study evaluating sorghum-sudangrass
and rye were seen to improve forage yields when sod-seeded into tall fescue. In 25%
chemically suppressed sods, rye improved winter forage yields by about 43% (1000 kg
ha-1) following sod-seeded sorghum-sudangrass which improved summer forage yields
by 32% (1600 kg ha-1); ultimately increasing total forage yields by 31% (2300 kg ha-1)
and filling forage gaps throughout the year (Belesky et al., 1981). In lowa, sod-seeding
forage sorghum or sweet sorghum with an additional 63 Ib N ac-1 has been shown to
increase forage yields in new stands of alfalfa by an average of 1.8 tons ac-1 (37%) and
in new stands of reed canarygrass by an average of 1.1 tons ac-1 (41%) while only
slightly reducing nutritive values in these systems (Buxton et al., 1998). Within the reed
canarygrass plots, both sorghum species were noted to have reduced vigor and appeared
chlorotic, even at rates of 125 Ib N ac-1 and was hypothesized to be due to allelopathy.
Research done in alfalfa found that reed canarygrass extracts have little effect on
germination whereas tall fescue and smooth bromegrass did (Chung and Miller, 1995),
but this may not be comparable to interseeded sorghum species in a field setting and
requires additional research before a conclusion can be made.

More recent studies show some evidence of success in perennial grasses which
have been established >5 years. In humid environments, sudangrass, forage sorghum, and
sorghum-sudangrass consistently increased forage production when interseeded into both

smooth bromegrass and tall fescue but the degree of increase depended on harvest
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frequency and precipitation after interseeding. In the eastern Nebraska location, if only
cut once, sorghum-sudangrass had the highest forage yield but if cut twice, sudangrass
was clearly the better option. In many cases, summertime forage yields were doubled in
the presence of warm season annual grass interseeding (Guretzky et al., 2020). In
addition, total CP yields were 61-103% greater and IVOMD vyields were 85-244% greater
when interseeded by sudangrass or sorghum-sudangrass, with the one cut after
interseeding system having consistently higher nutrient yields than the two cutting system
(Guretzky et al., 2021). Regardless of how often you cut, this example shows that it is
possible to increase animal gain per unit area by sod-seeding sudangrass and sorghum-
sudangrass with the caveat that before interseeding, biomass should be removed as
quickly as possible during elongation stages (e.g. producing green chop or haylage) or
face incomparable results.

Looking to move towards interseeding in grazed pastures rather than producing
stored forages, Guretzky et al. (2023) heavily grazed steers on vegetative smooth
bromegrass two times before interseeding sorghum-sudangrass and reported an increase
in summer of only 36%. It was hypothesized that this difference might be made up for by
using a chemical suppressant after grazing so in a similar study, Jenkins et al. (2024; in
review) applied different rates of glyphosate to smooth bromegrass pastures after two
heavy grazing periods and found no benefit to summer forage production interseeding
sorghum-sudangrass with this method. Further research may reveal different
opportunities for interseeding warm season annual forages into cool season perennial

pastures, but until then, it is only suggested to interseed directly after a forage harvest
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when the plant will be stunted. Even then, proceed with caution as this was also found to

fail multiple years in a row (Jenkins et al., 2024).
N Fertilization vs Legume mixes

Since the invention of the Haber-Bosch method to produce industrial N fertilizer
in the early 1900’s, agricultural practitioners have relied on synthetic N to increase
productivity in annual forage systems. One issue with N fertilization is that the cost is
closely linked to fuel cost, as the process itself requires 400-500 °C temperatures and the
hydrogen gas used takes 850-900 °C to produce, and are responsible for >1% of global
greenhouse gas emissions (Erisman et al., 2008; Smith et al., 2020). For these reasons,
finding alternatives to synthetic N fertilizer holds a potential to reduce production costs
and consequently, cost of gain.

Among species in the fabaceae family, symbiotic N fixation is the process by
which a species-specific rhizobia bacteria infects a host plant, converts gaseous N2 into
ammonium, and in exchange, the plant provides an anaerobic and carbohydrate rich
environment to fuel the bacterial enzyme, nitrogenase (Mylona et al., 1995). This
agreement between plant and microbe gives legumes the advantage of growing in low N
environments, but also enhances the soil environment in several ways. Perennial grass-
legume mixtures with no N fertilization see a yield benefit after about a year, especially
in dry environments (Foster et al., 2014). In mixed perennial grass-legume hayfields cut
several times per year, N acquisition by grasses has been shown to increase with
increasing legumes but total N yields by forage were benefited until up to 40-60%
legumes were present (Nyfeler et al., 2011). In a preceding study, it was found that

mixtures can cause ‘transgressive overyielding’ effects, which ultimately means they can
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increase forage yields above monoculture grass levels. Under 50 kg N ha-1, they saw
mixtures with 50-70% legume produce as much as grass monocultures fertilized with 450
kg N ha-1 (Nyfeler et al., 2009). Benefits to total forage yield (Zemenchik et al., 2001)
and nutritive value (Zemenchik and Albrecht, 2002) by some perennial legumes have
even been quantified and regressed to estimate N replacement values and milk
production. These studies indicate that N fertilization in perennial grasses can be replaced
by forage legumes, and can even incur additional benefit above N fertilization without N
cycling by grazing animals.

In pasture-based dairy systems, including white clover with perennial ryegrass
reduced the requirement for N fertilization and was able to produce a greater quantity of
milk than monoculture perennial ryegrass pastures with 100 kg N ha-1 of additional
fertilizer (Egan et al., 2018). In tall fescue and meadow fescue pastures seeded with white
clover, crossbred steer gains increased by 100 kg ha-1 above levels of fertilized
monocultures; even though white clover diminished from 41-44% of total DM at the
beginning of the trial to 7-18% of total DM in year 3 (Schaefer et al., 2014). In these
studies, however, the increased animal performance was not due to overyielding of the
grass-legume mixtures, as mixed pastures actually tended to contain less forage mass
than N fertilized pastures.

Indeed, part of the advantage of N fixation is that the plant now has access to as
much ammonium to use for amino acid production as it wants to pay for in
photosynthates, creating a high proportion of N in the plant. Crude protein determination
is a method of estimating the protein concentration in ruminant feedstuffs for the purpose

of forming a diet ration, based on a standardized calculation of %N x 6.25, and crude
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protein in the diet is especially crucial for growing and lactating animals (Licitra et al.,
1996; von Keyserlingk et al., 1996). Generally speaking, having high crude protein
associated with plant tissues tends to increase animal performance and if that N source is
inexpensive, profitability of that system should also be improved.

While there is convincing evidence of this phenomena in perennial grass-legume
mixtures, the success of annual grass-legume systems compared to fertilized annual grass
monocultures tends to be more blurred by a lack of research. One 3-year study in central
Oklahoma grazing stockers on cereal rye/annual ryegrass mixtures with either N
fertilization or mixed with 3 cold tolerant legumes, showed that there was no benefit in
gain (407 and 373 kg ha-1, respectively) nor net returns ($282 and $230 ha-1,
respectively) by including legumes (Butler et al., 2012). Ultimately, they concluded that
the cost of legume seed was too high to replace the yield and quality benefits of N
fertilization, as N fertilization increases tissue N concentrations in forage grasses
(Zemenchik and Albrecht, 2002). In summer annual mixtures, we also consistently see
reduced total biomass as legume plant density increases within a mixture, even at
relatively low N application rates (Bybee-Finley et al., 2016). More multi-year studies on
annual forage grass-legume mixtures should be done before concluding against or in
favor of including a legume in an annual system.

Conclusion

In conclusion, annual forages can be used to supplement a perennial forage
system by providing nutritious forage when typical pasture systems are not productive in
the midwestern U.S. In the summer, sorghum and millet species are highly productive

forages but when selecting a variety, practitioners should consider environmental
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conditions, N management, and palatability (including toxicity). Winter cereal grains can
be used as a high quality forage source, especially during early spring months before
cool-season perennial pastures are available, or to allow perennial pastures to accumulate
forage mass before stocking. In late fall and winter, late summer or fall planted spring
grains and brassicas can provide high quality forage to growing or lactating animals.
Additionally, a double-cropped annual forage system may be able to provide forage

during multiple seasons when forage production in perennial pastures is reduced.
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CHAPTER 2 - HERBAGE ACCUMULATION AND

NUTRITIVE VALUE OF A DOUBLE-CROPPED ANNUAL

FORAGE SYSTEM AND A DIVERSE PERENNIAL

CIRCULAR FORAGE SYSTEM

Abstract

A call for diverse perennial circular forage systems (DPCFS) has recently been
issued due to their economic and environmental benefits to cropland. Double cropped
annual forage systems (DCAFS) intend to mimic these DPCFS by improving plant
diversity while increasing the length of time roots are actively growing in the soil.
Additionally, grazing and legume inclusion allows for nutrient cycling to occur. Our
study sought to compare herbage mass components, nutritive value, and litter cover in a
DPCEFS containing smooth bromegrass pastures to a DCAFS with winter triticale and
pearl millet pastures. Each system contained a N-fertilized treatment and a mixed grass-
legume treatment. In the DCAFS, forage species mass, N yield, and IVOMD yield were
greatest in the N-fertilized treatment in the summer of 2023 when June and July
precipitation was 124.4 mm above the 30-year average. In the summer of 2022, June and
July precipitation was 227 mm below the 30-year average which increased forage species
N concentration in the N-fertilized treatment and consequently N yield, despite having
similar mass. A similar effect was seen in spring forage species when precipitation was
low to average in the spring of 2022 and very low in the spring of 2023. In the DPCFS,
forage species mass, N yield, and IVOMD vyield were greatest in the spring, especially in

2022. In this system, the mixed grass-legume treatment produced similar forage species
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mass and 1IVOMD vyield but had a lower N yield compared to the N-fertilized treatment.
Litter cover was greatest in the DPCFS and was resistant to change across sampling
times. In the DCAFS, litter cover changed across sampling times and more bare soil was
exposed. In conclusion, the DCAFS responded to N fertilization in the summer, but only

when moisture was adequate.
Introduction

Annual forages are often planted on cropland during seasons when grain crops are
not grown to enhance ecosystem services while also providing additional forage
resources to livestock (Lemaire et al., 2014). Recently, there has been a push to replace
grain cropland with diverse perennial circular systems because of their exceptional
agroecological benefits to stability and resilience, ecosystem services, human health,
social inclusion, and economic well-being (Picasso et al., 2022). These diverse perennial
circular systems are described as having crop diversity with some level of perenniality
and a circularity which means that livestock and legumes are utilized to cycle N and other
nutrients at the farm-scale rather than importing or exporting nutrients. Perennial grass-
legume mixtures with 50-70% legume have been shown to improve forage production
above grass monocultures, even those under excessive levels of N fertilization while
haying (Nyfeler et al., 2011). Additionally, even small amounts of white clover
(Trifolium repens L.) in perennial grass pastures have been shown to improve milk yields
above N-fertilized pastures in pasture-based dairying systems (Egan et al., 2018) and
improve steer gains during backgrounding (Schaefer et al., 2014). In long-term smooth

bromegrass (Bromus inermis Leyss.) pastures, a grass-legume mixture with <15%
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remaining legume can even produce greater forage mass than N-fertilized smooth
bromegrass (Guretzky et al., 2023).

Litter leftover from plant residues is a vital component of soil C and N dynamics.
It has been shown to be labile and available as a microbial substrate, contributing a large
degree towards nutrient cycling (Liu et al., 2010; Yang et al., 2022) and a smaller degree
to organic matter stabilization in surface soils (Witzgall et al., 2021). In a comparison
between smooth bromegrass, meadow bromegrass (Bromus biebersteinii Roem. &
Schult. [excluded]), and triticale (xTriticosecale Wittm. ex A. Camus [Secale %
Triticum]), smooth bromegrass always had greater litter mass in the fall than triticale
pastures and supplied the greatest C and N yields back to the soil (Mapfumo et al., 2002).
In perennial meadows, organic matter was found to be highest in larger aggregate sizes
compared to a spring cereal grain cropping system (Semenov et al., 2020) and likely
indicates better soil structure and more and larger particulate organic matter is available
for microbial interaction from perennial litter and root mass. Maintaining litter cover with
crop residues is crucial for resisting soil sediment removal even in long-term no-tillage
systems. Just one litter removal event by baling can increase erosion into the following
year compared to no residue removal and tilling crop residues will increase sediment
losses even more (Wilson et al., 2004). Maintaining litter cover also benefits the water
cycle in soils by reducing rainfall kinetic energy which reduces surface compacting and
maintains water infiltration capacity, holds water in the soil physically and through
temperature buffering, and can aid in catching and holding snow (Smika and Unger,

1986).
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Research on soil physicochemical properties comparing annual and perennial
systems has recently been initiated. However, less is known about differences between
diverse perennial circular systems and annual systems. Mapfumo et al. (2002) suggests
grazing intensity plays a dynamic role in organic matter stabilization as light grazing
ubiquitously produced greater litter mass than moderate and heavy grazing systems and
shifting from light to moderate grazing seemed to stimulate root growth as root mass to a
depth of 60 cm increased by 19% for smooth bromegrass and 29% for triticale, although
smooth bromegrass always had 2.67- to 3-fold greater root mass than triticale at these
intensities. Because of the reduced litter mass, increasing grazing intensity increases bare
ground occurrences in pastures (Naeth et al., 1991).

In addition to soil and litter differences, other differences exist between these two
types of systems including forage accumulation, distribution, nutritive value, animal
performance, and costs. In a 5-year study grazing a mixture of cereal rye and annual
ryegrass compared to a novel endophyte tall fescue (Schedonorus arundinaceus (Schreb.)
Dumort., nom. cons.) pasture, total weight gains were greater in the annual mixture (491
kg ha!) than the perennial pasture (349 kg ha') and the annual mixture was able to be
grazed for 63 more days ha*. However, the annual pasture had greater total costs and
ultimately similar net return to tall fescue (Islam et al., 2011). In this study, tall fescue
seeding costs were amortized over 5 years and if amortized for longer, net returns would
become greater for tall fescue, as was seen in previous research (Beck et al., 2008). In
double-cropped annual forage systems, there is an opportunity to further increase forage
production and distribution by having cool-season annual production in the late fall and

spring and warm-season annual production in the summer and early fall. This was seen in
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cereal rye (Secale cereale L.)/forage sorghum (Sorghum bicolor (L.) Moench) (Buxton et
al., 1999) and winter triticale/forage sorghum double crop systems (Holman et al., 2020).
Because double-cropped annual forages seem to be productive and well
distributed, one objective of this study was to compare seasonal forage accumulation and
nutritive value of a double-cropped annual forage system to a diverse perennial circular
system. In addition, we wanted to observe how soil litter cover changed throughout the
season between these two systems since previous literature has only compared smooth
bromegrass pastures to triticale pastures without double cropping a summer annual
forage. Our third objective was to compare the effects of N fertilization with unfertilized

mixed grass-legume treatments on herbage component mass and nutritive value.

Materials and Methods

Site History

The diverse perennial circular forage system (DPCFS) and the double cropped
annual forage system (DCAFS) experiments were conducted near Mead, NE at the
University of Nebraska — Lincoln Eastern Nebraska Research, Extension, and Education
Center in 2022-2023. In 1981, the site for the DPCFS experiment was seeded with
‘Lincoln’ smooth bromegrass, and six adjacent 1.20-ha pastures were established. From
1985 to 2009 these pastures were fertilized annually with 90 kg N ha* urea in March or
April. In 2010 three random pastures were selected and interseeded with a diverse legume
mixture including alfalfa (Medicago sativa L.), red clover (Trifolium pratense L.), and
birdsfoot trefoil (Lotus corniculatus L.), as a replacement for N fertilization in those
pastures. From 2012 to this study, each of the six pastures was rotationally stocked with

2.5 to 3.3 variably sized crosshred steers (Bos taurus L.) ha* using six or twelve equally



65

sized paddocks. In depth management history was provided in Guretzky et al., (2023) and
Jenkins et al., (2024). Since the time of seeding, pastures have become more diverse with
perennial grasses including creeping foxtail (Alopecurus arundinaceus Poir.), reed
canarygrass (Phalaris arundinacea L.), and Kentucky bluegrass (Poa pratensis L.);
though smooth bromegrass remains the dominant component of the cool season grass
community. Soils in the DPCFS experiment consisted of 30% Yutan silty clay loam
(fine-silty, mixed, superactive, mesic Mollic Hapludalfs), 51% Tomek silt loam (fine,
smectitic, mesic, Pachic Argiudolls), and 19% Filbert silt loam (fine, smectitic, mesic
Vertic Argialbolls).

The DCAFS experiment was established on a site that historically had been used
for corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] production. Beginning in
fall 2019, the DCAFS experiment was established by seeding nine, 0.4-ha pastures to
triticale [xTriticosecale Wittm. ex A. Camus (Secale x Triticum)]. In spring, three of the
triticale pastures were interseeded with red clover (Trifolium pratense L.), three were
fertilized with N, and three remained non-fertilized. After a spring grazing period, the
pastures were terminated, and a summer crop of sorghum-sudangrass [Sorghum bicolor
(L.) Moench x S. bicolor (L.) Moench ssp. drummondii (Nees ex Steud.) de Wet &
Harlan] was seeded. After cutting and removing the crop as hay in late summer, the
triticale-summer annual forage sequence was repeated in 2020-2021, 2021-2022, and
2022-2023 except pearl millet (Pennisetum glaucum (L.) R. Br.) was substituted for
sorghum-sudangrass, and forage soybean (Glycine max (L.) Merr.) was added to the three
pastures with the mixed-legume component. Thus, the triticale-red clover mixture was

double cropped with a pearl millet-soybean mixture in the mixed-legume pasture
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treatment. In the N-fertilized treatment, the three fertilized triticale pastures received 67
kg N hat as granular urea in spring from 2020-2023. The pearl millet that followed the
fertilized triticale pastures also received 67 kg N ha! in summer 2021-2023, but
sorghum-sudangrass did not receive any in summer 2020. The mixed-legume and non-
fertilized pastures did not receive any fertilizer from 2020-2023. Soils in the DCAFS
experiment consisted of 30% Yutan silty clay loam, 34% Fillmore silt loam (fine,
smectitic, mesic Vertic Argialbolls), and 36% Filbert silt loam.
Experimental Design

In this study, a common set of data collected from the 2021-2022 and 2022-2023
production seasons were used to evaluate the effects of N fertilizer versus seeding
legumes in the DPCFS and DCAFS experiments. The DPCFS experiment had a
completely randomized design with three replications each of N-fertilized (FERT) and
non N-fertilized mixed-legume (LEG) pastures. For this experiment, each 1.20-ha pasture
was split into six, 0.20-ha paddocks for rotational stocking, and the FERT pastures
received 90 kg N hat as granular urea on 1 April 2022 and 18 April 2023 (Figure 1).

The DCAFS experiment also had a completely randomized design with three
replications of FERT and LEG pastures, along with three non-fertilized pastures not
reported in this study. On 17 September 2021 and 19 September 2022, triticale was
planted in the FERT and LEG pastures at 112 kg hat. About one week later, 13 kg ha!
red clover cv. Mammoth was seeded in the LEG pastures (24 September 2021 and 28
September 2022). After termination with glyphosate on 2 June 2022 and 15 June 2023,
FERT pastures were planted the following day with a monoculture of pearl millet cv.

Tifleaf Il at 11.2 kg ha! and LEG pastures were planted with a mixture of pearl millet
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and forage soybean cv. Laredo at 11.2 and 56 kg ha'?, respectively. In FERT pastures, 67
kg N hat was applied as granular urea in the spring on 11 April 2022 and 18 April 2023
and in the summer on 22 June 2022 and 10 July 2023 (Figure 1).

Vegetation Data Collection

In the DPCFS experiment, two paddocks were randomly selected from each
pasture to evaluate herbage accumulation. Four grazing exclosures, large enough to
center a 0.36 m? quadrat frame, were randomly placed within those paddocks, and
herbage was clipped at ground level on two sampling dates to reflect spring and summer
herbage accumulation. After the first sampling year, exclosures were relocated by
moving within the sampling paddocks. The first sampling occurred on 17 June 2022 and
5 July 2023 (Figure 1). Post harvesting, grazing exclosures were opened and surrounding
growth was cut and removed with a string trimmer to reduce the potential for edge
effects. Regrowth accumulated during the summer at the DPCFS was clipped on 1
September in 2022 and 2023 (Figure 1).

In the DCAFS experiment, one, 0.36-m? quadrat was clipped at ground level
within each of three randomly placed grazing exclosures at the end of the spring grazing
period. Herbage components were separated into paper bags by functional groups
consisting of perennial grass, legume, weedy grass, and weedy forb, while litter, manure,
and standing dead were discarded. The data were collected on 1 June 2022 and 12 June
2023 (Figure 1). The summer sampling in the DCAFS, though, did not occur within
grazing exclosures as these pastures were not grazed but were clipped from six random

locations within each pasture on 1 September in 2022 and 2023 (Figure 1). Samples were
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dried to a constant weight in a forced-air oven at 60°C for at least 72 h, removed from the
bag, and weighed on a tray to determine mass of each herbage component.
Animal Management

The following animal management is most pertinent to plant litter collections, as
herbage was clipped within grazing exclosures at both locations. In the DPCFS, four
crossbred steers of similar weight (275-308 kg hdt) were turned out onto paddock 1 of
each pasture on 5 May 2022 and 4 May 2023. Steers were then rotationally stocked
through the remaining paddocks in daily paddock shifts during cycle 1 which ended 11
May 2022 and 10 May 2023. During the second cycle, steers were rotated on 3-d
intervals until completing the second cycle on 29 May 2022 and 28 May 2023. In the
third cycle, steers were rotated on 6-d intervals on each paddock, which ended on 4 July
2022 and 3 July 2023. During the following cycles, steers were rotated on 3-d intervals or
when visual pasture appraisal deemed forage was less than <5 cm until grazing
termination departure, which occurred on 25 August 2022 and 30 June 2023 (112 and 57
grazing days, respectively). After grazing termination, steers were limit-fed and weighed
for three consecutive days, and the average weight was used to calculate ADG. During all
grazing cycles, steers were sequentially grazed through paddocks 1-6 and given iodized
salt blocks ad libidum. One fenceline water tank per pasture was given between every 1st
and 2nd, 3rd and 4th, and 5th and 6th paddock and thus was emptied and moved every
two cattle rotations.

In the DCAFS, two crossbred steers were turned out onto each pasture on 20
April 2022 and 16 May 2023 and continuously grazed their respective pasture. To

maintain a similar grazing intensity across all paddocks, put and take stocking was used
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to balance forage height between each experimental unit and was appraised using a drop-
disc (data not shown) so number of steers within the pastures varied daily. Steers were
removed from experimental pastures on 21 May 2022 and 26 May 2023.
Plant Litter

In the DPCFS, litter cover data were collected in the same two randomly selected
paddocks in each pasture at four dates throughout the growing season including on 26
April, 2 June, 7 July, and 12 August in 2022 and 2023 (Figure 1). Twenty-five points
were assessed visually in the DPCFS in each selected paddock using the modified step
point system outlined by Owensby (1973) to estimate litter cover as compared to bare
ground to reflect a total of 42 occurrences ha. To do this, 50 point measurements were
collected in each paddock in the DCAFS while 25 point measurements were collected in
the DPCFS in the same two random paddocks (B and E) within each experimental unit.
Litter was counted if the particulate organic matter was at least visible to the naked eye
and appeared to be mostly intact, not visually degraded, and appeared functional in
reducing rain droplet speed. If the point landed on a plant base, the data were recorded
but are not shown, as counts were around 0-2% of occurrences. Cattle manure was not
counted in 2022 but was recorded as ‘litter’ in 2023 as researchers concluded there was
little distinction between undigested fiber in manure piles <1 year old and functional
litter. Bare ground occurrences were recorded when the sharpened tip of the step point
touched bare soil 1) in between plants or litter particles, 2) where cattle pugging occurred,

and 3) where rodent, badger, or coyote hole occurred.
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Forage Nutritive Value

At both locations, the weedy grass and weedy forb functional groups were
combined into the functional group hereafter called ‘weeds’ to obtain enough material to
complete nutritive value procedures with. All functional groups were ground in a Wiley
mill to 4 mm, subsampled, and ground to 1 mm. After grinding, samples were
subsampled again and sent to Ward Laboratories (Kearney, NE) for C/N analysis;
estimates were returned on a DM basis. Neutral detergent fiber (NDF) fractionation was
completed using the Ankom procedure with F58 filter bags, alpha amylase, and sodium
sulfite. In vitro organic matter digestibility (IVOMD) was determined for each functional
group in 2 runs using methods described by Tilley and Terry (1963). McDougall’s buffer
(McDougall, 1948) was added at a rate of 1 g urea L* buffer solution, to ensure adequate
N availability to rumen microbes (Weiss, 1994). Blank tubes not containing ground
sample were used in each in vitro run to adjust for contamination from the rumen fluid.
Following incubation, samples were filtered through Whatman 541 filter paper, dried at
60°C for 24 hours, then placed in crucibles and heated in a muffle furnace at 600°C for 6
hours. Five hay standards were included to which in vivo (total tract) digestibility was
known and were used to adjust IVOMD concentrations. Concentrations for C, N, and
IVOMD were multiplied by their respective functional group’s mass to determine
nutrient yields.
Statistical Analysis

For statistical analyses, we used a mixed model in SAS version 9.4 by system to
analyze DCAFS and DPCEFS as separate entities. In each analysis, we analyzed each

herbage mass component with an ANOVA model that included main effects and their
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interactions of pasture type, time of sampling, and year. Time of sampling x year was
included in a repeated statement to signify that these were repeated measures with the
subject being the replication within the experimental unit x pasture type interaction. Least
square means and their differences were computed using Ismeans statements followed by
corresponding pdiff statements, only including significant main effects or interaction

effects.

Results

Weather Conditions

During 2021, precipitation was greater than 2022 and 2023 in August, September,
and October by 111-123 mm, 14-24 mm, and 117 mm (October 2023 not shown),
respectively (Figure 2). In January, February, April, June, and July, there was 19 mm, 31
mm, 9 mm, 53 mm, and 174 mm greater precipitation in 2023 than in 2022, respectively.
In 2022, there was greater precipitation in late summer and fall months than in 2023
including by 12 mm in August, 10 mm in September, 17 mm in October, 12 mm in
November, and 27 mm in December in addition to 26 mm in March and 104 mm in May.
The months January, February, April, and May were colder on average in 2022 than 2023
(Figure 3). While June and August had relatively similar temperatures between years,
July was 2°C warmer in 2022 than 2023. October, November, and December were much
colder in 2022 than 2021, with mean differences of 1.5, 2.9, and 6.8 °C.
Double Cropped Annual Forage System

In the DCAFS, mass of forage grasses, legumes, and total forage species all
depended on pasture type x time x year interactions. Of the weedy species, mass of

weedy grasses and total weedy species depended on pasture type x time and time x year



72

interactions while weedy forb mass was not significantly affected across pasture type,
time, and year. Total herbage mass depended on a pasture type x time x year interaction
(Table 1). Forage grass, legume, forage species, and total herbage mass in the DCAFS are
displayed in table 16. Forage grass mass did not differ among pasture types in the spring
of 2022, the summer of 2022, nor the spring of 2023. However, in the summer of 2023,
FERT forage grass was 96% greater than LEG forage grass. Across both pasture types,
summer forage grass mass was 711% greater in FERT and 218% greater in LEG than in
the spring. In 2022, forage grass mass in the summer was 65% less than in the spring.
Legume mass was clearly greater during the summer than the spring, as red clover nil
across both years. Summer legume mass, which averaged 930 kg hat, did not differ
between 2022 and 2023. Total forage species mass was not significantly different among
pasture types at both sampling times in 2022 nor in the spring of 2023. In the summer of
2023, FERT pasture forage species mass was 69% greater than in LEG pastures.
Similarly to forage species mass, total herbage mass was not significantly different
among pasture types at both sampling times in 2022 nor in the spring of 2023. The FERT
pastures, though, accumulated 68% greater herbage mass than LEG in the summer of
2023. However, herbage mass was not significantly different between sampling times in
2022 in either pasture type. In addition, herbage mass was greater in the summer than in
the spring of 2023 in both FERT and LEG pastures with differences of 820% and 322%,
respectively.

Table 17 shows weedy grass and weedy species mass in the DCAFS. Weedy grass
mass was greatest in the summer sampling time, as weedy grasses in the spring were nil

while FERT pastures accumulated 2937 kg ha and LEG pastures accumulated 1858 kg
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ha! in the summer, a 45% difference. Weedy forb mass was nil and therefore similar
across pasture type, time, and their interaction (data not shown). Because of this, weedy
species mass reacted similarly to pasture type and treatment, essentially nil in the spring
while FERT pastures accumulated 2937 kg ha* and LEG pastures 1864 kg ha* in
summer. Weedy grasses and weedy species were nil during the spring sampling time and
were significantly greater in the summer of both years (table 18). In the summer, 2022
had 115% greater weedy grass and weedy species mass than in 2023.

In the DCAFS, N concentration in forage grasses depended upon main effects of
pasture type, sampling time, and year. However, forage species N concentrations only
tended to be dependent on pasture type and year but was dependent on sampling time.
Weedy species N concentration was dependent upon pasture type alone in the DCAFS.
Also in this system, total herbage N concentrations depended on pasture type and
sampling time (Table 3). Tissue N concentrations in the DCAFS are displayed in table
20. The nitrogen concentration in forage grass was 46% greater in FERT than in LEG
pastures. Legume N concentration in the LEG pastures contained 19.99 g kg™ N in their
tissues during the summer sampling, improving forage species tissue N to 11.34 g kgt in
LEG pastures and changing the mean differences of pasture type to only tend towards
having different N concentrations. Weedy species tissues had 90% greater N
concentrations in FERT than LEG pastures. Meanwhile, total herbage N concentrations
were 37% greater within FERT pastures compared to LEG pastures. N concentrations of
forage grasses were 67% greater at the spring sampling versus the summer sampling
time. Forage species N concentrations were 39% greater in the spring than at the summer

sampling time. Weedy species in the summer sampling had tissue N concentrations of
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11.22 g kg. In addition, total herbage N concentrations in the spring were significantly
greater than summer N concentrations, with the spring sampling time having 37% more
N in its tissues. Average N concentrations of forage grasses and forage species had
greater N concentrations in 2023 than in 2022. In forage grasses, this difference was 24%
but in forage species, the difference was only 15% because of high legume N
concentrations. Between years, legume and weedy species N concentrations did not differ
and total herbage N concentrations only tended to differ.

N yields of forage grasses, forage species, weedy species, and total herbage were
all dependent on pasture type x time X year interactions in the DCAFS while legume N
yields were dependent on time x year interactions (Table 5). In the DCAFS, N yields of
herbage components are displayed in table 21. Nitrogen yields of forage grasses were
nearly 10-fold greater in 2023 than in 2022 in both FERT and LEG pasture types. In
2022, spring forage grass N yields were 403% greater in FERT pastures and 501%
greater in LEG pastures than in the summer. In 2023 however, FERT pastures had 420%
greater summer N yields and LEG pastures had 66% greater summer N yields compared
to their respective spring N yields. Forage grass N yields were greater in FERT than LEG
pastures in the spring of 2022 and in the summer of 2023, but not in the summer of 2022
nor the spring of 2023. FERT pastures in the spring of 2022 had 83% greater N yields
than the summer and 2023 had 235% greater summer N yields than in the spring. Legume
N yields did not differ between years but were always greater during the summer
sampling time. Weedy species N yields were nil in the spring of 2022 and 2023,
regardless of pasture type. Weedy species N yields were significantly greater in FERT

than LEG pastures during the summer sampling time of both years, with 206% greater N
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yields in the summer 2022 and 185% greater N yields in the summer of 2023. Total
herbage N yields were similar across sampling times in 2022 but were 509% greater in
FERT and 173% greater in LEG during the summer than the spring of 2023.
Additionally, total herbage N yields were greater in FERT than the LEG pasture type in
2022, with 83% greater N yields in the spring and 78% greater N yields in the summer. In
2023, spring herbage N yields did not differ between FERT and LEG pastures, but
summer N yields were 137% greater in FERT pastures.

In the DCAFS, NDF concentrations of forage grasses, forage species, legumes,
and total herbage were dependent on sampling time x year interactions. Weedy species
and forage species depended on a pasture type x time interaction while total herbage had
a tendency towards this interaction (Table 7). In the DCAFS, NDF concentrations are
displayed by year in table 26. NDF concentrations of forage grass at the spring sampling
time were 33.3 g kg! less in 2022 than 2023 but the summer sampling had 23.9 g kg™
greater NDF in 2022 than 2023. In 2022, there was no difference in forage grass NDF
between sampling times but in 2023, the summer sampling was 71.5 g kg™t greater than
NDF of the spring forage grass. Forage species NDF concentrations were 33.0 g kg less
in 2023 during spring but were 40.1 g kgt less in 2022 than 2023 during the summer.
While forage species NDF was not different between sampling times in 2022, summer
NDF concentrations were 70.7 g kg™t greater than the spring of 2023. Weedy species
NDF concentrations did not differ between years at the summer sampling date. Total
herbage NDF concentrations were 31.8 g kg less in 2023 than in 2022 at the spring
sampling time but during the summer sampling time, NDF concentrations were 24.8 g kg’

Lgreater in 2023.
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In the DCAFS, NDF concentrations within each pasture type and sampling time
are shown in table 27. NDF concentrations of forage grass did not differ between pasture
types in spring nor summer. Averaged across pasture types, summer NDF concentrations
of forage grass were 42.9 g kg greater than spring NDF concentrations. Forage species
NDF concentrations did not differ between pasture types in the spring, but FERT had
35.7 g kgt greater NDF than LEG during the summer sampling time. Both LEG pasture
types had similar NDF concentrations in forage species at spring and summer sampling
times but FERT pastures had 47.6 g kg™ greater NDF during the summer compared to the
spring sampling time. Weedy species had an 18.5 g kg™* greater NDF concentration in
LEG than FERT pastures during the summer sampling time. Total herbage NDF
concentrations did not differ between pasture type in the spring but in the summer, LEG
was 16.6 g kg less than FERT. FERT had 46 g kg™ less herbage NDF concentrations in
spring than summer, but no difference occurred among sampling times in LEG while
LEG pastures had a tendency to have greater NDF in the summer than the spring.

In the DCAFS, IVOMD concentrations of forage grasses, forage species, and total
herbage were dependent on pasture type x sampling time X year interactions. Legume
IVOMD concentrations were sampling time dependent and weedy species IVOMD
concentrations were dependent on sampling time x year interactions in the DCAFS
(Table 9). In the DCAFS, IVOMD concentrations of herbage components are listed in
table 30. Spring and summer forage grass IVOMD concentrations did not differ between
pasture types in 2022, but in 2023, forage grass IVOMD concentration was 47.1 g kg
less in LEG than FERT pastures in spring and 52.2 g kg greater in LEG than FERT

pastures in summer. In 2022, FERT and LEG pastures had 75.2 g kgt and 91.7 g kg*
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greater forage grass IVOMD concentrations in summer than spring,. In 2023, forage
grasses had 107.6 g kg less IVOMD in summer than spring in FERT pastures but similar
IVOMD in spring and summer in LEG pastures. Forage species IVOMD was similar
between FERT and LEG pastures in the spring and summer of both years. Forage species
IVOMD, meanwhile, was 68.6 g kg greater in summer than spring in 2022 averaged
across pasture types. In FERT pastures, IVOMD concentrations of forage species were
107.6 g kg* less in summer than spring in 2023 while LEG pastures did not differ. In
2022, weedy species IVOMD concentration was not different in summer but in 2023,
weedy species had 78.8 g kg greater IVOMD in LEG than FERT. Total herbage
IVOMD was similar between pasture types in spring and summer in 2022 but was 47.1 g
kg greater and 42.4 g kg less in FERT than LEG during spring and summer sampling
times, respectively, in 2023. In 2022, herbage IVOMD concentrations were 37.5 and 42.4
g kgt greater in summer than spring in FERT and LEG pastures, respectively. In 2023,
herbage IVOMD was similar across sampling times in LEG pastures but 112.9 g kg less
in summer than spring in FERT pastures.

In the DCAFS, IVOMD vyields of forage grasses, forage species, and total herbage
were dependent on pasture type x sampling time x year interactions. Weedy species
IVOMD vyields at this location tended towards pasture type x sampling time interactions
but were only dependent on pasture type main effects with a sampling time x year
interaction. Legume IVOMD vyields in the DCAFS were only dependent on time main
effects (Table 11). In the DCAFS, IVOMD vyields are shown in table 31. Forage grass
IVOMD vyields did not differ by pasture type during the spring or summer in 2022 or in

the spring of 2023. However, during the summer of 2023, forage grass IVOMD vyield was
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44% less in LEG than FERT pastures. In 2022, FERT had 158% greater forage grass
IVOMD vyield in the spring compared to summer and LEG pastures had 145% greater
forage grass IVOMD vyield in spring than summer. In 2023, FERT and LEG pastures had
583% and 215% greater forage grass IVOMD vyield in the summer than the spring. Like
forage grass, forage species IVOMD vyield only differed by pasture type in the summer of
2023, with LEG having 36% less than FERT. In 2022, forage species IVOMD yield was
61% less in summer than spring in FERT pastures. In 2023, forage species IVOMD vyield
were 582% greater in FERT and 262% greater in LEG during the summer compared to
spring. Weedy species IVOMD vyield was 55% greater in FERT than LEG pastures in the
summer of 2022 but not significantly different in the summer of 2023. Total herbage
IVOMD vyield did not differ across pasture type or sampling time in 2022 but in 2023,
herbage IVOMD vyield was 56% greater in FERT than LEG in summer. In 2023, herbage
IVOMD vyields were 668% and 309% greater during the summer than spring in FERT
and LEG pastures, respectively.

In the DCAFS, bare ground and litter counts were affected by sampling time x
year interactions. At this location, bare ground tended toward pasture type main effects
but no tendencies were observed in litter counts (Table 13). In the DCAFS, basal cover is
shown as bare ground and litter cover in figure 4. Bare ground exposure in 2022 began
with 35.7% in June and was similar until September, where bare ground was reduced to
19.6%. During this year, litter cover was consistently greater than bare ground cover
across the season. Beginning in June with 58.0%, litter cover improved to 66.0% in
August and 74.0% by September. In 2023, bare ground exposure in June began with

37.3% bare ground in June and increased to 49.7% in and increased by August. During
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September, bare ground surpassed litter cover 11.7% units more than litter cover,
increasing bare ground from June and July but decreased litter cover from these dates
across the growing season.
Diverse Perennial Circular Forage System

In the DPCFS, mass of forage species components including forage grasses and
total forage species both depended on time x year interactions while legumes depended
on pasture type alone. Among weedy species, mass of weedy grasses and total weedy
species depended on time x year interactions while forb mass was not significantly
affected by pasture type, time, or year. Total herbage in the DPCFS also depended on
time x year interactions (Table 2). In the DPCFS, herbage component mass is displayed
in table 19. Forage grass was greater during the spring sampling time than the summer
sampling time across both years. This was most pronounced in the spring of 2022, when
forage grass was 7179 kg ha! greater than in the summer sampling date whereas the
spring of 2023 was only 1318 kg ha! greater than in the summer sampling date. In 2022,
forage grass mass was 41% greater during the spring sampling date than in 2023 while
the summer of 2022 accumulated 402% greater forage grass mass. Consequently, these
two years had similar forage grass mass in 2022 and 2023, averaged across sampling
dates. Forage species mass reacted similarly to forage grass mass, as legumes made up a
small component of the legume treatment across sampling times and years (204 kg hat).
In the spring of 2022, forage species mass was 40% greater than in 2023 and was 353%
greater in the summer of 2022 than the summer of 2023. Across years, spring forage
species mass was greater than summer which again, was more pronounced in 2022 than

in 2023 with mean differences of 7201 kg ha! and 1408 kg hal, respectively.
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DPCFS had significant weedy grass mass only during the summer of 2023,
whereas spring sampling times and summer of 2022 had nil weedy grass accumulation.
Weedy species mass was similar to weedy grass mass during each year and sampling
time, and was significant only during the summer of 2023. Like forage species, total
herbage mass was greatest during spring sampling compared to summer sampling times,
where 2022 had a mean difference of 7219 kg ha and 2023 had a mean difference of
1222 kg ha. In 2022, spring herbage mass was 40% greater than in spring of 2023 but
during the summer, herbage mass was 360% greater in 2023 than in 2022.

In the DPCFS, forage grass N concentration was dependent on pasture type x
sampling time and sampling time x year effects while legume N concentration depended
on sampling time alone. Like forage grass, forage species N concentrations in this study
were also dependent on pasture type x sampling time and sampling time X year
interactions. Total herbage N concentrations were dependent on sampling time x year
interactions (Table 4). N concentrations of forage grasses, forage species, and total
herbage followed similar trends across years and sampling times (Table 22). Forage
grasses were 44% greater in the spring of 2023 compared to 2022, but in the summer of
2022, N concentrations were 47% greater than in the summer of 2023. Within each year,
N concentrations of forage grasses were greater in the summer by 137% in 2022 but only
12% in 2023. Forage species had a 43% greater tissue N concentration in the spring of
2023 compared to the spring of 2022 but had a 30% less N concentration in the summer
of 2023 compared to 2022. Between sampling times, forage species had a 135% greater
N concentration during the summer than the spring of 2022 but only 11% greater tissue N

during the summer than the spring of 2023. Additionally, total herbage N concentration
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was 43% greater in the spring of 2023 compared to the spring of 2022 while the summer
of 2023 was 30% less than the N concentration in the summer of 2022. During the
summer of 2022, herbage N concentration was 124% greater compared to the spring but
the summer of 2023 had only a 10% greater N concentration than the spring of 2023.

Forage grass and forage species N concentrations in FERT and LEG pastures
were greater in the summer than in the spring (Table 23). Forage grass N concentrations
were 23% greater in FERT than LEG pastures during the spring sampling date, but
summer N concentrations of FERT pastures were only 5% less. Nitrogen concentrations
in forage grasses were 51% greater in the summer in FERT and 77% greater in summer
in the LEG pastures compared to their respective spring sampling concentrations. Forage
species N concentrations were 19% greater in FERT compared to LEG pastures during
spring sampling but were only 8% greater during the summer sampling time. While
FERT forage species had 51% greater N concentrations during the summer than the
spring, LEG forage species had 67% greater N concentrations during the summer. Unlike
forage grass and forage species, legume N concentrations were 20% greater in the spring
than in the summer sampling date (Table 23).

In the DPCFS, N vyields of forage grasses and forage species were dependent on
pasture type main effect and sampling time x year interactions while weedy species were
only dependent on sampling time x year. Total herbage N yields in the DPCFS were
dependent on pasture type x time and time x year interactions (Table 6). N yields of
forage grass, forage species, weedy species, and total herbage did not differ between
years at each spring sampling time, however, these functional groups had 247%, 220%,

748%, and 228% greater N yields during the summer of 2023 compared to the summer of
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2022, respectively (Table 24). Forage grass N yields were 295% greater in the spring than
summer of 2022 but were only 16% greater in the spring than the summer in 2023.
Forage species N yields were 272% greater in the spring of 2022 but in 2023, spring N
yields were 18% greater than during the summer sampling time. Weedy species N yields
did not differ across sampling times during 2022, but they were significantly greater in
the summer of 2023 than the spring. However, the mean difference was only 3.2 kg N ha’
1, Of the total herbage N yields, 2022 was 270% greater during the spring than the
summer while 2023 had 15% greater N yields during the spring than the summer
sampling time.

Forage grass, forage species, and total herbage N yields were greater in the spring
than the summer, and in FERT than in LEG pastures (Table 25). Forage grass had 48%
greater N yields in FERT than LEG pastures during the spring while summer N yields
were 41% greater in FERT than LEG pastures. FERT pastures had 82% greater forage
grass N yields during the spring than summer while LEG pastures had 73% greater forage
grass N yields during the spring. Forage species in FERT pastures had 38% greater N
yields than LEG pastures during the spring whereas FERT pastures had 32% greater N
yields than LEG in the summer. FERT pastures had 82% and LEG pastures had 75%
greater forage species N yields in the spring compared to summer. Total herbage N yields
were 38% greater in the spring sampling time and 30% greater in the summer sampling
time in FERT pastures compared to LEG pastures. FERT pastures had 79% greater and
LEG pastures had 69% greater herbage N yields in spring compared to summer.

In the DPCFS, NDF concentrations of forage grasses, forage species, and total

herbage depended on sampling time x year interactions while weedy species were not



83

affected by any treatment applied (Table 8). In the DPCFS, NDF concentrations are
shown by year and sampling time in table 28. Forage grass NDF concentration was 42.5
g kg less in the spring of 2023 compared to the spring of 2022 but 120 g kg* less in the
summer of 2022 compared to the summer of 2023. Forage grass NDF concentration was
150 g kg less in spring than in summer in 2022, but in 2023, it remained the same across
sampling times. Forage species had 47.4 g kg* less NDF in 2023 than in 2022 at the
spring sampling time while having 131.3 g kg greater NDF in 2023 than 2022 at the
summer sampling time. In 2022, forage species had 159.3 g kg* less NDF in the summer
sampling date compared to the spring while in 2023, there was a tendency for the summer
sampling NDF concentration to be higher. Total herbage NDF concentration followed a
similar trend to forage grass and forage species, having 48.1 g kg less NDF in 2023 than
2022 at the spring sampling time and 122.6 g kg* greater NDF in 2023 than 2022 at the
summer sampling time. Herbage NDF was 161.8 g kg™ less in the summer than the spring
of 2022 but in 2023, there was no difference in NDF concentrations between sampling
times.

In the DPCFS, NDF concentrations of herbage components are listed by year and
sampling time in table 29. Forage grass NDF concentrations tended to be greater in LEG
pastures compared to FERT pastures in the spring while there was no difference in NDF
concentrations between FERT and LEG pastures in the summer. In FERT pastures, NDF
concentrations were 62.4 g kg* less in the summer than the spring and LEG pastures had
76.5 g kgt less NDF in the summer than in the spring. Forage species, weedy species,
and total herbage NDF concentrations did not differ between pasture type at either

sampling time, and averaged together, forage species had 69.9 g kg less NDF in the
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summer, weedy species and legumes had no difference, and total herbage had 76.5 g kg™
less NDF in the summer than in the spring.

In the DPCFS, IVOMD concentrations of forage grasses and forage species
depended on a pasture type x year interaction but total herbage only tended toward this
interaction. Instead, total herbage IVOMD concentrations were dependent on sampling
time and year main effects, while weedy species and legumes were not affected by any
variable in the DPCFS (Table 10). In the DPCFS, IVOMD concentrations of forage
grasses, forage species, weedy species, and total herbage were not different between
years at the spring sampling time, and weedy species IVOMD concentrations did not
differ within years across sampling times (Table 32). During the summer, IVOMD
concentrations of forage grasses were 62.5 g kg™ less in 2023 than 2022. In 2022,
summer I'VOMD concentrations were 98 g kg greater than the spring, and in 2023,
summer had 49.6 g kg greater IVOMD than the spring. Forage species had 63.5 g kg*
greater IVOMD in 2022 compared to 2023 at the summer sampling time. Total herbage
IVOMD was 59.4 g kg less in 2022 than in 2023 at the summer sampling. Total herbage
had 98.6 g kg and 57.3 g kg* greater IVOMD in summer than the spring in 2022 and
2023, respectively.

In the DPCFS, forage grasses, forage species, and total herbage IVOMD vyields
were all dependent on sampling time x year interactions and tended toward having
pasture type main effects. In this system, legume and weedy species IVOMD vyields were
not affected by time or year (Table 12). In the DPCFS, IVOMD Yyields of herbage
components by year and sampling time are shown in table 33. Forage grass IVOMD vyield

was 31% less in spring of 2023 than 2022 but in the summer, 2023 IVOMD vyield was
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351% greater than in 2022. During both years, spring IVOMD vyield was greater than
summer yield, with 677% more in 2022 and 19% more in 2023. Forage species also had
31% less IVOMD vyield in 2023 than 2022 during the spring sampling, but in the summer
sampling time, there was 309% more IVOMD in 2023. In 2022, forage species IVOMD
yield was 86% less in the summer compared to spring, but in 2023, forage species
IVOMD yield was only 17% less in summer. Weedy species IVOMD vyield did not differ
significantly between years in spring, but it showed a tendency to be greater in 2023 than
2022 in summer and in summer than spring in 2023. Herbage IVOMD yield was 31%
less in 2023 compared to 2022 in spring but was 316% greater in 2023 than 2022 in
summer. Total herbage IVOMD yield in spring was 588% greater than during summer in
2022 but only 14% in 2023.

In the DPCFS, bare ground and litter counts were observed to have sampling time
X year interactions with no pasture time main effects or tendencies (Table 14). In the
DPCEFS, basal cover is shown as bare ground and litter cover in figure 5. Bare ground
exposure was at similarly low percentages across sampling times and years. Litter cover,
on the other hand, increased from a low of 81.3% in June of 2022 to 90.7% by July,
remaining similar for the rest of the sampling times. In 2023, litter cover was similar

across all sampling times, averaging 90.8% .

In the DPCFS, steer initial BW, final BW, ADG, and total gains were dependent
on year main effects alone. A tendency toward a pasture type x year interaction was
observed for initial BW (Table 15). In the DPCFS, BW began at 277 + 0 kg hd™* and
ended at 365 + 3 kg hd™* in 2022 and in 2023, steers began at 307 + 0 kg hd* and ended

at 373 £ 3 kg hd in 2023. In 2022, steers gained 88 + 3 kg hd-* over the 112-d grazing
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season with ADG of 0.79 + 0.04 kg hd™* d*. In 2023, steers gained 66 + 3 kg hd* in only
57 d with ADG of 1.11 + 0.04 kg hd* d*.
Discussion

Double Crop Annual Forage System

In the DCAFS, N fertilization in the FERT pastures had no impact on triticale
herbage accumulation in the spring compared to unfertilized triticale in the LEG pastures.
In the spring LEG pastures, red clover was not present in enough quantities to improve
total herbage mass. Other studies have shown that red clover may struggle to compete
and accumulate biomass in spring (Baraibar et al., 2018), yet probably not as poorly as in
our study. Factors that may have contributed to poor red clover performance include the
seeding method, fall planting instead of frost-seeding (Blaser et al., 2006), or the planting
depth. In addition to very little red clover present, there were nearly no weeds present
during spring sampling times, and those present were summer annual grass seedlings that
were just emerging and had amounted to no biomass. Thus, herbage accumulation across
the spring was essentially 100% triticale and equal across the FERT and LEG pasture
types.

In the DCAFS in the dry summer of 2022, forage soybean did not accumulate
enough mass to improve forage species mass in the LEG compared to FERT pastures.
Forage grass, forage species, and total herbage mass components also were similar across
pasture types. In the wetter summer of 2023, however, the high precipitation improved
pearl millet accumulation in FERT by nearly double compared to the LEG pastures.
Warm-season annual forage grasses are commonly known to increase mass under N

fertilization, and they have high N use efficiency under wetter conditions (Sawargaonkar
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etal., 2013). In LEG pastures, forage soybean did not improve forage species
accumulation enough to compensate for this gain by N fertilization in the wet summer.
Others have observed forage soybean to have even lower productivity and contribute a
smaller proportion of biomass (<4%) (Mercier et al., 2021) than what it did in our study
(12-15%) when grown in a mixture with warm-season annual grasses. In a comparison of
forage soybean intercropped with a relatively thin stand of forage sorghum compared to
our study, Redfearn et al. (1999) saw a 36% reduction in legume mass. This clearly
explains why our forage soybean mass was so low. Weedy grass accumulation was 1083
kg ha'! greater in FERT than LEG pastures, a likely response to increasing soil N
availability. Additionally, weedy grass accumulation was more than twice that of the
wetter summer of 2023 during the drier summer of 2022 when forage mass was low,
indicating their relative contribution to total herbage mass was greater during 2022.

Nitrogen fertilization has previously been shown to increase tissue N
concentrations in cereal grain cover crops (Balkcom et al., 2018), summer annual forages
(Heitman et al., 2017), and weeds (Blackshaw et al., 2002) and did so in our study at both
sampling times. In forage species averaged across years and sampling times, the high N
concentrations in legume tissues nearly made up for the effects of N fertilization on N
concentrations. Triticale N concentrations were greater than pearl millet N
concentrations, also making N concentrations of spring forage species greater than in the
summer. Year also seemed to affect N concentrations of forage grasses, by improving
them in the year with the wet summer.

Nitrogen yields in forage grasses in the DCAFS were much greater in FERT than

LEG pastures in the spring of 2022, which had more moisture than the spring of 2023.
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During the summer of 2023, it was evident that the summer rainfall dramatically
increased N yields in FERT pastures to a greater degree than in LEG pastures, as forage
grasses had more than three-fold greater N yields in FERT than LEG pastures and forage
species, weedy species, and total herbage had more than double the N yields in FERT
than LEG pastures. In the summer of 2022, smaller differences were detected in N yields
but only between weedy species and total herbage. These data come as no surprise, as
irrigation has been shown to improve N uptake and use efficiency in other species,
including sorghums (Sigua et al., 2018).

In the DCAFS, triticale NDF concentrations were lower in the drier spring of
2023 than the spring of 2022, but pearl millet had greater NDF in the wetter summer of
2023 than the summer of 2022. This could have resulted from the difference in
precipitation, as increasing irrigation has been shown to increase NDF concentrations in
sorghum species harvested at the same stage (Carmi et al., 2006). Contrasting pasture
types, legumes significantly decreased forage species NDF concentrations in LEG
pastures compared to forage grass NDF. Redfearn et al. (1999) showed that forage
soybean NDF was highly dependent on the leaf mass compared to stem mass, as leaf
NDF concentrations were 339 g kg™ while stems were 645-681 g kg* and saw that
intercropping significantly decreased stem NDF. Weedy species had similar NDF
concentrations to pearl millet, so total herbage NDF concentrations were not greatly
impacted by the different proportions of weedy species in the two summers . LEG
pastures also had lower NDF concentrations than FERT pastures, despite having slightly

greater weedy species NDF concentrations.
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Forage grass IVOMD concentrations and yields did not differ between pasture
types during 2022, the year with a wet spring and dry summer, but triticale, the spring
forage grass component, had lower IVOMD concentrations than pearl millet, the summer
forage grass component, in both pasture types that year. However, since triticale had
much greater mass than pearl millet that year, IVOMD vyields of forage grasses were
greater in FERT pastures and were nearly greater in LEG pastures in spring than summer.
Forage soybean did not change the IVOMD concentrations of forage species in LEG
pastures during the dry summer nor did the total herbage IVOMD concentrations change
after accounting for weeds, and IVOMD yields were similar between both pasture types
at both sampling times. Ultimately, in the year with the wet spring and dry summer,
carrying capacities of the total herbage would likely be similar during spring and summer
across both pasture types, indicating that fertilization was probably not worth the cost. A
similar argument could be made for the inclusion of the legume seed because it only
accounted for a small portion of the IVOMD yields in the herbage.

In the year with the dry spring, 2023, the triticale component had greater IVOMD
concentrations in FERT than LEG pastures and visually appeared to be more tillered and
less mature; however, IVOMD vyields did not differ between pasture types. There has
been extensive research on the effects of N fertilization on small grain crops, and this
effect has been documented in wheat, where increasing N fertilization increases total
tiller density by promoting underground buds to break dormancy and increase the
proportion of infertile tillers (Zhang et al., 2020). The bud break and increased tiller
density is likely a direct effect of fertilization creating cytokinin hormone responses

within lateral buds (Wang and Below, 1996). During dry conditions, this effect may have
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been especially apparent because the plant allocated what little resources it had from
apical meristem dominance in tillers to lateral meristem growth, exhausting its resources
and setting back tiller maturity. Therefore during dry conditions, spring N applications to
cereal grain forages has the potential to increase nutritive value concentrations with the
tradeoff of reduced or delayed productivity.

In the DCAFS, differences between years for litter cover was a function of
precipitation after triticale termination, as plant litter is known to decay at faster rates
under exposure to increasing relative moisture (Hood, 2001). In the first year, litter cover
accumulated after July and since there was a low amount of precipitation that summer,
bare ground cover remained constant. In 2023, soil litter cover declined between July and
September, even though there was more litter remaining post grazing of triticale in spring
(data not shown). By September of that year, bare ground had exceeded litter cover.
Diverse Perennial Circular Forage System

In the DPCFS, there were no differences in mass of herbage components between
pasture types, indicating that in smooth bromegrass pastures, N fertilization does not
improve herbage mass compared to perennial mixed grass-legume pastures. Indeed, in
previous years, the mixed grass-legume pastures have been shown to have greater smooth
bromegrass production than the N fertilized pastures. This “transgressive overyielding”
effect has also been observed in stands with perennial legumes that have only been
established. Transgressive overyielding could potentially be greater in long term mixed
grass-legume pastures under grazing such as in the DPCFS, but more research should be

done before conclusions can be made comparing grazed and hayed systems.
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In the DPCFS, the wetter spring and drier summer in 2022 caused greater
differences in mass of herbage components between sampling times than was seen in
2023 which had a dry spring and wet summer. In 2022, smooth bromegrass accumulated
8054 kg ha* of dry matter in the spring but only 875 kg ha* during the summer. In 2023,
though, smooth bromegrass accumulated 5713 kg ha™* of dry matter in the spring and
4395 kg ha't in the summer. Forage species and total herbage mass followed the same
trend as the forage grass component since legumes and weedy species were only a small
portion of herbage in both years.

Nitrogen yields of smooth bromegrass in the DPCFS were much greater in the
summer than spring in 2022, with a difference of 18.7 kg N ha* versus a difference of
2.38 kg N ha! in 2023. Even though there were no differences in forage grass and forage
species mass between pasture types, FERT had greater N yields in forage grass and
forage species mass than LEG at both sampling times with the greatest of these
differences occurred during the spring sampling. Among years, smooth bromegrass,
forage species, and total herbage N yields differed between the summers, as 2023
produced more than triple the N yields of 2022. Among pasture types, however, the
greatest N yields and variation between N yields occurred within the spring sampling
times, in which differences were around 40 kg N ha! greater in FERT than LEG pastures
but around 20 kg N ha* in the summer. These data indicate that spring applied N
fertilizer is more impactful on N uptake during the spring because by summer, the N
fertilizer has been assimilated, leached out of the soil, denitrified, and volatilized, or
conditions are simply not conducive to growth and subsequent N uptake (Follett and

Delgado, 2002).
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In the DPCFS, smooth bromegrass NDF concentrations, being 150.7 g kg™
greater during the spring than summer of 2022, indicates the summer growth was very
immature from the lack of precipitation, and this can be validated with the low summer
dry matter accumulation that year. In the next year, spring and summer NDF
concentrations of smooth bromegrass were similar because of a large quantity of rainfall
in the summer. Averaged across years, smooth bromegrass had lower NDF
concentrations during the summer compared to spring, which was expected as clipping
makes subsequent growth young and summer conditions grow cool season perennial
grasses slowly. Forage species and herbage NDF concentrations were not greatly
impacted by legume and weedy species, as they accounted for a small portion relative to
smooth bromegrass.

IVOMD concentrations of summer regrowth of smooth bromegrass were always
greater than springtime accumulations. However, the amount of high-quality weedy
species during the summer months made total herbage closer in IVOMD vyields. During
the wet summer, when the herbage had a chance to accumulate more forage, IVOMD
concentrations were less but IVOMD yields were much higher compared to the dry
summer. Because of the dry spring in 2023, IVOMD yields of smooth bromegrass
pastures were lower than during the spring of 2022.

System Comparison

Herbage mass in the DCAFS was more evenly distributed compared to the
DPCFS during the year with low spring moisture and high summer moisture. However,
summer weeds accounted for a greater proportion of herbage mass in summer than in

spring in the DCAFS and reduced total herbage IVOMD concentrations whereas weeds
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only accounted for a small portion of the herbage mass in the DPCFS during the summer
of 2022. In 2023, the DPCFS herbage mass and IVOMD vyields were more evenly
distributed across sampling times compared to the DCAFS, especially because pearl
millet was so productive during that year.

Herbage accumulation and nutritive value in the DCAFS seemed to be largely
driven by the presence of precipitation, phenomena also noted in a 5 year study
evaluating grazing of a double-cropped annual forage system in North Dakota (Sedivec et
al., 2011). Additionally, wetter years would allow more grazing days than drier years in
an annual system compared to a perennial system. This was seen in a 5 year study
comparing the average of three wet seasons where cereal rye-annual ryegrass mixtures
had 9% more grazing days ha* than tall fescue pastures but during a dry year when tall
fescue was fully established, grazing days were similar between systems (Islam et al.,
2011). Herbage in the DPCFS generally had its greatest nutritive value for summer
regrowth. However, DCAFS nutritive values varied between years and pasture types to a
larger extent than the DPCFS. In a hypothetical scenario where precipitation was
plentiful at both sampling times, our data suggests herbage IVOMD and NDF
concentrations may be numerically closer between samplings times in the DCAFS than
the DPCFS; the same can be said if precipitation was low at both sampling times. This
indicates that the DCAFS herbage might have more evenly distributed nutritive value
than the DPCFS under optimum precipitation conditions, as cool season perennial
pastures like smooth bromegrass (Lauriault et al., 2005) and tall fescue (Asay et al.,

2002) see forage growth reductions in the summer, regardless of irrigation management.
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A previous 3-year study in this DPCFS showed how differences in herbage mass
and nutritive values resulted in differences for animal performance across the season.
When legumes were around 20% of the annual forage mass, they increased forage mass
further into the summer. This resulted in significantly greater ADG during the second
half of the grazing season, from June to October, compared to N fertilized pastures
(Hillhouse et al., 2021). By the time of our study, the legume component had diminished
low enough where there was no longer a difference in herbage IVOMD vyields, and likely
not ADG, between pasture types during the spring sampling times in both years nor at the
summer sampling time of 2022. IVOMD yields of herbage differed between pasture
types in the summer of 2023, but steers had been removed before this additional growth
would have been grazed.

It comes as no surprise that we had greater litter cover in smooth bromegrass
pastures compared to annual pastures. Mapfumo et al. (2002) saw the same relationship
in their study as litter mass was always much greater in smooth bromegrass pastures
compared to triticale pastures. However, our DCAFS was likely a better comparison to
DPCFS because Mapfumo et al. (2002) followed triticale with a fallow period rather than
a warm season forage and smooth bromegrass does not have a fallow period.
Additionally, DPCFS litter cover was more resistant to change through the seasons
compared to the DCAFS which may allow it to sustain greater labile carbon stocks, lose
fewer nutrients to runoff (Avalos et al., 2009), and reduce raindrop speeds which allows
its soil to maintain lower bulk density (Dao, 1996). However, litter in smooth bromegrass
pastures is positively correlated with soil moisture but productivity can be increased via

litter removal because of improved tillering (Deutsch et al., 2010). Therefore, grazing
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probably increases productivity of smooth bromegrass pastures by removing some
biomass that would potentially become residue and opening the residue layer via treading
and improve tillering.

In central Oklahoma, a comparison between grazing novel endophyte tall fescue
pastures versus a cereal rye-annual ryegrass mixture found that in the short term (5
years), the annual system was more profitable but if costs were amortized over 12 years,
these two systems became similar in profitability, at $279 hat (Islam et al., 2011). In
northern Arkansas, novel endophyte tall fescue grazed over three seasons had greater net
returns than a wheat-cereal rye mixture but similar to or less profitable returns than
annual ryegrass pastures, depending on year, moisture, and subsequent grazing period
length (Beck et al., 2008). However, in eastern Nebraska, annual ryegrass is likely not a
good option for grazing because the cold and dry winter climate creates slow and stunted

spring growth, as was seen in central Missouri (Kallenbach et al., 2006).
Conclusion

Grazed smooth bromegrass pastures maintained greater litter cover and were more
resistant to fluctuations in soil cover across the growing season whereas litter cover of
double-cropped annual forage systems differed depending on growing season
precipitation. In smooth bromegrass pastures, herbage mass is usually greater in the
spring than summer. However, when precipitation is low in the spring but high in the
summer, smooth bromegrass may accumulate more equal herbage mass and nutritive
value across the growing season. A double-cropped annual forage system, though, is not
likely to have equal forage accumulation in spring and summer. This is because N

fertilized summer annual forages, such as pearl millet, are capable of accumulating
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greater nutritive value growth compared to triticale, particularly when summer
precipitation is high. When summer precipitation is low, pearl millet can become weedy
with low forage. However, in smooth bromegrass pastures, weeds remained suppressed
and can have greater digestibility and N concentrations. Therefore, summer annual
pastures can provide highly nutritious supplemental forage during summers that are not
excessively dry.

In smooth bromegrass pastures with 13-year-old remnant mixed-legumes
compared to long term N fertilized pastures, we observed relatively little benefit to N
fertilization besides increasing N in tissues. In double cropped annual forage systems,
legumes did produce enough mass to improve herbage mass or nutritive value to compete
with N fertilization. Therefore, N fertilization is needed to improve annual pasture
productivity, but not perennial pastures if they have been mixed with legumes in the last

13 years.
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Abstract

Interseeding warm-season annual forages into perennial cool-season grasses has potential
to increase herbage mass and quality. Yet, methods to do so successfully remain elusive. From
2020-2022, we conducted an experiment that evaluated herbage mass responses to sod
suppression after interseeding sorghum x sudangrass [Sorghum bicolor (L.) Moench x S. bicolor
(L.) Moench ssp. drummondii (Nees ex Steud.) de Wet & Harlan] in three N-fertilized and three
remnant, mixed legume smooth bromegrass (Bromus inermis Leyss.) pastures. Sod-suppression
treatments included glyphosate applications of 0, 0.55, 1.10, 1.65, and 2.20 kg ha™* on pastures
that were heavily grazed during two rotational stocking periods in spring and an additional 0 kg
ha! glyphosate control where herbage was stockpiled throughout spring, mowed, and removed
before interseeding sorghum X sudangrass. In herbage samples collected 8 weeks after treatment,
perennial grass mass showed exponential decay responses as glyphosate rate increased while
sorghum x sudangrass, weedy grass, and total herbage mass showed logistic growth responses.
Sorghum x sudangrass reached a high of 2269 kg ha ! as glyphosate rate increased to 1.10 kg ha*
while weedy grass mass continued to increase as glyphosate rate increased to 2.20 kg ha™.
Reduced perennial grass mass in herbage samples collected the next spring, though, indicated the
presence of tradeoff between increasing summer herbage now and reducing next spring herbage
later with glyphosate application after interseeding sorghum x sudangrass. We concluded
practitioners should not use glyphosate for sod suppression before interseeding warm-season

annual forages into perennial cool-season grass pastures.
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Introduction

Every grassland biome experiences periods when forage growth diminishes due to abiotic
factors impacting photosynthetic capacity. A community dominated by warm-season (C4) plants
will have reduced production during colder conditions (Yamori et al., 2014), whereas a cool-
season (Cs) crop will experience its production shortage when conditions are hot, dry, and of
high light intensity (Ehleringer and Monson, 1993). In the central United States, this period of
reduced forage availability in the summer is often termed the “summer slump,” based on the lull
in accumulation of cool-season forages (Denison and Perry, 1990; Ottman and Mostafa, 2014).
To sustain high forage production during the summer slump, forage systems benefit from having
a C4 component in addition to the Cs forage base. For example, in the central United States,
planting annual warm-season grasses like forage sorghum [Sorghum bicolor (L.) Moench],
sudangrass [S. bicolor (L.) Moench ssp. drummondii (Nees ex Steud.) de Wet & Harlan], and
sorghum x sudangrass hybrids can increase forage supply (Venuto and Kindiger, 2008; Mercier
et al., 2021) and nutritive value (Pedersen and Toy, 1997; Beck et al., 2007) when perennial
cool-season grasses like smooth bromegrass (Bromus inermis Leyss.) experience reduced growth
(Collins and Casler, 1990; Jensen et al., 2002; Moyer and Sweeney, 2016). Additionally, these
two species exhibit growth complementarity because Cs optimum growth occurs between 20-
25°C while optimum Ca growth occurs between 38-45°C (Sage, 2002).

Including warm-season annual pastures in a grazing plan is an efficacious method to
extend forage growth into summer in a cool-season grass dominated system, but it incurs an
additional land requirement. Rather, a proposed method to achieve additional growth is by
interseeding or sod-seeding warm-season annual forages into existing cool-season perennial

pastures. This has been a successful method in previous research, significantly increasing forage
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accumulation during the summer slump (Hart et al., 1971; Belesky et al., 1981). Sod-seeding is a
concept which intends to introduce or add species to a system through direct seeding into
established perennial pastures and rangelands without tillage (Koch et al., 1983). In the U.S., one
of the most common sod-seeding examples to date is the establishment of a forage legume
species into grass-dominated pastures to increase animal performance, forage yield, and
economic return (Graves et al., 2012; Kelln et al., 2022). Accomplishing similar goals, sod-
seeding annual grasses into thin alfalfa (Medicago sativa L.) stands under hay production has
been shown to increase biomass production, weed suppression, and net returns (Cummings et al.,
2004). These benefits have also been realized in cool-season perennial pastures under mowing
regimes with successful warm-season annual grass sod-seedings (Clapham et al., 2011; Guretzky
et al., 2020; Harmoney and Guretzky, 2022).

Sod-seeding has certainly been shown to be effective in mowing studies, where the
interseeded crop is planted into the pre-established perennial that has been cut and removed
before interseeding. Less is known about the establishment success of interseeding warm season
annual forages into cool-season perennial pastures where grazing is the mode of sod-suppression.
Guretzky et al. (2022) used grazing as the sole method for sod-suppression and observed an
increase in forage mass that primarily occurred later in the summer when growth of the existing
perennial grass slowed. To further increase pasture productivity in these scenarios, they
postulated that warm-season annual seedlings need to get ahead of perennial grass regrowth by
either haying the perennial grass to a short stubble height or planting earlier in late May versus
mid-June. Besides these, another successful method may be to couple grazing with chemical sod

suppression. Other studies have utilized chemical sod-suppression to find optimal herbicide rates
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for interseeding (Belesky et al., 1981; Samson and Moser, 1982; Bush et al., 1989) but not in an
application coupled with grazing.

One of the most common chemicals that has been tested for use as a cool-season
perennial grass sod-suppressant is glyphosate [N-(phosphonomethyl) glycine]. At rates of 1.1 kg
ha!, glyphosate has been shown to suppress resident smooth bromegrass growth into late
summer without a total kill (Samson and Moser, 1982). At even lower rates, mid-June
glyphosate application on western wheatgrass [Pascopyrum smithii (Rydb.) A. Léve] in mixed
pastures at rates of 0.2, 0.4, and 0.8 kg ha! yielded 96%, 64%, and 22% of control, respectively
(Lym and Kirby, 1991). In a warm-season perennial planting and sod-suppression study,
glyphosate applications rates of 0.6, 0.8, and 1.1 kg ha were investigated (Bush et al. 1989).
They found that density of planted seedlings increased with glyphosate application rate and
recommended a spring application of at least 0.8 kg ha* for an 8-week sod-suppression. With
summer annual forages, it may be that the critical period of sod-suppression will be less than 8
weeks since they tend to have fast emergence (Teutsch, 2009). Using this information, our main
objective was to determine if foliar-applied glyphosate could be used to temporarily suppress
smooth bromegrass sods following heavy grazing to accommodate sod-seeded sorghum x
sudangrass emergence and summer growth. If establishment was achieved, we also wanted to
determine how varying glyphosate application rates affected recovery of smooth bromegrass the

next spring to maintain as much perennial forage as possible.
Materials and Methods
Site History

We conducted the research in permanent pasture at the University of Nebraska-Lincoln

Eastern Nebraska Research and Extension Center near Mead, Nebraska (Figure 6). The pasture,
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originally seeded with smooth bromegrass (Bromus inermis Leyss.) in 1981, received annual
applications of 90 kg N ha* as urea in late March to early April from 1985 to 2009. In 2010, the
pasture was split into six, 1.2-ha pastures, and three were interseeded with a mixture of alfalfa
(Medicago sativa L.), birdsfoot trefoil (Lotus cornicalatus L.), and red clover (Trifolium pratense
L.). Of those six, three continued to receive N fertilizer (FERT) annually in spring, but the three
legume-interseeded (LEG) pastures remained unfertilized. From 2012-2016, each pasture was
subdivided, north to south, into six, 0.2-ha paddocks for rotational stocking of three or four
crossbred steers (Bos taurus L.). From 2017-2019, each of the FERT and LEG pastures was
subdivided into 0.6-ha, east and west halves and consequently, 0.1-ha, north to south paddocks,
for a sorghum x sudangrass interseeding study (Guretzky et al., 2022). The semi-permanent
fencing put in place for the 2017-2019 study remained in place for this study, but gates
separating the east and west halves remained open allowing the cattle free-choice access to the
whole, 0.2-ha paddock from 2020-2022. The site consisted of about 52% Tomek silt loam soil
with 0-2% slopes, 28% Y utan silty clay loam soil with 2-6% slopes, and 20% Filbert silt loam
soil with 0-1% slopes (USDA-NRCS, 2022).
Experimental Design

The experiment from 2020-2022 had a split-plot design with three replications (Figure 6).
Main plots consisted of each FERT and LEG pasture. Subplots consisted of six different sod
suppression treatments. The subplot treatments were applied within one randomly selected
paddock used for rotational stocking in 2020 and an adjacent paddock in 2021 in each main plot.
The sod suppression treatments consisted of spraying Roundup Powermax at 100%, 75%, 50%,
and 25% of the recommended rate, i.e., 2.20 kg hat, for glyphosate (N-(phosphonomethyl)

glycine) in pastures (Samson and Moser, 1982), one grazed control, and one mowed control.
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Both controls remained unsprayed, but the grazed control was managed the same as the sprayed
treatments regarding vegetation height while vegetation in the mowed control was allowed to
continue uninterrupted throughout the spring through use of a grazing exclosure. The subplots
had a width of 1.83 m and length of 3.66 m (6.70 m?) to accommodate the sprayer and pass of a
1.52-m wide Great Plains drill.
Stocking Cycles, Interseeding, and Sod Suppression

The pastures supported four stocking cycles in 2020 and five stocking cycles in 2021.
Each stocking cycle included a stocking period and a rest period in each paddock (Allen et al.,
2011). In the first two stocking cycles each year, we placed the steers on the paddocks designated
for application of the subplot treatments, hereafter named treatment paddock, until grazing
reduced vegetation height to < 8-10 cm. The first stocking cycle began on 28 April 2020 and 1
May 2021, and the first stocking period in the treatment paddocks lasted 7 d in 2020 and 14 d in
2021. The treatment paddocks had a rest period of 22 d in 2020 and 13 d in 2021 while cattle
rotated every 2-4 d among the five, nontreatment paddocks in each main plot. On 26 May 2020
and 27 May 2021, the second stocking cycle began in the treatment paddocks, and the stocking
period lasted 14 d. Upon rotation of the cattle for the second stocking period in the nontreatment
paddocks on 9 June 2020 and 10 June 2021, we interseeded sorghum X sudangrass cv. Super
Sugar (Prairie State Seed, Wausa, NE) at a rate of 42 kg pure live seed ha and applied the sod
suppression treatments within 48 h to the 6.70-m? subplots in the treatment paddocks (Figure 6).
The drill had 19 cm row spacing and target placement depth of 1.9-3.2 cm. After sorghum x
sudangrass emergence, we applied 90 kg N ha! to the treatment paddock in the FERT main plot

while the nontreatment paddocks were fertilized in early spring as was done since 1981.
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To allow time for sorghum x sudangrass establishment, we provided the treatment
paddocks a rest period of about 8 weeks, skipping those paddocks during the third stocking
cycle, while cattle rotated twice, every 6 d through the five, nontreatment paddocks. The fourth
stocking cycle resumed in the treatment paddocks on 5 August 2020 and 9 August 2021, and the
stocking period lasted 6 d. In 2020, the stocking season ended after the fourth stocking cycle in
the treatment paddocks because of drought. In 2021, though, the treatment paddocks had a fifth
stocking cycle and 6-d stocking period from 7 to 13 September after cattle had rotated one last
time every 5-6 d among the nontreatment paddocks. To maintain near equal vegetation heights
among paddocks throughout each stocking season, residue heights were evaluated with ten
dropdisk measurements at random locations within the treatment paddocks at the end of each
stocking period (data not shown).

Herbage Mass Components

We evaluated herbage mass responses to sod suppression at two sampling times: in
summer before the start of the fourth stocking cycle on 5 August 2020 and 9 August 2021 (i.e., 8
weeks after interseeding) and in the next spring on 26 May 2021 and 27 May 2022 (i.e., about 50
weeks after interseeding). During the sampling times, we hand clipped a 0.3-m? quadrat within
each subplot at ground level and sorted the herbage into forage species: perennial grasses,
legumes, and sorghum x sudangrass and weedy species: forbs and annual grasses other than
sorghum x sudangrass. The sorted samples were then dried at 60°C in a forced-air oven for at
least 48 h and weighed immediately. Upon entering the weights into a spreadsheet, we calculated
dry mass of each herbage component on an area basis and grouped species to evaluate total
forage species, total weedy species, and total herbage responses. Total forage species mass was

computed by combining the mass of perennial grasses, legumes, and sorghum x sudangrass.
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Total weedy species was computed by combining the mass of forbs and annual weedy grasses.
Total herbage mass was computed by combining the mass of total forage species and total weedy
Species.
Statistical Analysis

We used mixed model and nonlinear regression procedures in SAS version 9.4 for
statistical analyses. In initial analyses, we analyzed the herbage mass components with an
ANOVA model that included main effects and interactions of pasture type, sod suppression after
interseeding treatment, sampling time after interseeding, and interseeding year. A repeated
statement was included specifying that the sampling time x year interaction was a repeated
measure, and the subject was equal to the replication x pasture type x sod suppression after
interseeding treatment interaction. Means and differences among means were computed with
least square means statements, and estimate statements were made to compare the grazed versus
the mowed control. Upon finding significant effects of sod suppression treatments, data for the
mowed control was removed from the dataset, and new analyses were conducted to evaluate
nonlinear responses of herbage mass components to glyphosate rate. The ANOVA model did not
contain pasture type and its interactions for legume mass due to the absence of legumes in FERT
pastures. Similarly, the ANOVA did not contain sampling time after interseeding and its
interactions for sorghum x sudangrass mass due to the absence of sorghum-sudangrass in the
next spring sampling time.

Results

Weather Conditions

The historical average annual precipitation from 1968-2022 was 746 mm of rainfall but

during the three years of our study, rainfall was down to 427, 711, and 438 mm in 2020, 2021,
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and 2022, respectfully. Across months, precipitation remained consistently lower than the
historical average except during 2021, when relatively large precipitation events during March,
August, and October brought up respective rainfall accumulations by 63, 51, and 53% above
their averages (Figure 6). The average annual temperatures for 2020, 2021, and 2022 were 10.4,
10.7, and 9.8 °C, respectively while the long term average temperature was 10.2 °C. In 2021, the
average temperature would have been higher if February temperatures had not declined to -10.2
°C as long term average temperatures in this month are typically around -3.4 °C. Otherwise,

temperature variability across months were reflected in the year’s respective average.

Analysis of Variance
Pasture type did not influence herbage mass components in the summer sampling after
interseeding and sod suppression (Table 34). However, it did affect perennial grass and weedy
forb mass in the next spring sampling. It also had an influence on weedy grass mass in the next
spring sampling within the context of a three-way interaction with sod suppression after
interseeding treatment and interseeding year (Table 34). Sod suppression after interseeding,
meanwhile, had an influence on several herbage mass components including perennial grasses,
legumes, sorghum-sudangrass, weedy grasses, and total herbage in the summer sampling and
perennial grasses and total herbage in the next spring sampling (Table 34). Interseeding year also
influenced several components in the summer and next spring samplings.
Pasture Type Effects

The N-fertilized and remnant mixed-legume pastures had similar perennial grass mass in
the summer sampling after interseeding and sod suppression (1493 kg ha), but in the next

spring sampling, the N-fertilized pastures had 28% greater perennial grass mass than the remnant
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mixed-legume pastures (3539 and 2758 kg ha!, respectively; P < 0.002). Weedy forb mass, on
the other hand, showed opposite responses to pasture type where it averaged 118 kg hat in N-
fertilized pastures compared to 397 kg ha'! in remnant mixed-legume pastures in the next spring
after interseeding and sod suppression (P = 0.062).

Sod Suppression After Interseeding Effects

Summer After Treatment

Among the 0 kg ha! glyphosate controls, mowing and removing herbage that had been
stockpiled did not affect perennial grass mass later that summer relative to heavily grazing the
herbage in two rotational stocking periods in spring before interseeding sorghum x sudangrass in
either the 2020 (1755 vs. 2028 kg ha'?, respectively; P = 0.431) or 2021 (2737 vs. 2956 kg ha't,
respectively; P = 0.487) treatment years. Applying glyphosate after interseeding pastures with
sorghum x sudangrass, though, significantly reduced perennial grass mass relative to the grazed 0
kg ha't control in the summer sampling (Figure 8). Indeed, perennial grass mass showed a
significant fit with an exponential decay model as glyphosate rate increased in the 2020 (y =
2015.3e704806x) and 2021 (y = 2805.4e ~08984X) treatment years.

Legume mass depended on the sod suppression after interseeding treatment in the
summer sampling (Table 34), but it did not show a significant quantitative relationship with
glyphosate rate, nor did it differ between any of the glyphosate rates and the grazed 0 kg ha*
control (data not shown). Mowing and removing herbage that had been stockpiled, though,
increased legume mass later that summer by 116% relative to heavily grazing the herbage in two
stocking periods in spring before interseeding sorghum x sudangrass in the 0 kg ha* glyphosate

controls (331 vs. 153 kg hat, respectively; P = 0.039).
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Sorghum x sudangrass mass, meanwhile, showed a logistic growth response to increasing
glyphosate rate after interseeding (Figure 9; y = 2269.4 + (1 + 12.1119e~5°564*); P < 0.001).
Indeed, sorghum x sudangrass mass increased from 126 kg ha* in the grazed, 0 kg ha* control to
2338 kg hat in the 2.20 kg ha* glyphosate treatment. Between the 0.55 and 1.10 kg ha™*
treatments, sorghum x sudangrass mass reached a maximum and plateaued with increasing
glyphosate rate. Among the 0 kg ha* controls, mowing and removing herbage that had been
stockpiled did not affect sorghum x sudangrass mass later that summer relative to heavily
grazing the herbage during rotational stocking periods in spring before interseeding (230 and 114
kg hal, respectively; P = 0.884).

In the summer sampling, weedy grass mass (y = 1289.2 =+ (1 + 0.7687e~%95%%%)) and
total herbage mass (y = 4701.5 + (1 + 0.3271e~28482%)) also had significant fits with logistic
growth models as glyphosate rate increased (Figure 9; P < 0.001). Mowing and removing
herbage that had been stockpiled, though, reduced weedy grass mass later that summer by 90%
relative to heavily grazing the herbage during two rotational stocking periods in spring before
interseeding sorghum x sudangrass in the 0 kg ha™* controls (79 vs. 750 kg hal, respectively; P =
0.063). Total herbage mass, meanwhile, increased above the 0 kg ha grazed control when
glyphosate applied reached 1.1 kg hat. Mowing and removing herbage that had been stockpiled
did not significantly affect total herbage mass later that summer relative to heavily grazing the
herbage during two rotational stocking periods in spring before interseeding sorghum x
sudangrass in the 0 kg ha' controls (2983 vs. 3555 kg ha, respectively; P = 0.393).

Next Spring After Treatment
In the next spring sampling, perennial grass mass did not depend on a sod suppression x

treatment year interaction as it did in the previous summer (Table 34). However, perennial grass
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mass again showed a significant fit with an exponential decay model in response to increasing
glyphosate rate (Figure 10; y = 4302.2e~9333%9%; P < 0.001). Mowing and removing herbage
that had been stockpiled also reduced perennial grass mass the next spring compared to heavily
grazing the herbage in two rotational stocking cycles the previous spring before interseeding
sorghum x sudangrass in the 0 kg ha* controls (3488 and 4305 kg hal, respectively; P = 0.061).
Legume mass in the next spring sampling, meanwhile, did not vary with the sod suppression
treatment as it did in the previous summer sampling (Table 34). Mowing and removing herbage
that had been stockpiled also did not affect legume mass the next spring compared to heavily
grazing the herbage in two rotational stocking cycles the previous spring before interseeding
sorghum x sudangrass in the 0 kg ha* controls (84 and 44 kg ha'%, respectively; P = 0.430).
Total herbage mass showed a contrasting response to the sod suppression treatments in
the next spring sampling (Figure 10) relative to the sampling in the previous summer (Figure 9).
Total herbage mass showed an exponential decay response (y = 4357.3e~%221*; P < 0.001)
with increasing glyphosate rate in the next spring sampling, decreasing by 23% relative to the
grazed 0 kg ha' control when the glyphosate rate reached 1.1 kg ha* (Figure 10). Among 0 kg
hat controls, mowing and removing herbage that had stockpiled reduced total herbage mass
relative to heavily grazing the herbage in two rotational stocking cycles the previous spring
before interseeding sorghum x sudangrass (3578 vs. 4478 kg ha't, respectively). In the next
spring sampling, weedy grass mass ranged from 0 to 2 kg ha* among all but one subplot. An
outlier in the subplot that received glyphosate at 1.10 kg ha* in the 2021 treatment year, where
weedy grass mass averaged 19 kg hat, resulted in the pasture type x sod suppression after

interseeding X year interaction (Table 34).
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Treatment Year Effects

The treatment year for sod suppression and interseeding sorghum x sudangrass affected a
few herbage mass components. As described above, perennial grass mass depended on a sod
suppression after interseeding x treatment year interaction in the summer sampling, and on
average across sod suppression after interseeding treatments, the 2021 treatment year had 20%
greater perennial grass mass than the 2020 treatment year (Table 35). In the next spring
sampling, though, the 2020 treatment year was found to have greater perennial grass mass than
the 2021 treatment year (Table 35). Weedy forb mass and weedy grass mass, in contrast,
increased from the 2020 to 2021 treatment year in the summer and next spring samplings (Table
35). Total herbage mass, meanwhile, reflected perennial grass mass increasing from the 2020 to
2021 treatment year in the summer sampling but decreasing from the 2020 to 2021 treatment
year in the next spring sampling (Table 35).

Discussion

This study expanded current literature on methods to improve interseeding of warm-
season annual forages into perennial cool-season grass pastures. The best practice has been to
interseed the annual forage following mowing and removal of the perennial grass, such as with a
hay harvest, after it reaches a reproductive stage in late spring. Late spring plantings should
enhance warm-season annual forage success as cool-season perennial grass growth rates start to
diminish as temperatures increase through summer. The practice, though, has had variable
success depending on the year and moisture availability (Guretzky et al., 2020; Harmoney and
Guretzky, 2022), and in some pasture situations, grazing instead of mechanical removal of
existing herbage may be necessary (Guretzky et al., 2023). Grazing techniques implemented in

this study to reduce local perennial pasture species competition on sod-seeded sorghum x
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sudangrass included use of two heavy-grazing events on all experimental areas. Stocking periods
one and two were intended to deplete leaf area and root carbohydrate reserves and thereby
enhance competitive success of sorghum x sudangrass after interseeding.

We observed that mowing and removing herbage that has been stockpiled throughout
spring, such as might be done under a haying regime, did not result in a gain or loss in total
herbage mass in the summer sampling compared to heavily grazing the herbage in two stocking
periods in spring before interseeding sorghum x sudangrass. In both interseeding years in this
experiment, 2020 and 2021, precipitation was below average at planting in June (Figure 7),
which may have limited success of sorghum x sudangrass under both situations. Sorghum x
sudangrass mass was similarly low in the controls whether herbage was mowed and removed or
heavily grazed before interseeding. Mowing as the form of sod suppression, though, also failed
to increase total forage accumulation above baseline levels in an experiment where cowpea
[Vigna unguiculata (L.) Walp.] was sod-seeded into newly seeded tall fescue [Schedonorus
arundinaceus (Schreb.) Dumort., nom. cons.)] pastures in a year with above average growing
season precipitation (Nave et al., 2020). This was also seen in another experiment sod-seeding
cowpea into tall fescue pastures with no sod-suppression (Corbin et al., 2019).

Considering the variable success of interseeding warm-season annual forages into
existing perennial cool-season grass pastures, whether in past studies or the current one, we
evaluated whether chemical suppression of sod would improve interseeding. Different rates of
glyphosate were applied in conjunction with the heavy grazing evemts to suppress existing sod
before interseeding. We found that the use of glyphosate improved sorghum x sudangrass mass
in summer, 8 weeks after interseeding. As glyphosate rates increased, though, sorghum x

sudangrass mass showed logistic growth rather than a linear response indicating that full rates of
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herbicide were unnecessary to improve interseeding success. Sorghum-sudangrass mass reached
a plateau at 1.10 kg ha* glyphosate applied.

The danger from use of an herbicide compared to mechanical or grazing removal of
herbage before interseeding, without use of an herbicide, is lasting harm to the perennial grass.
As expected, perennial grass mass declined in response to increasing glyphosate rate in the
summer sampling, 8 weeks after sorghum x sudangrass interseeding, indicating success of the
sod suppression treatments. However, the carryover of increasing glyphosate rates on perennial
grass mass to the next spring sampling is troubling as it shows a failure of the perennial grass to
recover, ultimately negating the benefit of sorghum x sudangrass interseeding.

Low precipitation in fall 2020 and spring 2021 may have affected the ability smooth
bromegrass to recover from the glyphosate suppression after interseeding treatments, especially
after experiencing a previous spring and summer deficient in precipitation. In September,
October, November, and December, cumulative precipitation was 118 mm whereas historical
average was 198 mm (Figure 7). In 2021, spring rains were variable as March received above
average precipitation at 104 mm, April received 0 mm, and May received below average rainfall
at 81 mm. After the second interseeding year of the study, rainfall was much greater in August
and October 2021, but in the next spring, precipitation was near average in March, 39% lower
than average in April, and slightly below average in May, indicating this study took place during
a multi-year drought before its completion in May 2022.

During the summer sampling, pasture type had no impact on perennial grass mass but in
the next spring sampling, the N-fertilized pastures had greater perennial grass mass than the
remnant, mixed-legume pastures. This is likely because in the spring, cool-season species have

higher growth rates and N requirements than during summer months. Consequently, N
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fertilization likely aided in perennial grass recovery during the following year. Legumes,
meanwhile, occupied only a small percentage of herbage mass in the remnant, mixed-legume
pastures (~3%), and glyphosate rates had no detectible influence on their mass. In our study
alfalfa appeared to make up the majority of legume mass, and a study has shown that
applications of glyphosate at 0.48 kg ha! on vegetative alfalfa significantly reduce its mass
compared to an untreated control (Arregui et al., 2001). The glyphosate effect in our study could
have been undetected due to the low and variable legume mass since alfalfa plants were sparsely
distributed in the field. However, mowing and removing herbage that had been stockpiled
throughout spring improved legume mass in the summer sampling compared to heavily grazing
the herbage in two stocking periods in spring before interseeding sorghum x sudangrass
indicating that heavily grazing alfalfa with short rest periods may negatively affect its
productivity.

Spring seems to be unproblematic time for both weedy grasses and forbs. However, once
summer reduces the growth and competition from cool season forage species such as smooth
bromegrass, weedy grasses become abundant. During the summer sampling after sod
suppression, weedy grasses were present at 750 kg hat in the control and increased by ~400 kg
ha'! at glyphosate rates exceeding 1.10 kg ha. Reducing perennial grass competition with
glyphosate likely benefitted the weeds which likely reduced the growth potential of the
interseeded sorghum x sudangrass. However, the pasture weeds may be advantageous to a
grazing system by increasing herbage mass and nutritive value during the summer slump. In our
study, the weedy grasses appeared to consist primarily of yellow foxtail (Setaria pumila (Poir.)
Roem. & Schult.) and crabgrass (Digitaria sanguinalis (L.) Scop.). Bunton et al. (2019) tested

nutritive values of common pasture weeds throughout the summer and found that large crabgrass
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had greater in vitro true digestibility (IVTD) across the entire summer than tall fescue while
yellow foxtail had greater IVTD until August 28", When more glyphosate was applied, herbage
mass in the summer exceeded the control. The marked increase in total herbage mass caused by
weedy species could mean more grazing days for practitioners during summer months, though
they should be aware that weedy grasses can be difficult to manage for forage quality.
Regardless, next spring herbage mass diminished with more glyphosate and thus grazing days
will be reduced with glyphosate rates at 1.1 kg ha* and above. Weedy grass and total herbage
mass also showed logistic growth responses to increasing glyphosate rates indicating greater
overall productivity of the system in the summer sampling.

Although we did not have unseeded controls in this study, previous research at this study
site has not observed effects of interseeding sorghum x sudangrass on legume mass, but
unseeded areas have 22% greater perennial grass mass than interseeded areas (Guretzky et al.
2023). This would mean an unseeded, grazed control likely would have had a perennial grass
mass in the summer sampling ranging from 2475 to 3606 kg ha* depending on the interseeding
year (Figure 8; 2029 or 2956 x 1.22). Sorghum x sudangrass interseeding also has reduced
weedy grass mass in previous studies using grazing (Guretzky et al., 2023) and mowing
(Guretzky et al., 2020) as the principle means of sod suppression. Without sorghum x sudangrass
interseeding, weedy grass mass in the summer sampling likely would have been 32% greater,
i.e., 990 kg ha* (Figure 8; 750 x 1.32) in the grazed control. In an unseeded control where
herbage was mowed and removed after stockpiling throughout spring, weedy grass mass in the
summer sampling likely would have been 1% to 56% greater, i.e., 80 to 123 kg ha"* compared to
79 kg ha't in the mowed and interseeded control, depending on the year based on annual weed

mass reported in Guretzky et al. (2020).
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Conclusions

These data suggest that increasing glyphosate rates as a means of sod suppression to
improve sorghum x sudangrass interseeding into existing perennial grass pastures reduces
perennial grass growth during summer and does not allow recovery by the next spring. As
glyphosate rate applied to perennial grass is increased, sorghum x sudangrass and total herbage
mass shows logistic rather than linear growth, reaching a plateau at 1.10 kg ha of glyphosate
applied. Therefore, our recommendation to practitioners is to interseed a pasture with warm-
season annual forages only if existing herbage can be mowed and removed after stockpiling
throughout spring before interseeding and subsequent moisture is expected to be plentiful. When
using glyphosate, expect more herbage mass to be weedy grasses than when using mowing or
solely grazing for sod suppression. Glyphosate use also will reduce perennial grass mass the next
spring, a penalty offsetting any increased herbage gains in summer due to sorghum x sudangrass
interseeding. When haying smooth bromegrass or utilizing glyphosate as a chemical suppressant,
we recommend fertilizing pastures with 90 kg N ha! in the spring to improve perennial grass
recovery. If pastures contain a higher proportion of legumes, springtime N fertilization may be
unnecessary due to symbiotic N2 fixation and subsequent N cycling through rhizosphere

exchange, cattle defecation, and urination.
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Figure 1. Treatment and data collection timeline for the Double Cropped Annual Forage

System and the Diverse Perennial Circular Forage System.
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Figure 2. Average monthly precipitation of the study years from August 2021 to September
2023 and their 30-year averages at Ithaca, Nebraska.
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Figure 3. Average monthly temperatures of the study years from August 2021 to
September 2023 at Ithaca, Nebraska.
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Figure 4. Bare ground and litter cover averaged across N fertilized grass and mixed grass-
legume pastures expressed as percentages of basal cover in the double cropped annual
forage system (DCAFS) in 2022 (a) and 2023 (b).
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Figure 5. Bare ground and litter cover averaged across N fertilized grass and mixed grass-
legume pastures expressed as percentages of basal cover in the diverse perennial circular
forage system (DPCFS) in 2022 (a) and 2023 (b).
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Figure 6. Experimental layout at the University of Nebraska — Lincoln Eastern Nebraska
Research and Extension Center at Mead, NE, from 2020-2022. The experiment had a split-
plot design with six, 1.20-ha main plots (1-6) and six, 6.70 m? subplots (orange rectangles,
not to scale). The main plots consisted of mixed-legume smooth bromegrass (Bromus
inermis Leyss.) pastures and N-fertilized smooth bromegrass pastures. The subplots
consisted of sod suppression after sorghum x sudangrass interseeding treatments. The
subplot treatments were established within one randomly selected paddock (A-F) within
each main plot in 2020 and in an adjacent paddock in 2021. The six, 0.20 ha paddocks were
used for rotational stocking of 3-4 crossbred steers (Bos taurus L.) to maintain even
utilization and vegetation heights within and across main plots throughout the study
duration.
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Figure 7. Monthly precipitation during the study years and longer-term average from
1981-2010 at Mead, Nebraska.

Precipitation, mm

250

200

150

100

50

| HIH

2020 ®2021 0O2022 0OAverage

L L

Jan Feb Mar Apr

May Jun Jul Aug Sep Oct Nov Dec



138

Figure 8. Perennial grass mass in summer as affected by glyphosate rate after interseeding
pastures with sorghum x sudangrass at Mead, NE. The summer sampling took place 8
weeks after treatment. Two rotational stocking cycles with cattle grazing preceded the
sorghum x sudangrass interseeding and glyphosate applications in spring each year. Each
mean * SE represents two pasture types and three replicates (n = 6).
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Figure 9. Sorghum x sudangrass, weedy grass, and total herbage mass in summer as
affected by glyphosate rate after interseeding sorghum x sudangrass into pastures at Mead,
NE. The summer sampling time took place 8 weeks after interseeding and sod suppression
treatments. Two rotational stocking cycles preceded sorghum x sudangrass interseeding
and the glyphosate treatment applications each year. Each mean £ SE represents two
pasture types, two years, and three replicates (n = 12).
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Figure 10. Perennial grass and total herbage mass in the next spring as affected by
glyphosate rate after interseeding sorghum x sudangrass the previous spring in pastures at
Mead, NE. The next spring sampling time took place 50 weeks after interseeding and sod
suppression treatments. Heavy grazing by cattle in two rotational stocking cycles preceded
sorghum x sudangrass interseeding and the glyphosate treatment applications the previous
spring.
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TABLES

Table 1. ANOVA of herbage mass components including forage species: forage grasses,
legumes, and total forage species; weedy species: forbs, grasses, and total weedy species;
and total herbage as affected by pasture type (P), time (T), year (Y), and their interactions
at a double cropped annual forage system (DCAFS) near Mead, Nebraska from 2022-2023.

P 8.6* 55.6** 5.562 2.9 31.45%* 31.92** 10.87*
T 30.61** 149.08**  44.35* 131 177.96**  178.31**  123.47**
PxT 10.12* 149.44** 513 1.61 9.06* 8.95* 10.35*
Y 36.73** 8.53* 41.54** 0.22 24.23** 24.15** 18.5*
PxY 4.07 8.62* 3.34 0.35 1.06 1.08 1.82
TxY 150.98**  8.78* 164.55**  0.49 23.66** 23.55** 106.95**
PxTxY 20.09* 8.7* 18.94* 0.33 1.06 1.08 13.9*

*p<0.05.

**p<0.01.

**%p < 0.001.

Table 2. ANOVA of herbage mass components including forage species: forage grasses,
legumes, and total forage species; weedy species: forbs, grasses, and total weedy species;
and total herbage as affected by pasture type (P), time (T), year (Y), and their interactions
at a diverse perennial circular forage system (DPCFS) near Mead, Nebraska from 2022-
2023.

P 6.33 8.58* 5.8 0.27 0.6 0.09 5.01
T 507.54*** 3.88 607.51*** 4,32 14.21* 5.44 641.83***
PxT 2.51 3.88 1.93 0.04 0.73 0.41 2.55
Y 9.76* 0.81 10.41* 1.44 10.82* 5.17 15.02*
PxY 0.42 0.81 0.72 1.0 0.57 0.06 0.7
TxY 241.53*** 14 275.24*** 0.02 10.82* 7.82* 323.99***
PxTxY 0.83 14 1.38 3.13 0.57 1.73 0.9
*p<0.05.
**p<0.01.

% < 0,001
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Table 3. ANOVA of N concentrations in herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions at a double-cropped annual forage system (DCAFS) near Mead,

Nebraska from 2022-2023.

Forage
Effect grasses Legumes
P 12.34**
T 22.77**
PxT 0.11
Y 10.42* 0.01
PxY 0.32
TxY 0.44
PxTxY 0.07

Forage Weedy
species species
3.81# 18.8*
9.6*

1.03

4.68# 11
2.56 0.01
2.83

0.58

Total
Herbage
8.72*
8.87*

0

4#

0.03

2.89

0.36

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Time effects and their interactions were
not evaluated for weedy species and legumes due to insufficient plant material available for analysis. Pasture type effects and their interactions
were not evaluated for legumes because legumes were not present during the spring sampling time.

*p<0.05.
**p < 0.01.
% < 0.001.

Table 4. ANOVA of N concentrations in herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions in a diverse perennial circular forage system (DPCFS) near Mead,

Nebraska from 2022-2023.

Forage
Effect grasses Legumes
P 59.39***
T 1155.52*** 63.52**
PxT 11.51**
Y 16.21** 4.42
PxY 311
TxY 244.15***  3.16
PxTxY 231

Forage Weedy

species species
41**

635.4%**

1.18

9.44*

0.97

184.96***

0.56

Total
Herbage
61.21
781.9

0.6

7.94*

0.61
163.92***
0.25

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. All effects of weedy species were not
evaluated due to insufficient material for analysis. Pasture type effects and their interactions of legumes were not evaluated due to insufficient

material for analysis within the N fertilized treatment.

*p < 0.05.
**p<0.01.
*%n < 0.001.
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Table 5. ANOVA of N yields of herbage components including forage species: forage
grasses, legumes, and total forage species; weedy species: forbs, grasses, and total weedy
species; and total herbage as affected by pasture type (P), time (T), year (Y), and their
interactions at a double-cropped annual forage system (DCAFS) near Mead, Nebraska
from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes species species Herbage
P 52.58*** 36.28** 22.1** 72.04%**
T 4.3# 37.78** 15.25** 89.15***  78.79***
PxT 13.95** 5.2# 22.1** 22.6**
Y 31.65** 26.53** 34.52** 28.32** 17.12**
PxY 10.75* 8.03* 8.31* 3.67#
TxY 143.76***  26.53** 146.4***  28.32**  08.03***
PxTxY 438** 37.21**  8.31* 24.43**

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p < 0.001.

Table 6. ANOVA of N yields of herbage components including forage species: forage
grasses, legumes, and total forage species; weedy species: forbs, grasses, and total weedy
species; and total herbage as affected by pasture type (P), time (T), year (Y), and their
interactions at a diverse perennial circular forage system (DPCFS) near Mead, Nebraska
from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes  species species Herbage
P 35.86** 39.32** 0.2 45.9***
T 82.86*** 134 138.68*** 2.82 150.57***
PxT 4.19# 4.66# 0.5 5.95*
Y 98.14*** 142 86.22***  AT74# 93.77***
PxY 2.78 3.2 0.02 31
TxY 88.99*** 281 76.7%** 7.61* 85.81***
PxTxY 271 341 1.04 2.73

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p<0.001.
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Table 7. ANOVA of NDF concentrations in herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions in a double-cropped annual forage system (DCAFS) near Mead,
Nebraska from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes species species Herbage
P 0.45 3.49 5.67# 0.15
T 66.87** 26751***  15.40* 35312***  39.55**
PxT 0.78 13.52* 7.82* 6.58#
Y 0.81 27.21* 0.31 2.24 0.46
PxY 0.13 0.99 0.04 0.01
TxY 29.76** 27.21* 34.18** 2.24 29.77**
PxTxY b5.36# 0.43 0.04 4.45

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p < 0.001.

Table 8. ANOVA of NDF concentrations in herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions in a diverse perennial circular forage system (DPCFS) near Mead,
Nebraska from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes  species species Herbage
P 5.55# 0.32 0.03 0.74
T 166.63*** 0.59 119.03**  3.15 126.01**
PxT 1.73 1.38 0.24 291
Y 51.91** 2.96 42.85%* 0.44 29.94**
PxY 0.02 0.14 0.45 0.2
TxY 228.13***  1.62 194.66**  1.31 157.04**
PxTxY 0.03 2.02 1.12 0.2

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p<0.001.
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Table 9. ANOVA of IVOMD concentrations in herbage components including forage
species: forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and
total weedy species; and total herbage as affected by pasture type (P), time (T), year (Y),
and their interactions in a double-cropped annual forage system (DCAFS) near Mead,
Nebraska from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes species species Herbage
P 0.05 0.68 4.48 0.07
T 3.84 6291*** 0.30 18226***  5.46#
PxT 19.87* 9.89* 4,31 21.44%*
Y 0.35 0.36 2.36 48.59** 14.38*
PxY 0.02 1.09 1.44 0.00
TxY 118.32**  0.36 109.73**  48.59** 105.2***
PxTxY 10.14* 9.91~* 1.44 13.24*

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p < 0.001.

Table 10. ANOVA of IVOMD concentrations in herbage components including forage
species: forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and
total weedy species; and total herbage as affected by pasture type (P), time (T), year (Y),
and their interactions in a diverse perennial circular forage system (DPCFS) near Mead,
Nebraska from 2022-2023.

Forage Forage Weedy Total
Effect grasses Legumes  species species Herbage
P 0.04 1.15 0.08 0.26
T 146.71** 71 108.66**  3.62 113.13**
PxT 151 0.67 1.12 0.13
Y 39.45** 7.58 32.32** 0 27.97**
PxY 4.05 1.7 0.22 1.74
TxY 15.84* 0.15 9.59* 0.09 7.92#
PxTxY 4.59% 4.26 1.28 4.32

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.

*p<0.05.

**p<0.01.

***p<0.001.
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Table 11. ANOVA of IVOMD vyields of herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions at a double-cropped annual forage system (DCAFS) near Mead,
Nebraska from 2022-2023.

Forage
Effect grasses
P 6.83#
T 29.96**
PxT 6.93#
Y 35.64**
PxY 241
TxY 132.69**

PxTxY 15.07*

Legumes

137.32**

7.42

7.42

Forage
species
4.21
42.83**
3.03
39.97**
1.87
143.86***
14.03*

Weedy
species
26.08**
170.09**
7.69#
28.52**
14
28.52**
1.4

Total
Herbage
8.61*
108.2***
6.38#
14.96*
0.68*
80.80***
8.85*

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.
*p<0.05.
**p<0.01.
*xxp < 0.001.

Table 12. ANOVA of IVOMD vyields of herbage components including forage species:
forage grasses, legumes, and total forage species; weedy species: forbs, grasses, and total
weedy species; and total herbage as affected by pasture type (P), time (T), year (Y), and
their interactions in a diverse perennial circular forage system (DPCFS) near Mead,
Nebraska from 2022-2023.

Forage
Effect grasses
P 6.67#
T 497.66***
PxT 191
Y 10.68*
PxY 0.18
TxY 298.98***
PxTxY 0.3

Legumes

0.58

2.83

0.16

Forage
species
6.6#
650.24***
1.92
10.96*
0.78
381.47***
0.84

Weedy
species
0.43
4.09
0.11
3.42
0.07
4.51
0.41

Total
Herbage
5.494
632.98***
2.8

16.19*
0.62
422.42%**
0.34

Note: The absence of data indicates that effects and interactions of those variables were not evaluated. Pasture type effects and their interactions
were not evaluated due to insufficient material for analysis in N fertilized treatments.

#p > 0.05.
*p<0.05.
**p<0.01.
***p<0.001.



Table 13. ANOVA of bare ground and litter count data as affected by pasture type (P),
time (T), year (), and their interactions in a double-cropped annual forage system
(DCAFS) near Mead, Nebraska from 2022-2023.

Bare
Effect ground
P 4.67#
T 14
PxT 0.2
Y 40.6***
PxY 0.4
TxY 10.82***
PxTxY 16

Litter
2.23

11

0.4
15.29**
0.34
0.98**
1.55

#p > 0.05. *p < 0.05. **p < 0.01. ***p<0.001.
Table 14. ANOVA of bare ground and litter count data as affected by pasture type (P),
time (T), year (), and their interactions in a diverse perennial circular forage system
(DPCFS) near Mead, Nebraska from 2022-2023.

Bare
Effect ground
P 2.77
T 1.12
PxT 1.48
Y 0.38
PxY 0.12
TxY 6.32**
PxTxY 0.23

Litter
3.04
6.71
0.22
3.12
0.09
7.71%*
0.97

*p<0.05. **p< 0.01. ***p< 0.001.

Table 15. ANOVA of steer initial body weights, final body weights, average daily body
weight gains, and total body weight gains as affected by pasture type (P), year (Y), and
their interactions in a diverse perennial circular forage system (DPCFS) near Mead,
Nebraska from 2022-2023.

Effect
P
Y
PxY

Initial BW

0.25

2586.75***

3.484#

Total
Final BW ADG gains
0.91 0.76 0.87
3.33 37.19** 34.19**
0.02 0.02 0.02

#p > 0.05.*p< 0.05. **p < 0.01. ***p< 0.001.
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Table 16. Forage grass, legume, forage species, and total herbage mass in the double-
cropped annual forage system (DCAFS) grazing exclosures within N fertilized grass
(FERT) and mixed grass-legume (LEG) pasture types. Sampling took place during 2022
and 2023 at two times including mid-June (Spring) and early September (Summer) where
spring growth consisted of the forage grass triticale and the legume red clover and in the
summer, the forage grass was pearl millet and the legume was forage soybean.

Year
2022

2023

Herbage
component
Forage grass

Legume

Forage species

Herbage

Forage grass

Legume

Forage species

Herbage

Pasture type
FERT

LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

Sampling time

Spring
DM, kg ha*
5880

4036

NS

/

2

5881
4038
NS
5892
4049
NS
1717
2234
NS

1717
2234
NS
1717
2234
NS

Summer
DM, kg ha*
2021

1425

NS

/

706

2021
2131
NS
6020
4684
NS
13922
7099
**

/
1153

13922
8252
**
15796
9426

**

P value

*

#

**

NS

NS
NS

**

**

*kx

*x

**

*kx

**
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Table 17. Weedy grass and weedy species mass at the double-cropped annual forage system
grazing exclosures within N fertilized grass (FERT) and mixed grass-legume (LEG)
pasture types. Sampling took place during 2022 and 2023 at two times including mid-June
(Spring) and early September (Summer). Weedy grasses included barnyardgrass, yellow
foxtail, giant foxtail, and crabgrass and weedy species included weedy grasses and other
forbs including prostrate knotweed, mares tail, and velvetleaf.

Sampling time

Herbage component Pasture type Spring Summer P value
DM, kg ha* DM, kg ha*

Weedy Grass FERT 5 2937 **
LEG 5 1858 bl
P value NS **

Weedy Species FERT 5 2937 **
LEG 6 1864 ol
P value NS *x

Table 18. Weedy grass and weedy species mass at the double-cropped annual forage system
grazing exclosures. Sampling took place during 2022 and 2023 at two times including mid-
June (Spring) and early September (Summer). Weedy grasses included barnyardgrass,
yellow foxtail, giant foxtail, and crabgrass and weedy species included weedy grasses and
other forbs including prostrate knotweed, mares tail, and velvetleaf.

Sampling time

Herbage Component Year Spring Summer P value
DM, kg ha* DM, kg ha*
Weedy Grass 2022 10 3275 **
2023 0 1520 bl
P value NS **
Weedy Species 2022 11 3277 **
2023 0 1525 bl

P value NS **
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Table 19. Forage grass, forage species, weedy grass, weedy species, and total herbage mass
in the diverse perennial circular forage system (DPCFS) grazing exclosures. Sampling took
place during 2022 and 2023 at two times including mid-June (Spring) and early September
(Summer) where growth consisted of the forage grass smooth bromegrass and the legumes
birdsfoot trefoil, alfalfa, and red clover. Weedy grass species was dominated by yellow
foxtail and weedy species consisted of weedy grasses and the weedy forbs wild mustard,

field bindweed, and horsenettle.

Herbage Component Year

Forage Grass

Forage Species

Weedy Grass

Weedy Species

Herbage

2022
2023
P value
2022
2023
P value
2022
2023
P value
2022
2023
P value
2022
2023
P value

Sampling time

Spring
DM, kg ha!
8054

5713
*k
8180
5847
**

0

0

NS
51
32
NS
8231
5878

**

Summer
DM, kg ha!
875

4395
*%
979
4439
**
14
212
**
34
217

1012
4656

*kk

P value

*k*k

**

*k*k

**

NS

**

NS

Kk

**
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Table 20. Forage grass, legume, forage species, and total herbage N concentrations in the
double-cropped annual forage system (DCAFS) grazing exclosures within N fertilized grass
(FERT) and mixed grass-legume (LEG) pasture types; at two times including mid-June
(Spring) and early September (Summer) where spring growth consisted of the forage grass
triticale and the legume red clover and in the summer, the forage grass was pearl| millet
and the legume was forage soybean; and in the sampling years 2022 and 2023. Weedy
species included barnyardgrass, yellow foxtail, giant foxtail, crabgrass, prostrate knotweed,
mares tail, and velvetleaf.

Herbage
component

Forage Grass

Legume

Forage Species

Weedy Species

Herbage

Pasture type

FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

N, g kg*

13.94
9.58

**

19.99

13.95
11.34

14.70
7.74

14.69
10.76

Sampling
time
Spring
Summer

Spring
Summer

Spring
Summer

Spring
Summer

Spring
Summer

N, g kg

14.72
8.80

**

19.99

14.72

10.58

11.22

14.71
10.74

Year

2022
2023

2022
2023

2022
2023

2022
2023

2022
2023

N, g kg™

10.50
13.02
*
20.07
19.92
NS
11.78
13.51
*
10.43
12.02
NS
11.89
13.56
#
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Table 21. Forage grass, legume, forage species, weedy species, and total herbage N yields in
the double-cropped annual forage system (DCAFS) grazing exclosures within N fertilized
grass (FERT) and mixed grass-legume (LEG) pasture types. Sampling took place during
2022 and 2023 at two times including mid-June (Spring) and early September (Summer)
where spring growth consisted of the forage grass triticale and the legume red clover and in
the summer, the forage grass was pearl millet and the legume was forage soybean. Weedy
species included barnyardgrass, yellow foxtail, giant foxtail, crabgrass, prostrate knotweed,
mares tail, and velvetleaf.

Year
2022

2023

Herbage
component
Forage grass

Legume

Forage species

Weedy species

Herbage

Forage grass

Legume

Forage species

Weedy species

Herbage

Pasture

type
FERT

LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

Sampling time

Spring
N, kg ha'
86.90
47.63

**

86.90
47.63

*k*k

NS
86.9
47.60
**
32.80
30.77
NS

32.80
30.77
NS

NS
32.80
30.77
NS

Summer
N, kg ha
17.27
7.93

NS

14.45

17.27
22.40
NS

53.68
17.53
*k*

70.98
39.90

170.67
50.97

*k*

22.97

170.67
73.93
*k*x
28.93
10.17
**
199.60
84.10

**k*x

P value

*k*k

**

**

*kx

*kx

**

NS
NS

*k*k

**

*k*k

**

*kx

*kx

**
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Table 22. Forage grass, forage species, and total herbage N concentrations in the diverse
perennial circular forage system (DPCFS) grazing exclosures. Sampling took place during
2022 and 2023 at two times including mid-June (Spring) and early September (Summer)
where growth consisted of the forage grass smooth bromegrass and the legumes birdsfoot
trefoil, alfalfa, and red clover.

Sampling time

Herbage Year Spring Summer P value

Component N, g kg N, g kg*

Forage Grass 2022 13.66 32.36 el
2023 19.68 22.06 bl
P value falalel il

Forage Species 2022 13.93 31.52 faleed
2023 19.90 22.07 ol
P value xxx e

Herbage 2022 13.93 31.23 ikl
2023 19.90 21.90 &
P value faleled falaed

Table 23. Forage grass, legume, and forage species N concentrations in the diverse
perennial circular forage system (DPCFS) grazing exclosures within N fertilized grass
(FERT) and mixed grass-legume (LEG) pasture types. Sampling took place during 2022
and 2023 at two times including mid-June (Spring) and early September (Summer) where
growth consisted of the forage grass smooth bromegrass and the legumes birdsfoot trefoil,
alfalfa, and red clover.

Sampling time

Herbage Pasture type Spring Summer P value
component N, g kg* N, g kg
Forage Grass FERT 18.38 27.83 il
LEG 14.95 26.50 il
P value il *
Legume FERT
LEG 26.67 22.27 il
P value
Forage Species FERT 18.38 27.83 ikl
LEG 15.45 25.75 kel

P value falad el
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Table 24. Forage grass, forage species, weedy species, and total herbage N yields in the
diverse perennial circular forage system (DPCFS) grazing exclosures. Sampling took place
during 2022 and 2023 at two times including mid-June (Spring) and early September
(Summer) where growth consisted of the forage grass smooth bromegrass and the legumes
birdsfoot trefoil, alfalfa, and red clover. Weedy species consisted of yellow foxtail, wild
mustard, field bindweed, and horsenettle.

Herbage
Component
Forage Grass

Forage Species

Weedy Species

Total Herbage

Year

2022
2023
P value
2022
2023
P value
2022
2023
P value
2022
2023
P value

Sampling time

Spring
N, kg ha'
111.33

113.03
NS
114.68
116.67
NS
1.14
0.73
NS
115.84
117.42
NS

Summer
N, kg ha'
28.17

97.72
*k*k
30.80
98.60
*kx
0.46
3.90
**
31.28
102.47

*k*k

P value

*k*

*k*x

**

NS

**

***

Table 25. Forage grass, forage species, and total herbage N yields in the diverse perennial
circular forage system (DPCFS) grazing exclosures within N fertilized grass (FERT) and
mixed grass-legume (LEG) pasture types. Sampling took place during 2022 and 2023 at
two times including mid-June (Spring) and early September (Summer) where growth
consisted of the forage grass smooth bromegrass and the legumes birdsfoot trefoil, alfalfa,

and red clover.

Herbage
component
Forage Grass

Forage Species

Herbage

Pasture type

FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

Sampling time

Spring
N, kg ha*
133.92

90.45
**
133.92
97.43
**
135.31
97.95

**

Summer
N, kg ha!
73.60

52.28

73.60
55.80

75.66
58.08

P value

*k*k

**

*k*x

*k*x

*k*

*k*x
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Table 26. Forage grass, forage species, weedy species, and total herbage NDF
concentrations in the double-cropped annual forage system (DCAFS) grazing exclosures.
Sampling took place during 2022 and 2023 at two times including mid-June (Spring) and
early September (Summer) where spring growth consisted of the forage grass triticale and
the legume red clover and in the summer, the forage grass was pearl millet and the legume
was forage soybean. Weedy species included barnyardgrass, yellow foxtail, giant foxtail,
crabgrass, prostrate knotweed, mares tail, and velvetleaf.

Sampling time

Herbage Year Spring Summer P value

Component NDF, g kg NDF, g kg*

Forage Grass 2022 602.7 617.0 NS
2023 569.4 640.9 *k
P value * *

Forage Species 2022 602.4 590.4 NS
2023 569.4 630.5 ol
P value * *

Weedy Species 2022 / 617.2
2023 / 627.1
P value NS

Herbage 2022 601.2 605.6 NS
2023 569.4 630.4 *k

P value 2 &
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Table 27. Forage grass, legume, forage species, weedy species, and total herbage NDF
concentrations in the double-cropped annual forage system (DCAFS) grazing exclosures
within N fertilized grass (FERT) and mixed grass-legume (LEG) pasture types. Sampling
took place during 2022 and 2023 at two times including mid-June (Spring) and early
September (Summer) where spring growth consisted of the forage grass triticale and the
legume red clover and in the summer, the forage grass was pearl millet and the legume was
forage soybean. Weedy species included barnyardgrass, yellow foxtail, giant foxtail,
crabgrass, prostrate knotweed, mares tail, and velvetleaf.

Sampling time

Herbage Pasture type Spring Summer P value

component NDF, g kg NDF, g kg

Forage Grass FERT 580.8 628.3 *x
LEG 591.2 629.5 *x
P value NS NS

Legume FERT
LEG / 404.5
P value

Forage Species FERT 580.7 628.3 **
LEG 591.1 592.6 NS
P value NS *

Weedy Species FERT / 612.9
LEG / 631.4
P value *

Herbage FERT 580.3 626.3 *k
LEG 590.3 609.7 #

P value NS *
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Table 28. Forage grass, forage species, weedy species, and total herbage NDF
concentrations in the diverse perennial circular forage system (DPCFS) grazing exclosures.
Sampling took place during 2022 and 2023 at two times including mid-June (Spring) and
early September (Summer) where growth consisted of the forage grass smooth bromegrass
and the legumes birdsfoot trefoil, alfalfa, and red clover. Weedy species consisted of yellow
foxtail, wild mustard, field bindweed, and horsenettle.

Sampling time

Herbage Year Spring Summer P value

Component NDF, g kg™ NDF, g kg*

Forage Grass 2022 656.7 506.0 faleed
2023 614.2 626.0 NS
P value *x kel

Forage Species 2022 652.7 493.4 il
2023 605.3 624.7 #
P value *x faleied

Weedy Species 2022 255.6 323.5 NS
2023 60.5 375.3 NS
P value NS NS

Herbage 2022 651.7 489.9 falaied
2023 603.6 612.5 NS

P value ** **
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Table 29. Forage grass, forage species, weedy species, and total herbage NDF
concentrations in the diverse perennial circular forage system (DPCFS) grazing exclosures
within N fertilized grass (FERT) and mixed grass-legume (LEG) pasture types. Sampling
took place during 2022 and 2023 at two times including mid-June (Spring) and early
September (Summer) where growth consisted of the forage grass smooth bromegrass and
the legumes birdsfoot trefoil, alfalfa, and red clover. Weedy species consisted of yellow
foxtail, wild mustard, field bindweed, and horsenettle.

Sampling time

Herbage Pasture type Spring Summer P value

component NDF, g kg NDF, g kg*

Forage Grass FERT 626.6 564.2 **
LEG 644.4 567.9 *k
P value # NS

Legume FERT
LEG 289.5 362.3 NS
P value

Forage Species FERT 626.6 564.2 **
LEG 631.4 554.0 il
P value NS NS

Weedy Species FERT 125.3 369.9 NS
LEG 190.7 328.9 NS
P value NS NS

Herbage FERT 624.6 559.8 **
LEG 630.7 542.6 *k

P value NS NS
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Table 30. Forage grass, legume, forage species, weedy species, and total herbage IVOMD
concentrations in the double-cropped annual forage system (DCAFS) grazing exclosures
within N fertilized grass (FERT) and mixed grass-legume (LEG) pasture types. Sampling
took place during 2022 and 2023 at two times including mid-June (Spring) and early
September (Summer) where spring growth consisted of the forage grass triticale and the
legume red clover and in the summer, the forage grass was pearl millet and the legume was
forage soybean. Weedy species included barnyardgrass, yellow foxtail, giant foxtail,

crabgrass, prostrate knotweed, mares tail, and velvetleaf.

Year
2022

2023

Herbage
component
Forage grass

Legume

Forage species

Weedy species

Herbage

Forage grass

Legume

Forage species

Weedy species

Herbage

Pasture

type
FERT

LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

Sampling time

Spring
IVOMD, g kg
597.9

590.5

NS

597.8
590.1
NS

596.8
588.7
NS

692.3
645.2

692.3
645.2
NS

692.3
645.2

Summer
IVOMD, g kg*
673.1

682.2

NS

594.6

673.1
652.1
NS

614.6
622.2
NS

634.3
636.9
NS

584.7
636.9

585.7

584.7
629.2
NS
543.4
622.2
**
579.4
621.8

P value

**

**

**

**

**

NS

**

NS

**

NS
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Table 31. Forage grass, legume, forage species, weedy species, and total herbage IVOMD
yields in the double-cropped annual forage system (DCAFS) grazing exclosures within N
fertilized grass (FERT) and mixed grass-legume (LEG) pasture types. Sampling took place
during 2022 and 2023 at two times including mid-June (Spring) and early September
(Summer) where spring growth consisted of the forage grass triticale and the legume red
clover and in the summer, the forage grass was pearl millet and the legume was forage
soybean. Weedy species included barnyardgrass, yellow foxtail, giant foxtail, crabgrass,
prostrate knotweed, mares tail, and velvetleaf.

Year
2022

2023

Herbage
component
Forage grass

Legume

Forage species

Weedy species

Herbage

Forage grass

Legume

Forage species

Weedy species

Herbage

Pasture

type
FERT

LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value
FERT
LEG

P value

Sampling time

Spring
IVOMD, kg ha't
3515

2388

NS

3515
2388
NS

3515
2388
NS
1191
1438
NS

1191
1438
NS

1191
1438
NS

Summer
IVOMD, kg hat
1363

973

NS

422

1363
1337
NS

2460
1589

3823
2925
NS

8124
4528

**

676

8124
5205

1023
673
NS
9147
5878

**

P
value
*

#

NS

**

**

NS
NS

**
**
**

**

**

**

**
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Table 32. Forage grass, forage species, weedy species, and total herbage IVOMD
concentrations in the diverse perennial circular forage system (DPCFS) grazing exclosures.
Sampling took place during 2022 and 2023 at two times including mid-June (Spring) and
early September (Summer) where growth consisted of the forage grass smooth bromegrass
and the legumes birdsfoot trefoil, alfalfa, and red clover. Weedy species consisted of yellow

foxtail, wild mustard, field bindweed, and horsenettle.

Herbage
Component
Forage Grass

Forage Species

Weedy Species

Herbage

Year

2022
2023
P value
2022
2023
P value
2022
2023
P value
2022
2023
P value

Sampling time

Spring
IVOMD, g kg*
544.7

530.6
NS
545.0
526.2
NS
248.5
211.8
NS
544.6
526.5
NS

Summer
IVOMD, g kg*
642.7

580.2
*
642.7
579.2
*k
482.7
532.6
NS
643.2
583.8

*

P value

**

**

**

**

NS
NS

**
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Table 33. Forage grass, forage species, weedy species, and total herbage I'VOMD vyields in
the diverse perennial circular forage system (DPCFS) grazing exclosures. Sampling took
place during 2022 and 2023 at two times including mid-June (Spring) and early September
(Summer) where growth consisted of the forage grass smooth bromegrass and the legumes

birdsfoot trefoil, alfalfa, and red clover. Weedy species consisted of yellow foxtail, wild

mustard, field bindweed, and horsenettle.

Herbage
Component
Forage Grass

Forage Species

Weedy Species

Herbage

Year

2022
2023
P value
2022
2023
P value
2022
2023
P value
2022
2023
P value

Sampling time

Spring
IVOMD, kg ha!
4381

3029
*ok
4452
3075
**
245
18.4
NS
4477
3093

**

Summer
IVOMD, kg hat
564

2546
-
628
2568
**k*
22.3
110
#
651
2708

**

P value

*k*k

*

*k*k

NS

*k*x
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Table 34. ANOVA of herbage mass components including forage species: perennial grasses,
legumes, sorghum x sudangrass, and total forage species; weedy species: forbs, grasses, and
total weedy species; and total herbage as affected by pasture type (T), sod suppression (S)
after interseeding, sampling date (D) after sod suppression, sod suppression after
interseeding year (Y), and their interactions at Mead, Nebraska from 2020-2022.

Sorghum
Sampling Perennial X Weedy  Weedy Total
time Effect grasses Legumes sudangrass Forbs Grasses  Total herbage
Summer T 13 0.6 0.1 15 0.0 0.3
S 22.0%** 2.8 3.5%* 1.2 2.6* 5.3 2.5
TxS 2.0 0.3 0.3 1.0 0.6 0.5
Y 4.6* 1.6 0.9 6.0* 3.6 17.7%** 117
TxY 0.2 0.1 0.0 0.1 1.2 0.4
SxY 3.0 0.5 0.7 1.1 0.4 1.1 1.2
TxSxY 0.2 0.4 0.3 0.8 0.5 0.6
Next T 10.1** 3.6 2.6 0.0 1.9
Spring
S 7.3%** 1.8 1.8 2.5* 5.3 3.8
TxS 0.1 0.5 2.7 0.6 0.4
Y 20.1** 2.2 7.8%* 4.7 17.7%** 8.6
TxY 1.1 2.3 2.6 1.2 2.9
SxY 0.4 1.8 1.4 25 1.1 0.7
TxSxY 0.3 0.3 2.7 0.5 0.4
Note: The absence of data indicates that effects and interactions of those variables were not evaluated.
#p >0.05-0.10
*p<0.05.
**p < 0.01.

%) < 0.001.
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Table 35. Perennial grass, total forage species, and total herbage mass in pastures at Mead,
NE relative to sampling date after interseeding x interseeding year interactions. The
summer sampling took place 8 weeks after interseeding and application of sod suppression
treatments while the next spring sampling date took place 50 weeks after interseeding and
sod suppression.

Sampling time
Herbage component Treatment year Summer Next spring
Perennial grass 2020 1355 3700
2021 1630 2597
* *k*k
Weedy forb 2020 21 53
2021 364 462
* **
Weedy grass 2020 644
2021 1024
#
Total 2020 3515 3854
2021 4801 3115
**x **
Note:
#p 0.05<0.10
*n < 0.05.
**p <0.01.

*xxp < 0.001.
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