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ABSTRACT

Intercropping of maize (Zea mays L.) and alfalfa (Medicago sativa L.) is not acommon
practice because afalfa generally reduces maize grain and biomass yield. The objective of this
research was to evaluate the productivity and profitability of maize-alfalfaintercropping. The
experiment was conducted in Fargo and Prosper, ND, from 2014 to 2017. The design was a
randomized complete block design with four replicates and a split-plot arrangement. Treatments
were: 1) maize monoculture, 2) maize intercropped with alfalfa, 3) maize intercropped with
afafa+ prohexadione, and 4) spring-seeded afalfa (in 2015). Alfalfaestablishedin
intercropping with maize had almost double the forage yield in the following year compared with
spring-seeded afalfa, and had higher net returns than silage-maize followed by spring-seeded
afafathefollowing year. Thissystem has the potential to get more growers to have dfalfain

the rotation by skipping the typical low yielding afalfain establishment year.
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CHAPTER 1: INTRODUCTION

The most common crop sequences in the Corn -Belt region of the US, are continuous
maize (Zea mays L.) or maize-soybean [Glycine max (L.) Merr.]. Inthelast two decades,
forage-based, high diversity, crop rotations have transitioned to less diverse, shorter, and annual
crops-based rotations. The increase of farm size, decline on livestock numbers, and the increase
of commodity prices has driven the decline on crop diversity (Karlen et al., 2006; Johnston,
2014). The reduced crop diversity in the Corn Belt has resulted in negative economic and
environmental impacts, such asloss of soil organic matter, degradation of soil physical
characteristics, and increased soil erosion (Sulc and Tracy, 2007; Russelle, 2013). Research has
demonstrated that long-term diverse crop rotations produce higher yield in each crop in the
rotation compared with monocrops or short rotations, enhancing soil fertility and reducing
fertilizer applications to the next crop (Karlen et al., 2006; Sulc and Tracy 2007; Olmstead and
Brummer, 2007).

Including perennial cropsinto acrop rotation, generally resultsin lower cost of
production, reduced soil erosion, and improved soil health (Olmstead and Brummer, 2007).
Alfalfa (Medicago sativa L.) in rotation with other crops decreases the production cost of the
subsequent crop, due to enhanced N fixation, and improved soil health (Olmstead and Brummer,
2007; Zhang et al., 2013). Moreover, when the subsequent crop is maize, adding alfafato the
crop rotation decreases nitrogen fertilizer costs (Mikic et al., 2015).

Despite of the many benefits alfalfa offers to cropping systems, alfalfa annual forage
yield is much lower than that of silage maize, particularly in the establishment year (Grabber,
2016). This has resulted in the reduction of afalfa production on dairy farms, in favor of

continuous silage maize production (Grabber, 2016). With the approval of glyphosate-tolerant



afafain 2011, interseeding alfalfainto maize has become a new potential cropping system for
forage growersin the Midwest (Hubbard and Hassanein, 2013), since both crops complement
each other (Ijoyah, 2012; Sun et a., 2014, 2018). Alfafaintercropped into maize provides a
groundcover after silage maize harvest, in addition to providing forage in the subsequent
production years (Grabber, 2016). Interseeding alfalfainto silage maize provides a head start to
afafa production establishment, doubling the forage yield compared with conventional spring-
seeded alfafa (Grabber, 2016). In addition, intercropped alfalfa during and after maize silage
production reduces soil losses of total suspended solids, total nitrogen and phosphorus, and
nitrate and dissolved phosphorus (Osterholz et a., 2019).

However, afafainterseeding can impact negatively because alfalfa might compete with
maize for water and nutrients while the reduced light under the maize’s canopy etiolates alfalfa
stems, weakening the plants. Asaresult, plants might die during the winter reducing alfafa
stands (Yost et a., 2015; Grabber, 2016). Additionally, recent research indicates tolerance to
shade under the maize canopy varies among afafa cultivars (Grabber, 2016). An adequate stand
of afalfain thefirst year ranges between 80 to 130 plants m™ (Hall et al., 2004; Grabber, 2016).

In order to improve the survivability of the alfalfa and reduce stem etiolation, growth
regulators have been evaluated. These chemicals aso work astools to reduce the competition
between afalfaand maize. Prohexadione-calcium (PHX) [calcium, 1-(4-carboxy-2, 6-
dioxocyclohexylidene) propan-1-olate], is a growth regulator that has been utilized in dfalfato
reduce the internode length and improve alfalfa’s survivability (Rethwish et al., 2003; Grabber,
2016; Osterholz, et ., 2018). Alfalfaroot growth and cold tolerance are also enhanced by
growth regulators’ application, improving alfalfa stand establishment during the seeding year

(Grabber, 2016).



Although the potential of alfalfa-maize interseeding has been studied in Wisconsin since
2010, there are still many questions remaining. Additional research is needed to minimize silage
maize yield reduction and increase alfalfa stand establishment. In addition, competition anong
species, differencesin alfalfa cultivars tolerance to shade, maize row spacing, seeding dates, and
N management, need to be researched to identify the advantages and disadvantages of this
system (Grabber, 2016).

In North Dakota, the growing season is shorter and maize hybrids grown in the state are
usually shorter in height and maturity than in Wisconsin (Kucharik, 2008). Thus, the
survivability of afalfaand the competition with maize is likely to be different from that reported
in Wisconsin, because light below the maize canopy is probably greater. Additionally, all
previous studies have been done only at 76-cm maize row spacing and only for silage maize
hybrids (Grabber, 2016).

In North Dakota, alfafainterseeding in maize has not been studied before and might be a
potential system to increase the grower’s interest to add alfalfa to the current continuous maize
or maize-soybean rotation. Adding alfalfato the rotation would have many positive economic,
aswell as, environmental benefits. The maize would serve as a companion crop to alfalfa during
establishment and the intercropped alfalfa would serve as a cover crop after maize harvest,
preventing soil erosion and enhancing nutrient cycling (Olmstead and Brummer, 2007; Grabber,
2016; Osterholz et a., 2019). 1n 2019, in North Dakota, grain-maize acreage was 1.3 million and
silage maize was 54,946 ha, respectively (NASS, 2019). Alfafahay acreage including afalfa-
grass mixtures was 493,716 ha (NASS, 2019). Thus, studying the interseeding alfalfainto maize
system in North Dakota could potentially have a positive impact in the state’s economy in the

near future.



The objectives of thisresearch were: 1) to evaluate the productivity, forage nutritive
value, and stand establishment of alfalfathe year after being established in intercropping with
maize at two maize row spacing’s compared with spring-seeded alfalfa, 2) to determineif the
application of prohexadione-calcium to alfalfa under the maize canopy improves afalfa
establishment and survival, and 3) to cal culate the economic benefits of afalfa-maize

intercropping.



CHAPTER 2: LITERATURE REVIEW

2.1. Crop Rotations and Cropping Systems

Agriculturein the U.S. Midwest is dominated by two crops: maize and soybean. In the
Corn Belt region, 20% of the maize is produced in monoculture and 80% is in 2-year rotation
with soybean (Varvel and Wilhelm, 2003; Karlen et a., 2006; NASS, 2019). Monocultures or
short crop rotations systems are negatively affecting soil health, decreasing soil organic matter,
and increasing soil erosion (Johnston, 2014). Although not as common, longer crop rotations,
including afalfaor other perennial forages are important in areas with a high concentration of
dairy farms (Sulc and Tracy, 2007). Inthe Corn Belt, afafa acreage has only 8% of the total
area cultivated but contributes to 80% of the country’s alfalfa production (Russelle, 2013).

Maize and soybean acreage has nearly doubled in the last two decades in the Corn Belt
and Midwest US states (Ohio, Indiana, Illinois, lowa, Minnesota, and Wisconsin) (Russelle,
2013; NASS, 2019). Conversely, the total harvested areafor hay has decreased in the last two
decades mainly due to the reduction of cattle and high commodity prices (Russelle, 2013; NASS,
2019). In addition, Russelle (2013) attributed the decline on afalfa production to the greater use
of maize on ruminant diets.

Long and diverse crop rotations, that include a perennial crop, provide beneficia effects
over the ecosystem such asincreasing grain crop yield, reducing inputs, and enhancing soil
health (Russelle et a., 2007; Sulc and Tracy, 2007; Russelle, 2013). In addition, crop diversity
can be enhanced by including a companion crop or a cover crop in the rotation in-between cash
crops (Undersander et a., 2011).

The use of companion cropsto establish afalfais acommon practice in the USA to

enhance seedling establishment, reduce soil erosion, and increase forage yield in the seeding year



(Hoy et ., 2002; Undersander et al., 2011). Companion crops not properly managed can reduce
afafa seedling establishment (Simmons et a., 1995; Hoy et a., 2002; Mahli and Foster, 2011).
Small grains such as barley (Hordeum vulgare L.) and oat (Avena sativa L.) are commonly used
as companion crops for afalfa Intraspecific light competition will depend on companion crop
species and cultivar, plant density, plant height (dwarf, semi-dwarf, or conventional), and harvest
stage (Simmons et al., 1995; Hoy et al., 2002; Undersander et al., 2011; Mahli and Foster, 2011).
The alfalfa underneath the canopy of the companion crop can die by insufficient light or
smothering by lodging of the companion crop. At full height, the companion crop reduces the
photosynthetically active radiation (PAR) available for afalfa59% and 49% under the barley
and oat canopy, respectively. Alfafaseedling mortality ranges from 42 to 50 % under the barley
and oat canopy, during the establishment year, but companion crops did not affect alfalfayield
overal. Inthisstudy, afalfawas harvested later in the establishment season and at first flower
in the next spring; small grains were harvested at the boot or soft dough stage (Simmons et al.,
1995). Oat as a companion crop with alfalfa establishment does not have any negative impact on
afalfagrowth. The most important result as a companion crop was the reduction of broadleaves
weed density (Hoy et a., 2002). Oat and barley at high seeding rates (124 kg ha') decreased
forage yield of alfalfa-smooth brome (Bromusinermis L.) established in the understory (Mahli
and Foster, 2011). Less desirable companion crops for alfalfa are winter wheat (Triticum
aestivum L.) and winter rye (Secale cereale L.), due their strong competition with alfalfa

seedlings (Undersander et al., 2011).



2.2. Intercropping

Intercropping is atype of multiple cropping in which two or more crops are grown
simultaneously in the same field at the same time (Moradi et a., 2014). Plants of different
species can be closdly arranged to optimize positive plant growth interactions (Belel et a., 2014).

Andrews and Kassam (1976) categorized intercropping into four types:

i) Mixed intercropping: growing two or more crops simultaneously with no different

row arrangement. The component crops are intermixed in the available space.

i) Row intercropping: growing two or more crops simultaneously in alternate rows.

iii) Strip intercropping: growing two or more crops simultaneously in adjacent strips

within afield during the same growing season.

iv) Relay intercropping: growing two or more crops with part of the growth cycles

overlapping.
Usually, the second crop is sown before the first crop is harvested, then after harvest, the under
Sown crop resumes growth.

According to Moradi et al. (2014), one of the most important purposes of intercropping is
to make more efficient use of the available resources. Additionally, intercropping has shown
great potential for increasing biomass yield (Fusuo and Li, 2003). In genera, cropsin
intercropping have greater production stability and higher total seed or biomass yield than their
respective monocultures (Smith and Carter, 1998). Growing cropsin mixed stands can be more
productive than monocultures mainly because of improved temporal solar radiation use
efficiency, enhanced weed control, pest suppression, and reduced soil water 1oss because of rapid

development of ground cover (Anil et a., 1998; Beld et a., 2014).



Plants can be closely arranged to optimize and improve positive plant interactions (Smith
and Carter, 1998). In intercropping, the highest grain or biomass yields and complementary
effects such as availability of nutrients, and availability of water for both crops, occur when crop
species’ growth periods have their major demands of resources at different times (Li et al., 2006;
Reddy and Reddi, 2007). Crops do not compete for the same resources, at the same stage of
development; utilizing resources efficiently and likely enhancing nutrient uptake in both crops
(Hauggaard-Nielsen et al., 2001, Li et a., 2001; Flores-Sanchez et al., 2012).

2.2.1. Intercropping of annual crops

Intercropping of cereals with legumes in forage production is used commonly to increase
forage yield and quality, improve land use efficiency (Li et a., 2006), and profitability per unit
land area (Hauggaard-Nielsen et al., 2007). Almost all studies conducted in legume-cereal
intercropping (barley-pea (Pisum sativum L.), oat-pea, and oat-barley) have shown forage yield
advantages compared with the corresponding monoculture (Anil et a., 1998).

Annual cereal and legume intercropping has been the most popular combination used due
to the legumes’ ability to symbiotically fix nitrogen and reduce soil erosion (Matusso et al.,
2012). Legume-cereal intercropping such as pea, faba bean (Vicia faba Roth.), and lupin
(Lupinus angustifolius L.) with barley, offers many advantages such as weed suppression,
reduction in diseases, and higher nutrient use efficiency (Anil et al., 1998; Hauggaard-Nielsen et
al., 2007). Intercropping of pea, faba bean, and lupin with barley in three consecutive cropping
seasons resulted in increased seed yield, especialy with pea-barley in sandy and sandy-loam
soils. Pea-barley intercropping had atotal combined grain yield of 4.6 Mg ha! in sandy-loam
soils, and 4.4 Mg ha! in sandy soils (Hauggaard-Nielsen et al., 2007). Similarly, faba bean-

barley, lupine-barley, and pea-barley produced similar forage dry matter yield than monocultures



but with increased crude protein content (Strydhorst et a., 2008). Faba bean-barley, lupin-
barley, and pea-barley biomass had 64%, 27%, and 55% higher protein yield, respectively
compared with forage barley (79 g kg?) at the soft dough stage. Faba bean-barley, and lupin-
barley had similar forage dry matter yield (12 Mg ha). Pea-barley yield was 13.5 Mg ha'!
(Strydhorst et al., 2008). The complementary effects of intercropping pea with cereals such as
spring wheat (Triticum aestivumL.), spring barley, oat, and spring triticale (x Triticosecale
Witt.) were enhanced when crops phenology and growth period was different. Cereals
dominated the mixtures and had a greater contribution to the total forage yield (Sarunaite et al.,
2013) while peaincreased the crude protein of the forage (Strydhorst et al., 2008). Increased
forage yield and nutritive value with intercropping may be related to a change in root
development and distribution, likely due to increased nutrient and water use efficiency (Zhang et
a., 2013). Pea-barley intercropping induced deeper roots in the cereal and faster lateral root
growth in both species compared with the sole crops (Hauggaard-Nielsen et al., 2001).

Crimson clover (Trifoliumincarnatum L.) interseeded into maize 10 to 20 days after
mai ze emergence established successfully, but posed strong competition to maize (Abdin et a.,
1998). Interseeded crimson clover competed for soil water with maize, especialy at a seeding
rate of 22 kg ha'l, decreasing maize grain yield (Parr et al., 2011). However, crimson clover with
adequate moisture and rainfall during the growing season, affected less maize grain yield (Abdin
et a., 1998). Weed suppression by crimson clover grown during the winter fallow period in
continuous maize may lead to areduction in herbicide use. At maize planting, crimson clover
reduced weed biomass 22 to 46% (Baeberi and Mazzoncini, 2001).

Intercropping maize grain with bambara groundnut [ Vigna subterranean (L.) Verdc.],

and peanut (Arachis hypogeae L.) had a significant effect on plant height, total fresh yield, and



crude protein content, and also increased the use efficiency of solar radiation, available water,
and nutrients compared with monocultures (Ali and Mohammad, 2012; Belel et al., 2014).
Additionally, maize-cowpea (Vigna unguiculata L.) intercropping increased N, P, and K uptake
compared with the maize alone (Belel et a., 2014). Thiswas also observed in a maize-wheat-
soybean intercropping where N, P, and K nutrient uptake was greater in intercropping than each
solecrop (Li et a., 2001).

Intercropping silage maize and sunflower (Helianthus annuus L.) increased forage
quality (fiber, fat, and protein content) compared with the sole crops. Silage maize produced
high dry matter yield and sunflower silage was higher in fat and crude protein in comparison
with silage maize. Also, lactating cow intake of intercropping silage maize and sunflower, were
similar to the silage maize alone but increased the milk production (Anil et al., 1998).

Intercropping of two different cereals also has shown increased yield and N use
efficiency. Total grain yield of wheat and maize increased from 40 to 70% when both crops
were intercropped. Nitrogen uptake in wheat monoculture was 188 kg N ha* while in wheat
intercropped with maize was 270 kg N hat (Li et al., 2001).

2.2.2. Intercropping of perennial legumes and cereals

Intercropping perennial legumes with annual cerealsisless common in high input
agriculture but is gaining interest to increase biodiversity in cropping systems. Red clover
(Trifolium pratense L.), kuraclover (Trifolium ambiguum Bieb.), and alfalfa are the most
common perennial legumes grown in intercropping with winter wheat or maize. When
intercropping perennia legumes and annual crops, differences in physiological ecology
(physiological responses of both crops growing together to the environment), root spatial

distribution, and nutrient requirements need to be considered (Zhang et a., 2011).
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Red clover, intercropped with winter wheat, not only can supply forage, but also supplies
N to the crop (Blaser et al., 2007). To maximize red clover forage yield and quality once the
wheat or triticale has been harvested, it is recommended to frost seed in early March, and seed
the clover at arate of 900-1200 seed m. Frost seeding involves broadcasting seeds just after
snowmelt in late winter or early spring. Asthe ground freezes and thaws, the seeds are
incorporated into the soil, and germination occurs only when the soil water and temperature are
optimal (Sarrantonio and Gallandt, 2003). Legumes are favored by frost-seeding compared with
grasses, but it islikely that wheat will out-compete the red clover in the spring of the year of
establishment (Blaser et a., 2007).

Red clover intercropped with silage maize, provided soil erosion protection and did not
significantly reduced silage maize yields. The reduction of soil loss was 48 to 76% less
compared with silage maize alone. Moreover, intercropped red clover increased silage maize
biomass yields compared with sole maize, without nitrogen fertilizer application (Wall et al.,
1991). Red clover intercropped with maize, and seeded 10 to 20 days after maize emergence at a
rate of 10 kg ha't, did not decreased maize grain yield, especially with adequate seasonal rainfall
(Abdin et al., 1998).

Intercropping maize grain and kura clover, allowed the clover to become aliving mulch
in maize, especialy under no-tillage conditions. Kuraclover did not affect maize grain yield,
and continued growing after harvesting maize, until ahard fall frost. Kuraclover seeded in early
spring, affected maize grain yield due to competition between the two species, and aso cool -
weather favored kura clover growth instead of maize. An excellent winter ground cover was
provided by kura clover, covering approximately 60% of the soil surface (Zemenchik et al.,

2000). Loss of maize plant population and slow maize devel opment were reported due to kura
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clover competition and wet-cool springtime soils, when kura clover was intercropped with maize
grain (Sawyer et a, 2010).

Other perennial or biennial cloversthat are utilized in intercropping with winter wheat, to
suppress weed growth are alsike clover (Trifolium hybridum L.), white clover (Trifolium repens
L.), and yellow sweetclover (Médlilotus officinalisL.). Usually, they are sown on frozen ground
in early spring and provide good organic matter production and N2-fixation before the next
spring crop planting the season after winter wheat harvest (Ross et al., 2001).

Alfalfain intercropping, improves the productivity of the intercrop, or subsequent crop
due to increased nutrient availability and organic matter, among others (Belel et a., 2014).
Alfalfaintercropped with forage sorghum (Sorghum bicolor L. Moench) had greater forage yield
than forage sorghum alone. Alfalfa-forage sorghum biomass yield ranged between 15.4 and 17.0
Mg ha! and forage sorghum between 14.6 and 16.7 Mg ha! (Hallam et al., 2001).

Grain-maize and afalfaintercropping, in which alfalfa was seeded two months before
mai ze, enhanced maize and afalfa biomass yield compared with the monocultures. Also, Zhang
et a., (2011) suggested that in intercropping, alfalfa utilized resources better than maize and
produced greater yield. Alfalfawas a superior competitor, and its productivity dominated the
total average biomass yield, during the three years of the experiment (Zhang et a., 2011). In
China, intercropping of alfalfa and maize increased maize grain yield, alfalfaforage biomass,
land use efficiency, and economic income per unit area compared with the monocultures (Zhang
etal., 2011; Sun et al., 2014, 2018).

Land equivalent ratio (LER) is defined as “an index of intercropping advantage and a

reflection of the degree of interspecific competition or facilitation in an intercropping system”
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(Zhang et a., 2011). Another definition of LER is the “relative land area required as a sole crop
to produce the same yields as intercropping” (Mead and Willey, 1980).

Land equivalent ratio measures the levels of intercrop interference on the cropping
system. Then, aLER higher than 1.0 indicates an intercropping advantage or positive inter-
specific interference that exist in the mixture, and LER less than 1.0 reflects mutual antagonism
or competition in the intercropping system (Zhang et al., 2011). A LER valuefor afalfa
intercropped into maize grain was always more than 1.0, since the year following the
establishment, the intercropping system had superior yield compared with maize or afalfaaone
(Zhang et a., 2011). Alfalfaand maize grain intercropping resulted in higher productivity and a
temporal and spatial complementarity, which optimized resource utilization and promoted
intercropping advantages (Zhang et al., 2013). As expected, alfalfain monoculture during the
seeding year had lower biomass yield than maize in monoculture (Zhang et al., 2011).

In another study, maize was relay-cropped into alfalfa established two months earlier.
Maize was still in the seedling V3 (third leaf) stage and shorter than alfalfa by the time the latter
reached bloom stage (Sheaffer et al., 1988; Ransom and Endres, 2014). Alfalfaand maize used
complementary niches for enhanced light interception (Sun et al., 2014). Interseeding alfafa
into maize at the same seeding date as maize, favored afalfa establishment (Pendleton et al .,
1957). Usually, early in the spring availability of soil water and cool temperatures favor alfalfa’s
growth. Inan afalfa-maize intercropping study, alfalfa seeded at the same time as maize or later
in the season did not decrease maize grain yield and provided cover in the fall and in the spring

of the year following seeding (Exner and Cruse, 1993).
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2.2.3. Ecosystem services provided by intercropping

An ecosystem service is defined as “a concept that distinguishes the long-term role that
healthy ecosystems play in the sustainable provision of human wellbeing, economic
development, and poverty alleviation across the globe” (Turner and Daily, 2008). Daily and
Matson (2008) described this concept as a bridge between the environment and human well -
being. To integrate an ecosystem service as a decision-making tool it must be credible,
replicable, scalable, and sustainable. The dynamic of the diversity in an ecosystem, is measured
not only by the amount of different species, but also by the relationship between space and time.
To implement this new concept, an economic policy that favors the diversification in land uses
and the diversity among land usersisrequired (Swift et al., 2004).

According to Kragt and Robertson (2014), there are four classes of ecosystem services.

1. Provisioning services: the products directly obtained from the ecosystems.

2. Supporting services: services that are necessary for the production of all other

ecosystem services.

3. Regulating services. the benefits obtained from the regulation of ecosystem

Processes.

4. Cultural services. the nonmaterial benefits people obtain from ecosystems.

Alfalfa provides several supporting and regulating ecosystem services, among them, soil
health improvement, N> fixing, N credits for the next crop, pollinators and wildlife habitat, water
retention in the soil, and mitigation of nitrate leaching and P run-off (Carter and Scheaffer, 1983;
Power, 2010; Undersander et al., 2011; Dell et al., 2018). Alfalfa has shown great potential to
control erosion and enhance soil structure, due to its deep root system and increase in soil

organic carbon (Dell et al., 2018; Niu et al., 2020). In addition, soil stability was enhanced and
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surface sediment run-off was decreased when afalfawasincluded in the cropping system (Wu et
al., 2011).

Nitrogen is the main limiting nutrient for crop growth. Fortunately, legumes have the
ability to fix atmospheric N2 in symbiotic association with rhizobia, which convertsit to plant-
available forms. Rhizobia fixes atmospheric N2 into N-containing compounds which are used
for amino acids synthesisin the plant (Russelle, 2004; Undersander et al., 2011). Nitrogen
fixation rate depends directly on the supply of N from other available sources. Legumes uptake
N from fertilizers, from the mineralization of plant residues, and indirectly, from the recycled-N
in the manure from animals fed with afalfa (Peterson and Russelle, 1991). Russelle (2004)
reported that N fixation by alfalfaranged from 45 to 477 kg N ha* annually in the Mississi ppi
River Basin. Alfafaonly fixesthe additional nitrogen needed to grow, because it is an adaptive
process, and afafawill uptake and deplete N available from all other sourcesfirst (Russelle,
2004). In an intercropping system composed by forages legumes and grasses, N fixation by the
legume will provide the grass with enough N, reducing the need of N fertilizers (Aponte et al.,
2019). When dfalfais grown together with grasses, 80% of the N taken up by the grass comes
from the N2 fixation of the legume (Carlsson and Huss-Danell, 2003).

Nitrogen transfer from legumes to non-legumes may occur by N-release from decaying
nodul es when crops are growing together, or after the legume residue roots have been
incorporated into the soil (Anil et al., 1998; Zhang et al., 2013). Other pathways to transfer
nitrogen from legume to grasses are excretion of nitrogen from the legume root and nodules, and
grasses and legumes root interconnection by mycorrhizal fungi (Haystead et al., 1988; Russelle
et al., 1994). Mycorrhiza hypha allows the extension of the root system and enhances the plant’s

access to nutrients. In white clover and perennial ryegrass (Lolium perenne L.), and due the
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presence of mycorrhizae the transfer of N from the legume to the grass increased dry matter yield
in both crops (Haystead et al., 1988). Mycorrhiza-colonized roots increased plant ability to
release N into the soil. In N-limited pastures, it is common to find mycorrhiza, and the exchange
of N ispolarized from legume to non-legume (Haystead et al., 1988).

Sun et al. (2014), reported that in alfalfa-maize intercropping, N was transferred from
afafaby N released from decaying afalfa nodules and roots, enhancing soil N availability,
improving soil physical and chemical properties, and maize growth. It isbelieved that in
intercropping the cereal roots deplete the legume root rhizosphere of N, obligating the legume to
increase N2 fixation, increasing the N content in both crops (Hauggaard-Nielsen et a., 2001).

Additionally, alfalfa-maize based cropping systems improve the N economy of the
cropping system increasing productivity per unit time and space, and net returns in compari son
with monoculture (Thayamini and Brintha, 2010). In a study conducted in Minnesota, alfalfa
added 47 to 72 kg ha'! of N credit to the silage maize crop, increasing silage maize yield in 1.8
Mg hal. The average net return to N was $44 ha! (Coulter et d., 2012).

Nitrogen applications based on crop requirements, play an important role on farmer’s
budget. Excess N fertilizer increases the risk of leaching into groundwater. In maize following
afalfa, the risk of NOs-N leaching increases when applications exceeded 45 kg N hal. Nitrogen
credits from 3- to 7-yr old afalfa stands - to maize, during the first year can reach 168 kg ha'™.
Maize silage following a 3- to 7-yr old alfalfa application of 40 kg N ha was beneficial to
obtain economically optimum maize silage yield (Yost et al., 2012).

Maize seeded after a 3-yr old alfalfa stand, did not required N fertilizer, mainly dueto the
net N deposition in the afalfaresidue. Maize seeded after a 1- or 2-yr old alfalfa stand required

N fertilizer, at 97 and 64 kg N ha?, respectively, for optimum maize grain yield (Yost et al.,
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2015). The N credit from maize to alfalfaaso was reported by Niu et a. (2020) who indicated
that the N credit was due to an increase in soil microbial biomass and mineralization ratein a 9-
year continuous afalfa stand compared with maize following alfalfa after 3-years of afalfa.

In North Central states, alfalfaintercropped with maize can continue to grow about one
month after the maize has been harvested, providing enough time to the alfalfa plants to store
carbohydrates in the roots to avoid winter injury (Undersander et al., 2011). Then, the total N
acquisition (N soil + N2 fixed) in afalfa-maize intercropping system is greater compared with the
sole crop, especialy following a maize monoculture (Zhang et al., 2013).

Intercropping changes the N distribution in different organs of the maize plant. In maize
intercropped with afalfa, N content of maize stalks was higher than in stalks of sole maize
(Zhang et a., 2013). The maize stalk N content was higher under alfalfaintercropping compared
with the maize sole crop. Little attention has been paid to root distribution in combined
perennial legume-annual cereal crops with intercropping. Enhanced biomass yield of both crops
in an intercropping system is most likely due to a complementary root spatial distribution and
compatible root development that allows both crops to improve nutrient uptake (Zhang et al.,
2013). If roots cover alarger soil volume, which isthe case with intercropping, the uptake of P
will beincreased (Anil et al., 1998). Legumesincrease the P uptake in association with some
cereals, because root exudate compounds into the rhizosphere that enhances the mobilization of
insoluble phosphate (Li et al., 2001).

In a study conducted in Wisconsin, Osterholz et al. (2019) reported that compared with
mai ze silage grown without interseeded alfalfa and followed by spring-seeded afalfa,
interseeded maize/alfalfa reduced losses of total suspended solids by 49% to 87%, total N by

37% to 74%, and total P by 37% to 81%, respectively. In this same study, total runoff volume
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and losses of dissolved solids, dissolved P, and NOs-N were reduced in the alfalfa-maize
interseeding system compared with the conventional maize silage followed by afalfarotation.

In a maize-alfalfa based system, the alfalfa root system can significantly improve soil
fertility and physico-chemical properties. In maize-alfafaintercropping, alfalfaroots reach
down to more than 90-cm in depth and the maize roots only to 40-cm in depth (Sun et al., 2014).
In the North Central states, alfalfarootstypicaly can grow down to 1.2-to 2.4-m in depth
(Russelle, 2003). The alfafahay crop can extract significant amounts of NOs-N to soil depths of
90, 180, 210, and 270 cm from Year 1 to Year 4 (Entz et al., 2001).

One important consideration in intercropping with alfalfais water use. Alfafaisahigh
water user and has a high water use efficiency (quantity of water necessary to produce a unit of
crop field), and thisis due mainly to the high biomass yield, its long-life cycle, and a deep root
system (Anil et a., 1998). Alfafawater useisabout 10 cm of water for Mg of dry matter yield
under rainfed conditions (Carter and Sheaffer, 1983; Lindenmayer et al., 2011). Alfalfa’s high
water use can dry up the soil profile to 2-m deep causing water stress to the intercropped or
following crop (Undersander et a., 2011). Alfalfawater use efficiency (WUE) values fluctuate
between 0.12 to 0.17 Mg of biomass ha cm! of water (Bauder et al., 1978; Carter and Shaeffer,
1983; Lindermayer et a., 2011), while maize WUE fluctuates between 0.11 to 0.23 Mg of
biomass ha cmr? (Olson, 1971; Noorwood, 2000). In maize, water availability isa critical
factor for biomass and grain yield production, because the roots are shallow and mostly
distributed above 40-cm in depth. In alfalfa, roots can penetrate more than 10-m in depth, but
most roots are located in the first 60-cm of soil. Both crops compete for water and nutrientsin
the shallow soil layers (Sun et al., 2014). The absence of tillage during the alfalfa’s life cycle

decreases the breakdown of the soil structure, in comparison with an annual crop (Wu et .,
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2011). Alfalfacovered-plots had 1.77 times higher infiltration rate than bare-soil, reducing
surface run-off and soil sediment loss (Wu et al., 2011).

Maize, under a conventional system, once harvested, leaves the soil uncovered during the
winter and early spring, increasing soil wind and water erosion and nutrients losses by run-off
(Landiset a., 2008). When a variety of crops are present in the field, in rotation or in
intercropping, insect populations and diversity increases, providing valuable ecosystem services
such as crop pollination and pest control (Landis et al., 2008; Eberle et al., 2015).

2.2.4. Intercropping of alfalfa with maize to replace conventional spring seeding of alfalfa

Intercropping of maize and alfalfa can aso be used to establish alfalfa one year ahead,
increasing alfalfaforage yield on farmsin high need of forage, such asdairy farms (Sun et a.,
2014; Grabber, 2016). Alfalfa seasonal forage yield is much lower than silage maize, thus many
dairy farmers have moved to continuous silage maize production (Sulc and Tracy, 2007; NASS,
2019). One-way to increase alfalfayield in the typically low-yield seeding year, is interseeding
afafainto maize (Zhang et a., 2011; Grabber, 2016).

In alfalfa-maize intercropping, light competition is an important factor to consider.
Maize light interception is about 80 to 90% at full plant height, thus only 20 to 10% of PAR light
isavailable for the alfalfa under the leaf canopy (Matusso et a., 2012). In intercropping, when
alfalfaand maize are seeded at the same time, usually alfalfa grows slower than maize. As
maize gets taller, reduced PAR light cause alfalfa’s stem internodes to elongate, weakening the
plant and increasing the risk of winterkill (Matusso et a., 2012; Grabber 2016).

To prevent stems from etiolating and plants from weakening, growth regulators can be
used to control stem elongation (Grabber, 2016). Prohexadione-calcium (PHX) (calcium 3-

oxido-5-0x0-4-propionyl cyclohex-3-enecarboxylate) is a gibberellic acid inhibitor. Currently
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sold under avariety of trade names by multiple companies (Apogee® by BASF, Kudos® 27.5
WDG by Fine Americas, and Anuew™ by Nufarm US), PHX is used commercially in the USA
to limit shoot growth in fruit trees, peanuts (Arachis hypogea L.), nursery crops, turf, vegetable
crops, and grass grown for seed production. In all cases, PHX reduces vegetative growth,
balancing canopy development and fruit or seed production (Rethwish et al., 2003).
Gibberellins (GASs) are plant hormones with an active role in plant growth and cell
elongation; and are found in flowers, roots, fruits, seeds, and leaf primordiain meristems.
Gibberellic acid regul ates stem elongation and the mobilization of endosperm reserves during
early stages of seed germination. The synthesis of GAs occursin developing seeds and fruits,
young leaves of developing apical buds and elongation shoots, and the apical regions of roots
(Hopkins and Hiner, 2008). Some growth retardants block the synthesis of GAs. Prohexadione-
calcium alters the biosynthesis of growth-active GAs, reducing longitudina shoot growth.
Prohexadione-calcium inhibits the enzyme flavanone 3-hydroxylase by hydroxylation of the 33
bond. Thisenzymeis necessary for flavonoids biosynthesis (Evans et al., 1999; Costaet d.,
2001). The biological functions of flavonoidsin plants are related with the defense against UV -
B radiation, pathogen infection, nodulation, and pollen fertility (Hopkins and Huiner, 2008).
Usualy, PHX is applied as afoliar spray or soil drench, to reduce stem elongation,
obtaining shorter and compact plants, with dark green foliage (Hopkins and Huiner, 2008). The
growth suppresser effect of PHX typically lasts for 2-5 weeks. It is absorbed by the foliage and
the uptake is generally complete within 8 hours following application. Then, it is translocated
acropetally (Costaet al., 2001). When tricarbalylic acid is formed from PHX, isincorporated
into the plant matrix (Evans et a., 1999). In soil, PHX decomposes, mostly to carbon dioxide,

with a half-life less than 7 days and does not persist in the plant or affect directly vegetative
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growth the following season (Evans et al., 1999). Prohexadione-calcium reduces internode
elongation, resulting in increased alfalfaleaf/stem ratio and improved survivability of alfalfa
under the maize canopy (Rethwish et a., 2003; Grabber, 2016).

Prohexadione-calcium applied under the maize canopy, when afafareached 18-cmin
height, resulted in afirst-year afafaforage yield increase of 1.5 Mg hal (Grabber, 2016). The
growth regulator was able to reduce alfalfa biomass and seedling mortality. Alfalfainterseeded
into maize with application of PHX had aforage yield of 10.9 Mg hal in the first year of
production while silage maize had aforage yield of 22.1 Mg hal. Alfalfa-maize interseeding
reduced maize plant height and decreased maize dry matter biomass yield in 10%, when maize
was planted.

Thefirst application of PHX was done four to six weeks after planting (Grabber, 2016).
Early application of PHX also has a positive effect over the alfalfa stand density, increasing the
number of plants per m?. Stand densities went from 157 plant m2 without PHX, to 236 plants
m2 with rates of PHX in between 0.6 to 2.4 kg a.e. hal. Theratesof PHX were not statistically
different over the stand density. Rates of 0.60 to 2.40 kg ha! were used over 10-28 cm height
seedlings, and the result was the reduction of alfalfabiomass by 0.41- 0.76 Mg hal. Moreover,
reduction of seedling mortality was observed in all treatments with PHX, compared with spring-
seeded alfalfa (Grabber, 2016). In addition, avariety of adjuvants and anmmonium sulfate added
to PHX were effective in reducing afalfa height by an average of 16% within 4 weeks after
treatment and increasing alfalfa stand counts after maize harvest by 30% compared with the non-

PHX treated control (Osterholz et a., 2018).
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2.3. Economics: Alfalfa, Maize, and Alfalfa-Maize Intercropping

Some benefits of intercropping are flexibility, maximization of profit, minimization of
risk, soil conservation, ecosystem services, and soil fertility improvements. Nevertheless,
intercropping may reduce the yield of one or both crops (Beldl et a., 2014). Intercropping uses
land more efficiently and typically increases LER and net returns (Smith and Carter, 1998;
Brintha and Seran, 2009; Ijoyah and Dzer, 2012). Sun et a. (2014), reported that the main
economic benefits of the maize-afalfaintercropping are reduced inputs and N credits to maize.

A cost reduction between 8 and 14% was obtained when forage sorghum was interseeded
into alfalfa(Hallam et a., 2001). The cost of interseeded sorghum-alfalfawas $54 Mg and the
cost of afalfain monocrop with three harvestsin a season was $ 63 Mg* (Hallam et al., 2001).
Sorghum grain yield as a monocrop was higher than in intercropping with alfalfa, but the risk of
soil erosion was greater. Impact in the environment should be taken into consideration when
deciding the crops to intercrop. The focus must not be only on profitability, but land
sustainability (Hallam et al., 2001).

Farmers who add alfalfa to maize-soybean based rotations can obtain significant
economic gains. Average production costs for a 2-yr maize-soybean rotation were higher than
the cost for a 4-yr rotation (maize-soybean-oat/alfalfa-alfalfa) in Minnesota, although net return
was higher for the 2- yr maize-soybean rotation (Delbridge et al., 2011). This was expected
since the study was done when maize and soybean price were high. The high production cost of
the 2-yr maize-soybean rotation, was $68 ha greater than the 4-yr rotation, mainly due to the
higher fertilizer and pesticide applications (Delbrige et a., 2011). Conversely, asimulated 5-yr
rotation in lowa, including maize-soybean-oat/alfalfa-afafa-afafaresulted in a 24% net income

increase compared with a maize-soybean-maize-soybean-maize, including government farm
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support payments for the row crops (Olmstead and Brummer, 2007). The average production
cost of a 2-yr maize-soybean rotation, was $487 halyr?! and of a 4-yr maize-soybean-oat/alfalfa-
afalfawas $405 hal yr! (Delbridge et al., 2011).

Typical fal operations for glyphosate-tolerant alfalfafall establishment in dryland
systems include fertilizer application disking, harrowing, rolling, planting, and spraying. While
mai ze spring field operations include disking, anhydrous ammonia application, planting,
spraying (at least twice), combining, grain transportation, drying, and chopping stalks (Klein et
al., 2015). Inputsfor both cropsinclude seed, fertilizers, herbicides, and insecticides, but maize
needs additional services such as scouting and crop insurance (Klein et a., 2015).

In Nebraska, the cost for establishment including the overhead was $551 hat for afalfa
and $1,245 hal for maizein dryland (Klein et ., 2015). In North Dakota, the estimated cost to
produce maize and alfafais $1,261 ha! and $ 601 ha respectively (NDSU Extension, 2018).
In lowa, the cost of alfalfa establishment, including the overhead was between $430 and
$543 hal, assuming average lowa equipment use and a land surface of 65 ha (Hallam et al.,
2001).

In Wisconsin, alfafa-maize intercropping rotations had annual net returns of $303 to
$367 ha'?, with a 3-yr maize and 3-yr afalfa sequence identified as the most profitable
(Osterholz et al., 2020). Conventional rotations provided lower annual net returns of $260 to
$320 ha™! and the most profitable rotation was a 4-yr maize and 4-yr alfalfa sequence. Sensitivity
analyses demonstrated that intercropped alfalfa had arobust economic benefit, with increased net
returns obtained when the maize yield penalty was limited to less than 20% or the success rate of
alfalfa establishment exceeded 49% of attempts for the most profitable intercropped rotation

sequence (Osterholz et al., 2020).
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CHAPTER 3: MATERIALS AND METHODS

3.1. Experimental Sites

The experiment was conducted at two North Dakota State University (NDSU) research
sites at Fargo (46°52'N, 96°48°W, elevation 274 m) and Prosper (46°58°N, 97°3’W, elevation
280 m). The soil type at Prosper is aKindred-Bearden silty clay loam (Perella: fine-silty, mixed,
superactive Typic Endoaquoll; Bearden: fine-silty, mixed, superactive, frigid Aeric Calciaquoll)
while the soil type at Fargo is Fargo-Ryan clay soil (fine, montmorillonitic, frigid, Vertic
Haplaquoll with aleached and degraded nitric horizon) (Soil Survey 2014, 2016). Monthly
rainfall and minimum, maximum, and average temperature was obtained from the North Dakota
Agricultural Weather Network (NDAWN, 2017).

3.2. Experimental Design and Management

The experimental design at both locations was a randomized complete block (RCB) with
four replicates and a split-plot arrangement. The main plots were two maize row spacings (61
cm and 76 cm) and the subplots were the alfalfaintercropping treatments: i) sole maize, ii)
afalfaintercropped with maize, iii) afalfaintercropped with maize with one application of PHX,
and iv) spring-seeded afalfain 2015. The experiment was started in 2014. In 2015, the plots
that had intercropped alfalfathe previous year were left to grow and were evaluated for forage
yield.

Previous crop at both locations was hard red spring wheat with conservation tillage
consisted of two passes of chisel plowing and one pass of disking to prepare the seedbed for
planting alfalfain 2014. No-tillage was used before alfalfawas seeded in the spring of 2015.

A glyphosate-resistant alfalfa cultivar, Presteez RR (alfalfalabel information: pure live

seed: 65.9%; germination: 73%; hard seed: 15%, fall dormancy rating: 3, Winter survival
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rating:1) and the silage maize hybrid 2 MD 96 RR (96 d relative maturity, Roundup Ready™)
were used for this study.

In 2014, maize plots were seeded on 29 May with atwo-row maize drill at 76-cm (7100
MaxEmerge, Moaline, IL), and a different-cone plot planter (Wintersteiger, Plotseed XL, Salt
Lake City, UT) was used to plant maize at 61-cm. Alfalfawas seeded right after seeding maize
with the two afalfarows spaced 7.5-cm apart. The afalfawas seeded with the same plot
planter, but with 8 rows spaced at 15-cm row spacing. Each experimental unit of 6-mt long, had
either four rows of maize or four rows of maize intercropped with 16 rows of alfalfa seeded on
the same seeding date (Table 3.1). The targeted maize plant density was 87,932 plants ha' for
both row spacings. The seeding rate for afalfawas 15 kg hat of pure live seed (PLS) (only
correcting seeding rate by seed germination (80%).

Table 3.1. Seeding dates and proxehadione (PHX) application dates for maize and adfalfa at
Fargo and Prosper, ND in 2014 and 2015.

Location Maize Intercropped Intercropped Spring-seeded
afafa afafa + PHX afafa

Fargo 29 May 2014 29 May 2014 2 July 2014 2 June 2015

Prosper 23 May 2014 23 May 2014 2 July 2014 1 June 2015

In 2014, proxehadione (PHX) was applied to alfalfa when maize was at V8 stage and
afalfawas 18-20cm in height (Table 3.1), using arate of 0.5 kg a.i. hal. The equipment used
was a premium manual sprayer, with 3.78 L capacity, made of reinforced PV C, and with one
nozzle (Roundup 1-Gallon Premium Sprayer, USA). The product was sprayed over the afalfa,
but under the maize canopy.

Weed control was done with glyphosate (isopropylamine salt of N-(phosphonomethyl)

glycine), at arate of 0.84 kg a.i. ha'* depending on the weed pressure. In 2014, the product was
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applied twice during the growing season over both crops at the same time, using a three-nozzle
CO> backpack sprayer. From 2015 to 2017, glyphosate was sprayed once every year.

In 2014, 120 kg N ha! as ureafertilizer were applied to all plots. Alfalfawas fertilized
with 30 kg P20s ha! and 50 kg K20 ha't, as mono ammonium phosphate (11:52:0) and
potassium chloride (0:0:60), in the fall of both years following recommendations by (Franzen
and Berti, 2017). After maize showed symptoms of sulfur deficiency (V5 stage), in Fargo in
2014, all plots were fertilized with gypsum (17% of SO4) with arate of 30 kg hat in Fargo.

Maize was harvested by hand in the two-center plot rows with a 2.8 m? harvested area for
the 61 cm-row spacing and 3.5 m? harvested area for the 76-cm row spacing. Maize stubble
height after forage harvest was 5-cm. A forage moisture of 65% was used to calculate forage
biomass yield. Once maize biomass was harvested all remaining maize plants in the plot were
cut off and removed from the field with a maize silage chopper (New Holland FP 240, Racine,
WI1), in Fargo and by hand in Prosper. Alfalfawas harvested using aflail forage harvester
(Carter MFG CO., Inc., Brookston, IN) in 2015 (Table 3.2).

Table 3.2. Harvest dates (HV) of alfafaand maize at Fargo and Prosper, ND, USA, for 2014 to
2017.

Alfafa--- Maize
Location/year HV1 HV2 HV3 HV4 HV1Yr2t HV2Yr2t
Fargo 2014t 8 Oct. 26 Sept.
Prosper 2014 8 Oct. 26 Sept.
Fargo 2015 19June 14Jduly 11 Aug. 10ct. 5Aug. 1 Oct.
Prosper 2015 19June 10Jduly 5Aug. 1COct. 5Aug. 1 Oct.

Fargo 2016 2 June 28June 1 Aug. 25Aug. 18 July
Prosper 2016 2 June 28June 1 Aug. 25Aug. 18 July
Fargo 2017 31May 29June 1Aug. 4 Oct.
Prosper 2017 31May 29June 1Aug. 4 Oct.

"Harvest dates of spring-seeded afalfa
' Yearsindicate year of harvesting
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3.3. Sampling and Analysis

Soil samples were taken at both locations and both years at a 0- to 15-cm depth and tested
for pH, organic matter, P, and K. The N-NOz3 analysis was done from the soil samples taken at
the O- to 15-cm and 15- to 60-cm depths. Samples were sent to the North Dakota State
University Soil testing lab and N-NOz was determined with the transnitration of salicylic acid
method (Cataldo et a., 1975). The Olsen method and the ammonium acetate tests were used for
available P and K determination, respectively (Franzen, 2010) (Table 3.3).

Table 3.3. Sail test results from the experimental sites at Fargo and Prosper, ND, in 2014 and
2015.

L ocation/year N-NOs P K oM pH'
kghat - mg kg 1------ gkg?

Fargo 2014 234 15 420 59 7.8

Prosper 2014 184 33 308 38 6.5

Fargo 2015 115 19 399 66 7.8

Prosper 2015 79 38 300 40 6.3

"pH, organic matter (OM), P-Olsen and K at 0-15 cm depth, N-NOz at 0-60 cm depth.

In 2014, biomass yield of alfalfawas calculated from the total biomass harvested from 1-
m?2areain each plot. The number of alfalfa plants was counted in the same 1-m? before
harvesting. Plant height was taken measuring three plants per plot.

In 2015, the six-center alfalfarows of the plots, 6-m long were harvested with a plot
forage harvester (Carter MFG CO., Inc., Brookston, IN), weighed in the field, and a sample of
fresh forage of about 2 kg was taken and dried to cal cul ate moisture and determine dry matter
forageyield (Table 3.2). Forage yield in each harvest and total seasonal yield of alfalfawere
calculated. Harvests were conducted as close as possible to the plant height and growth stage

required for prime hay quality, Relative Feed Value (RFV) greater than 151. (Table 3.4).
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Table 3.4. Target maturity stage and plant height for each harvest to obtain prime afalfahay', in
2015 at Fargo and Prosper, ND.

Harvest Plant height (cm) Maturity stage

First 80 Late-vegetative -Early bud
Second 60 Late-bud -Early flower
Third 50 Early-flower - Late flower
Fourth 40 Late-flower

TSheaffer et al., 1988.

Maize biomass samples were placed in burlap bags and weighed. The samples were
dried at 70°C for four days, and then weighed to determine dry weight.

Dried samples of afalfaand maize, were grounded to 1-mm mesh and sent to the
University of Wisconsin, Madison, forage quality laboratory for forage quality analysiswith a
Near Infrared Spectroscopy (NIRS) apparatus (Foss-Sweden Model 6500, Minneapolis, MN).
Crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF), acid detergent
lignin (ADL), in vitro dry matter digestibility (IVDMD), and neutral detergent fiber digestibility
(NDFD) was determined, following the method described by Abrams et a. (1987).

Plant N uptake of alfalfa and maize were calculated by multiplying the dry matter
biomass yield by the total N content (CP/6.25) utilizing the Kjeldahl method (Speirs and
Mitchell, 2013).

3.4. Statistical Analysis

Statistical analysis was conducted using standard procedures for arandomized compl ete-
block design with a split-plot arrangement. Each year was analyzed separately. Each location
was considered arandom effect in the statistical analysis. The different intercropping treatments
and row spacing were considered fixed effects. Analysis of variance and mean comparisons
were conducted using the Mixed Procedure of SAS (SAS Ingtitute Inc., 2014). Trait error mean

squares were compared for homogeneity among locations according to the folded F-test and if
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homogeneous, then a combined ANOV A was performed across locations. Treatment means
separation was determined by F-protected LSD comparisons at the P<0.05 probability level.
3.5. Cost and Economic Analysis

Economic analysis was done on three 2-year sequences: i) maize Year 1- maize Year 2;
i) maize + dfafaYear 1 - dfalfaYear 2; and iii) maize Year 1 - spring-seeded afalfaYear 2.
The maize + afalfawas the intercropping treatment without application of PHX, since this
growth regulator did not show any effect on this study.

Constructed budgets were devel oped using rates and financial information from Haugen
(2017) and Swenson and Haugen (2014). The budget used was devel oped for eastern North
Dakota, and all costs related with irrigation for maize were taken out of the original budget since
the research was conducted on dryland (NDSU, 2018). All budgets consist of two consecutive
years. Costs of production considered included input expenses for land preparation, seeding,
fertilizer, and pest management (Table 3.5).

Seed price for maize was cal culated using the price per thousand kernéls (TK) ($3.5 TK"
1y and multiplied for atarget plant density of 87,932 ha. The price of alfalfa seed was $12.75
kg, included the cost of inoculation and seed treatment (NDSU, 2018). Land preparation,
sowing, spraying, and harvesting equipment, most commonly used in the region were in the
anaysis (Table 3.5). Machinery costs included labor, repairs, fuel and oil, depreciation, and
machinery overhead were based on values of dollars per hectare obtained from Lazarus (2014)
and Haugen (2017).

Herbicide cost, in the maize and alfalfa seeding year were fixed at $48.11 and $44.18
ha-1, respectively according to Aakre (2014). In the intercropping system, the herbicide was

applied twice during the growing season over both crops at the same time, using a surface (Boom
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sprayer, self-propelled, 20.4 m). No insecticide application was necessary since the maize seed
contained traits for the European corn borer (Ostrinia nubilalis) and Western corn rootworm
(Diabrotica virgifera virgifera) control in addition to being tolerant to glyphosate. The seed cost
includes insecticide seed treatment for corn wireworm (Melanotus communis Gyllenhal),
Western corn rootworm, white grub (Holotrichia serrata), and cutworm (Order: Lepidoptera)
(Swenson and Haugen, 2014).

Harvesting equipment for this analysisincluded forage silage harvester for maize, and
square baler, mower, hay rake, and a hay swather-conditioner for afalfa. Drying and transport
costs were not considered in the analysis. For each system, crop insurances cost, machinery
repair cost, operating interest, miscellaneous costs, and fixed costs cal culated based on Swenson
and Haugen (2014) were included as “other costs”.

Economic output was cal culated based on maize silage and alfafa hay value at harvest
with current prices multiplied by the yield. Maize silage dry matter yield obtained in this study
was used for the economic analysis. Silage yield used was of 13.8 Mg ha* dry matter yield, and
39.4 Mg ha'l maize silage at 65% moisture for all treatments. Since this study did not show
reduction in maize silage yield in treatments with intercropped alfalfa, the same maize silage
yield value was used for al treatments that had maize. Silage value was calculated according to
L aPorte (2019), assuming a medium maize grain yield of 8.4 Mg ha' and, amaize grain price of
$177 Mgt ($4.5 bu). A conversion factor was cal culated to transform maize grain price ($4.5
bu?) to silage maize value at 65% moisture (LaPorte, 2019), resulting in avalue of $41.1 Mg of
maize silage at 65% moisture. For afalfa, the average yield obtained at 76-cm row spacing were
used for the economic analysis; forage dry matter yield for | intercropped alfalfain Year 2 was

10.2 Mg ha* and for spring-seeded afafawas 5.5 Mg ha®,
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The net revenue from atwo-year system was estimated as the difference between the total
revenue and the total production cost for a consecutive two-year period. A sensitivity analysis
was performed to validate the results obtained. This analysis considered several potential maize
grain prices (between $32.0 and $50.3 Mg™), and afafahay prices ($125 to $181 Mg?), and
calculated profit fluctuations for each of those scenarios.

Table 3.5. Summary of inputs, rates used, and description used for cost calculationsin alfalfa
and maize.

Inputs Rate Price per unit  Description
Seeds kg ha $kg?
Maize 21.00 14.65 MD 96RR
Alfdfa 10.00 12.75 Presteez RR
Fertilizers
N 150.00 0.881 Urea, applied only to maize
P.Os 30.00 0.947 Mono ammonium phosphate
K20 50.00 0.881 Potash (KCl)
Herbicide 0.84+021 934+247.1 Glyphosate (2 applications) +
pyroxasulfone (Zidua)
Machinery Units ha! $hat
Soil preparation:
Chisel plow 1 28.2 11.3 m, Tractor 310 HP
Field cultivator 1 12.8 9m, Tractor 360 HP
Planting:
Small grain drill 1 311 4.6 m, Tractor 130HP
Row crop drill with cart 1 41.8 15.8 m, Tractor 260 HP
Chemicals:
Chemical sprayer 1 314 24.4 m, Self-prop
Spreading fertilizer 1 15.2 24.4 m, Tractor 130 HP
Harvesting:
Silage harvesting 1 83.4 2row, 1.5 m, Tractor 105 HP
Large square baler 1 24.3 6.1 m, Tractor 130 HP
Mower 1 26.7 2.7 m, Tractor 40 HP
Hay rake 1 12.7 2.7 m, Tractor 40 HP
Hay swather-conditioner 1 215 4.3 m, Tractor 60 HP

TAll machinery and fuel values necessary for each operation were extracted from Lazarus (2014).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Climatic Characteristics

During the 2-year experimental period, at both Prosper and Fargo, the growing season
minimum and maximum temperatures were similar to the 30-year average with slightly warmer
temperatures November 2014 through January 2015 that probably enhanced alfalfa stand
survival (Table4.1). In 2014, after sufficient rainfall early in the season, plants experienced
drier conditions compared with the 30-year average rainfall in the summer until final harvest in
October at both locations. Therainfall deficit from May to October in 2014 was -106.3 mm and
-150.6 mm in Fargo and Prosper, respectively, compared with the long-term average (Table 4.1).
In 2015, at both locations, May was exceptionally wet and towards the end of the season, the
rainfall conditions were below normal. Therainfall deficit compared with the long-term average
from May to October in 2015 was -35.7-mm and -23.7-mm in Fargo and Prosper, respectively
(Table 4.1).
4.2. AlfafaForage Yield

The analysis of variance indicated a significant effect for the interaction between location
and intercropping treatment for total forage yield of afafain the seeding year (2014), first
(2015), second (2016), and third (2017) production years (Table 4.2). Row spacing did not
influence alfafayield in any of thelocations and years. The alfalfaforage yield of intercropping

treatments were different only in 2015 (Table 4.2).
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Table 4.1. Monthly average growing-season rainfall and maximum, minimum, and average
temperatures in Prosper and Fargo, in 2014 and 2015.

Fargo  Prosper Fargo Prosper
Month Min Max Aver. Min. Max Aver.
Rainfall (mm) Temperature ()
2015

Jan. 0.0 0.0 -21.4 9.3 -15.6 -22.3 -8.7 -15.6
Feb. 0.0 0.0 -20.7 9.9 -15.0 -21.5 -95 -15.6
Mar. 0.0 0.0 -10.8 0.0 -5.6 -10.6 0.4 -5.0
April 78.6 79.9 -09 10.2 4.4 -0.8 104 5.0
May 49.8 52.1 8.1 19.7 13.9 7.2 20.1 13.9
June 140.3 107.2 14.4 25.0 194 13.7 25.4 194
July 341 33.3 14.7 26.6 20.6 13.7 26.9 20.6
Aug. 371 60.5 15.6 26.1 211 14.4 26.8 20.6
Sept. 51.3 46.7 9.8 22.0 16.1 8.0 22.6 15.0
Oct. 7.7 9.1 3.0 14.7 8.9 1.3 15.1 8.3
Nov. 0.0 0.0 -9.7 -11 -5.6 -10.6 -11 -6.1
Dec. 0.0 0.0 -10.2  -2.7 -6.7 -11.1 -2.8 -7.2
Total 398.8 388.7

Total May-Oct. 320.3 308.8
Normal May-Oct. 426.2 459.5

Dev. May-Oct.  -106.3 -150.6
30-year avg. 5743 594.4
2014

Jan. 0.0 00 -138 -45 89 -147 45 9.4
Feb. 0.0 00 -192 -86 -139 -204 -8.6 -14.4
Mar. 0.0 0.0 54 71 06  -7.0 7.0 0.0
April 159 201 06 157 83  -09 16.1 7.8
May 199.7 1487 6.7 186 12.8 55 18.7 122
June 638 1098 138 254 194 130 25.9 19.4
July 710 84 166 27.9 222 151 27.6 21.1
Aug. 543 363 141 266 206 122 265 19.4
Sept. 410 218 118 248 183 9.9 25.0 17.2
Oct. 318 308 44 161 10.6 25 16.3 9.4
Nov. 00 00 28 71 22  -38 7.1 1.7
Dec. 00 00 -85 -20 50 -103 2.8 6.7
Total 4775 4559

Total May-Oct. 4619 435.8
Normal May-Oct. 426.2 459.5
Dev. May-Oct. -35.7 -23.7
30-year avg. 5743 5944

'NDAWN (2017).
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Table 4.2. Analysis of variance and error mean sgquares for total seasonal alfalfaforage yield
from 2014 to 2017 in response to maize row spacing (RS) and intercropped alfalfawith and
without prohexadione application.

Sov of 2014 df 2015 2016 2017
Loc 1 0.604* 1 3112 021 2.83
Rep (loc) 6 0.137* 6 0.54 2.64 6.67
RS 1 0001 1 2.49 0.13 1.61
RSx loc 1 0004 1 0.37 3.53 0.66
Loc X RS X rep 6 0063 6 1.12 2.21 0.60
Trt 2 2109 4 168.80  6.32 6.11
Trtx loc 2 0.343* 3 556¢ 148 2.90
Trtx RS 2 0005 4 0.67 5.03 1.54
Trt x RSx loc 2 0029 3 0.10 2.94 1.12
Error 24 0004 34 0.46 3.20 0.75
CV,% 24,180 728  10.63 6.74

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
*Significant at 0.05 probability level

In 2014, alfalfabiomass yield was similar for afalfawith or without PHX application,
indicating PHX did not improve afalfabiomassyield (Table 4.3). Conversely, Grabber (2016)
tested several rates of PHX indicating rates between 0.6 and 1.2 kg a.i. ha! increased alfalfa
biomass yield in October compared with both the check and the 2.4 kg ai. ha’ rate. Maize
plants in North Dakota grew much shorter than in Wisconsin letting light get through the | eaf
canopy to the soil surface. This might explain why aresponse to PHX was not observed in this
study.

In the following year, 2015, the spring-seeded alfalfa was harvested twice in the season.
While the alfalfa established in 2014 (alfalfa—maize with or without PHX) was harvested four
timesin 2015 (Fig. 4.1). Alfalfa seasonal biomass yield was about twice the yield of the spring-

seeded alfafa (Figure 4.1) at both locations (Table 4.3).



Table 4.3. Alfalfa seasonal forage yield at two locations from 2014-2017 averaged across two
row spacings (61 and 76 cm) in Fargo and Prosper.

Fargo Prosper
Treatment 2014 2015 2016 2017 2014 2015 2016 2017
Mg hat
Spring-seeded alfalfa - 551 1668 11.12 - 575 1705 15.80
Alfdfa+ maize 0.59 1019 1757 10.80 0.61 1238 1743 1493
Alfdfa+ maize+ PHX  0.65 10.03 1619 11.34 050 1241 1694 14.83
LSD (0.05) NS 0.66 NS NS NS 0.82 NS NS
CV, % 14.9 7.09 10.91 6.73 3450 7.37 10.32 6.64

"PHX: prohexadione-calcium, rate of 0.5 kg a.i. hat
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Fig. 4.1. Alfalfabiomassyield (dry matter) of four harvests (H) in 2015; for spring-seeded alfalfa
(A spring), maize and afalfa (M+A) intercropping without prohexadione (PHX) application and
with PHX application (M+A+PHX) averaged across locations, Fargo and Prosper in 2015.

Grabber (2016) reported a similar response of doubling alfalfaforage yield in the first
production year when comparing silage maize-afalfa system versus spring-seeded alfafain
Wisconsin. Thisisanotable difference since alfalfaforage production in the seeding year is

low. Establishing afalfa during the maize production year skips the low forage yield in the
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seeding year that could likely provide an economic advantage. In this experiment, the growth
regulator (PHX) did not affect forage yield of alfalfa acrosslocations. Alfalfa seasonal biomass
yield in the second and third production years (2016-2017) yield was not significantly different
among treatments (Table 4.3). Thisindicates that establishing afalfawith maize does not
influence forage yield past the first production year.
4.3. Alfalfa Plant Density

Alfalfaplant density was significant (P<0.05) for the treatments in the fall of 2014, and
for the interaction between row spacing and treatment and treatment by location in the fall of
2015 (Table 4.4). No differencesin plant density were observed in the spring of 2015 for any
factor inthe analysis (Table 4.4). In 2014, plant density was lower at the 61-cm row spacing for
the PHX-treated alfalfa compared with the non-treated alfalfa at 61-cm and both treatments at the
76-cm row spacing (Table 4.5). Intercropped alfalfa stands had at least 113 plants m in the fall
of 2014, which is within the range 80-130 plants m considered as an adequate stand for the
seeding year (Hall et al., 2004, Grabber 2016, Berti and Samarappuli, 2018). Oppositely,
Grabber (2016) reported, the PHX treatment increased stand survival compared with the afafa
non-treated check. This might have been due to the maize hybrids in our experiments were
earlier maturing and shorter than in Wisconsin, likely allowing greater light penetration through

the leaf canopy to the soil surface.

36



Table 4.4. Analysis of variance and mean squares for afalfa plant density in the fall of 2014,
spring of 2015, and fall of 2015 at two locations Fargo and Prosper, ND.

SOV df 2014  2015spring 2015 fall
Loc 1 1156* 435 2451*
Rep (loc) 6 1586 681 483
RS 1 123 592 2
RSx loc 1 35 512 8
RSx loc x rep 6 862 749 638
Trt 1 4381* 1104 30146
Trtx loc 1 81 50 4778*
Trt X RS 1 1579 1225 790*
Trtx RSx loc 1 168 21 46
Error 31 1232 374 373
CV% 24 27 25

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
*Significant at 0.05 probability level

Table 4.5. Alfalfaplant density in the fall of 2014, spring of 2015, and fall of 2015 at two row
spacings averaged across two locations, Fargo and Prosper, ND.

2014 2015 spring 2015 fall
Row spacing (cm)
Treatment 61 76 61 76 61 76
--------------------- NO. plants M 2--------mmn-mmemmeeeeee
Alfafa+ maize 2014 154 139 81 76 55 53
Alfdfa+ maize+ PHX 2014 113 138 57 76 42 53
Spring-seeded alfalfa . : . : 125
LSD1 (0.05) 16
LSD> (0.05) 46

LSD; to compare among means within a same treatment but different row spacing.
L SD> to compare means with row spacing and same or equal treatment
"PHX: prohexadione-calcium, rate of 0.5 kg ai. hat

Table 4.6. Alfalfaplant density in the fall of 2014, spring of 2015, and fall of 2015 at two
locations, Fargo and Prosper, ND averaged across two row spacings, 61 and 76-cm, but only for
2014 seeded dfalfa.

2014 2015 spring 2015 fall
Treatment Fargo Prosper Fargo Prosper Fargo Prosper
----------------------- NO. plants M 2--------m-mmmmmmmmmem v
Alfafa+ maize 2014 162 131 73 83 50 58
Alfalfa+ maize + PHX 2014 143 107 64 68 45 49
Spring-seeded alfalfa - - - - 152 98
LSD (0.05) NS NS 11

"PHX: prohexadione-calcium, rate of 0.5 kg ai. ha
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In the spring of 2015, alfalfa plant density was similar between row spacings and
treatments (Table 4.4). Plant density decreased to less than half the density in the previous fall
regardless of treatment and row spacing (Table 4.5). A plant density reduction of 50 to 60% in
the first overwintering of alfalfais common in North Dakota, regardless of management or
winter temperatures (Berti et al., 2012). Although Grabber’s (2016) initial stand establishment
was three times greater than in this study, the reduction in stand from July to October of the same
season was about 40-50% for both treated and untreated treatments. Alfalfa self-thinning of
stands by intraspecific competition in the seeding year has been previoudy reported by Mattera
et a. (2013). Alfafaplant stands decreased between spring and fall of 2015. This was probably
due to self-thinning during the season. Spring-seeded afalfa had similar plant density in the fall
of 2015 (seeding year) to that of the alfalfain the fall of 2014 (seeding year) at both row
spacings. Spring-seeded alfalfain 2015 had about three times greater plant density than afalfa
established in 2014 in Fargo and twice the plant density at Prosper (Table 4.6). Thisresultis
expected since 2015 spring-planted alfalfa had not been exposed to awinter yet. Unfortunately,
plant density was not taken in 2016 and 2017, but since there were no differencesin forage yield
it could be suggested that plant density was not different among treatments.

4.4. Maize Biomass Yield and Plant Height

The analysis of variance indicated a significant interaction between location row spacing,
and treatment. In Prosper, monoculture maize produced significantly higher maize biomass yield
than maize from alfalfa-intercropping systems at 61-cm row spacing. This response was not
observed at 76-cm row spacing or in Fargo at both row spacings. Thisisan indication that at a
narrower row spacing intraspecific competition between maize and alfalfa can reduce biomass

yield. Alfafainterseeded in maize without PHX caused a significant reduction in maize plant
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height at 76- cm row spacing, averaged across locations, but this did not affect the biomass yield.
In contrast to our results, Grabber (2016) reported alfalfa without PHX treatment, at any rate,
reduced maize height by 0.27 m and maize biomass yield by 3.5 Mg ha™.

Table 4.7. Analysis of variance and mean sgquares for maize biomass yield, maize plant height,
and plant density in the fall of 2014 at two locations, Fargo and Prosper, ND.

SOV df Biomassyield df Plant height  No. plants
Loc 1 191.10* 1 0.088* 0.45
Rep (loc) 6 6.61* 6 0.026 7.01
RS 1 1.03 1 0.114* 246.86*
RSx loc 1 0.03 1 0.001 0.19
RS x loc x 6 7.03 6 0.021 9.08
rep

Trt 2 28.80 2 0.124 8.10
Trt x loc 2 7.52* 2 0.026 0.69
Trtx RS 2 5.18 2 0.027* 8.10
Trt x RSx 2 15.31** 2 0.002 4.64
loc

Error 48 2.29 56 0.019 4.13
CV% 11.40 5.116 16.98

TSOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
* **Significant at 0.05, and 0.01probability levels, respectively.

Table 4.8. Maize biomass yield and plant height for two row spacings (61 and 76 cm) averaged
across locations, Fargo and Prosper, ND, in 2014.

Fargo Prosper Average
Treatment 61 76 61 76 61 76
-------------- Ve e —— 11 T —
Maize 11.07 12.20 17.27 15.38 276 283
Alfalfa+ maize 10.67 10.45 12.05 15.15 265 266
é‘gjf“ maze+ 4902 1105 1415 1360 265 282
LSD (0.05) 2.72 12

"PHX: prohexadione-calcium, rate of 0.5 kg a.i. hat
4.5, Alfalfa Forage Nutritive Value

Row spacing, treatment, treatment by row spacing, and all interactions with location were
not significant for most nutritive components, except for crude protein and ash content. Crude
protein was significant for the treatment effect and treatment by location interaction in the third
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harvest. Ash content was significant for treatment effect in the first and third harvest and
significant for the interaction between location by row spacing in the second and fourth harvest
(Tables 4.9-4.12).

Crude protein concentration was lower in the spring-seeded afalfa (Table 4.13). The
third harvest for the intercropped alfalfa planted in 2014 was actually done about the same time
asthefirst harvest for the spring-seeded alfafa. First cut of the seeding year could have had
lower crude protein since it was harvested in the summer and likely had higher stem to leaf ratio.
Stems usually have much less protein than leaves (Pecetti et a., 2017). The interaction treatment
by location for crude protein in the third cut was probably due to differences in ranking between
treatments from alfalfa that was intercropped in 2014.

The non-treated alfalfa had higher ash content (101 g kg?) than alfalfa treated with PHX
(95.3 gkg?) (P <0.05) and both had higher ash content than the spring-seeded afalfafirst cut
(80.8 gkg?) (Table 4.14). Itispossible, but unlikely that PHX-treated alfalfa had shorter
internodes and hence higher leaf to stem ratio, which might explain the lower ash content. The
PHX inhibit the biosynthesis of gibberellins, shortening the internodes (Evans et a., 1999; Costa
et a., 2001). But we haveto consider that the PHX was applied in 2014 and these results are
from 2015 harvested alfalfa, amost one year after PHX application.

Spring-seeded alfafafirst cut was about the same time as the third cut of the alfalfa
established in 2014. Spring-seeded afalfawas likely shorter (not measured) at first cut, with
higher |eaf to stem ratio than afalfa established in 2014. Alfalfa stems usually have a higher ash
content than leaves.

In the second harvest, the alfalfa ash content was higher (P <0.05) in the alfalfa coming

from the 61-cm row spacing in Prosper in 2014, but not in Fargo. In the fourth harvest, the
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highest ash content was in the alfalfa coming from the 76-cm row spacing in 2014 in Fargo
(Table 4.15). Thisresponse could be due to soil contaminating some of the samples. The row

spacing should not have any effect in the year where only alfalfawas present.
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Table 4.9. Analysis of variance and mean squares of afalfafor the first harvest for crude protein (CP), acid detergent fiber (ADF),
neutral detergent fiber (NDF), in-vitro dry matter digestibility (IVDMD), ash, lignin, total digestible nutrients (TDN), neutral
detergent fiber digestibility (NDFD), and relative forage quality (RFQ) at two locations, Fargo and Prosper in 2015.

SOV df CP ADF NDF IVDMD Ash Lignin  TDN NDFD RFQ
Loc 1

Rep(loc) 6

RS 1 475 120 55 34 0.03 22.80 140.0 830.0 28
Locx RS 1 94.5 3 3 175 38.30 7.03 38 54 6
RSx rep x loc 6 47.0 200 319 163.0 711 11.00 232.0 88.0 197
Trt 1 16.5 2 21 0.1 258.80* 0.03 3.8 9.0 25
Loc x trt 1 340 2364 666 280.0 153 7.03 318.0 1116.0 365
Trtx RS 1 109.0 253 378 154.0 101.55 7.03 282.0 0.3 288
Locx trt X RS 1 215.0 190 300 92.0 34.03 7.03 247.0 63.3 220
Error 12 45.2 263 55 214.0 64.40 7.03 289.0 532.0 230
CV% 2.8 5 5 2.0 8.17 4.81 25 4.9 8

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
*Significant at 0.05 probability level

N

™ Table 4.10. Analysis of variance and mean squares of afalfa second harvest for crude protein (CP), acid detergent fiber (ADF), neutral
detergent fiber (NDF), in-vitro dry matter digestibility (IVDMD), ash, lignin, total digestible nutrients (TDN), neutral detergent fiber
digestibility (NDFD), and relative forage quality (RFQ) at two locations, Fargo and Prosper in 2015.

SOV df CP ADF NDF IVDMD Ash Lignin TDN NDFD RFQ
Loc 1

Rep(loc) 6

RS 1 34.0 420.5 751 267.0 15.0 8.0000 480.5 205.0 480.5
Locx RS 1 23.0 84.5 124 2.6 72.0* 8.0000 84.5 108.8 162.0
Locx rep x RS 6 43.0 145.6 270 213.0 8.7 10.2000 164.0 292.0 110.0
Trt 1 38 18.0 23 34 11 0.0001 211 132.0 40.5
Loc x trt 1 0.3 72.0 58 2.3 4.5 0.5000 91.1 53 60.5
Trtx RS 1 34.0 0.5 30 8.7 21.1 2.0000 05 26.3 2.0
Locx trt X RS 1 9.0 162.0 116 65.9 12,5 12.5000 180.5 306.3 50.0
Error 12 36.6 210.0 293 1415 155 5.0800 233.6 1254 179.8
CV% 2.5 4.9 5 14 4.4 4.4700 2.3 2.1 7.2

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
*Significant at 0.05 probability level



Table 4.11. Analysis of variance and mean squares of alfalfathird harvest for crude protein (CP), acid detergent fiber (ADF), neutra
detergent fiber (NDF), in-vitro dry matter digestibility (IVDMD), ash, lignin, total digestible nutrients (TDN), neutral detergent fiber
digestibility (NDFD), and relative forage quality (RFQ) at two locations Fargo and Prosper in 2015.

SOV Df CP ADF NDF IVDMD Ash Lignin TDN NDFD RFQ
Loc 1

rep(loc) 6

RS 1 11.0 35 0.0001 5.3 35 17 8.3 150.5 0.1
Locx RS 1 255 54.2 44.1000 62.6 75 9.2 60.8 391.0 60.8
LocxrepxRS 6 45.7 27.2 41.4000 44.9 20.8 6.0 32.3 154.4 51.6
Trt 1 3333.6%** 650.9 166.4000 202.9 765.2%* 221 730.3 4883.1 422.1
Loc x trt 1 171.1* 99.4 212.0000 74.3 8.8 45.0 127.0 2941 262.1
Trtx RS 1 531 269.1 388.6000 64.5 9.8 6.4 326.1 26.0 504.1
Loc x trt X RS 1 69.1 51.9 107.3000 150.4 16.0 35 60.3 244.8 127.3
Error 12 45.6 72.0 118.4000 77.0 17.7 51 83.3 186.4 135.8
CV, % 2.7 3.3 3.6000 1.0 4.7 5.0 1.3 2.8 5.0

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
* x* kx% Gignificant at 0.05, 0.01, and 0.001 probability levels, respectively
N
® Table4.12. Forage nutritive value of alfalfafor the fourth harvest in two locations Fargo and Prosper in 2015.

SOV df CP ADF NDF IVDMD Ash Lignin TDN NDFD RFQ
Loc 1

rep(loc) 6

RS 1 0.2 46.0 108.0 0.1 1235 8.3 50.0 252.1 150.5
Locx RS 1 38.5 6.0 16.3 3.7 266.0 * 14.1 6.0 133.3 35.0
LocxrepxRS 6 221 498.8 573.8 228.6 445 23.0 568.6 190.9 440.5
Trt 1 108.1 34.1 65.3 11.0 16.5 36.8 34.9 695.8 41.3
Loc x trt 1 289 27.3 22.8 12.3 46.3 7.6 31.3 255.8 29
Trtx RS 1 54.6 144.1 147.3 41.9 189 4.1 165.9 407.9 183.3
Loc x trt x RS 1 108.4 498.1 743.6 306.3 30.8 43.6 562.1 315.0 618.9
Error 12 50.3 253.0 298.0 130.0 70.0 219 293.0 414.0 320.6
CV, % 3.0 5.5 5.1 14 9.1 8.2 25 4.3 8.9

SOV=Source of variation, Loc=location; RS=row spacing; Trt= treatment
*Significant at 0.05 probability level



Table 4.13. Crude protein concentration interaction between treatments and location for the third
cut of the 2015 season for afalfathat was intercropped with maize in 2014 averaged across two
row spacings (61 and 76 cm).

Treatment Fargo Prosper Mean

______________ g kg‘l____________
Spring-seeded afalfa 233.0 2315 232.3
Alfafa+ maize 257.8 257.1 2574
Alfafa+ maize + PHX 254.6 259.7 257.1
LSD (0.05) 19.9

"The third harvest corresponds to the first harvest of the spring-seeded afalfain 2015.

Table 4.14. Ash content of alfalfafor the first and third harvest averaged across two locations,
Fargo and Prosper, ND in 2015.

Harvest 1 Harvest 3
Treatment mean Mean
_______________________ g kg‘l__________________________
Spring-seeded alfalfa - 80.8
Alfalfa+ maize 101.0 93.1
Alfdfa+ maize + PHX 95.3 92.5
LSD (0.05) 55 4.5

TPHX: prohexadione-calcium, rate of 0.5 kg ai. ha',

tAsh content in 2015, averaged across two locations, Fargo and Prosper.

The third and fourth harvests corresponds to the first and second harvest of the spring-seeded
afalfain 2015.

Table 4.15. Ash content of alfalfafor the second and fourth for the interaction between two row
spacings and two locations, Fargo and Prosper, ND in 2015 and averaged across three
treatments.

Harvest 2 Harvest 4
Row spacing Fargo Prosper Fargo Prosper
61 91.6 90.1 92.0 87.2
76 93.3 85.7 100.0 85.7
LSD (0.05) 3.6 6.6

4.6. Economic Analysis
When comparing net return after two years of silage maize with silage maize
intercropped with afalfa, the latter showed a higher positive net return (Table 4.16). Extra seed

cost, and planting cost associated with the sowing of afalfaincreased the production cost in the
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first year, compared with the maize monoculture. However, lower production cost and higher
revenue generated from alfalfa hay compared with silage maize in the second year contributed to
the positive net return after the two-year period. When comparing the two systems that had
afafa, the sequence silage maize followed by spring-seeded alfalfahad ar lower net return,
compared with a positive net return when alfalfa was intercropped with silage maizein in the
first year of the sequence, even when the latter had a higher production cost. Thisis mainly due
to the lower forage yield in the spring-seeded alfalfa system.

Osterholz et al. (2020) compared severa rotations of corn and afalfa with and without
intercropping and the annual net return ranged between $303 to $367 hal. All annual returnsin
this study were positive as where the biennial sequences estimated in our study. Osterholz et al.,
(2020) net returns were cal culated with a higher silage maize yield of, 20.3 Mg DM ha?, whilein
our study we used only 13.8 Mg DM ha%, which correspond to the average biomass yield across
locations obtained in the experiment. However, the study in Wisconsin was done at |lower maize
grain prices than our study calculated with agrain price of $177 Mg*. Thus, the net return of
silage mai ze rotations were similar to those calculated for a 2 year sequence of silage maize
($379 Mgl). Thedfalfaforage yield used by Osterholz et al. (2020) in the economic analysis
were very similar to those used in our analysis. Osterholz et a. (2020) used afalfaforage yields
of 11.4 Mg ha! and 5.8 Mg ha'! for afalfa coming from intercropping with maize the year
before and spring-seeded afalfa, respectively. In our analysis, we used 10.2 Mg ha! and 5.5 Mg
ha! alfalfayield coming from intercropping and for spring-seeded alfalfa, respectively. In
conditions of much lower maize silage yield potentia such of those obtained in North Dakota,

establishing afalfawhile growing maize allows for positive net returns.
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The sensitivity analysis was conducted varying the maize and afalfa prices (Table 4.17).
The results of the sensitivity analysis using afixed yield value for silage maize of 13.8 Mg ha'!
indicated that, having a $125 Mg afalfa hay price with a $36.6.0 Mg maize silage price would
be sufficient to having positive net revenue from the sequence with intercropped afalfawith
maize followed by alfafain Year 2.(Table4.17). Only at aprice of maize silage greater than
$50.3 Mg and an afalfa price greater than $166 Mg, the maize-maize sequence is more
profitable than the maize + afafaintercropped- alfalfa sequence. Maize-afalfaintercropping 2-
year system was always more profitable that the usual practice of silage maizein Year 1
followed by spring-seeded adfalfa

Osterholz et al. (2020) sensitivity analysis was calculated by varying maize silage yield
penalty and alfalfa establishment success rates. Maize yield penalty had a greater impact on net
returns than alfalfa stands. In our experiment, we did not observe maize silage yield reduction at
76-cm row spacing in maize with intercropped alfalfa compared with maize in monoculture. We
did not have an alfalfa sole crop to determine afalfa stand reduction in this study. In ascenario
of silage maize yield greater than 13.8 Mg ha'l, which is very achievable in areas of the Midwest
with more rain during the summer, the alfalfa-maize intercropping system can have positive net
returns even at low maize and alfalfa prices.

In addition, intercropping systems offer several ecosystem services that could be valued
or at least taken into consideration as a path towards sustainabl e production of alfalfa and maize-
based feed production. Gabaet a. (2015) demonstrated that exists evidence that intensive
cropping systems have led to adecline in biodiversity and also, threatening the environment.
This caused damage to an important number of ecosystem services such as nutrient cycling,

regulation of climate and water quality, and soil erosion just for mention some of them.
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Syswerda and Robertson (2014) demonstrated that grain yield were positively correlated with
nitrate leaching and negatively correlated with plant diversity and Belel et a. (2014) reported
soil fertility improvements.

Promoting intercropping systems as maize and alfafathat have multiple positive effects
on the environment (ground coverage, weed control, pollinators, less N applications) can benefit
agricultural ecosystems; however valuing ecosystem services in annual budgets at every farm

management planning guide will be very challenging (Shulz et al, 2020).
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Table 4.16. Economic analysis of three different systems for atwo-year (yr) period containing
silage maize, silage maize with intercropped afalfa, and silage maize followed by spring-seeded
afalfa

Variable Maize -Maize Maize + Alfalfa- Alfafa Maize - Spring-seeded
afalfa
Yr-1 Yr-2 Yr-1 Yr-2 Yr-1 Yr-2
Inputs $ hat
Land preparation
Chisel plow 28.2 28.2 28.2 0.0 28.2 28.2
Field cultivator 12.8 128 12.8 0.0 12.8 12.8
Seeding 0.0
Row crop planter 41.8 41.8 41.8 0.0 41.8 0.0
Small grain drill 0.0 0.0 311 0.0 0.0 311
Seeds 0.0
Maize seed 307.8 307.8 307.8 0.0 307.8 0.0
Alfalfa seed 0.0 0.0 1275 0.0 0.0 1275
Fertilization
Application-broadcast 15.2 15.2 15.2 15.2 15.2 15.2
N 148.0 148.0 148.0 0.0 148.0 0.0
P 284 284 28.4 284 28.4 284
K 441 441 141 141 141 441
Chemicals
Sprayer 314 314 15.7 15.7 314 15.7
Herbicide
Pre-emergent 51.9 51.9 0.0 0.0 519 0.0
(pyraxofluzole)
Glyphosate 15.7 15.7 15.7 15.7 15.7 15.7
Harvesting
Silage harvesting 834 834 834 0.0 834 0.0
Mower 0.0 0.0 0.0 106.7 0.0 53.3
Hay rake 0.0 0.0 0.0 50.7 0.0 254
Hay swather-conditioner 0.0 0.0 0.0 86.0 0.0 43.0
Large square baler 0.0 0.0 0.0 97.2 0.0 48.6
Other costs 622.1 622.1 622.1 590.9 622.1 524.6
Production cost 1430.7 1430.7 1521.7 1050.6 1430.7 1013.5
Total production cost 2861.4 2572.2 2444.2
Outputs
Silage 1620.5 1620.5 1620.5 0.0 1620.5 0.0
Hay 0.0 0.0 0.0 1693.2 0.0 913.0
Total revenue 1620.5 1620.5 1620.5 1693.2 1620.5 913.0
Revenue of two-year 3241.0 3313.7 2533.5
system
Net return two-year 379.6 741.5 89.1
system

"Data used for outputs were maize yield 13.8 Mg ha* for all treatments and alfalfa hay yield 10.8
Mg ha* for full production year afafaand 5.5 Mg ha* for spring-seeded alfalfa.
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Table 4.17. Sensitivity analysis for total net return after two years, produced from maize and
afalfafor three different systems containing maize, maize intercropped with alfalfa, and maize
followed by spring-seeded afalfa

Price of Price of maize silage
dfdfa
($Mg?h
($Mgh)
32.0 36.6 41.1 45.7 50.3
Maize - Maize ($ hat)
125 -338.6 24.37 379.2 742.0 1104.7
143 -338.6 24.37 379.2 742.0 1104.7
166 -338.6 24.37 379.2 742.0 1104.7
181 -338.6 24.37 379.2 742.0 1104.7
Maize with intercropped afafa ($ hal)

125 -35.9 145.5 322.9 504.3 685.7
143 147.7 3290.1 506.5 687.9 869.3
166 382.1 563.5 740.5 922.3 1103.7
181 535.3 716.7 894.1 1075.5 1256.9

Mai ze followed by spring-seeded alfalfa ($ hal)

125 -495.5 -313.8 -136.4 45.0 226.4
143 -396.2 -214.8 -374 144.0 3254
166 -269.2 -88.3 89.1 270.5 451.9
181 -187.2 -5.8 171.6 353.0 534.4
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CHAPTER 5: CONCLUSIONS

Alfalfa established in intercropping with maize had almost double the forage yield in the
following year compared with spring-seeded alfalfafollowing a crop of silage maize. The
application of prohexadione-calcium to alfalfa under the maize canopy did not improve afafa
establishment and survival when intercropped with silage maize indicating that alfalfa can be
established in intercropping with silage maize in the northwestern US Corn Belt region without
significant stand reduction and maize silage yield at 76-cm row spacing. Silage maize biomass
yield was the lowest at the narrowest row spacing of 61-cm at only one location, but this was not
observed at the 76-cm row spacing, which is the most common row spacing used by growersin
the Corn Belt. Intercropping maize and alfalfa did not affect forage nutritive value in alfalfa
harvested the following year compared with spring-seeded alfalfa, except for crude protein and
ash, which were significant for some of the effects. Alfalfaintercropped with maize has higher
net returns than a silage-maize followed by a spring-seeded alfalfathe following year. This
system may help to get more growers to include alfalfain their rotation by skipping the low

seeding year yield.
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