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ABSTRACT
Cover crops perform multiple functions in agro-g@ems, such as nitrogen (N)
fixation, nutrient retention and weed suppresskbowever, there is often a trade-off
between N fixation and weed suppression — leguimes but are not very weed
suppressive, while non-legumes suppress weedhutdix N. Legume-based
mixtures, consisting of species with spatially andémporally complementary traits,
can be a strategy to effectively manage N fixatiod weed suppression. The aim of
this study was to: (1) evaluate the N fixation areed suppression characteristics of
eight legume and four non-legume, annual summariepéhat can be used in the
Northeastern U.S.A, (2) evaluate the performandegfme-based mixtures, in terms
of biomass production, N fixation and weed suppoesg3) evaluate the competitive
ability of the different legume and non-legume sp&@ mixtures by using a
replacement series design and (4) evaluate diffenanagement strategies to
effectively manage mixtures for N fixation and weseghpression. Experiments were
conducted over two years, and mixtures were dedigeeg a replacement series. In
monoculture, Crimson Clover fixed the most N (11MKda-1 in 2008 and 71kgN.Ha-
1 in 2009) and it was the most weed suppressiuateg12g.rif in 2008 and 20g.ih
in 2009). Cowpea fixed the lowest amount of N ithbgears (12 kg N.H&in 2008
and 13 kg N.H& in 2009), but accessed more soil N (50 kg N:i#82008 and 58 kg
N.Ha™) than any of the legumes and it was the least wapgressive legume in 2009
(250g.n¥ in 2009). Regarding the non-legumes, Sorghum S(@B8y.n¥ and
632g.n) had the greatest biomass production in mono@ititthigh and low seeding
densities (Tukey’'s HSD, p<0.0001), while Buckwheat the most weed suppressive
(15 and 30g.M) species in monoculture (Tukey's HSD, p<0.0001)clBvheat took
up similar amounts of soil N than Sorghum Sudaenetough it had lower above

ground biomass. In all the mixtures, except Buckathihe LER was generally greater



than one. The legumes in all the mixtures, exaefhie Buckwheat mixture, relied
slightly more on N fixation than in monoculture.rifon-viny legumes, the total N
fixed was significantly greater in monoculturesrthia all the mixtures (Tukey’'s HSD,
p<0.05). For the viny legumes, total N fixed in toibes with C-4 grass species was
not significantly different from the monoculturdsit in Buckwheat mixtures
significantly less N than monoculture was fixed K&y's HSD, p<0.05). The weed
suppressive capacity of the mixtures depended ®sphcies involved, and there was
no consistent improvement in mixture weed suppoessompared to the
monocultures (Tukey’s HSD, p<0.05). The competiabdity of the non-legumes can
be ranked as follows: Buckwheat > Sorghum Sudaspadese Millet > Flax. Within
non-viny legumes, the Berseem Clover was more cttiyeethan Crimson Clover,
and within the viny species Cowpea was more cormmpethan Soybean Tyrone and
Chickling Vetch. There was a functional trade-a#tweeen N fixation and weed
suppression: mixtures that are effective at sugprgsveeds (Buckwheat mixtures)
also suppress legumes and legumes that are covgpé@bwpea) in mixture do not
fix a lot of nitrogen. In mixtures containing spesiwith complementary growth times
(Clovers and Sorghum Sudan / Buckwheat), mowingtmepetitive non-legumes
increased legume biomass five-fold in Buckwheattunes and two-fold in Sorghum
Sudan mixtures, while weed suppression was maedaiditrogen fixation increased
eight- to ten-fold in mowed Buckwheat mixtures awd-to four-fold in mowed
Sorghum Sudan mixtures. Mowing competitive specigesmporally complementary

mixtures can avoid the trade-offs in N fixation ameled suppression.
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CHAPTER 1: LITERATURE REVIEW
1.1 Intensification of Agriculture

Increased energy inputs through fertilizer, hed®siand pesticides, has
enabled agricultural systems in the twentieth agritw become intensified (Auclair
1976). A consequence of agricultural intensificath@s been increased crop
specialization (Firbank et al. 2008), where cragsraainly selected for yield (Auclair
1976). This has led to the cultivation of largelsaaonocultures, that are both
spatially and temporally homogeneous (Liebman apck[1993), and do not rely on
natural ecosystem processes for their productivity.

Although intensified agro-ecosystems have been pasgluctive, there have
also been unintended environmental consequencesxbmple in the past century,
agricultural intensification has significantly ake the vegetation on landscapes due
to a major transition from native vegetation toptamd, where the amount of crop
land worldwide increased by 50% (Auclair 1976; ldarink et al. 2008). This has led
to a loss of biodiversity on agricultural landscaipEhe alteration of biogeochemical
cycles causes modern agricultural systems to lrge lamounts of nutrients to
surrounding ecosystems and there is an incream®&mn due to long fallow periods.

Crop specialization has led to reduced plant ditseirs modern agricultural
systems (Altieri 1999), and the low plant genetiedsity can influence herbivore,
pest and microbial communities in ways that makeeno agricultural systems
vulnerable to changes in the biotic and abiotidrmment. Cover crops, also called
auxiliary crops, are non-cash crops that are grovagricultural systems to perform
agro-ecosystem functions, such as nitrogen (N}ibraweed management, nutrient
cycling and pest management. Cover crops use edergyed from sunlight through
photosynthesis to perform functions that would o#lige require heavy energy

expenditures (Firbank et al. 2008). Cover cropsusually grown in specific cropping



windows when cash crops are not grown, this igmedeto as crop rotation, or they

can be grown next to cash crops, this is refeweabstintercropping.

1.2How do plants affect ecosystem functioning — the iportance of functional
traits

A good understanding of how species and communigigslate and affect
ecosystem processes is required to understandtihanplications of biodiversity
loss will be on ecosystem functioning (Hooper e28D5). Due to their key role as
autotrophs with cascading effects on various tropinid spatial scales, most of this
work has focused on plant diversity. There is ameasing body of evidence that
suggests that the specific traits and charactesisfi plant species are more important
than species richnepsr se in determining ecosystem functional traits (Hooped
Vitousek 1997; Wardle et al. 1997; Hooper 1998;zZlxad Cabido 2001).

Plant species respond differently to their envirents and also affect their
environments in different ways. This response-¢ffieechanism is known as
functional traits (Hooper et al. 2005). Most of tiesearch, especially in agricultural
systems, has focused on the response of plartigitoehvironment, with little
research focusing on how plants affect their emvitent. Plants, as ecosystem
engineers, can modulate the availability of resesito other organisms by altering
their biotic and abioitc environment (Jones efl@P4; Alper 1998; Eviner and Chapin
2003; Eviner 2004).

In order to find the connection between plant $raand ecosystem functioning,
species with similar functional traits have beetegarized into functional groups.
Functional groups have been established usingestrajts, or very closely related
suites of traits (Eviner and Chapin 2003). Duéhtrultiple traits involved in plants
affecting ecosystem processes, and the fact thaettraits vary independently, the

relationship between functional groups and ecosygte®cesses has not been clear



(Keddy 1992; Lavorel et al. 1997; Eviner and Chd#03). This has led Eviner and
Chapin (2003) to develop a functional matrix, whadtounts for the multiple traits
that influence and regulate ecosystem processessiByg multiple traits to construct
functional groups, predictions of species effect®oosystem processes are improved.
This may be useful in applied settings, such agicokopping in agriculture, where
plants are grown to influence specific ecosysteotgsses.

1.3 The use of cover crops to perform specific agro-esgstem functions

Matching cover crop traits with the functions theed to perform, and
selecting cover crop populations adapted for speafjional conditions will allow
them to perform functions more reliably (Wilke addapp 2008) and will improve the
ability of managers to use cover crops as toofgetéorm specific functions in agro-
ecosystems (Eviner and Chapin 2001).

1.3.1The role of cover crops in nutrient cycling

Agricultural intensification has lead to a nutriemhnagement paradigm that
relies on surplus additions of N leading to incesal®sses of N to the environment
and problems such as ground water pollution, atcbelication of fresh and ocean
water bodies (Rabalais et al. 2002; Drinkwater @&ndpp 2007) An ecological
management approach that aims to manipulate phecies, soil organic matter and
soil microbes to improve the internal nutrient ayglcapacity of agricultural systems
has been proposed as an alternative nutrient mareagestrategy.

Plants, through direct and indirect mechanisms plesg and microbially
mediated processes to cycle nutrients. Cover ctbps,gh diverse rotations and
permanent soil cover, have been shown to redueceenulosses in agricultural
systems, when compared to the application of imoogirtilizers or when fields were

left fallow (Drinkwater et al. 1998; Tonitto et &006; Drinkwater and Snapp 2007).



1.3.1.1 Indirect mechanisms of nutrient cycling

The indirect mechanisms of managing nutrients meohe interplay between
plants and soil microbial communities. Plants fght energy through photosynthesis,
and some of this energy is made available to thesosystems through root exudates
(ElI-Shatnawi and Makhadmeh 2001; Clayton et al820Mizo-deposition (Paterson
2003; Paterson et al. 2006; Paterson et al. 200@hen the plants are incorporated
into the soil. The rhizosphere is consequentlyggoreof enriched microbial activity
(Drinkwater 2006). The release of energy into thiefsom plant roots has a
“priming” effect on the metabolism of soil microhesd since they control numerous
soil processes, such as litter decomposition, ralization, immobilization,
nitrification, and de-nitrification, the increasedcrobial activity makes nutrients
available to the plant. The interplay between euatrrelease due to increased
microbial activity and, plant uptake and microbramobilization allows the nutrients
to be cycled very tightly.

Variation in plant traits, reflected in differendesthe quality and quantity of
organic matter and the chemical composition of exatdates, allows plant species to
affect the soil microbial community in different yga(Meier and Bowman 2008).
Organic matter quality is determined by the C: tborand the specific chemical
compounds that are present. Plant biomass with@igt ratios and greater
concentrations of recalcitrant nutrients, such aedy plants, mineralize at a slower
rate than plants with low C: N ratios, such as heglous legumes (Sall et al. 2007).
Organic material with a low polyphenol and lignonéent mineralizes at a faster rate
than organic matter with low levels of these compusu(Sall et al. 2007).

1.3.1.2 Direct mechanisms of nutrient cycling

Some plants have developed direct mechanisms faenuacquisition, such

as biological N fixation (BNF). Leguminous plantsrh a symbiotic relationship with



Rhizobia bacteria to supply the plant with N in exchangeeiioergy in the form of
photosynthetically fixed carbon. The relationshgiviieenRhizobia and the plant
species can become parasitic if there is high avi@IN in the soil system (Johnson et
al. 1997), in which case the legumes will limit gey diffusion to non-mutualistic
symbionts (Kiers et al. 2003). This mechanism afldlae plant to regulate its nutrient
acquisition strategies. In cases where the sad ldw, plants will use direct
mechanisms, such as BNF, to acquire N.

Cropping systems that are dependent on legumekdrprimary source of
nitrogen therefore have a built-in internal feedbaechanism, because as the
availability of soil nitrogen increases, symbiatitrogen fixation is reduced. This
mechanism prevents soils from becoming nitrogearatgd which will reduce the
nitrogen losses from the system. An additional ath@e of BNF is that it uses
sunlight energy through photosynthesis to fix atph@sic nitrogen, a process that is
very energy intensive to perform industrially ankliein generates significant
greenhouse gas emissions.

Despite the advantages of BNF, there remain maalestges to its effective
management in agricultural systems: (1) Therdtle information on the amount of N
that gets fixed from legumes and only broad estonatare used in extension sources
(Peoples and Craswell 1992; Clark 2007), (2) Littleearch has been done on the
effect of management strategies on BNF, (3) Manyeflegume cover crops that are
used in agricultural systems have not been chaiaetein terms of their nitrogen
fixation traits, (4) Nitrogen fixation in agricultal systems is complex and involves
interactions in the soil environment, the plantcsg® and the rhizobium strains
(Hardarson 1993), this complexity is reflectedha variability in field measurements

of biologically fixed nitrogen (Carlsson and Husasi2ll 2003).



1.3.2The role of cover crops in weed management

Temporal (crop rotations) and spatial (intercrogpicover crop diversification
has been shown to suppress weeds (Liebman andI®¢da). Weeds can be
suppressed by cover crops through competitiongeources (i.e. sunlight, space,
nutrients and water (Brainard et al. 2005)) anelagtlathy (Liebman and Dyck 1993a;
Weston 1996).

1.3.2.1 Weed control through resource competition

Soils with high plant available nutrients, espdgial, tend to favor weed
populations and often support more abundant arersiwveed communites (Qasem
1992; Blackshaw et al. 2003; Blackshaw and Braf@82. Cover crops that rapidly
take up resources (especially soil nutrients, warter light) and make them
unavailable for weeds, can effectively suppressde€¥in et al. 2006). For example,
buckwheat controls weeds through rapid soil nitrogptake during growth or by
temporarily immobilizing soil N when it gets incamated (Kumar et al. 2008).
Sorghum Sudan arfétassicas, have been known to have deep roots that develop
rapidly, which allows them to out-compete weeddlifaited soil resources (Wang et
al. 2008).

Competition for light, especially at weed emergensan important way of
controlling weed populations (Creamer and Baldwif®@. Soil shaded by a cover
crop, receives reduced levels of light, particylanl the red: far-red range, which
affects the morphology, phenology and germinatioweeds. Reductions in available
light for Powell Amaranth lead to stem elongatiahjle the germination rates of
viable seed were reduced by 50% (Brainard et @150 his is important, since even
an agronomically insignificant number of weeds, pevduce large amount of seed
(Jordan 1996). The ability of cover crops to suppneeeds through light competition

largely depends on the factors, such as temperatgrenoisture and seed size, that



affect the emergence of the cover crop and the sv@ddhler 1996; Brainard and
Bellinder 2004). For example, low temperaturesestrgnation improved winter rye
suppression of Powell Amaranth (Brainard and Bd#im2004). Biomass production
per se, is not a reliable indicator of the shading catyacf a crop. Den Hollander et al.
(2007) found that although Persian clover, Bers€ower and Crimson Clover had
the same biomass, Persian Clover covered thewstalce fastest and was able to

suppress weeds most effectively.
1.3.2.2 Weed control through allelopathy

Concerns regarding the environmental impacts ofi&fit chemicals and
fewer available herbicide products have causeteeased interest in allelopathy as
a biorational way to control weeds (Weston 1996ihdugh allelopathy has long been
identified as a mechanism plants use to interfetie meighboring plants, the value of
this mechanism for weed control in agriculturalteyss has received attention
relatively recently (Belz 2007a).

Cover crops exude a diverse range of allelochemibailt can affect the
growth of neighboring weeds. Allelochemicals thavé been isolated from a number
of cover crops species are summarized by (West8f)1%BSome examples include:
the fatty acids associated with buckwheat (Tsuetikl. 1987); the phenolic acids,
dhurrin, sorgoleongy-hydroxy benzaldehyde, apehydroxy benzoic acid associated
with sorghum-sudan grass (Weston 1996; Belz 208ib)the isoflavanoids and
phenolics associated witrifolium spp. Cover crops can be managed in two ways to
utilize allelopathy: through living cover cropsregn manures that actively obstruct
the growth of immediate weeds and release allehopatibstances, and through crop
residue and decomposing organic matter that rekdédechemicals over time

(Kruidhof et al. 2009).



There are a number of factors that need to be tekeraccount when using
allelopathy to suppress weeds: (1) Allelopathy ymtisesis and release is a dynamic
process, so there are limited time frames whetoalemicals are synthesized and
detectable (Belz 2007a). (2) Allelopathy is an icidle phenomenon and can be
induced by both biotic and abiotic factors (Bel©28). Biotically induced allelopathy
has been found i0. sativa where allelochemical production was induced by the
presence oE.crusgalli. (3) The effectiveness of allelochemicals in tb# depends on
the response of the allelochemicals to the soitltmms. The interaction of the
allelochemicals with soil organic matter, clay paess, microbes and soil moisture
affects the turnover rate and toxicity of allelogheals (Weston 2005a). (4)
Knowledge about the target species is importantitfrof et al. 2009), small-seeded
annual weeds are especially susceptible to suppnelsg decomposing cover crop

residues, especially in the presence of phenobstances (Weston 2005a)

1.4Legume-based mixtures - A strategy to control weedsnd manage N fixation

Cover crop mixtures, the practice of growing twarare plant species on the
same piece of land at the same time, are incrdgdiegng recognized as a practice
that can contribute to the development of sustdnagyricultural systems. In both the
agronomic and ecological literature, mixtures inuad legumes have been shown to
be very productive when N was the limiting resousspecially mixtures that also
contain C-4 grass species (Jensen 1996; HoopeYitmasek 1997; Hauggaard-
Nielsen and Jensen 2001a; Li et al. 2001b; Tempettal. 2007; Fornara and Tilman
2008). Legume-non-legume mixtures are more prodeittecause of the greater
exploitation of the soil profile (Schmidtke et 2004) and the reduced competition for

resources, especially for soil N.



Plants in mixtures develop differently to plantswgn in sole crops.
Competition between plants cause both plants’ rtmogo deeper and more laterally
into the soil profile (Hauggaard-Nielsen et al. 2D0Both plants consequently occupy
a greater soil volume which leads to the more igfficuse of the available soil
resources. The intermingling of roots in crop miggihas led to optimal resource
utilization and improved plant nutrition in varioogxtures (Thorsted et al. 2006),
such as maize / faba bean (Li et al. 1999; Li €2@D3) and wheat / maize mixtures
(Li et al. 2006). Through complementarity, legunaséd mixtures are able to utilize
soil resources (especially soil N) and sunlightéwltomponent crops occupy
different canopy layers) efficiently, which alsopmves resource use efficiency
(Hauggaard-Nielsen and Jensen 2001a; Malezieux 20@9) . The improved
resource use efficiency in mixtures has two agesgcal advantages: (1)less
nutrients will get leaked out of the system sirfe&ytare taken up in plant biomass and
(2) the efficient utilization of resources limitsetresources available to weeds
(Liebman and Dyck 1993b; Szumigalski and Van AQ@D5; Saucke and Ackermann
2006). Therefore, crop mixtures are able improveient retention and reduce weed
species.

Legume-based mixtures can also be used as a sttatetanage N fixation.
Non-legumes, such as cereals and grasses, arecoropetitive in acquiring soll
nitrogen than most legumes (Hauggaard-Nielsen €08l1). Sole cropped legumes
can be inefficient at recovering soil inorganicaNphenomenon known as the spared
N effect (Evans et al. 1989; Evans et al. 1991yidge et al. 1995; Hauggaard-
Nielsen et al. 2001b; Reiter et al. 2002; Hauggadiadsen et al. 2003; Schmidtke et
al. 2004). Competition for soil nitrogen, increasies legume’s reliance on
atmospheric nitrogen, and a greater proportiotaf fegume N is consequently

obtained from the atmosphere (Anil et al. 1998;r@aal. 1998; Corre-Hellou et al.



2006). The absolute amount of nitrogen that isdfifleg N.ha') depends to some
extent on the biomass of the legume species imikeire (van Kessel and Hartley
2000; Corre-Hellou et al. 2006). Mixtures dominalgdhon-legumes will have less
total N fixed due to the reduction in legume bioméSorre-Hellou et al. 2006).
Legume-based mixtures have been found to incréasaternal retention of N while
maintaining high rates of N fixation, relative tmnocultures (Palmborg et al. 2005;
Corre-Hellou et al. 2006). Therefore, crop mixturas be used to successfully
manage N fixation and N retention.

Non-legumes perform certain functions more effedyithan legumes. For
example, grasses are effective at weed suppreasoberosion control (Gallandt et al.
1999) anBrassicas excel at capturing nitrate to reduce leaching (€risen and
Thorup-Kristensen 2004Lover crop mixtures are used to perform multiplecfions
simultaneously. Drinkwater and Brainard preparation) found that there is a trade-
off between the weed suppressive capacity and difir capacity of legume-based
mixtures. Mixtures dominated by aggressive non-hegs, such as Buckwheat and
Sorghum Sudan, suppress weeds effectively butdiy hittle N (Kumar et al. 2008).
Legume dominated mixtures fix more N, but are oftehable to effectively suppress
weeds. Legume species also differ in their respotsaixtures, and the responses
also vary depending on the species they are mixétd @Gowpea fixed more nitrogen
in mixtures with Japanese Millet than it did in nocalture and in mixtures with
Sorghum Sudan, while Forage Soybean fixed moreNanoculture than in mixtures
with either Japanese Millet or Sorghum Sudan (Dvatler and Brainardn
preparation). Designing mixture combinations that have optiMdixation and weed

suppressive capabilities would improve cover cridpoiveness in agro-ecosystems.
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1.5Interactions in crop mixtures
1.5.1Interference

Interference is defined as an interaction betweaenpiants that reduces the
fithess of one or both species (Vandermeer 1983heoreduction in plant growth
over time due to the presence of another plant (#e2005a). The two major ways in
which plants interfere with each other is througmgpetition for limiting resources

and allelopathy.
1.5.1.1 Resource competition

Since all plant species require water, nutriemgbt land space for growth and
these resources are required at roughly similaruaso basic physiological principles
suggest that plants will compete when grown closeatch other and that would lead
to reduced biomass production (Vandermeer 198ant®that rapidly acquire
resources tend to grow more rapidly and dominateéures and as a result, the total
biomass produced in mixture is most strongly infleed by the species that is most
productive as a sole crop (Hauggaard-Nielsen ansede2001a; Andersen et al. 2004;
Andersen et al. 2007). The intensity of competiti@tween plant species for
resources is influenced by three factors (Corrdddedt al. 2006; Malezieux et al.
2009): (1) The plants’ resource acquisition caga¢) The plants’ resource use
efficiency, and (3) The plants’ demand for the tese and the availability of the
resource.

A plant’s below-ground resource acquisition capaisitargely determined by
root system characteristics such as morphologieatipity (root location in space and
time), root length density, root depth, productidrenzymes, surface area and
physiological plasticity (rate of nutrient uptakerelation to enzyme functioning)
(Casper and Jackson 1997; Li et al. 2006; Malezetwat. 2009). Species that have

fast root growth become more competitive for seddaurces. Fast root growth by
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barley allowed it to outcompete pea for phospho(®)gHauggaard-Nielsen et al.
2001), and N (Li et al. 2006; Corre-Hellou et &02).

A plant’s competitive abilities can be assesse@tas the trade-offs that
occur between the energy investment in differénefs traits, such as vegetative
biomass production or reproductive capacities (#emsand Keogh 2002). Resource
use efficiency, the ability of a plant to transforesources into biomass, tends to be
important for a plant’s immediate competitive apiliNijs and Impens 2000). For
example, differences in barley and pea’s resouseeefficiency lead barley to be
dominant (Andersen et al. 2007). There are trafiebetween a plant’s ability to take
up nutrients efficiently and a plant’s ability torcserve nutrients and use them
efficiently. In some environments species with leighutrient uptake abilities have
been out-competed by species that have lower ntitoss rates (Berendse 1994).

The supply and demand for resources also impaatpettion between plants.
When there is an excess demand for resourcesveetatsupply, the intensity of the
competition increases (Aarssen and Keogh 2002).gettion for soil N increases
when both crops have increased vegetative growtigchnleads to a increase in N
demand (Corre-Hellou et al. 2006). It has been thg®ized that mobile soil nutrients,
such as nitrate, will be subject to earlier contpetithan the more immobile nutrient
such as P (Bray 1954). Due to the intense competitir mobile nutrients, a fast
growing root system can have a competitive advansagce it can access nitrate-rich
zones sooner.

1.5.1.2 Allelopathy

Allelopathy is another mechanism that plants usatrfere with each other
when grown together. Allelopathy is defined as @ma@ism of interference that acts
through the release of plant-produced secondargyobétes (Weston 2005a). Plants

can also release nutrients to outcompete neighipptants, through elemental

12



allelopathy (Morris et al. 2009). This occurs wleespecific plant can tolerate higher
levels of a particular nutrient and then releagertiitrient into the rhizosphere and
consequently have an allelopathic effect on itgmeor. The following nutrients have
been found to be released during elemental alléhypaheavy metals, soluble salts
and elemental sulphur (S) (only in aquatic systgid®xris et al. 2009).

All plants contain allelochemicals in their roatboots, leaves and seeds.
Plants release allelopathic chemicals through duehposition of residues,
volatilization, root exudation and also from polighanh et al. 2005; Weston 2005b).
When allelochemicals get released at sufficientgties into the rhizosphere, they
can suppress neighbouring plants directly, whilaesallelochemicals need to be
modified through microbial activity before they a#ective (Weston 1996).

Allelopathy is used by invasive species, sucagaurea spp. (Fortuna et al.
2002) andArtemisia vulgaris (Barney and DiTommaso 2003), to outcompete native
plant species (Hierro and Callaway 2003; Ens €@09; Jarchow and Cook 2009).
Allelopathy therefore has profound consequenceplfort community composition
and it can affect ecosystem functioning, in thalisplaces the native plant community
and establishes monocultures of the invading gMfeston 2005b).

1.5.2Positive interactions — complementarity and faciliation

Even though competition often occurs between plgrae/n close together,
differences in plant functional traits, the plagyiof plants (Hodge 2004) and a
heterogenous soil environment often lead to inteyas other than competition
(Casper and Jackson 1997; Eviner and Chapin 20@@#sied et al. 2006; Brooker et
al. 2008). In crop mixtures, over-yielding, canexglained by complementarity and
facilitation (Vandermeer 1989; Gross and Cardiiz8le7). Complementarity refers to
situations where two species use the same resouecdifferent space or time

whereas facilitation occurs when the presence efspecies alleviates an
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environmental constraint that limits the growthtloé other species (Hooper et al.

2005).
1.5.2.1 Complementarity

The traits of plants grown close together are irtgirin determining the type
of interactions that dominate. There are many exesnphere the compatibility in
species traits has led to complementary resoureel@gumes and non-legume
mixtures are complementary when N is the limitiagaurce (Hooper et al. 2005). The
greater reliance of legumes on N fixation when gramvmixtures leads to reduced
competition for soil N, which allows the mixturelte more productive. Combining
plant species with distinct rooting patterns wheatploit different parts of the soil
profile also tend to result in greater productivaympared to monoculture. Cases of
horizontal root differentiation (von Felten and 8ot 2008) or vertical root
differentiation (Berendse 1982; Fargione and TilrB@A5) have been reported.
Species with different growth types, which occugiedent canopy heights, have been
shown to use light complementarily in space whilecses with different growth
patterns, which grow at different times of the yese the same resources at different
times (Anten and Hirose 1999; Werger et al. 2002).

1.5.2.2 Facilitation

In plant mixtures, it is possible for one plant@ps to alter the soil
characteristics in ways that facilitate the groetlone or more of the component
species (Eviner and Chapin 2003). A number of maishas that enable one species
to facilitate the growth of another plant speciasénbeen identified. For example,
through the release of phyto-siderophores, maiablesto mobilize Fe (Ill) and
improve the Fe nutrition of peas (Zuo et al. 2G0Pang and Li 2003; Inal et al. 2007).
In pea-barley mixtures, pea lowered the rhizospperand made S more available to

barley (Aarssen and Keogh 2002; Andersen et alf20fobilization of organic P by
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maize improved P uptake by faba bean (Li et al32Q0et al. 2003). The release of
acid phosphatase by chickpea and peanut increbsdluptake of wheat (Li et al.
2003) and barley (Gunes et al. 2007).

1.5.3Summary of mixture interactions

The various positive and negative interactions ixtumes occur
simultaneously (Li et al. 2001b). Complementarity dacilitation for some resources,
and competition for others can occur in the samédure (Zhang and Li 2003; Ghosh
et al. 2006). The success of a specific crop mextlapends on which interactions,
positive (complementarity and facilitation) or négea (competition) dominate and
this is determined by which resources are limiting.

Increased productivity in a mixture compared todbmponent monocultures
could be due to either low competition or a higgrde of complementarity or
facilitation. For example, over-yielding occurswheat and maize/soybean mixtures,
because the intra-specific competitive interactioetsveen the more competitive
wheat plants in the sole crop are greater thamtee-specific interactions that occur
in the intercrops where the wheat is grown withl#ss competitive maize and/or
soybean (Li et al. 2001). Similar results were woied for pea and barley mixtures,
where pea had relatively low intra-specific comip@ti and barley had high intra-
specific competition, this caused barley to donertae intercrops (Corre-Hellou et al.
2006).

Complementarity in the peak growth times of the ponent species in a
mixture can also increase productivity. The comjmetibetween species with different
growth times tends to be low. The competitive rerg\principle, which is often used
in agriculture, relies on this principle. This ocewhen a dominant species in an
intercrop (wheat) gets harvested sooner than thegilinate species of the intercrop

(soybean or maize), the sub-ordinate species tiaets $o recover by taking up more
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nutrients and increasing its biomass productioreflal. 2001a; Zhang and Li 2003).
The increase in biomass production by the sub-atdiapecies is the result of reduced
competition in the mixture through successional glementarity.

1.6 How do we investigate and evaluate mixtures?

1.6.1Paradigm shift in mixture studies

The questions asked about mixtures occur at difteseales, such as yield and
biomass production, plant species’ interactiond, agro-ecosystem function /
sustainability issues. To investigate these questia variety of experimental designs
are required. A lack of cohesion between questmsed, experimental structure used
(design, and indicators), the definitions of spedamreractions and selection of
response variables, has hindered the progresderstanding crop mixtures
(Connolly et al. 2001).

(Connolly et al. 2001) found that recent intercriogpstudies have the
following attributes: (1) The experimental struetiwonsists of indicators that
measure the performance of an intercrop only oneaally at final harvest, (2) the
measurements in these experiments tend to focygelwhrelated measures and
economic parameters such as, biomass productield, and forage quality, and (3)
these experiments are mostly concerned about thenaaagement practices impact
the intercrop and do not investigate the dynamianezof intercropping systems.

Connolly et al. (2001) recommend that studies oftanes should be
broadened to accomplish multiple outcomes. Sontkeeobutcomes of these studies
could be to elucidate the interactions betweentplgrown in close proximity, to
measure the performance of mixtures over time o iggights into the dynamism of
the inter-specific interactions, and to use mudtippldicators to gain a full
understanding of the performance of the intercr§patic measurements of intercrop

output would not be able to give enough informagbiout the dynamism in mixtures.
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Multiple measurements, such as sequential hanastsequired in order to
investigate the interactions between plants (Cdpmtlal. 1990; Andersen et al. 2004;

Andersen et al. 2007).
1.6.2Experimental designs used in studying mixtures

A challenge associated with developing productiveumes is the
determination of appropriate seeding rates/dessiigl seeding proportions for the
component crops. The seeding densities for cowgrsogrown in monoculture have
been well established (Bulson et al. 1997; Haugiydielsen et al. 2006), while
mixture rates have not. Changes in the relativgukeacy of the component species
and the total plant density affect the competittlyaamics, biomass production, weed
suppression, yield and the percentage and amounitrofjen obtained from the
atmosphere (Willey and Osiru 1972; Weigelt andiflel2003; Hauggaard-Nielsen et
al. 2006). Different experimental designs are usegktablish the seeding rates for the
mixtures, the most commonly used designs includgd#irwise design, replacement
series (substitution series), additive series hadésponse-model design (Connolly et
al. 2001).

The simplest design is the pairwise design whiats=is of a single mixture
that is repeated across different levels of a $ipdeictor (Connolly et al. 2001). This
design can be used to evaluate the performancedafic mixture across an abiotic
gradient, at different sites or at different mamagat practices. It does not provide
sufficient information to evaluate the dynamic migions in mixtures.

In additive designs the density of one speciestaiget species, is kept the
same while the density of the other species isdafPark et al. 2002). This design has
been used in studying intercropping on smallhofdens, where the yield of the

target species (the cash crop) is very importame. 8dditive design leads to a total
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plant density that is higher than either of thepamnoculturesThe additive design is
limited in the inference that can be made abouttpfaeractions (Inouye 2001).

In replacement series designs the total plant tefwsithe mixtures and
monocultures stay the same, but the relative frecgef the component crops in the
mixtures is varied. The advantage of using theaeghent design is that it can be
used to determine the relative aggressivity ofcii@ponent species in the mixture.
Although the replacement design is the most usedjdethere have been a number of
criticisms leveled against it. Although total plal@nsity of the plots remain constant,
the densities of the component crops get confoufdark et al. 2002), this limits
inferences that can be made about species intemacfrurthermore, estimated
coefficients may depend on the total stand derfsiyclay 2006) and it is difficult to
distinguish between intra-and inter-specific contpmet when using a replacement
design (Vanclay 2006). Finally, if plants die, ®mepromises the interpretation of both
the individual plant and individual plot performa@nd his is especially important in
forestry systems (Vanclay 2006).

Since all the designs mentioned are limited initifierence that can be made
about inter-specific interactions, the responséaserdesign has been proposed
(Inouye 2001). The response-model design is anrewpetal series where the density
of the two species is varied independently, whislegya broad range of random
seeding densities (Vanclay 2006). In order to wstdad the interactions between
plant species, both the total plant density andeleive frequency of plant species
need to be varied, the response-model does boéhmHjor disadvantage of the

response-model is that it is both resource andggnatensitve.
1.6.3The role of indicators in studying mixtures

Indicators are useful for studying crop mixturediffe 2000; Weigelt and

Jolliffe 2003). They express characteristics ciearld help researchers understand
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complex data by condensing experimental resultsnaultple variables. Indicators

also effectively quantify composite ideas, and thbgw comparisons across different
studies if standardized indices are used. Howelere are several limitations to using
indicators (Joliffe 2000; Weigelt and Jolliffe 2Q08ondensing several variables into
a single indicator results in a loss of detail atatistical precision, and it can obscure
relationships between variables, especially whaties are used. Some indicators tend
to have size bias, where initial differences betwglants favor larger plants in
competition studies. The different indicators usestudying crop mixtures are
summarized by (Joliffe 2000; Weigelt and Jolliff@03).

An indicator that is often used to evaluate mixsueethe land equivalent ratio
(LER). The LER is a measure of the amount of |a@elded for an intercrop to be as
productive as the same crop grown in a sole crgm@é¢rmeer 1989; Joliffe 2000;
Weigelt and Jolliffe 2003), LER is also a measurthe efficiency with which
resources are used. If the Land Equivalent RatteR()Lis greater than one, there is an
intercrop advantage and resources are used efficidnt is less than one there is an
intercrop disadvantage and resources are usedkciraffy (Dhima et al. 2007).

Although the LER has been widely used (Hauggaardsin et al. 2001), there
have been some criticisms against it (Park etGfl22 Some of the criticisms include:
(2) It is dependent on the seeding densities o€tbps planted together and does not
give any information about the seeding densitiesiad for optimal biological output,
(2) it does not remain constant for a range of tpdlemsities, (3) the LER does not
show similar yield-density relationships under wiagyenvironmental conditions and it
does not dissociate between intra-and inter-sgectfimpetition, (4) the LER aims to
give information about the nature of competitiondmyy measuring the net effect of
competition and (5) when the mixture is dominatgélecrop with high yield potential,

the LER tends to be biased towards one.
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1.7 Conclusions

Many of the adverse unintended consequences insifited agricultural
systems can be ascribed to a reduction in biodtyespecifically plant diversity.
Plants are important species in ecological systemsplay a vital role as ecosystem
engineers which affect nutrient, water and enelmyd. In order to reduce the
negative impacts of intensified agriculture itngportant to increase the plant
functional diversity in agricultural systems, then be done through cover cropping.

Plant species, as cover crops, can perform marstituns in agricultural
systems such as N fixation and weed suppressi@reTdre trade-offs in the functions
that specific plant species perform well: legumeesadble to fix atmospheric N but are
generally not able to suppress weeds effectivelhylenC4-grasses suppress weeds
well but do not fix any N. A strategy that can bédwed to avoid these trade-offs is
to use plant mixtures.

In order to develop effective plant mixtures, tloenponent species in the
mixtures need to have traits that are complememtatiye plants need to facilitate
each other. The complementarity in traits can Imetfanal (such as using different
sources of the same resource-N fixation), spat@tpying different soil depths or
canopy heights) or temporal (species have diffegemwth times). Facilitation occurs
when the presence of one species alleviates amamvental constraint which
improves the growth of the other species in thetunex By using plant mixtures,
agro-ecosystem functions can be performed moretefédy than using sole crops,
and multiple agro-ecosystems can be performed samebusly.

In organic farming systems, N fertility managemand weed control are very
important agro-ecosystem functions. It is thereforportant to identify cover crop
species and mixtures that can perform these fumcedfectively within an available

cover cropping window, such as the annual summesrocropping niche.
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CHAPTER 2: SCREENING ANNUAL SUMMER LEGUMES AND NON-
LEGUMES IN MONOCULTURES AND MIXTURES

2.1INTRODUCTION

The intensification of modern agricultural systeim®ugh the use of fertilizers
and pesticides has reduced the reliance on cowps ¢to perform agro-ecosystem
functions. For example, in the Midwestern U.S.A ldregth of the growing season for
corn has increased by two weeks since the 1970shwéduces the time available for
cover crops to be grown (Kucharik 2008). Althoufis tintensification has increased
agricultural productivity and efficiency, there lealveen many unintended
environmental effects, such as increased nutreaahing (Nikolaidis et al. 2008).

The reduction in crop diversity, and the resultiaguction in functional
diversity, could lower the resilience of these sgys$ given the potential fluctuations in
the biotic and abiotic environment. Plants as damirfPolley et al. 2007) and
keystone species (Peres 2000; del Castillo eD@PPplay important roles in
influencing and regulating numerous ecosystem @msE® In agricultural systems,
cover crops can be used to increase the functthweatsity and perform specific agro-
ecosystem functions, such as nitrogen fixationienit retention and weed control.

Agro-ecosystems that rely on legume cover cropdiftend to retain a greater
proportion of N (Drinkwater et al. 1998; Drinkwatmnd Snapp 2007). This is because
cover crops use plant-microbe interactions to lim& amount of nutrients that gets
lost out of the system, since the nutrients getaled and stored in plant and
microbial biomass. Cover crops increase soil mialadctivity by supplying the soil
with organic material through rhizo-deposition @aon 2003; Paterson et al. 2006;
Paterson et al. 2007), root exudates ( ElI-ShataadiMakhadmeh 2001; Clayton et
al. 2008) or when plants are incorporated intosthie The improved microbial

activity improves nutrient cycling.
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In addition to improved nutrient cycling, cover psohave been shown to be
weed suppressive. Cover crops suppress weeds thtwognechanisms, resource
competition and allelopathy. The temporal and spaiversification of plants in agro-
ecosystems (through cover crop rotations and irdppeng) alter the patterns of
resource acquisition, allelopathy and soil distadgg which changes the soil
environment in such a way that it limits the preseaf potential dominant weed
species (Liebman and Dyck 1993). Soils with higimplavailable nutrients, especially
nitrogen, favor weed populations and it can leaith¢ceased weed community
diversity and weed abundance (Qasem 1992; Blackshal 2003; Blackshaw and
Brandt 2008). Cover crops, such as buckwhiéaggpyrum esculentum) and sorghum
sudan $orghum bicolor), that rapidly take up resources (especially soitients,
water, and light) and making it unavailable for dgehave been shown to effectively
suppress weeds (Kumar et al. 2008) (Wang et aB)2@bver crops’ role in tightly
recycling nutrients and other resources could thezealso suppress weeds.
Allelopathic substances secreted from living casreps / green manures and crop
residues are used to suppress weeds (Kruidhof 20@9). Annual summer cover
crops that have been found to release allelopatiemicals include, buckwheat,
sorghum sudan antifolium spp. (Weston 1996).

Growing cover crops in mixtures is a strategy ttaat be used to
simultaneously manage N fixation and weeds. Miduhat include legumes have
been found to be very productive (when nitrogethéslimiting resource) (Trenbath
1974; Vandermeer 1989), and to effectively cyclend N (Fornara and Tilman
2008). Legume-based mixtures can be very produatideenhance weed suppression
through several mechanisms. First, roots of spegi@sn together tend to occupy a
larger soil volume resulting in greater exploitatiaf the soil profile (Schmidtke et al.

2004). Second, when nitrogen is the limiting reseureduced competition for soil
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nitrogen can lead to greater biomass productiotedegumes can fix nitrogen from
the atmosphere. Furthermore, effective resourcénusextures can limit weed growth
and development.

There are trade-offs in the functions that mixtygegorm well. Since non-
legumes are better able to scavenge for soil retiraan legumes, the competition for
soil nitrogen in mixtures is expected to incredselegumes’ reliance on nitrogen
fixation. However, the absolute amount of nitrofj@ed depends on the nitrogen
fixation rates and biomass production of the legummixture. In mixtures where
legume biomass is suppressed due to severe coimpeiirogen fixation is reduced
compared to the legume monoculture. Non-legunres tie be better at suppressing
weeds than legumes, therefore, mixtures dominateth-legumes are generally
better able to suppress weeds than legume-dominaitdres. However, non-legume
dominated mixtures suppress both weeds and legloneabs. As a result, mixtures
that effectively suppress weeds may have reduckxibNon rates (Haugaard-Nielsen
et al. 2001b).

In organic cropping systems, biological nitrogedaftion through legume cover
crops is an important source of new nitrogen. Magrstraints to effectively using
legume cover crops as a source of nitrogen, indloedimited availability of niches in
which to grow legumes without foregoing a cash ceopl uncertainty about the
amount of nitrogen that gets fixed. Integratingule@s into organic vegetable
production systems has been particularly challentpn growers. The two month
period between early planted spring crops and lgueting of fall crops provides an
opportunity to use fast-growing annual summer caeveps. To our knowledge there
has not been an in-depth evaluation of annual surnower crops’ nitrogen fixation
and weed suppression capacity in the Northeaste3nAU

In order to design effective cover crop mixturesttoptimize weed
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suppression and N fixation, the relative competiability of the legume and non-
legume species needs to be understood. To dkttus/ledge about the relative
intensity of the inter-specific competition betweéle component crops in mixtures is
needed. A replacement series design is an effeetiperimental design that can be
used to obtain information about the relative cotiipe ability of the different cover
crops in mixture.

This study is a cover crop screening experimertt) tiie following aims:

1. To determine whether there are differences in drsuramer, legume and
non-legume cover crop species’ biomass productieed suppression and
nitrogen fixation and uptake traits.

2. To determine the competitive ability of the leguamel non-legumes in
mixtures.

3. To investigate the trade-offs in legume-based megiletween weed
suppression and nitrogen fixation.

4. To compare the effectiveness of mixtures and mahaes to produce

biomass production, suppress weeds and to fixgetro

2.2MATERIALS AND METOHDS

2.2.1Site and soil

Experiments were conducted at two different site= éwo years at Cornell
University’s Homer C. Thompson Organic ResearcimAarFreeville, NY, USA
(42° 30 45" N, 76° 20 45" W). The experiments were conducted from Jdlyitil
October 18 in 2008 and July buntil October 18 in 2009. The soil in 2008 was a
Rhinebeck (Fine, illitic, mesic Aeric Endoaqualésid the soil in 2009 was a Howard
gravel loam (Loamy-skeletal mixed mesic Glosobétapludalf). The climate is

characterized as humid temperate, the mean anre@ppation is 880mm and the
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mean annual minimum and maximum air termperatug@@and 14C, respectively.
Weather data from the Freeville research statiare waken for the time period
covering the experiments, as well as the 10 yesdohcal average (National Climate
Data Center) (Figure 2.3). The fields in both 2688 2009 had rye on them the year
prior to the study, the rye was mowed down and rexddrom the field to reduce the
soil nitrogen levels.

Seven soil samples were taken and composited femim eplicate block using
a one-piece Dutch auger (Eijkelkamp, Giesbeek,Nétherlands). Soil inorganic
nitrogen (NH™ and NQ) levels were determined by extracting a sievedsaraple of
the soil with 2.67KCL and then shaking the sampleE50RPM on the day of
sampling. To determine potentially mineralizablegogen (N), a sub-sample was
incubated at 3 for seven days using MKCL extraction. The samples were then
centrifuged and N@and NH,"~ was extracted. Total NHand NQ for both the
incubation and extraction samples, was analyzatjusi Automated Discrete
Analyzer (AQ2) (Seal Analytical Inc., Mequon, Wissm).

Replicated composite samples of air-dried soilseveseved to 2mm and were
then analyzed for Mehlich 3-extractable P, K, Ca, Ku, Zn, Fe, Al, and Mn, as well
as particle size (Agricultural Services Laboratdrige Pennsylvania State University,
University Park, PA)(Table 2.1).

There were differences in the textural and chenpoaperties at the two sites
(Table 2.1). The soil in 2009 was a loam and in8@lay loam, the difference being
that the 2009 soil had a higher sand percentagesdihpH (6.0) in 2009 was lower
than the 2008 pH (6.7). The soil in 2009 had greatganic nitrogen (3.7 mgN.Ky
pools than the soil in 2008 (3.1mg N}gbut the nitrogen mineralization rates were
similar. All the other solil variables were withianges that would not adversely affect

plant growth and nitrogen fixation rates.
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Table 2.1The soil variables that were taken in eacteplicate block in the fields in 2008 and 2009

Soill Total
Field Textural Class Sand  Silt Clay pH®*  Total N C Inorganic N° Nmin®
g.kg™ mg N.Kg
g.kg™t - mg.kg* Soil* .Week*
2008 Field Clay Loam 310 380 320 6.7 - - 3.1 16.2
2009 Field Loam 380 350 270 6 2.4 31 3.7 16.1
Field P K Mg Ca Zn Cu S CEC
mg.kg* meq.100g"
2008 Field 90.9 120 341 1610 1.7 2.9 17.7 12.75
2009 Field 59.3 133 278 1981 2.2 2.2 18.1 17.2

@ pH was measured in water.
b Extractable N@ and NH*
¢ Potentially mineralizable nitrogen

dIndicates the cation exchange capacity of the soil



2.2.1.1 Experimental outline and plot establishment

The experimental design in both years was a sfattgesign, with four
replicate blocks per field. The main treatment Vegsime species and the sub-
treatments were monocultures of the legumes andagumes and a replacement
series of legume-non legume mixtures at differeletgg ratios.

Eight novel, annual summer legume species werdifgiehthat could be used
in the Northeastern U.S.A. The legume species derded into two growth types —
viny and non-viny - in order to design mixture canations that are complementary
in their use of light. The viny legumes includedr&ge Soybeary]ycine max)
varieties — Tara and Tyrone, Cowp#&agha unguiculata), Lablab {ablab purperea)
and Chickling vetchl(athyrus sativus). The non-viny legume species were Berseem
clover (Trifolium alexandrinum), Crimson clover Trifoliumincarnatum) and
Sunnhemp(rotalaria juncea).

Buckwheat Fagopyrum esculentum) and Japanese MilleE¢hinochloa
frumentacea) was grown in mixtures with both the viny and tfum-viny legumes.
Because these species have moderate growth, saattitsomass production it was
expected that these two species would not out-ctenthe non-viny legumes, while
providing sufficient structure for the viny legunmtesgrow up against. The viny
species were also grown in mixtures with Sorghurda®uSorghum bicolor), it was
expected that the high biomass production andtailre of Sorghum Sudan
(Sorghum bicolor) could provide structure for the viny species tovgup against. The
non-viny legumes were also grown with Flaxnm usitatissimum) and Phacelia
(Phacedlia tanacetifola). Flax and Phacelia are cold tolerant and theydcextend the
growing season into the fall, especially when grawth the two clovers. They could

also provide an under story when grown with Sunrfem
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In 2009, Soybean Tara, Sunnhemp, Lablab and Phagele not included in
the experiment, due to the relatively poor perfarogeof these species in 2008. Due
to farmer interest, Sorghum Sudan was mixed wightwo clover legumes in 2009.
Clovers are relatively shade-tolerant and couldetfoee provide a understory for the
Sorghum Sudan. Since Japanese Millet had poorigation rates in the 2008
experiment, additional mixtures of Japanese Millete included in 2009. Japanese
Millet was grown in mixtures at half the recommetidapanese Millet monoculture
seeding rate (424plantsan A summary of all the treatments for viny and 1vmy
legume main treatments for both the 2008 and 2@p8rements is given in (Table

2.2).

2.2.2Replacement Design and Seeding Rates

In order to evaluate the competitive ability of théerent cover crops species,
a replacement series design was used (FigureTh#&)main advantage of using a
replacement design is that the relative aggreysifithe species in mixture can be
investigated. One of the limitations of the repltaeat design is that the total mixture
density has to be determined subjectively. Sincevere mainly interested in nitrogen
fixation, it was decided to use legume density onoctulture as the total seeding
density for the mixtures. The additive design, whias the major other option to use,
is mainly used in agronomic crops to determineetifiect of varying densities of an
auxiliary crop on the yield of the major agronoroiop.

The legume monoculture seeding rates were detednipeeviewing
extension sources and cover cropping handbookss@dwting rates (usually in kg-ha
lor Ibs.acré) were converted to seeding densities (#se&l.rmorder to compensate
for differences between seed and plant size, anthrtype, legume species with

similar traits were grown at similar densities. §had to two broad group of species —
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high seeding density (HS) and low seeding denk®).(The two clover species had a
higher seeding density (HS) than the rest of tleeigis. In 2009, the difference in
seeding density corresponded with the viny andwioyn-categories. Where the high
seeding density species were the non-viny speCiesi¢on Clover, and Berseem
Clover) and where the low seeding density specerg the viny species (Cowpea,

Chickling Vetch and Soybean Tyrone).

Each of the sub-plots within a legume main treatngentained the same amount of
seed as the legume monoculture, therefore, thienmtéure and non-legume
monoculture seeding densities was similar to thacuolture seeding rate for a
specific legume main treatment. The relative freqyeof the different legumes and
non-legumes was varied in the mixture. The seeuites for the different legume

main treatments are given in (Table 2.3).
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Figure 2.1 The replacement series used for viny antbn-viny main treatments.
The figures were taken from (Connolly et al. 2001)n the replacement mixtures
both species seeding densities are varied to maimaa constant mixture density.
In the additive design, the density of one specieskept constant while the other
species’ density is varied.
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2.2.3Plot Establishment and Plant Counts

The 2008 experiment was planted odulyy 2008 using a 0.91m wide walk-
behind plot drill manufactured by Carter Manufactgr(Brookston, Indiana). Six
rows were planted at 15.24 cm spacing. Plant couets done on July 352008 in
the legume and non-legume monoculture’s highest@mest seeding densities to
determine the germination rates for the differdahpspecies (Table 2.4). The 2009
experiment was planted on 10 July 2009, using&@int no-till drill, manufactured
by Great Plains (Great Plains Mfg, Salina, KansBisé¢. drill was 1.83m wide and

rows were spaced 19.5 cm apart. Plant counts vegre on July 2% 2009 (Table 2.3).

In both years the plant counts were done in thedhaitivo rows of the plot.
For the Berseem Clover and Crimson Clover mairtrtreats the middle two rows
were counted for a length of 0.4 m, for all theestinain treatments the middle two
rows were counted for a length of 1m. The reasothis was that the high seeding
densities of the two clover main treatments madmtiog a full meter impractical.

In 2008 there were problems with the seeding. Tweiccrops did not
establish uniformly across the plots, and the SamgBudan, JapaneseMillet and
Phacelia had very variable germination rates. Dube non-uniformity of cover crop
establishment in the plots and problems with geatndm rates, mixture data from
2008 was not included in this study. The legume aoatiure data for 2008 was

included in the study.
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Table 2.2. Summary of all the mixtures and non-lege monocultures, within the
viny and non-viny legume main treatments for 2008rad 2009. All the legumes
were grown in monoculture at recommended seeding tes. The seeding rates
100, 75 and 50 represents 100%, 75% and 50% of thecommended seeding rate
of the legume main treatment.

2008 2009
Non Viny Non Viny
Legumes Viny Legumes Legumes Viny Legumes'
Buckwheat (BW) Buckwheat (BW) Buckwheat (BW) Buckwheat (BW)
BW100 BW100 BW100 BW100
L75:BW25 L75:BW25 L75:BW25 L75:BW25
L50:BW50 L50:BW50 L50:BW50 L50:BW50
L25:BW75 L25:BW75

Sorghum Sudan (SS) | Sorghum Sudan (SS)
Flax (F) Sorghum Sudan (SS) || SS100 SS100
F100 SS100 L75:SS25 L75:SS25
L75: F25 L75:5SS25 L50:SS50 L50:SS50
L50: F50 L50:SS50
L25: F75 L25:SS75 Japenese Millet (M) | Japenese Millet (JM)

JM 100 JM 100
Phacelia (P) Japenese Millet (JM) | L75: IM25 L75: IM25
F100 JM 100 L50: IM50 L50: IM50
L75: P25 L75: IM25 L75:IM(HIGH) L75:IM(HIGH)
L50: P50 L50: JM50 L50:IM(HIGH) L50:IM(HIGH)
L25: P75

Japenese Millet (JM)
JM 100

L75: IM25

L50: JIM50

Flax (F)
F100
L75: F25
L50: F50

& Viny legumes include Cowpea, Chickling Vetch, Saearieties Tara and Tyrone,

Lablab.

PNon-Viny legumes include Crimson Clover, Berseermv@&t and Sunnhemp.
“IM(HIGH) represents half the monoculture seeditbg recommended for Japanese
Millet (424 seed sown.i).
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2.2.4Biomass sampling and analytical methods

Plots were sampled when the cover crops startédwer. The Buckwheat
treatments — monocultures and mixtures — were sathfpdm 22 — 26 August in 2008
and 2009, the remaining treatments were sampled 1% — 20 September in 2008
and 2009. On 28 August 2008 all the Buckwheat meddor the Crimson Clover and
Berseem Clover mixtures were mowed down to a hafjROcm using a Weed
Trimmer (Stihl FS110R and Stihl FS85) (Stihl, NdkfovA, USA). The mowed
treatments were sampled orf"iBctober 2008. In 2009, the Buckwheat and Sorghum
Sudan mixtures with the two clover species were gtt® a height of 20cm on 1
September 2009. The mowed treatments were harvestédtober 18 2009.

During sampling, the middle two rows were sampladaflength of 0.4 m for
the Berseem and Crimson Clover main treatmentsamtbr the rest of the main
treatments. When plants were sampled, the leguomelegume and weed biomass
was separated. The fresh weights of the samplestaken and the samples were
stored at 68 until a constant weight was reached, the driadtphaterial was
weighed. The legume, non-legume and weed dry nahtgas coarsely ground using a
hammer mill and a Christy grinder. The legume malt&r monoculture and mixture
and the non-legume plant material (only in monagelt, was further pulverized using
a roller-grinder for 48 hours. These samples waneaybalanced and sent to the UC
Davis Stable Isotope Facility in Davis, CaliforniaS.A. to be analyzed fdrN
natural abundance and total N content using the B@dpa 20-20 continuous flow
Isotope Ratio Mass Spectrometer (Sercon Ltd., GreedbK). The non-legume plant
material in the mixtures and all the weed plantenat was analyzed for total C and N

content using a LECO 2000 CN Analyzer (Leco Corpona St. Joseph, MO).

50



2.2 5N-fixation calculation

The™N natural abundance method was used to estimateghial nitrogen
fixation (BNF) (Shearer and Kohl 1986). The peragetof nitrogen derived from the
atmosphere (%Ndfa) for all the legumes in monoceland mixture was determined
using all the non-legume monocultures averagedsaaeplicates as reference plants.
The following equation was used to determine thregrgage of nitrogen derived from
the atmosphere:

%N from fixation = 100 x §*°N Reference Plants3*>N Legume Plants) / §{°N
Reference PlantsB)] (2.1)

B is thed™N value for a legume when atmospherigcidlthe only source of
nitrogen after accounting for seed nitrogen. Thaltamount of above ground
atmospheric nitrogen that was fixed was calculatdg the biomass nitrogen
concentration and the percentage of nitrogen figatién.

In order to obtain thB-value for all the legumes, a growth chamber study
conducted where the legumes were grown in N-freeshwd and autoclaved sand,
mixed with perlite at a ratio of 1:1. Legume see@se sterelized using 70% ethanol
(v/v) for three minutes, and 3% bleach solutiontfe® minutes, and then rinsed in
deionized water for three minutes. The seed wasulated with the same inoculant as
the field plots. The plants were fertilized usingNt:free Hoagland’s solution
(Greencare Fertilizers, Chicago, IL) and a gypsahaten. Plants were sampled at the
same maturity stage as the plants in the field. glaets were coarse ground using the
hammer mill and Christy mill, and finely pulverizading the roller grinder. Samples
were then sent to UC Davis where they were analfaedf°N using the PDZ Europa

20-20 continous flow Isotope Ratio Mass Spectrom@ercon Ltd., Cheshire, UK).
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TheB-values used for the different legumes were: CrmStover (-0.74%o),
Berseem Clover (-1.04%0), Sunnhemp (-1.28%o), ChickNetch (-0.80%0), Cowpea
(-2.56%0), Soybean Tyrone (-0.76%0), Soybean Tar®%%.) and Lablab (-1.08%o).

2.2.6Inter- and Intra-specific species interactions

In order to investigate relative intensity of tinéer- and intra-competition of
species in mixtures, a replacement series desigruged. The mixture biomass
results were analyzed graphically using replacerdegrams (Jolliffe 2000). By
using replacement diagrams, the relative intertfitpter- and intra-specific
competition can be determined. If the intra- andrispecific competition experienced
by a species is equal, the biomass trend acrossiitteres will be linear (Figure 2.2).
If the intra-specific competition that a specieparkence is greater than the inter-
specific competition, then the biomass trend wilve upwards. If the inter-specific
competition in the mixture is greater than theargpecific competition, then the trend

will tend downward

2.2.7Land Equivalent Ratio

The Land Equivalent Ratio (LER) was calculateddibthe mixtures as an
indicator of the biomass yield benefits of the mies relative to the monocultures.
The LER is a measure of the amount of land neealealf intercrop to be as
productive as the same crop grown in a sole crgm@érmeer 1989)(Weigelt and
Jolliffe 2003), LER is also a measure of the edfimdy with which resources are used.
If the Land Equivalent Ratio (LER) is greater tltare, there is an intercrop advantage
and resources are used efficiently, if it is |ésstone there is an intercrop

disadvantage and resources are used inefficiebtiinga et al. 2007).
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Figure 2.2 Replacement Diagram adapted from (Jollfe 2000), showing trends in
the above ground biomass for component species (AdB) in a mixture. When
inter- and intra-specific competition is equal, thetrends will be linear (broken
lines). When intra-specific competition is greatethan inter-specific competition,
the trends will curve downward (solid lines). Wherintra-specific competition is
less intense than the inter-specific competitionhe trends will curve downward
(dotted line).
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The LER was calculated using the following equation

LER = My/Sa + My/S, (2.2)
WhereM is the mixture yield an8is the sole (monoculture) crop yield, aamdndb is
the component crops of the mixture.
To determine whether cover crop mixtures incredlsedotal biomass nitrogen
accumulation relative to monocultures, the follogvaquation was used:

NLer = Nivia/Nsa + Nvi/Nsp (2.3)
WhereNya is the nitrogen content for speces mixture M), Ns, is the nitrogen
content for speciesin sole crop / monocultur&), Ny is the nitrogen content for
species b in mixtureM) and N, is the nitrogen content of species b in sole ¢rop

monoculture §).

2.2.8Statistical Analysis

For all the experiments, statistical analysis warsqgmed using the JMP 8.0
(2007 SAS Insititute Inc., Cary, North Carolina) mixed model was fit to the data
with replicate block as a random variable, and hegtype (viny/non-viny legumes),
main treatment (nested within legume type) andrmeat (nested within legume type)
were included as fixed effects. All model assumpiavere met. In cases where the
data did not fit the model assumptions, the coatd evas transformed either by taking
the natural logarithm or by taking the square rdokey’s honestly sigificant

difference (HSD) was performed for multiple meaomparisons.
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2.3RESULTS

2.3.1Weather

In general, both years were cooler than the histbaverage (Figure 2.3). In
2009, August had more rain than the historical ayerand in 2008 July there had

more rainfall than the historical average.

2.3.2Germination Rates

Problems with the seeder in 2008 led to an uneged distribution within the
experimental plots. This made it difficult to sampandomly and to obtain seeding
rates that were close to the target values. In Z08hum Sudan, Japanese Millet and
Phacelia had low and variable germination ratesa fam mixtures and the non-
legume monocultures in 2008 were not included is study due to the poor
germination rates and uneven seeding. The legunm@cnitture data was used (Table
2.3). In 2009 the cover crops were evenly disteduhroughout the plots. The
germination rates for all legumes were acceptatdeveere from 85% for Crimson
Clover to 96% for Berseem Clover. Soybean Tyroredhgermination rate of 72%,
this was acceptable since the final Soybean plansity (72 plants.if) was still
within a range that is commonly used for foragel&ay as a cover crop. The seeding
density for Chickling Vetch in 2008 was greater f#@nts.nt) than that of 2009 (68
plants.n’) due to the non-uniformity of the cover crop withhe plots in 2008. There
is a strong correlation for Chickling Vecth and Begn Tyrone seeding density and
biomass production. These seeding issues makdg/gaar comparisons for these
two species problematic, since differences in b&srae mostly driven by differences

in plant density.
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Table 2.3 The amount of seed sown per square metéing average amount of plants counted per square e and the
average germination rate (in %) for the legume monaultures at recommended seeding rates (Legume 10@nd the
Buckwheat (BW), Sorghum Sudan )SS0), Phacelia (P) and Flax mongdture (F) at their highest and lowest seeding rate
The different main treatments are Cowpea(CP), Crimen Clover (CC), Berseem Clover), Sunnhemp (SH), Laab (Lb),
Chickling Vetch (CV), Soybean Tyrone (SY) and Soylan Tara (SA).



859

2008 2009
Seed Sown Seed Sown

Main seed.m kg.Ha Main seed.m kg.Ha Plants.m

Treat  Species 2 ! Plants.m-2 %Germ Treat  Species 2 ! 2 %Germ
cc cC 449 21 465 (219) 100 (24| cc cc 420 20 356(15) 85 (4)
BC BC 549 17 470 (74) 88 (14 BC BC 476 15 456 (76) 96 (16)
CP CP 98 92 108 (15) 110 (8| cCP CP 98 92 92 (6) 94 (7)
cVv cVv 75 114 92 () 123 (7| cv cVv 75 114  68(13) 90 (17)
% sy 98 110 92 (17) 94 (18| sY sy 98 110 72 (1) 72 (4
SA SA 99 110 78 (13) 79 (13)

LB LB 50 123 53 (13) 105 (13)

SH SH 99 38 109 (25) 110 (26)

BC BW 549 189 692 (28) 126 (10)) BC BW 476 164  429(15) 90 (3)
LB BW 50 17 53 (6) 105 (25| cVv BW 75 26 72 (5) 96 (6)
% SS 98 12 100 (26) 102 (20| BC Ss 476 56  381(42) 80 (9)
LB SS 50 7 48 (5) 95 (10 cv Ss 75 9 62 (5 82 (7)
BC = 549 9 219 (35) 40 (6) BC IM 476 14 294 (24) 62 (5)
SH = 99 2 58 (14) 50 (14| cv IM 75 2 60 (7) 67 (7)
BC F 549 23 485 (74) 88 (13)) BC F 476 20 372(81) 78(12)
SH F 99 4 104 (24) 104 (23)




2.3.3Species Performance in Monoculture
2.3.3.1 Legume Species’ Traits

Crimson Clover had the greatest biomass produatitwoth years (Figure 2.4).
In 2008, from the eight legumes that were evaluatedonoculture Crimson Clover
had significantly greater biomass production thapk®an Tara, Lablab, and
Sunnhemp (p = 0.0008, Tukey's HSD). Cowpea, ChickWetch, Soybean Tyrone
and Berseem Clover were not significantly differfeatn Crimson Clover. Due to
their low biomass production in 2008, Lablab, Stemp and Soybean Tara were not
included in the 2009 experiment.

In 2009, Crimson Clover and Cowpea had signifigagteater biomass
production compared to Soybean Tyrone and Chicilietgh with Berseem Clover
being intermediate to these species (p = 0.0006ey's HSD). The differences
between 2008 and 2009 in Chickling Vetch and Saylgaione biomass production
is mainly due to differences in seeding densit@ess the two years.

Cowpea was less dependent on nitrogen fixatiomih pears, and managed to
access more soil nitrogen than the other legumeiepéFigure 2.4). In 2008, Cowpea
and Lablab had the lowest nitrogen fixation rag4 and 32%, respectively)
compared to Berseem Clover, Crimson Clover, ChigklWetch and Soybean Tyrone
(Tukey’s HSD, p < 0.0001). Soybean Tara and Sunph&are intermediate to these
species in their reliance on nitrogen fixation2009, Cowpea relied significantly less
on nitrogen fixation (18%) than all the other leg@s{Tukey’s HSD< p=0.0092).
Crimson Clover had the highest nitrogen fixatiote 1@1%), followed by Chickling
Vetch (59%), Soybean Tyrone (55%) and Berseem CI®d0).

Crimson Clover fixed more N than any of the legumias to the combination
of greater biomass production and high N fixatiates in both years. In 2008

Crimson Clover and Chickling Vetch fixed signifi¢gnmore nitrogen (111 kg N.Ha
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and 98 kg N.H3, respectively) than Cowpea, Soybean Tara, Soybgame, Lablab
and Sunnhemp (Tukey’'s HSD, p=0.0002). Cowpea fthedowest amount of
nitrogen (12 kg N.Hain 2008 and 13 kg N.Hain 2009) and relied significantly
more on soil nitrogen uptake (50 kg N:Hia 2008 and 58 kg N.H3 than the other
legumes (Tukey’s HSD, p<0.00021). Berseem Clovesy ma significantly different
from Crimson Clover in the amount of nitrogen fixéa 2009, Crimson Clover fixed
significantly more nitrogen (71kg N.Hathan any of the other legume species
(Tukey’'s HSD, p<0.0001).

The experiment in 2009 had greater weed pressareith2008. Crimson
Clover was the most effective at suppressing weelsth years (12 g.fin 2008
and 20g.rf in 2009). In 2009 Crimson Clover had significarghgater weed
suppression than Cowpea (250§)mThe Cowpea monoculture had ten-fold greater
weed biomass than the Crimson Clover monoculture.

Compared to the other legume species, Crimson €hovaocultures fixed the
greatest amount of N and also suppressed weedseffexdively (Figure 2.5).
Crimson Clover was the only legume species thasistently performed both
functions in monoculture. Cowpea fixed small amswftN and was the most
variable in terms of weed control. Chickling Vetadd rather high levels of weeds,

and total N fixed was variable.
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Figure 2.4 The legume and weed biomass productiopercentage of nitrogen derived from the atmospher&oNdfa)
and the various sources of nitrogen — nitrogen fix#on, soil N uptake and weed N uptake for a) 2009nal b)
08.Significance levels were determined by Tukey’l8SD where p<0.05.
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Figure 2.5 Total nitrogen fixed versus weed biomas€rimson Clover is able to
fixed large amounts of nitrogen while suppressing eed biomass.

2.3.3.2 NonLegume Species’ Traits

Only the data in 2009 was used for the non-legumearultures. The four-
fold greater seeding densities in non-viny treattsiéed to significantly greater
biomass production across all the non-legume mdhwoes planted at these densities
(Tukey’s HSD, p<0.05; Figure 2.6). Compared todtieer non-legume species,
Sorghum Sudan produced the greatest amount of BB (889g.17 at high seeding
densities and 632g:frat low seeding densities). Biomass productiontskBvheat

(603g.m-2) and Japanese Millet were not signifilyaditferent.
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Figure 2.6 The non-legume and weed biomass produeti and soil N uptake for
the for the weeds and non-legume species monoculésrsown at high seeding
densities (HS) and low seeding densities (LS). Sificant levels were determined
by Tukey’s HSD, p<0.05

Increased biomass production across species didhpobve weed
suppression. Despite having less biomass produtttaom Sorghum Sudan, Buckwheat
was able to suppress weeds more effectively thawottier non-legume species
(Tukey’s HSD, p<0.05), it was followed by Sorghuond&n, Japanese Millet and
Flax. Sorghum Sudan had a biomass of 909°guith an associated weed biomass of
67g.m?, while Buckwheat had a biomass of 603 §with an associated weed
biomass of 15g.ih Species identity is therefore important for weagpression.
Increased biomass production within a species asa@ weed suppression,

this was observed for all the non-legume specidserd/biomass of the non-legume
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increases (from 424 to 603g°rfor Buckwheat, from 623 to 909gnior Sorghum
Sudan) the weed biomass gets reduced (from 30garifFor Buckwheat and 151 to
67g.m? for Sorghum Sudan).

The non-legumes differed in their capacity to cepoil N. Buckwheat
assimilated greater amounts of total soil N antidqaer kilogram of above ground
biomass compared to the other non-legumes (Figérartl Figure Figure 2.7). For a
given amount of biomass Buckwheat took up moregén than the other non-
legumes. For example, for 4000 kg Haf biomass Buckwheat contains 76 kg N'Ha
Sorghum Sudan contains 53 kg N'Hdapanese Millet contains 45 kg N }4ad
Flax contains 60 kg N .Ha on average. This difference may be explainedhbyfact
that the different non-legume species had diffenetdvels in their biomass.
Buckwheat had a significantly greater plant nittogentent (1.92% ) than Flax
(1.49%) and the two C-4 grass species, Japanets Mil20%) and Sorghum
Sudan.(1.17%) (Figure 2.8).
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Figure 2.7 The relationship between soil nitrogen ptake and biomass production
for the four non-legume monocultures
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Figure 2.8 The plant nitrogen content (%) in the bomass of the non-legume
monocultures. The significance levels are indicatedsing Tukey’'s HSD, p<0.05.

2.3.4Mixture outcomes: Biomass, Nitrogen Fixation and Wed Biomass

Biomass of legumes was consistently reduced inurestcompared to
monocultures, however these reductions were gréataon-viny compared to viny
species. Non-viny legumes had significantly grebtemass in monoculture than the
viny legumes (343g.thand 250g.M, respectively)(Figure 2.9). The non-viny
legumes’ biomass was significantly reduced in thek8vheat (44g.M), Sorghum
Sudan (117g.f), Japanese Millet (129g.fhand Flax (176g.f) mixtures compared
to monocultures (Tukey’'s HSD, P<0.0001; Figure .2®}he viny mixtures, there
was only a significant difference between the legumomass in the monocultures and
in the Buckwheat mixtures (Tukey’s HSD, p<0.0001)e viny legume biomass in
Sorghum Sudan (170g:$hand Japanese Millet (192g3rmixtures was not
significantly different from monoculture biomassditre 2.9).

The biomass differences between viny and non-viegtinents for the non-
legumes followed the same pattern observed fomtti@ocultures with greater

biomass associated with the greater seeding raggkin non-viny mixtures (Tukey’s
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HSD, p<0.0001; Figure 2.9). Only the non-viny mnesihad significant differences in
biomass production across non-legume species. Gor§udan had the greatest non-
legume biomass production (742&)nfollowed by Japanese Millet (556G3n
Buckwheat (483g.if) and Flax (288g./f). In the viny mixtures, there was no
significant difference in the non-legume biomassdpiction across the mixtures

(Figure 2.9).
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Figure 2.9 The above ground biomass for the legumapn legume and weed
component in mixtures consisting of viny (V) and no-viny (NV) legumes and
Buckwheat, Sorghum Sudan, JapaneseMillet and FlaXhe letters indicate
significant differences between the legume, non leme and weed biomass for the
different mixtures using Tukey’s HSD, with p<0.0001
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The weed biomass in the non-viny mixtures was 8gmtly lower in the
Buckwheat (30 g.ff) mixtures, followed by Sorghum Sudan (1364G)nlax
(159g.n7’) and Japanese Millet (200g)iTukey’s HSD, p<0.0001; Figure 2.9).
Similar trends were observed in the viny mixtukesere the Buckwheat mixtures
had significantly lower weed biomass (116g)rthan the Sorghum Sudan (251&)m
and Japanese Millet (181g3mmixtures (Tuley’'s HSD, p<0.0001). Mixtures that¢ a
effective at suppressing weed biomass, like Buclalvhextures, also suppressed the
legume biomass in the mixture (Figure 2.12). Iresashere the legume biomass was
not suppressed, such as in the viny legume mixttliesveed biomass was high.

Both the viny and non-viny legumes had significamélduced N fixation rates
in the Buckwheat mixtures, compared to the otreatiments (Tukey's HSD, p<0.05;
Figure 2.10). Viny legumes in mixtures with the §arm Sudan and Japanese Millet
had greater reliance on N fixation (52 and 59 %ees8vely) than the legume
monocultures (44%). In the non-viny treatmentsteivweere no significant difference
between the N fixation rates in the monoculturégpand the Sorghum Sudan (55%),
Japanese Millet (60%) and Flax (64%) mixtures.

The total amount of nitrogen fixed for the non-viegumes was significantly
reduced in the mixture compared to the monoculaeess all the mixtures (Tukey’s
HSD, P<0.05; Figure 2.11). For viny legumes, theeee no significant difference
between the nitrogen fixed in monoculture and tblgBum Sudan and Japanese
Millet mixtures (Tukey's HSD, p<0.05; Figure 2.1Bpth the viny and non-viny
legumes in the Buckwheat mixtures, fixed signifityatess nitrogen than the other
mixtures and monocultures (Tukey’s HSD, p<0.000hk two non-viny legume
species fixed more nitrogen (53 kgN:Bahan the viny legumes (21kgN.Hain
monoculture and mixture (Tukey's HSD, p<0.0001).
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2.3.5Inter- and intra-specific interactions in mixtures

The replacement design permits analysis of théivelanportance of intra-
and inter-specific competition. In general, for tit@n-legumes, intra-specific
competition was more significant than inter-speatiompetition indicating that
legumes were generally less competitive than timelegumes species used in these
mixtures (Figure 2.12; Figure 2.13). For the smadtatured non-viny legumes, inter-
specific competition was greater than the intracgmecompetition, with the
exception of the Flax mixtures where there wasifferénce between the inter- and
intra-specific competition (Figure 2.12).

In the viny mixtures, there were no consistemdse Instead, species
differences resulted from differences in the contipetability of both the legume and
non-legume species (Figure 2.13). In the Buckwhexstures, there was no difference
between inter-and intra-specific competition. Sanirends were observed in the
Sorghum Sudan with Chickling Vetch and Soybean figrdout Cowpea experienced
reduced inter-specific competition and greateahspecific competition. In the
Japanese Millet mixtures, intra-specific competitveas greater than inter-specific
competition for all three the legumes. In all thixteres with non-legumes, Cowpea
(153g.n¥ in Buckwheat, 210g.fin Sorghum Sudan and 393¢im Japanese
Millet) had greater biomass than the Chickling Vieanid Soybean Tyrone. Cowpea
has been identified as more competitive than therdegume species.

The intensity of the inter-specific competition thie legumes depended largely
on the non-legume species (Figure 2.12). The catiyeebility of the different non-
legumes can be summarized as follows: Buckwhé&arghum Sudan> Japanese

Millet> Flax.
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2.3.6Land Equivalent Ratios (LER)

The differences in impact of mixtures on total baw® production were largely
determined by the non-legume component. In Figuté4,2nixtures are arranged in
the order of competitive ability of the non-leguméiich was determined by the
analysis of inter- and intrea-specific competitibnkeeping with the greater tendency
for Buckwheat to out-compete other species, incdgaveeds, Buckwheat mixtures
had the lower biomass compared to the combineddserof the two species in
monoculture. The LER for Buckwheat mixtures wassistently less than one with
the exception of the Cowpea mixture. Buckwheat lissnvas reduced in the Cowpea
mixture. All other mixtures, Japanese Millet, SarghSudan and Flax had LERs
greater than one, indicating that mixtures ovele@d. The total N contained in the
cover crops paralleled biomass, with greater fdtal the mixtures compared to the

monocultures, with the exception of the Buckwhegttunes.
2.3.7Trade-Off — N Fixation vs Weed Suppression

In the mixtures that suppressed weeds effectigelgh as the Buckwheat and
Sorghum Sudan, the legume biomass was also supgr@agure 2.9). Cowpea, the
most competitive legume in the mixtures relied mamesoil N and fixed the lowest
amount of nitrogen (Figure 2.15). For example,ritegen fixation rate of Crimson
Clover averaged 54% compared to Cowpea’s nitrogatidn rate of 27%. As a
result, N fixed.kd of legume biomass was 0.178 kgNKgjomass for Crimson
Clover while Cowpea fixed only 0.056 kg N-kgCowpea relied more on taking up
soil N than the other legume species (Figure 2.36i.nitrogen uptake for Cowpea
was 0.133kg N. k§of legume biomass while for Crimson Clover it V@893 kg
N.kg®. The legume species that are very effective adixitrogen, such as Crimson

Clover, were suppressed by competitive non-legumes.
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Figure 2.14 The Land Equivalent Ratios (LER) for al the legumes in mixtures
with Buckwheat (BW), Sorghum Sudan (SS), Japaneseilét (JM) and Flax(F).
The mixtures are organized, from left to right, from the most competitive to the
least competitive non-legumes.
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In contrast, competitive legumes, like Cowpea,ribdfix a lot of nitrogen and
were more competitive against non-legumes. Altho@gmson Clover suppressed
weeds effectively in monoculture, in mixtures thevér seeding densities did not
allow it to close the canopy effectively, which veéd its weed suppressive ability.
Thus, from an agro-ecological perspective, theeetrade-off between nitrogen

fixation and weed suppression in mixtures.

2.3.8Mowed Treatments — Sorghum Sudan and Buckwheat

A potential strategy that could be used to avoatthde-off between nitrogen
fixation and weed suppression is to mow down thaidant non-legume species in
the mixture where there is complementarity in therg of growth between the
species that constitute the mixture. Both the Barsand Crimson Clover in
Buckwheat and Sorghum Sudan mixtures experiendedsa inter-specific
competition at the time of the August harvest, witile intra-specific competition was
not as severe (Figure 2.17a and b). The two clspecies did not grow rapidly in the
first weeks after planting, and only started toduoe large amounts of biomass six to
eight weeks after planting. Buckwheat and Sorghuata8 grew rapidly after
planting, and the Buckwheat started to flower atgeeks after planting.

Buckwheat was mowed down when it started to flowéis reduced the inter-
specific competition and the shading experiencethbyclovers (Figure 2.17). This
allowed a significant increase in legume biomassipction from August to October -
from 42g.n¥ to 190g.nf for Berseem Clover and 46¢g7mo 250g.rf for Crimson
Clover (Figure 2.18; Tukey’'s HSD, p<0.0001). Simil@nds were observed in
Sorghum Sudan mixtures that were mowed down eiglek® after planting (Figure

2.18).
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The reduced inter-specific competition due to tleevng, allowed the two
clover species to significantly increase their bassifrom August to October - for
Berseem Clover from 112g:fto 233g.rf and for Crimson Clover from 92g-io
268g.nY (Tukey's HSD, p<0.0001). Half the Sorghum Sudargpiere left
unmowed, these sections maintained some interfgpeampetition on the two clover
species, and consequently had lower clover biotmassthe mowed species —
Berseem Clover unmowed had 175¢.amd Crimson Clover unmowed had 207§.m
at October (Data not shown).

The reduced inter-specific competition on the legsmnd the consequent
increase in biomass production resulted in a dant increase in nitrogen fixation
(Figure 2.18; Tukey's HSD, p<0.05). In the Buckwheaxtures, the amount of
nitrogen fixed significantly increased from 3 to @$N.Ha" for Berseem Clover and
from 5 to 45 kg N.Ha for Crimson Clover from August to October (Fig2r&8). In
the mowed Sorghum Sudan mixtures the amount afgetr fixed increased from 15
to 29 kg N.H& for Berseem Clover and from 14 to 51 kgNHar Crimson Clover

from August to October (Figure 2.18).
2.3.9Japanese Millet mixtures — Regular vs High Seedingtes

Japanese Millet was less competitive than the atberlegume species in both
viny and non-viny legume mixtures. Mixtures contaghJapanese Millet had greater
legume biomass, but the weed biomass was alsdhiginyin these mixtures.
Increasing the seeding rate of Japanese Milldtemitixture from the original seeding
density, 20 to 80% for non-viny mixtures; and 460000% for viny mixtures was a
potential solution to the weed problems in the omgs. The higher seeding rates
suppressed both the weed and legume biomass,éwettds were more severely
suppressed than the legumes (Figure 2.19). Inog#se seeding density of Japanese

Millet in mixtures improved weed suppression witheuppressing the legumes.
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2.4DISCUSSION

2.4.1Mixtures vs Monocultures: Biomass Production, N fiation and weed
suppression

In the ecological literature, studies investigating relationship between plant
diversity and ecosystem functioning have found gtant assemblages with diverse
functional traits tend to be more productive thessldiverse assemblages (Hooper et
al. 2005). The increased productivity that corresisowith greater plant diversity
occurs through two distinct mechanisms: complenrgptand facilitation
(Vandermeer 1989; Gross and Cardinale 2007). Camggiéarity occurs where
different plants use the same resource at a diffesgace or time and facilitation
occurs when the presence of one species alle\aatesstraint that limits the growth
of the other species (Hooper et al. 2005). Thetgrexploitation of the soil volume,
through complementarity between species, increthgesccess to soil resources and
leads to increased productivity. Given the increasgroductivity in functionally
diverse plant assemblages it is expected that cyeprmixtures will be more
productive than sole crops. In this study, mogshefmixtures were found to be more
productive than the sole crops (with a LER > 1¢, #nly exception being the
Buckwheat mixtures that were slightly less produethan the sole crops (LER<1).

Growing legumes and non-legumes together in mest@requently increases
the proportion of the legume N derived from fixatitbecause the non-legumes out
compete the legume for soil N (Anil et al. 1998y1Ga al. 1998; Corre-Hellou et al.
2006). The absolute amount of N that is fixed delsean the biomass composition of
the mixtures and the proportion of fixed N containethe legume biomass (van
Kessel and Hartley 2000; Corre-Hellou et al. 200@nixtures are dominated by non-
legumes the total N fixed will be reduced despresater N fixation rates due to the

reduction in legume biomass (Corre-Hellou et a06)0In this study we found that
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the N fixation rates increased in most mixturesg8om Sudan, Japanese Millet and
Flax), however legumes growing with Buckwheat hedliced rates of N fixation.

Although both viny and non-viny legumes increafeglproportion of N fixed,
the impact on total N fixed varied. All the mixtgref non-viny legumes fixed less N
compared to the monocultures due to reduced fimattes and lower legume
biomass. For the viny species, mixtures with Cakges fixed the same amount of N
as the monocultures. In these mixtures, increaséxlalNon rates compensated for
reductions in legume biomass. Viny species in Busat mixtures fixed less N than
the monocultures, again due to reduced N fixatades and lower legume biomass.

We also expected mixtures to more effectively seppweeds compared to
legume monocultures, in part, due to greater prindticin mixtures and more
complete usage of soil (especially N) and abovenguaesources (light) making these
resources unavailable for weeds. We found thatwhssthe case for most legume
species included in our study. Crimson Clover wasexception. Crimson Clover
showed extremely low weed biomass due to its ghditrapidly cover the soil surface
and through allelopathy (Weston 1996). The weeggsive ability of the non-
legumes can be organized as follows: Buckwheatrgtton Sudan > Japanese Millet
> Flax. Buckwheat and Sorghum Sudan are weed ssgipesthrough smothering
weeds, rapid resource uptake and allelopathy (Wek386; Belz 2007; Kumar et al.
2008).

The most effective mixtures for weed control werese consisting of two
weed suppressive species (such as Sorghum Su@arckwheat + Crimson Clover).
In these mixtures, weed biomass was very low amdasiin mixtures and
monocultures of the corresponding species. Mixtaoesisting of one effective plus
one ineffective weed suppressing species, weedassnvas intermediate in the

mixture compared to the corresponding monocultures:suppressive species
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monoculture > mixture > suppressive species moma@ulMixtures consisting of
species that did not suppress weeds as monocuéls@sad high weed biomass
levels, similar to the biomass of their constitugmcies.

We cannot make broad generalizations about theesaof these mixtures in
achieving multiple functions compared to monocw@surinstead, the outcomes of
mixtures in terms of biomass production, N fixatiand weed suppression depended

on the species composition of the mixtures and tteanpetitive ability.

2.4.2Plant Species Differences: Inter- and Intra-specifi competition in mixtures

The replacement series design used in this stuslyesadvantage of being
able to determine the relative intensity of thetfntnd intra-specific competition in
the mixtures, albeit in a non-quantitative way.sTkmowledge is important for
designing future cover crop mixtures that optinbaemass production and agro-
ecosystem functions that they are required to pexf®@ne of the main limitations of
using the replacement design is that the totalideosthe mixtures is largely
determined by subjective criteria. Since a key $oafithis study was the optimal
management of N fixation in mixed cover crop starigls legume monoculture
seeding densities were used as the target depsityd replacement series.

There were two groups of legumes with differertdseg densities, the non-
viny legumes (Crimson and Berseem Clover) had ahdotr-fold greater seeding
density than the viny legumes (Soybean Tyrone, Kiihig Vetch and Cowpea). The
differences in seeding densities were used to cosgte for differences in seed and
plant stature (non-viny legumes have smaller sedggenerally smaller than the viny
species and are generally seeded at higher rasggioultural settings).

Based on the trends in relative biomass produdtidooth the non-viny and
viny mixtures, the relative aggrssivity of the negumes can be ranked as follows:

Buckwheat > Sorghum Sudan > Japanese Millet > Féhen growing an aggressive
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and non-aggressive species in a mixture, the agjgeespecies experiences lower
competition in mixture than in monoculture (intg@esific competition is more intense
than inter-specific competition). The reduced cetitjpn in mixture leads to greater
productivity for the more aggressive species. Was the case for Buckwheat and
Sorghum Sudan mixtures. Earlier studies have regaimilar trends, such as pea-
barley and wheat-maize/soybean (Hauggaard-Nielséd@nsen 2001a; Andersen et
al. 2004; Andersen et al. 2007). The dominancéefiggressive species leads to the
suppression of both the legume and weed biomass.

The viny legumes differed in their competitiveldpi Cowpea was more
competitive in all the mixtures compared to Soyb&arone and Chickling Vetch.
Cowpea’s greater competitive ability may be dugdgreater capacity to access soill
N compared to the other two legume species. Othdies have concluded that
Cowpea is an effective competitor for soil resoar@andall et al. 2006), and can
grow effectively in a wide range of soil conditigissich as low pH (Rohyadi et al.
2004) or heavy metal contamination (Al-Garni 2006).

The non-viny species also differed in their cortjwet ability. Berseem Clover
was slightly more competitive than Crimson Clo\gerseem Clover has deeper roots
and a more upright growth type which makes it agredfective competitor than
Crimson Clover. Crimson Clover relied more on Nafion than Berseem Clover, due
to its greater tolerance to lower temperaturesaandl soils (Evers 2003). Crimson
Clover's greater N fixation rates did not make drercompetitive in the mixtures.
Both clover species were generally not very contipetin mixtures against the non-
legumes. Other studies have found that cloversairgery competitive species
(Kruidhof et al. 2009). The high soil fertility mdave given plants with greater

resource acquisition traits a competitive advantage
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In a mixture that contains an intensely competiipecies, such as Buckwheat
or Sorghum Sudan, it seems that temporal complerignis a more effective way to
maintain mixture productivity than spatial complertagity. This suggests that the
competition from the aggressive crop is so intehaeit overcomes subtle
complementary differences in plant traits. Howewemixtures composed of two
species with relatively low aggressivity (i.e. Japse Millet and the viny legumes),
spatial complementarity is an important mechanisat eads to high mixture

productivity.
2.4.3Trade-offs in Weed control and N fixation: The roleof mowing

There was a clear trade-off in N fixation and weagpression in this study.
The trade-off occurs because mixtures that arecesdfyeeffective at suppressing
weeds, also suppressed legume biomass and leghatese¢ competitive in the
mixtures did not fix a lot of N and they do not pugss weeds.

A potential way to manage mixtures to optimizenbeeed suppression and N
fixation is to mow the competitive non-legumes otieelegumes are established in
the understory. Fast-growing non-legumes thatqense inter-specific competition
on the legumes in mixtures, reduces both legumenaed biomass. By mowing
down the non-legumes the inter-specific competigaperienced by the legumes is
reduced, and since the intra-specific competit@ridgumes is relatively low, it
allows the legumes to significantly increase thé»mass production. The increase in
biomass production also leads to a significantaase in N fixation.

Therefore, the temporal complementarity of tigeitee and non-legume in
these mixtures leads to effective N fixation anddyoveed suppression. The early
growth of the non-legume suppresses weeds andtiéregrowth of the legume leads
to N fixation. Similar successional complementahis been obtained in mixtures

with wheat and soybean/maize, where the wheat/m#zemowed down early and
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this allowed the soybean to grow effectively (Le€t2001; Evers 2003). It is
important to remember that the mowing strategyrianaging mixtures will only
work under the following conditions: (1) If the néggume is an effective weed
suppressor and has very fast growth rates sooaféerdplanting and (2) The legumes
have slow growth rates soon after planting and ycednost biomass after the non-
legume has been mowed.

Another strategy that could be used to optimiZexdtion and weed
suppression is to increase the seeding densitynohdegume with low intra-specific
competition (low aggressivity). In this study it svBbund that increasing the seeding
density of Japanese Millet reduced both the weedegume biomass in the mixture
but the legume biomass was reduced less sevesgiytile weed biomass. Although
this strategy is not as effective as mowing to dweeed and N fixation trade-offs, it is

still reduces the trade-off.
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CHAPTER 3: CHANGES IN N-FIXATION RATES ACROSS DIFFERENT

SITES

3.1INTRODUCTION

In organic cropping systems, weed suppression afetilty are two of the
most important agro-ecosystem functions that caachéved through cover
cropping. N fixation through the use of legume caxr@ps is an important source of
new atmospheric N into these systems. There avender of challenges in using
legume N fixation as a source of N: (1) N fixatierhighly variable and depends on a
complex interaction between soil, plant and envimental factors. (2) There is a
negative feedback between soil N and N fixatioarefore farmers that add compost
and manure onto their soils over an extended p&fididhe are likely to have reduced
levels of N fixation. (3) There is a limited nichathin which farmers can grow
legume cover crops to fix N without foregoing thgportunity of growing a cash crop.

The symbiotic relationship betwe&hizobia bacteria and the host legume
plant, is sensitive to soil and environmental fext@&very step in the process requires
optimal ranges of soil pH and plant macro and mrartrients. A shortage of Ca, P,
Zn, Fe and Mo can limit N fixation whereas high centrations of Al and Mn in the
soil can be toxic to both tHehizobia bacteria and the host plant. Since N fixation
requires large energy expenditures from the ptaetplant will preferentially take up
soil N if it is available and will consequently rfot as much atmospheric N at high
soil N levels. Soil physical factors, such as aeilation and water content are also
important factors that drive N fixation and nodidat— in anaerobic soil conditions
nodulation and N fixation get inhibited.

In legume-based mixtures non-legumes out-compgteres for soil N and

consequently increase the legumes’ N fixation rakbese higher N fixation rates do
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not necessarily increase the total N fixed becauseme cases the non-legume also
out-competes the legume for light and other resmuresulting in reduced legume
biomass. Legume-based mixtures are also expect&gppwess weeds better than
legume monocultures since the non-legumes in tiéunais are better able to compete
with weeds. Furthermore, mixtures tend to use nessumore effectively, reducing
the resources available to weeds.
This study has the following aims:
1. To evaluate the biomass production, N fixation aeed suppression of
different legume-based mixtures.
2. To determine whether the biomass production, Nifixarates and total N

fixed varies depending on the soil conditions.
3.2MATERIALS AND METOHDS

3.2.1Site and soil

Research plots were established at three sitesgR€i09. The sites were
located at Penn Yann, NY (42°46"N 76°5157"W); Lodi, NY (42° 36 48" N,
76° 49 27" W) and Freeville, NY, USA (42° 3@5" N, 76° 2045’ W). The site at
Penn Yan was a field of about 5 hectares with ppirg history that consisted mostly
of grains, such as spelt, wheat and barley. Relgtiow amounts of compost and
manure were added to this site. The sites at Rleewid Lodi were slightly smaller (1
hectare at Freeville and 0.75 hectare at Lodi)ratta cropping history of vegetables.
The sites at Freeville and Lodi received greatelitamhs of compost and manure than
the site at Penn Yan. The experiments were coaddom July 18 until October
18" in 2009. The climate is characterized as humicbtate, the mean annual
precipitation is 880mm and the mean annual mininamch maximum air temperature

is 3°C and 14C, respectively.
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3.2.2Description of soil N fractions

In order to quantify the range of soil N pools tbantribute to plant available
N, all the soil N fractions spanning the continuirom labile to recalcitrant, were
quantified. The fractions that were quantified wendractable N@ and NH*, N
mineralization potential, free particulate orgamatter N (fPOM), occluded
particulate organic matter N (0POM) and total C An&even soil samples were
taken in mid-October and composited from each cef#iblock in each field using a
one-piece Dutch auger (Eijkelkamp, Giesbeek, Thiad&iands). Soil inorganic N
(NH4" and NQ) levels were determined by extracting a sievedssauhple of the soil
with 2.67KCL and then shaking the samples at 150RRNhe day of sampling. To
determine potentially mineralizable N a sub-samyds anaerobically incubated at
30°C for seven days using #M2KCL extraction. The samples were then centrifuged
and NQ and NH" was extracted from the sample. Total lend NQ™ for both the
incubation and extraction samples, was analyzatjusi Automated Discrete
Analyzer (AQ2) (Seal Analytical Inc., Mequon, Wissin). Gravimetric water
content was recorded for samples and the remasaihgvas air-dried.

Free particulate organic matter (fPOM) and oPOM segsarated using size
and density separation as in (Marriott and Wan@@62. Briefly, fPOM was
separated by floating on sodium polytungstate qj]cm_s). The remaining soil sample
was shaken with 10% sodium hexametaphosphateperdis soil aggregates and then
rinsed through a 58m filter. The fraction larger than 58n, which included sand and
particulate organic matter, was retained. Totah@ Id of POM fractions and total soil

were measured using a LECO 2000 CN Analyzer (Lemp&@ation, St. Joseph, MO).

Replicated composite samples of air-dried soilsevegeved to 2mm and were then

analyzed for Mehlich 3-extractable P, K, Ca, Mg, Zn, Fe, Al, and Mn, as well as
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particle size (Agricultural Services Laboratory elfRennsylvania State University,

University Park, PA). The data is shown in (

Table3.3).

3.2.3Experimental outline and plot establishment

The experimental design in each field was a spdit-gesign, with four
replicate blocks per field. The main treatment wslegume species, which
determined the total seeding density of all thetsedtments. The sub-treatments
consisted of two monocultures of legume and noo#egspecies and then a single
mixture of the two species.The legume monocultesglgg rates were determined by
reviewing extension sources and cover cropping haokks.

At Freeville and Lodi a replacement series desiga used, which means that
the total seeding density for the mixtures and neaftares was the same. The
monocultures, for legumes and non-legumes, wera sxihe recommended seeding
density (plants.if) of the legume species and the mixtures were setedeontain
50% legume and 50% non-legume seed. At Penn Yamiktures were sown in an
additive design. The legume and non-legume mona@dtwere sown at half the
recommended legume seeding rate. For the mixtUPera Yan, the legume and non-
legume was sown at the same densities that theg/ sesvn in monoculture. The
mixture at Penn Yan therefore had twice the seedi@émgity of the monocultures. The
mixtures at Penn Yan, Lodi and Freeville had thheesaeeding rates, but the
monocultures at Penn Yan had half the seeding tyesfsihe monocultures at Lodi
and Freeville. For this reason, the monoculturemctbe compared across all three
sites due to the differences in seeding densitytHrudifferent mixtures can be
compared. The seeding rates for the different sgeanie given in (Table 3.2).

The following legume species were included in gtigly: Forage Soybean
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(Glycine max) variety Tyrone, Cowpea/{gna unguiculata), Berseem Clover
(Trifolium alexandrinum), and Crimson clovefT¢ifoliumincarnatum). The different
non-legumes that were included in the study werekaheat Fagopyrum

esculentum), Sorghum-Sudarsprghum bicolor) and Japanese MilleE¢hinochloa
frumentacea) . A summary of all the mixtures that were usethis study can be seen

in (Table 3.1).

The field at Freeville was seeded on Jul{} 2@d the fields at Penn Yan and
Lodi were seeded on July"L.7The seeder used at Freeville was a using a 6i&-p
no-till drill and the seeder used at Penn Yann &va8' end wheel drill, both drills
were manufactured by Great Plains (Great Plains Bi&djna, Kansas). The seed at
Lodi was broadcast, and the seeding rate was isetdday 20% to compensate for the
lower germination rates associated with broadcgsiant counts were done for
every legume and non-legume in monoculture, 2 -e8ks after seeding. The plant
counts were done in the middle two rows of the.ffot the two Berseem Clover and
Crimson Clover main treatments the middle two revese counted for a length of 0.4
m, for all the other main treatments the middle taws were counted for a length of
1m. Because of the high seeding densities of tlectaver main treatments, counting

a full meter would have been impractical.
3.2.4Biomass sampling and analytical methods

The Buckwheat treatments — monocultures and migtdneere sampled from
22 — 26 August, the remaining treatments were saanfjpbm 15 — 20 September. On
28 August all the Buckwheat mixtures and on 10 &aper all the Sorghum Sudan
mixtures, for the Crimson Clover and Berseem Claowetures were mowed down to
a height of 20cm using a Weed Trimmer (Stihl FS1408 Stihl FS85) (Stihl,
Norfolk, VA, USA). The mowed treatments were sardpbe 18’ October.
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Table 3.1 Summary of all the mixtures planted at ezh of the farm sites.

Freeville Penn Yan Lodi
Cowpea — JapaneseMillet Cowpea — JapaneseMillet Cowpea — JapaneseMillet
Soybean — JapaneseMillet Soybean-JapaneseMillet
Cowpea-SorghumSudan Cowpea-SorghumSudan
BerseemClover-Buckwheat BerseemClover-Buckwheat
CrimsonClover-Flax CrimsonClover-Flax

CrimsonClover-SorghumSudan CrimsonClover-SorghumSudan
CrimsonClover-Buckwheat CrimsonClover-Buckwheat

During sampling, the middle two rows were sampladaflength of 0.4 m for
the Berseem and Crimson Clover main treatmentd amtbr the other legume
species. When plants were sampled, the legumelegumre and weed biomass was
separated. The fresh weight biomass of the sam@esveighed and the samples
were stored at 6C until a constant weight was reached, the dry teigas recorded.
The legume, non-legume and weed dry material wassety ground using a hammer
mill and a Christy grinder. The legume materialrtionoculture and mixture) and the
non-legume plant material (only in monoculture) everrther pulverized using a roller
grinder for 48 hours. These samples were microrgald and sent to the UC Davis
Stable Isotope Facility in Davis, California, U.S@\be analyzed fdrN natural
abundance and total N content using the PDZ Eu26g20 continous flow Isotope
Ratio Mass Spectrometer (Sercon Ltd., Cheshire, K& non-legume plant material
in the mixtures and all the weed plant material esaalyzed for total C and N content
using a LECO 2000 CN Analyzer (Leco Corporation J8seph, MO).

3.2.5N-fixation calculation

The™N natural abundance method was used to estimateghial nitrogen

fixation (BNF) (Shearer and Kohl 1986). The peregetof nitrogen derived from the
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atmosphere for all the legumes in monoculture axtume was determined using the
Sorghum Sudan, Flax and Buckwheat as referencésplBime following equation was
used to determine the percentage of nitrogen difreen the atmosphere:
%N from fixation = 100 x *°N Reference Plants3*°N Legume Plants)

/ [(6*°N Reference PlantsB)] (3.1)

B is thes™N value for a legume when atmosphericitithe only source of
nitrogen after accounting for seed nitrogen. Thal tamount of above ground
atmospheric nitrogen that was fixed was calculasgdg the biomass nitrogen
concentration and the percentage of nitrogen figatibn.

In order to obtain th8 value for all the legumes, a growth chamber swudy
conducted where the legumes were grown in N-freshed, and autoclaved sand
mixed with perlite at a ratio of 1:1. Legume see@se sterelized using 70% ethanol
(v/v) for three minutes, and 3% bleach solutiontf@o minutes, and then rinsed in
deionized water for three minutes. The seed wasulated with the same inoculant as
the field plots. The plants were ferrtilized use-free Hoagland’s solution
(Greencare Fertilizers, Chicago, IL) and a gypsahat®n. Plants were sampled at the
same maturity stage as the plants in the field.plaets were coarse ground using the
hammer mill and christy mill, and finely pulverizeding the roller grinder. Samples
were then sent to UC Davis where they were analfaeif°N using the PDZ Europa
20-20 continous flow Isotope Ratio Mass Spectrom@ercon Ltd., Cheshire, UK).

TheB-values used for the different legumes were: CrmStover (-0.74%o),
Berseem Clover (-1.04%0), Cowpea (-2.56%0), and Sagbieyrone (-0.76%o).
3.2.6Statistical Analysis

Statistics was computed using the JMP 8 statigpiaekage. Variables were
assessed for normal distribution and were log-foanged when it was not the case.

Data was analyzed using mixed models with siteramn@om factor, and main

99



treatment and mixture nested within main treatmigindtiple comparisons were
calculated using Tukey’s HSD. For mixtures occlgra each site correlations
between Nfixation rates and total N fixed and tHfecent soil variables were

calculated.
3.3RESULTS

3.3.1Germination Rates

All the germination rates were witlaicceptable ranges at all three fields (73
— 90%). The final seeding densities were reasorabse to the target seeding

densities (Table 3.2).

3.3.2So0il Characteristics

There were differences in the soil textural andwisal characteristics across
the three sites. The soils at Penn Yan and Lodidoed more sand than the soil at
Freeville (Table 3.3). The soil at Freeville haldaer pH (5.95) than Penn Yan (6.1)
and Lodi (6.5). All the mineral nutrients were viittacceptable ranges to support

good plant growth.

There were differences across the three sitesdiggihe different soil C and
N pools, with Penn Yan consistently having C aniéWls at the lower end compared
to Lodi and Freeville (Table 3.4). Both FreevilledaLodi had a significantly greater
inorganic soil N pool (3.7mg.kgand 4.2mg.kg, respectively) than Penn Yan
(1.3mg.kg"). The N mineralization rate at Lodi was greatentthat at Freeville and
Penn Yan. Lodi also had greater fPOM C and N letiela the other fields. The fields
at Lodi and Freeville had greater oPOM C and Nlkegempared to Penn Yan. The
soil at Lodi had a greater C: N ratio than the oth® soils for both oPOM and
fPOM. Freeville had the greatest total soil N (2k4d) followed by Lodi (1.7 g.kg)
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and Penn Yan (1.0 g.Ky while Lodi had the greatest total C followedfrgeville

and Penn Yan.

3.3.3Biomass Production, and Weed Suppression

The differences in legume biomass production adfusshree sites were less
pronounced than differences between the differextunmes within a site (Table 3.5).
At all three sites, Cowpea consistently had thatgst biomass production, followed
by Soybean Tyrone, Crimson Clover and Berseem @ldve Crimson Clover
biomass was reduced more in the Buckwheat mixthiaesthe Sorghum Sudan
mixtures, which suggests that Buckwheat was mongpeditive than Sorghum Sudan.
The non-legumes generally had greater biomassditdrml Freeville fields than Penn
Yan, which reflects the N fertility differences ass these sites.

The weed biomass was generally higher in Lodofe#id by Freeville and
Penn Yan (Table 3.5). The weed biomass acrosgeliffsites was the highest for the
Crimson Clover-Flax and Cowpea-SorghumSudan migturbe Japanese Millet and
the Buckwheat treatments were the most weed sugipeesf the mixtures. The
effective weed suppression by Japanese Milletabaisly due to the higher seeding

rates.

3.3.4Nitrogen Fixation

There were differences in the N fixation rates #reltotal N fixed across the
different sites (Table 3.6). For all the legumecépe the N fixation rates were lower in
Freeville than at Penn Yan and Lodi. The loweixdtion rates also led to lower
rates of total N fixed at Freeville compared to Ladd Penn Yan because the biomass
production across the sites were comparable. There differences in the N fixation

traits of the different legume species with Crim&tlaver and Soybean Tyrone having
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greater N fixation rates than Cowpea and BerseamweCl This pattern occurred at all
three sites. Legumes in Buckwheat mixtures fixedléast total N. This is probably
due to the shading and reduced growth of CrimsaoinBaiseem Clover species.

Crimson Clover-Flax fixed the most N at FreevilleldPenn Yan it was
followed by Soybean-Japanese Millet at Freevilld gtre Cowpea-Sorghum Sudan
treatment at Penn Yan. Although Cowpea had thedoWdixation rates, in certain
circumstances its high biomass production compeddat this and resulted in great
amounts of total N fixed.

3.3.5Mowed Treatments

Mowing Buckwheat and Sorghum Sudan grown in mixtuité Crimson
Clover and Berseem Clover was an effective wayptoeiase N fixation (Table 3.7).
The Crimson Clover biomass increased four to téeh-db Freeville and four to six-
fold at Penn Yan in the mowed Sorghum Sudan and\Bloeat mixtures. As a result,
total N fixed increased nine to ten-fold and twddor-fold by the time of the October
harvest. The Berseem Clover biomass increaseddaeven fold in the mowed
Sorghum Sudan mixture at the October harvest. itreases in biomass led to an
increase five-fold and a four-fold increase in k&fi for the fields at Freeville and
Penn Yan after mowing ( Table 3.7).

The weeds in the mowed treatments were suppressbd same level as the
unmowed treatments. Therefore, mowing treatmerds isffective strategy to obtain

both N fixation and weed suppression.
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Table 3.2 The amount of seed sown (seed’amd kg.ha'), plants counted (plants.nf) and germination rates
(%Germ) for the legume and non-legume monocultureat the three sites. The monocultures at Freevilleral Lodi
were sown at the recommended seeding density of tlegyume main treatment (Main Tmt) while at Penn Yarthe
seeding density was half of the recommended rateaganese Millet was sown at a higher seeding dens(y) than the
other non-legume species. The legumes include Criors Clover (CC), Berseem Clover (BC), Cowpea (CP)nd

Soybean Tyrone (SY); and the non-legumes include Blawheat (BW), Sorghum Sudan (SS) and Japanese Mille
(IM).



¥0T1

Freeville Penn Yan Lodi
kg.

kg. Plants. % ha Plants. % kg. Plants. m %
Spp Seed ha' m Germ Spp Seed ‘! m Germ Spp Seed ha® 2 Germ
CC 420 21 356(15) 85(4) CC 315 16 303(25) 96(16) CP 74 69 71(5) @p(L
BC 476 17 456(76) 96(16) BC 357 13 294(35) 82(24) SY 74 83  62(3)  eal
CP 98 92  92(6) 94(7) CP 45 42  47(4)  94(7)
SY 98 110  72(1) 72(4)
BW 476 164 429(15) 90(3) BW 314 18O 285(14)  91(10)
SS 476 56 381(42) 80(9) SS 315 37 231(16) 73(14)
IM 476 14 294(24) 62(5) IM 424 12 344(18) 81(10) Jkl\(l)( 424 12 379(11)  89(6)
F 476 20 372(81) 78(12) F 212 9 182(8) 86(9)
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Table 3.3 Soil chemical and textural variables take at the three sites

Field pH P K Mg Ca CEC Clay Sand Silt
Ppm meq.100g-1 g.kg-1
Freevile  5.95(0.0) 59(5) 133(10) 278(7) 1981(44) 17(0.2) 271(23) 376(39) 254(18)
PennYan 6.1(0.2) 23(4) 95(11) 132(18) 1478(249) 12.7(1.1)  238(14) 496(25) 266.5
Lodi 6.5(0.1) 1.09(3) 163(13) 166(6) 2043(73) 14.9(0.3) 249(4) 415(9) 337(7)

Table 3.4 The different soil C and N fractions forthe soils at the three sites

TO NO opom [fpom
Field 3 TONH", Inorg NMin opomN opomC Ifpom N C:N C:N Tot C Tot N
(mg.kg-1.wk-
mg.kg-1 1) mg.kg-1 g.kg-1

Freevile 3(0.5) 0.8(0.02) 3.7(0.5) 16.3(1.3)  152(20) 3443(628) 31(4) 22.3(1.3) 33.3(3.6) 31.4(0.1) 2.4(0.1)
PennYan 0.7(0.1) 0.7(0.1) 1.3(0.1) 16.8(2.1) 53.8(7.3) 1571(131) 32.3(1.4) 30.1(2.5) 24.3(0.8) 15.7(0.6) 1(0)
Lodi  2.4(0.3) 1.8(0.2) 4.2(0.5)  39(1.6) 189(33) 7755(1394) 135(29) 40.7(1.9) 37.1(1.2) 43.3(6.5) 1.7(0.2)




3.3.6Soil Factors influencing N fixation rates and totalN fixed

The only mixture that was grown at all three sites the Cowpea-Japanese
Millet mixture. The different soil variables werercelated with N fixation rates and
the total N fixed across the three sites for thistane. Nitrogen fixation rates and total
N fixed were negatively correlated with total S8i(R* = 0.82, p<0.0001 and’R:
0.72, p= 0.0003, respectively). Total N fixed wesanegatively correlated with
oPOM N (R = 0.39, p=0.0233). Texture influenced total N éixéotal N fixed being
positively correlated with sand contenf (R0.44, p = 0.0132) and negatively with
clay (R = 0.32, p = 0.042).
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Table 3.5 The legume, non-legume and weed biorsgg.n?) for the different mixtures across the three sites

Freeville Penn Yan Lodi
Mixtures Legume NonLegume Weed Legume NonLegume Weed Legume NonLegume Weed
g.m?
Cowpea -
JapaneseMillet 139 (31) 572  (40) 99  (16) 1368) (1535 (36) 9 (4) 173 (13) 644 (104) 149 (14)
Soybean -
JapaneseMillet 134 (36) 588 47) 67  (30) 156 (8) 815 (81) 160 (21)
Cowpea-
SorghumSudan 192 (43) 291 (42) 267 (73) 166 (17) 8 15(27) 76 (22)
BerseemClover-
Buckwheat 42 (7) 494 (103) 26  (11) 37 (6) 446 (21) 6 1 (6)
CrimsonClover-
Flax 196 (74) 405  (24) 170 (38) 178 (14) 325 (26) 002 (100)
CrimsonClover-
SorghumSudan 65 (8) 947 (117) 75  (18) 50 (9) 500 4) (5 29 (17)
CrimsonClover-
Buckwheat 26 (8) 534 (73) 17 (4) 41 (5) 400 (21) 8 5) (




Table 3.6 The N fixation rates as the proportion ofegume N fixed (%oNdfa = % N derived from the atmophere), total N
fixed and total soil N uptake (soil N) for all thelegumes in the mixtures across the three sites. Memand standard errors
are given.



Freeville Penn Yan Lodi

60T

N N
Mixtures N Fixed %Ndfa Soil N Fixed %Ndfa  Soil N Fixed %Ndfa Soil N
kg kg kg kg kg kg
N.Ha' % N.Ha* N.Ha' % N.Ha* N.Ha' % N.Ha*
Cowpea —
JapaneseMillet 6 (1) 22 (2) 21 (4) 27 (B5) 92 (B) 2 (2 16 (5 59 (17) 13 (6)
Soybean —
JapaneseMillet 15 (3) 65 (2) 8 (2 36 (4) 100 (0) 0 (0
Cowpea-
SorghumSudan 11 (2) 38 (10) 23 (8) 34 (4 9 @ 4 ()
BerseemClover-
Buckwheat 3 (0 33 (©) 7 (2 8 (1) 97 (3) 0 (0

CrimsonClover-Flax 32 (10) 64 (7) 21 (9 48 (8) 100 (0) O (0)
CrimsonClover-

SorghumSudan 9 (2 49 (B) 9 (O 20 (6) 100 (0) O (0O
CrimsonClover-

Buckwheat 4 (1) 64 (100 3 (2 12 (3) 100 (0) O (0)




Table 3.7 Summary of the legume biomass, total Nxid (kg N.Ha-1), N fixation rate (%Ndfa) and legumesoil N uptake for
the mowed Buckwheat treatments at Freeville and PenYann

oTT

Freeville Penn Yan
Mowed Treatment Biomass NFixed %Ndfa  Soil N Biomass N Fixed %Ndfa Soil N
kgN.Ha’
g.m-2 kgN.Ha-1 % ! g.m-2 kgN.Ha-1 % kgN.Ha"
CrimsonClover-Buckwheat-Mowed 273 (15) 41 (2) 60 (3) 21 9 249 (15) 30 (8 63 (16) 19 (V)
BerseemClover-Buckwheat-Mowed151 (24) 16 (3) 46 (11) 20 8 217 (11) 42 (1) 96 (1)) 2 (0

CrimsonClover-SorghumSudan-
Mowed 273 (28) 53 (7) 72 (5 20 2 246 (19) 46 (8) 79 (13) 18 (11)




3.4DISCUSSION

The results indicate that N fixation rates andlthtéixed are more sensitive to
variation in soil conditions than legume biomassdopiction. The N fixation rates
across the three sites were very variable, withH-tleeville site fixing the lowest
amounts of N. The lower N fixation rates at Frdewilan be explained by the
relatively high total and inorganic soil N and theavier soils. Schipanski et al. (2010)
also found that soil texture had a strong influesicédegume performance and N
fixation rates. The lower sand at Freeville me#ias the soil is more prone to
anaearobic conditions, especially during periodsawof. Since N fixation requires well
aerated soils, the anaerobic conditions in theyeails during periods of rain leads to
low N fixation rates as was the case at the Frieesiile.

Biomass production and N fixation rates varied Vetjume species. Crimson
Clover and Soybean Tyrone had greater reliance tixatlon than Berseem Clover
and Cowpea across the different sites. Especiallypg@a, had much lower N fixation
rates, and accessed more soil N. Cowpea is mosdigerto soil conditions than the
other legumes, and its N fixation rates variedrtfust across the three sites. Cowpea’s
ability to take up soil resources makes it a gomthgetitor in the mixtures.

There were differences in the weed suppressiorcigps the different
mixtures, with the Buckwheat and Japanese Milletunes being more weed
suppressive than the other mixtures. Buckwheatdsvk to be very competitive and
being able to take up soil resources very rapidly suppressing weeds through
allelopathy.

The legume species responded in a similar way\to@rmental variation
across the three sites. The N fixation rates atad kdfixed for all the legume species
were consistently higher in the Penn Yan and Ladssand lower at the Freeville site.

Although there were differences in the absolutéxistion rates and N total fixed, the
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trends in N fixation and N fixed by each speciesentbe same across the three sites.
The soil factors that affected N fixation ratedunie: oPOM N and total soil N had a
negative relationship with N fixation rate and thgture played an important role
where sand content had a positive correlation égdacnegative correlation with N
fixation. Similar results were found by (Riffkin aL 1999), where lighter textured
soils supported improved N fixation and (Schiparetkal. 2010) where higher total
soil N lead to reduced N fixation rates.

Since N fixation is a process that is very sewsito environmental variation,
doing studies across various sites allows us tatiiyethe key soil parameters that
drive N fixation. Since we were unable to use thienSon Clover and Berseem Clover
species at Lodi due to seeding and germinationl@mad) our analysis of soil
parameters across three sites was limited to thgp€a-Japanese Millet mixture. This
limited our ability to tease apart how soil chaesistics affect N fixation in various
species across sites. Further studies on how tb&atonditions affect N fixation in
different species will be very insightful.

This study showed that the most promising covep onoxtures for the annual
summer niche are those that include Berseem Ctov@rimson Clover species in
mixtures with Sorghum Sudan or Buckwheat. Thesdures, when appropriately
managed through mowing, are very effective at segging weeds and fixing
atmospheric N. Another potential mixture is Cowpad any of the C4-grass species,
such as Japanese Millet and Sorghum Sudan. Cowpeayi competitive and can fix
large amounts of N due to its great biomass praalucivhile the C4-grass species are

more effective at suppressing weeds.
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