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Pastoral agriculture in New Zealand is based around the use of white cloverand perennial
ryegrass. Diploid perennial ryegrass, white cloverand plantain were grownin monocultures, two-
species mixes and three-species mixes at Lincoln University, Canterbury New Zealand. The dry matter
production, botanical composition during two harvests on the 4™ of August and the 13 of
September2017 were measured. Ten seed mixes were repeated at two overall sowing rates
equivalentto 1000 and 2000 seeds/m?and attwo overall levels of N, 0and 100 kg N/ha, respectively.
A statistical analysis was performed on the datathat was obtained from the measurementsanda
special cubicmodel was created. This analysis showed that pasture mixes with two species showed
better estimated yields than the three-species pasture mixes. Ryegrass and white clover mixesand
white clover and plantain mixes showed significant results (P<0.05) wheninduced as a two-species
pasture mix. White clover had the highest weed content of >80% in the monocultures compared with
ryegrass and plantain which outcompeted weeds, only producingaweed content between 5-20%.
White cloverdid not perform as a monoculture with the weeds and soil temperature following an
autumn sowing notallowingforgood establishment. A three-species pasture mix showed a decrease
in production compared with the two-species mixes (P<0.05). Sowing rate had a significant effect on
theyield of the first harvest (P=0.003), possibly due to large amounts of germinating seeds that
suppress the weed population and resultin more herbage especially in mixes containing ryegrass and
plantain. The second harvest showed less significance from the sowingrate as pasture mixes that
included whitecloverbegan to establish better, growing more herbage (P=0.189). There was no

statistical effect of the botanical composition of the pasturesfromthe sowing rate. N had an overall



effectonyield, havingthe greatest effect on perennial ryegrass across both harve sts. Overall

increasingsowingrate and N levels had anincrease inyield benefit but no composition effect.

Keywords: Diploid perennial ryegrass, white clover, plantain, monoculture, sowing rate, nitrogen,

leaf areaindex, yield, establishment.
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Chapter 1

Introduction

Throughout New Zealand’s pasture-based agriculture the traditional pasture mixof perennial
ryegrass (Lolium perenneL.) and white clover (Trifolium repens L.) iscommonly used. More recently
plantain (Plantagolanceolata L.) has beenincludedin this mix toincrease the nutritive value of the
pastures. With intensive farming coming more predominantin NZ agriculture, with farmers looking
for a high quantity and quality herbage across the year, has largely driven this change. The right seed
rates are therefore importantto ensure thatall species have the ability to establish and contribute to
the pastoral system. Seed companies make recommendations for what they think the best seed rate
is, as they want to sell their products. However, there is currently little-known science in New

Zealand of how seed companies come up with these rates.

Alexander (1933) proposed that sowing mixed pasture swards can have several advantages
overmonocultures. The firstis some of the plants are sure to suitthe conditions, the grazing season
islengthened; by mixing early and late flowering grasses thus giving greater annual production. The
pasture has a highernutritive value and greater palatability. Mixtures will also give a better-balanced
foodsource and therefore adiet of higher nutritive value for grazing livestock. Better occupation of
the soil can be obtained by deep and shallow rooted grasses. Better pasture longevity; if mixtures
properly proportioned the more permanent grass will fill the gaps left by the temporary types.
Properly proportioned mixtures reduce the weed proportionin the swards as there are less gaps for
weeds to grow in. Ryegrassis commonly more competitive than white clover making it susceptible to
be out-competed (Martinand Field, 1984). With ryegrass establishing faster, competing for space by
tilleringitcreates acanopy, shadingandreducingthe light reaching the white clover. White cloveris
an important part of the pasture mix, due to its ability to fix N. It is therefore crucial to ensure itis
able to have a strong establishment. One solution by Brougham (1969) was to reduce the sowingrate
of ryegrass, allowing easier establishment of white clover. He found this to be true in a range of
ryegrass speciesand locations across New Zealand, with all cases havingincreased establishment of

white clover with reduced sowing rates of ryegrass.

Seed companies make recommendations of seed mixes (Table 1.1), asthey want to sell their
product but what they base thisrecommendation on in unknown. Seeds mixes tend to be dominated
by ryegrass with usually more than 18 kg/ha fordiploid perennial ryegrass. They also consist of

numerous speciesinthe mix often2—5 species. The mixes are generally ryegrass and clover mixes,



often with two cultivars of the same species of cultivarto extend the growing season and some mixes

include herb species.

The use of diverse pastures that contain atleast three pasture species may provide further
advantagesthrough increasing dry matter (DM) production and biological N fixation (Goh and Bruce,
2005). Typical sowingratesforperennial ryegrass are 10-20 kg/ha and white clover 2-3kg/ha
(Charlton, 1991). The addition of pasture herbs such as plantain are commonly sown at a rate of 1-3
kg/ha(Turner, 1992). By adding more cloverinto the mixes canincrease nitrogen levelsin the soil by
biologically fixing atmosphericN, as a result a reduced amount of fertiliseris required (Black et al.,
2009). This isevidence thatclovers are animportant aspect of a pasture mixture, acommon problem

isnot havingenough white clover produced, asitisless competitivethan ryegrass and plantain.

Table 1.1. 2017 Sheep and beef pasture seed mix recommendations from Agricom, Agriseeds and
PGG Wrightson Seeds.

Seed Company Suggested seed mix (per ha) Total (ha)
Agricom ‘Request’ perennial ryegrass 18 kg
‘Tribute’ white clover 5kg 30 kg

‘Relish’ red clover4kg
‘Choice’ chicory 2 kg

‘Tonic’ plantain 1 kg

Agriseeds ‘Shogun’ hybrid ryegrass 30 kg
‘Weka’ white clover 1.5kg 37 kg
‘Apex’ white clover 1.5kg

‘Tuscan’red clover4 kg

Agriseeds ‘Bealey’ ryegrass 30 kg
‘Weka’ white clover2kg 37kg
‘Apex’ white clover2kg

‘Tuscan’ red clover4 kg

PGG WrightsonSeeds ‘Rely’ perennial ryegrass 18 kg
‘Tekapo’ cocksfoot 2 kg 25 kg

‘Bounty’ white clover3kg

‘Tahora II’ white clover2 kg




The main objective of this experiment was to determine the most effective seed mix and if
applying N affected the establishment of the three common pasture species perennial ryegrass,
white clover, plantain and their mixesin a Canterbury environment. This dissertationincludes a
review of previously published literature on pasture mixes, and how formulation of these mixes
affectsthe weed suppression andyield of the pastures. A field experiment was conducted at Lincoln
University where each of the three species were grown separatel y and in mixtures of all possible
combinations and tested at two overall sowing rates. The ecosystems functions were DM production,
weed suppression and leaf areaindex (LAIl). Measurements of these were taken from two separate
harvestsin Augustand September 2017, overa 7-month period afteran autumn sowing (315t of
March 2017) to analyse the effects of species competition and to determine the best seed mix and

sowingrate to allow each of the speciesto establish.



Chapter 2

Review of the literature

2.1 Introduction

Pasture isthe foundation foragriculture and livestock productionin New Zealand. The vast
mass of pasturesin New Zealand are dependent on perennial ryegrass and white clove. These spedies
are well adapted to New Zealand climatic conditions and are proven to perform well under stock
grazing. However, perennial ryegrass-white clover pastures often fail during key times when theyare
required forfinishinglivestock. This resultsin pooreryields and performance, which impacts the
farmerfinancially. Many farmers now are adapting otherspeciesintotheir pasture mixes such as
plantain, to be used as a specialist finishing pasture mix due to the high palatability of either this

speciesoras a complex mix with other high-quality pasture species.

Thisreview covers the rationale behind using three species pasture mixes as opposed to
monocultures of pasture species. The physiological, production and competitiveness of the three -
species usedinthe field experiment forthis dissertation, diploid perennial ryegrass, white cloverand
plantain were assessed. Sowing rate will also be assessed along with the effect of N fertiliser onyield,

botanical composition and competition of the three species and their mixes.

2.2 Pasture mixes

Early seed mixesin New Zealand were developed using atraditional British method by
broadcasting multispecies seed mixtures after bush burns during colonisation of New Zealand
(Charlton, 1991). Bush-burn methods and broadcast ‘shotgun’ sowing of up to 20 speciesinthe hope
that some would establish was acommon practise (Harris, 1968). Therefore, the past experiences
that have had overtime with successful pasture and competition between species have formulated
the simplified, high quality pasture mixes today. This allows the farmers to target specificspecies
which can provide quick establishment and suppress unsown species, thus producing a high quality
and quantity of pasture that can be produced all year round whichimproves livestock production

(Harris, 2001).

Alexander (1933) proposed that sowing mixed pasture swards can have several advantages
overmonocultures. The firstis some of the plants are sure to suit the conditions, the grazing season
islengthened - by mixing early and late flowering grasses thus giving greaterannual production. The

pasture has a higher nutritive value and greater palatability. Mixtures will also give a better-balanced



food source and therefore afood of higher nutritive value for grazing livestock. Better occupation of
the soil can be obtained by deep and shallow rooted grasses. Better pasture longevity —if mixtures
properly proportioned the more permanent grass will fill the gaps left by the temporary types.
Properly proportioned mixtures reduce the weed proportion in the swards as there are less gaps for
weedstogrowin. The knowledge obtained from years of research have led to adoption of pasture
mixes and new species have been developed and released since the 1970s, as they have become

more popularthey have formed more complex pasture mixes.

When selecting for new species and cultivars for a specific pasture mix there are some factors
that are considered forthe pasture mix to be successful. Charlton (1991) stated that these basic
principlesshould be considered before deciding what species or cultivarto choose. The first factor is
the compatibility of the species. Thisis how compatiblethe speciesis with othersown speciesinthe
mixture, its rate of establishmentand how competitive the species is against unsown species
(weeds). The second principle is the intended use of the pasture which can become versatileina
livestock production system. If the pasture was intended to finish livestock, for slaughter then it
would needto be of high quality and possibly in short rotation. The third principle is environmental
factors. Does the speciessuite the soiltype, fertility, and nutrient status? These principles are the
fundamental basis of how farmers determine which pasture species and cultivars to select.
Therefore, plenty of consideration should be takenin which species should be used inaseed mix for
what specificpurpose the farmerwants toachieve, because all speciesinteract differently with each

other.

Clovers form a significant relationship with grass and herb species in New Zealand pasture
mixes due totheirability to biologically fix N. This has the bonus of increasing soil N available to
other plant species, increasing livestock production. The other method of increasing the amount of N
available toplantsisvia N fertiliser application. The amount of N fixed by ryegrass-white clover
pasture can range significantly usuallybetween Oto 350 kg N/ha/yr (White and Hodgson, 2000). This
should be anotherimportant factorin determiningwhat speciesto selectas clover has clear benefits

for pastures.

The optimal perennial ryegrass seed rate as determined by Brougham (1953) was 20 kg/ha
with regardto establishment, weed suppression, yield and grass-clover balance. This sowing rate will
give 1000 seeds/m?based of ryegrass seed having athousand-seed weight of 2 g. Seed weight can
fluctuate depending on species and whetherornot itis treated. Coated ryegrass can have a
thousand-seed weight of 2.4 g but not always. Clovers are a crucial aspect of the diversity of species
ina pasture and integrate greater pasture quality by N fixation. Itis vital to adjust the ryegrass seed

rate in orderto not suppress the clover by shading. Brougham (1953) in autumn 1952 planted



‘Grasslands Manawa’ ryegrass across seven rates between 0 to 67 kg/ha with white cloveradded to
the mix at a constantrate of 3.4 kg/ha. The higherryegrass seed rates initially had the greatestyield
due to fast establishment. The clover was suppressed at these rates and yields began to decrease
due to poor N fixation. The common sowingrate for New Zealand for ryegrass-white clover pastures
is 20 kg perennialryegrassand 5 kg clover/ha (Harris, 2001). This gives approximately the same

numberof seeds persame unitarea.

2.3 Diploid perennial ryegrass

Perennial ryegrassisthe mostversatile and commonly sown temperate grass species usedin
pasturesin New Zealand. Perennial ryegrass suites awide range of New Zealand climates, growing
wellin arange of conditions, is easily established and is compatible with white clover (Charlton and
Stewart, 1999). Perennial ryegrass adapts well to arange of medium to high soil fertility. Growthis
impacted when temperature decreases. Ryegrass starts growingat 5°C and reaches its optimum at
18°C (White and Hodgson, 2000). This means ryegrass will not tolerate extreme conditions such as

coldtemperatures orhot-dry conditions.

Perennial ryegrass is very competitive and very fast at establishing, competing aggressively
againstotherspecies forlight, nutrients and space when sownina mix. Awell-established perennial
ryegrass pasture will tolerate heavy grazing and treading, persisting foras long as 20 years. Perennial
ryegrassis naturally a diploid, containing 2 sets of 7 chromosomes in each cell (Stewart etal., 2014).
Diploid perennial ryegrass has a small tiller size but compensates by dense tillering, allowing for fast
establishment and can outcompete otherspecies. Diploid perennial ryegrass suites more extensive
pastoral systems where there is less control of the grazing management. The optimal diploid ryegrass
seed rate as determined by Brougham (1953) was 20 kg/ha with regard to establishment/weed

suppression, yield and grass-clover balance.

Annual dry matteryields of diploid perennial ryegrass in New Zealand commonly range
between 10to 25 t DM/ha in soils of high fertility and animal production is typically high with a
digestibility of 75-85% (White and Hodgson, 2011). However, inregions where rainfall is highly
seasonal and summers are warm and dry, growth and persistenceis particularly poor(Turneretal.,

2006).



2.4 White clover

White cloveris arguably the most beneficialforage legume in New Zealand. White clover has
beensowninto New Zealand pastures since colonisation of New Zealand. Itis adapted to most New
Zealand conditions andis avital component of many pasture mixes. White cloveris a prostate
perennial plant which produces stolon’s. Stolon’s are produced from nodes on stems that eventually
produce clonal units that become independent of the original plant (White and Hodgson, 2000).
White cloveris susceptibleto drought conditions due toits shallow root system, climates under 600
mm of rain often contribute to poor production of white clover (White and Hodgson, 2000). White
cloverceases growth at 8-9°C and reaches optimum growth rates at 25°C. This is why white clover
has poordevelopment during the winter months and sowing usuallyis done in spring (White and
Hodgson, 2000). White cloverisveryimportantin pasture mixesasitcan biologically fix N viathe
rhizobiabacteriain the root nodules. White cloveris arguably the most beneficial forage legumein

New Zealand.

The amount of N fixed by ryegrass-white clover can significantly differ, usually between Oto
350 kg N/ha/yr (White and Hodgson, 2000). N fixation increases as proportions of cloverincreasesin
the pasture. White cloveryields have been recorded between 150 — 5040 kg DM/ha/yrin pasture
mixtures with various clover percentages of 2— 39%. White cloveryields have beenrecorded as high
as 7 t DM/ha (Ball et al., 1978). White cloveris suited to mix well with most pasture species but
prefersanopensward where itdoes not need tocompete with other plants forsunlight, which
allows white cloverto thrive. White cloveris usuallysown into pasture mixes at a rate of 2-5 kg/ha.
Thisis equivalent to 250-600 seeds/m? (Stewart et al., 2014; White and Hodgson, 2000). Perennial
ryegrass and white clover have been the most common New Zealand pasture mix. Trends now

suggest that popularityisincreasing by using white clover with forage herbs such as plantain.

2.5 Plantain

The use of plantain incorporatedinto a pastoral system has grownin popularity due toits high
palatability (Stewart, 1996). Plantain has greater tolerance to drought conditions compared to
ryegrass/clover mixes (Nie et al., 2008) whichisfavourable as some climatesin New Zealand are
prone to drought. Plantainisvery versatilecompared to otherspeciesand cangrow in varied levels
of pH levelsranging from 4.2-7.8 (Stewart, 1996), makingit suitable forarange of areasin New
Zealand. Plantain can also dominate against shallow rooted grasses in low fertility (Stewart, 1996).
For prolonged growth into the summer, Sithamparanathan et al., (1986) stated that establishing

herbsinto an existing pasture needed to be heavily grazed to reduce existing vegetative competition.



A highrate of seed 10 kg/hawas recommended to establish asignificant plantain swardin the
pasture to be beneficial (Sithamparanathan et al., 1986). Fraserand Rowarth (1996) recommended
sowing ‘Grasslands Lancelot’ plantain at 8 kg/ha. This information is supported by Kemp (2012) who
recommended plantainis sown at 8-10 kg/hawhen sown as a pure species, or 1-3 kg/ha when sown

ina ryegrassandclover.

The other option farmerstendto use is to sow plantaininapure sward or part of a
herb/clover mix, which typically is used for finishing young livestock over the summer period. This
method will requirea herbicide spray to the existing pasture (Sithamparanathan et al., 1986) to
ensure there is no grass competing with the mix between emergence and establishment. The mixes
are traditionally sown as 50/50 plantainto clover based on seed count. White cloverisadded asa
base legume, recommended to give additional yield and N fixation in all pastures (Hume and Fraser,
1985). White cloveristypically sown at 2-5 kg/ha. When sown as a pure sward, the crude protein
content of plantain can be low (<15%) (Lee et al., 2015), potentially limiting animal production.
However, the clovercontentina herb/clover mix s likely to ameliorate this potential problem
(Sinhadipathigeetal., 2012). Therefore, the herb and clover mix is more suitable as a specialist

summerand winteractive perennialforage forlamb finishingthan a pure plantain sward.

Afterthe seed has beensown and startingto germinate and establish, proper care needs to be
takento ensure the survival of the species. Before grazing takes place, plantain needs to establish a
firmroot structure, root dry matter percentage needs to be under 10% of total dry matterand havea
minimum of 6 fully developed leaves (Powell et al., 2007). This will reduce plantloss and will increase
persistence over many seasons. Plantain grows from acrown and cannot be grazed too low. Plantain
isnot tolerantto set stockingand should be rotationally grazed to maintain persisten ce, the plantain

shouldlast4-5years (Stewart et al., 2014).

2.6 Plant competition

Plant competition occurs naturally between plants. Thisis when they compete for limited
resources such as nutrients, light, water and space. Plant competition has significantimpacts on the
composition and persistence of mixed pastures. However, in monocultures intraspecificcompetition
isbetween plants of the same species. Interspecificcompetition is between species in mixed
pastures, where the competitionis of different species plants competing with each otherfor
resources (e.g. ryegrass/white clover). Intraspecific competition is far more aggressive than
interspecific, mainly due to the same species are competing exactly for the same resources ( Haynes,

1980). Intraspecificcompetitionis correlated significantly with plant density and plant density



increases as sowingrate increases (Harris, 1990). High seeding rates increase competition between
developingseedlings forlight, waterand nutrients, reduce plant size (Harris, 1990) and potentially
survival. When the seedlings are youngthere is little competition as there generallyisample space,
nutrients, waterand light foreach seedling. As the plants develop they expand theirleaves and
develop new leaves and stems, thus creating more competition foravailable light and increasing
each individual plant’s requirements for resources. This begins to shade other plantsandinsevere
cases will outcompete the less developed plants. Competition plays acrucial role in plant

ecosystems. This allows for species to succeed over each other until asteady state is reached.

Interspecificcompetition is very important to understand in how pasture mixes establish and
theninteract with each otherto form a persistent mix of the sown species. Perennial ryegrass has
the ability to rapidly germinate, emerge and develop canopy of leaves, resultingin outcompeting
cloverforlightand space in pasture mixes. The leaves of ryegrass are tall and erect which shades out
white clover which has small leaves growing prostrate. As aresult, pasture mixes can be dominated
by ryegrass with low proportions of clover. Thisis a good example to highlight the importance of

considering the compatibility of pasture species before sowingthemin a mix.

Plantainislikelyto be similarto perennial ryegrass with its rapid rate of establishment (Blom,
1978). Although being an erect broad leaf species, may cause further shading on white cloverthan
ryegrass. Inregard to this dissertation, itis highly likely that the pasture mixtures containing
perennial ryegrass will dominate the othertwo species. White clover will likely make upalow
proportion of each mix, due to its slow establishment from an autumn sowing and being suppressed
by plantain and perennial ryegrass. Sowinginautumn, when soil temperatures are below 14°C, using
ryegrass sowingrates greaterthan 10 kg/ha may optimise ryegrass establishment at the expense of

slowerestablishing species (Cullen 1958; Hurst et al., 2000; Moot et al., 2000).

2.7 Sowingrate

Perennial ryegrass sowing rates ranging between 1to 20 kg/ha have little effectonyield
throughits ability to produce tillers and eventually, filling any gaps between plantsin the longterm
(Hill et al.,1999). The most common sowingrate fordiploid perennial ryegrassis between 8and 11
kg/ha, where increased plant populations at germination can lead to intraspecificcompetition which
may reduce establishment of the plants (Hill etal., 1999). Increasing sowing rate to over 20 kg/ha
leadsto more competition for space, light, nutrients and wateras a result producing smaller, w eaker
plants which resultsinincreased variation across the paddock, impactingyield ( Hare, 1990). An

autumn sowingtrial conducted by Black et al. (2002) showed that cloverspeciesdid not affectyield



at first harvest but increasing ryegrass sowing rate did. This was due to the clovers slow
establishment afterthe autumn sowingand perennialryegrass’ ability totiller. This resultis
consistent with Moot et al. (2000) who recommended white clover based pastures be sownwhen
autumn soil temperatures at 20 mm soil depth are at least 14°C. The substitution of clover with
winterannual weedsin pastures sowninautumn, when airand soil temperatures were declining

rapidly, supportsthis conclusion (Moot et al., 2000).

2.8 Nitrogen

GAINS LOSSES
’_7’HEHCNEﬁBLE
Mil N Animal Animal Plant Gaseous
Fmtt'i‘i.iﬂuTn 'ﬁ?fm manm:a upltake uplake Losses
| = Nz , N O
L I biflaal! MO, NHy
I ] T 4
It
W@m il '|'!II||, li H. ) VOLATILIZATION

i

SOIL

—
-~
CLAY MINERAL
FINATION

Figure 2.1. The nitrogen cycle in grazed pasture systems (from McLaren and Cameron, 1996).

Nitrogenfertiliseris commonly used toincrease the production of pastures containing
perennial ryegrass and white clover (Ball and Field, 1982). Nitrogen fertiliserinitially increases the
protein contentin pasture, increasing the rate of photosynthesis, increasing the production of the
pasture (Ball and Field, 1982). Leaf area increases due to an increase in cell elongation, producing
longerthinnerleaves andincreasingthe number of tillers. Thisis due to the plants ability tointercept
more light. Although the ryegrass plantsincreasetiller populations overtime thisis decreased as

intraspecificcompetition causesadeclinein tillers (Woledge, 1988). As tillering increases, this causes
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interspecificcompetition and can give perennial ryegrass greaterresources to shade and outcompete
white clover. This can decrease the production and persistence of the pasture overtime. Plant
demandfor N isgreatestinlate winterand early spring (Cookson et al., 2001). This could be due to
little N fixation by cloverasthe ground temperature is low during the winter months and the high

rainfall contributes toincreased N leaching.

White clovergrowth and N fixation are often compromised by N fertiliser. This could possibly
due to the cloverbeingreliant onthe provided N instead of fixingits own N (Ball and Field, 1982).
Stewart (1984) suggested aclover content of at least 30% is needed to make any significantimpact

on a pasture's N economy, quality of feed and animal performance.

2.9 Tillering

Atillerisdescribed asthe primary growth unit of a mature grass plant. Tiller buds are formed
inthe axil of the main stem leaves and grow out to produce tillers (Huntand Field, 1976). Huntand
Field (1976) noted whenttiller densities are sufficient to induce competition between tillers,
differencesintiller density tend to be compensated by differencesin tiller growth. Daughtertillers
that are produced from the main stem develop their own root systems and can become independent
from the main plant. This leaf and tiller continues to grow until specificenvironmental requirements
are reachedto shiftthe plantinto the reproduction phase (Williamson, 2008). Tillersincrease in
numberinspringand turnoveroftillersis accelerated by N (Huntand Mortimer, 1982). Typically, the
birth of newtillersand death of old tillers are the main contribution for pasture persistence for
perennial ryegrass as they influence the tiller population density. The number of vegetativetillersis
veryimportant during the reproductive phase of perennial ryegrass plants persistence through the
summer period as more tillers are needed to maintain the plants survival (Matthew and Sackville-
Hamilton, 2011). Populations of tillers are dynamicwith the birth of new tillers and the death of
others creatinga balance intiller population densities (Korte etal., 1985; Matthew and Sackville-
Hamilton, 2011). The expansionin growth of tillernumbersis usuallyin spring and afterreproductive

growth.
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A study by Lee et a/ (2013) found that 8 months post sowingata Canterbury site, perennial
ryegrass plants had greatertillering after sowingat6 and 12 kg/hacomparedto 18-30 kg/ha (Table
2.1). There was an average of 24 tillers perplant forthe 6 kg/hasowing treatment whereas there
were only 10tillers perplantforthe highest seeding rate (30 kg/ha). There was no significant
difference in plantsurvival amongthe sowing rate treatments at the Canterbury site. However, it was
expected they would due to the plants known to self-thinin times of high competition for resources

(Leeetal., 2013).

Table 2.1. Average sowingrate effects on perennial ryegrasstillers per plant 8 months post-drillingin
Canterbury (adapted from Lee et al., 2013).

Seeding Rate (kg/ha)
6 12 18 24 30 SED P-value

Tillersperplant 24 18 13 13 10 1.3 <0.001

2.10 Leaf areaindex

The interception of solarradiation by leaves of plants is a main driver of photosynthesis and
plantdevelopment. Plants require chlorophyllin their leaves (green colour) to absorb
photosynthetically active radiation (PAR)and use it for photosynthesis and growth. As plants develop
they grow biggerleaves which spread out, increasing green leaf areaand increasinglight
interception. Canopy leaf areais quantified as the leaf areaindex (LAl) which is the greenleaf area
perunitarea of ground (Rattray et al., 2007). The LAl increases as plants develop as the plants
spreads outand covers more area with green leaves. Perennial ryegrass does this by tillering. 100%
lightinterceptionis usually unobtainable as even high LAl has gaps in the canopy. For this reason,

95% lightinterceptionis defined as the critical leaf areaindex (LAlcrit).

A study by Brougham (1957) investigated the relationship between leaf areaand light
interception in regrowth of pure and mixture swards of pasture species (Figure 2.2). The LAlcrit for
perennial ryegrass and white cloveris usually at 3.3-4.5 (Rattray et al., 2007). In comparisona pure
perennial ryegrass sward will has a LAlcrit of around 6-7. White clover has a LAlcrit of 3.5 (Rattray et
al., 2007). Noliterature was found for critical LAl for plantain. The differences in LAlcrit could possibly
be due to the orientation of the leaves towards the sun. Perennial ryegrass haslong, erectand thin
leaves, whereas leaves of white clover are horizontal, making them more effective atintercepting

lightthan perennial ryegrass.
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2.11 Weed suppression

The ability to rapidly establish pastureis crucial forweed suppression as weeds can
significantly reduce DM production and the quality of the feed. They compete forresourcessuch as
water, space, nutrients and light (Masters and Mitchell, 2007). Including multiple speciesin a pasture
mix inhibits the establishment and growth of weeds (Masters and Mitchell, 2007). Average weed
percentage was consistently greaterin monocultures compared to mixtures (Sanderson etal., 2013).
This demonstrates that mixtures have an ability to suppress weeds. Sowing perennial ryegrass as a
monoculture has a greater ability to suppress weeds compared to ryegrass-clover mixes, which
meansthat thereis evidence forspecies effects for suppressing weeds. Higher proportions of white
clover have negative effect on weed suppression (Sanderson et al., 2013). Species with different
tilleringrates and high tiller survival have greater expansion at the basal zone of the pasture,
therefore occupying space and excluding unsown species ( Harris, 2001). Mwangi et al (2007) stated
that grasses produce a suppressive effect on invasive weed species, whereas legumes produce a
facilitative effect oninvasive weed species. This could be due tothe role clovers playinthe N cycle.
This provides evidence that weed invasiveness is correlated with available nitrogen in the soil (Dukes,
2001). Pasture mixestendto use more resources, having more closure in their canopies, intercepting

more light and up taking more available nitrogeninthe soil than the monocultures (Mwangi etal.,
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2007). This helps explain why pasture mixes are greaterat suppressing unsown species thanall pure

swards.

2.12 Conclusion

To conclude this literature review, there are many factors thatimpact the production and
persistence of speciesinapasture mix. Sowingrate has an impacton pasture establishment as faster
establishing plants will dominate in their mixes, especially from an autumn sowing. P erennial
ryegrassis evidentfromthe studies to be the mostdominantin regard to its ability to compete for
nutrients, space, water and light. White cloveris slower to establish and can be outcompeted against
by othersown species and weeds, especially at higher overall sowing rates. Plantain has similar
establishment as perennial ryegrass by producing large erect leaves. Pasture mixes tend to use more
resources, having more closure in their canopies, intercepting more light and up taking more

available Ninthe soil, therefore having greater weed suppression compared to monocultures.

There is extensiveliterature on the interactions between perennial ryegrass, white cloverand

plantain. However, there is little evidence around LAl of these pasture species.

The aim of this dissertation was to compare how sowing rate impacts the pasture production
and how species interact with each otherand how proportions are impacted. Also, if N application
has any effect on the sowingrate and seed mixes with regard to the proportions of each species and

theiryield.
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Chapter 3

Materials and Methods

3.1 Experimental design

Three pasture species were selected fora mixture experiment: perennial ryegrass, white clover
and plantain. A single commercially available cultivar was chosen foreach species: ‘Rely’, ‘Quartz’
and ‘Tonic’, respectively. The selection of species and cultivars related to their ability to produce high
quality pasture underirrigated conditions in mid Canterbury, New Zealand. Stewart et al. (2014)
described theirbasiccharacteristics. ‘Rely’ perennial ryegrass was adiploid cultivar with; AR37
endophyte (Epichloé festucae var. lolii formally known as Neotyphodium lolii), amid-season heading
date, fine leavesand dense tillers. ‘Quartz’ white clover had a medium leaf size and high stolon
density. ‘Tonic’ plantain was characterised by its erectand large leaves. The ryegrass and plantain
seed had SUPERSTRIKE treatment, which was a coating of insecticide and fungicide. The white clover
seed had SUPERSTRIKE CLOVER treatment, which was a lime-based coating with molybdenum,
insecticide and rhizobia (Rhizobiumleguminosarum bv. trifolii). All seed was obtained from PGG

Wrightson Seeds, Kamihia, Christchurch.

Tenseed mixturesvaryingin species richness fromone tothree speciesandin species relative
abundance were created usingasimplex centroid design (Cornell, 2002) in the statistical software
package MINITAB 17®. There were three monocultures, three two-species mixtures (% of each of two
species), one three-species even mixture (% of each species) and three three-species mixtures
dominatedinturn by each species (% of one species and % of each of the otherspecies), as
illustrated by the triangle diagram in Figure 3.1. The proportions of the speciesinamixture summed

to one.

The 10 mixtures were repeated at two levels of overall abundance based on seed count: 1000
and 2000 seeds/m?2. Thesetwo sowing rates were within the range of total sowingrates
recommended for mixtures of perennial ryegrass, white clover and plantain by seed companies such
as Agricom, Agriseeds and PGG Wrightson Seedsin New Zealand (Table 1.1). The data fromthese
treatments were used to test whetherthere was an effect of sowingrate on the speciesidentity and
interaction effectsi.e.,are the species and mixture effects consistent across the range of sowing rate

recommended by the seed industryin New Zealand?

The average 1000 seed weights were 2.4, 1.4 and 1.9 g, and the average germination
percentages were 98, 93 and 95% for perennial ryegrass, white clover and plantain, respectively. The

sowingrates were not adjusted forgermination percentage. The equivalent sowing rates in kilograms
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of seed/haof each speciesandintotal are listed forthe 10 mixtures at the seed count of 1000
seeds/m?inTable 3.1. The sowingratesfor the high seed count of 2000 seeds/m2weredoublethose

amountsinthe table.

Table 3.1. Sowingratesin kilograms of seed/ha of 10 seed mixtures varyingin sown proportions of
perennial ryegrass (x;), white clover (x,) and plantain (x;) at an overall level of abundance of 1000
seeds/m?.

Component

Mixture X1 X2 X3 Total
Pure 24.40 0.00 0.00 24.40
Pure 0.00 14.03 0.00 14.03
Pure 0.00 0.00 18.84 18.84
Binary 12.20 7.02 0.00 19.22
Binary 12.20 0.00 9.42 21.62
Binary 0.00 7.02 9.42 16.44
Ternary 8.13 4.68 6.28 19.09
Ternary 16.27 2.34 3.14 21.75
Ternary 4.07 9.35 3.14 16.56
Ternary 4.07 2.34 12.56 18.97

Figure 3.1. Three-species simplex centroid design with three monocultures (black circles), three two-
species mixtures (% of each of two species; dark grey), one three-species even mixture (% of each
species; light grey) and augmented with three three-species mixtures dominated in turn by each
species (% of one species and % of each otherspecies; white).
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The 20 mixture-amount combinations were repeated attwo levels of applied N fertiliser: none
and 100 kg/ha. The N fertiliser was urea (46% N) and there were two applications; 50kg N/ha after
sowingonthe 15t of April 2017 and 50 kg N/ha on the 10™ of August 2017 afterthe first harvest. The
data fromthe Ntreatments were used totest whetherthe speciesidentity, species interaction and

overall abundance effects were consistent across contrasting levels of soil N availability.

The 10 mixtures, two levels of abundance and two levels of N were assigned to plots according
to a split-split plot randomised complete block design with three replicate blocks. The two levels of N
(0and 100 kg N/ha) were randomly assigned toamain plot (21 m x 12 m) within each replicate, the
two levels of abundance (1000 and 2000 seeds/m?)were randomly assigned toasubplot (21 m x 6
m) within each main plot, and the 10 mixtures were randomly allocated to a sub-subplot(2.1mx 6
m) within each subplot. A2 m wide space was allowed between each subplotand around the

perimeter of the experiment. There were 120 sub-subplots in total.

Table 3.2. Ten pasture mixesandtheirspecies proportions used forthe pasture experiment at
Lincoln, Canterbury 2017.

Pasture Mix Species RG wcC P
1 RG 1 0 0
2 WC 0 1 0
3 P 0 0 1
4 RG*WC % % 0
5 RG*P % 0 %
6 WC*P 0 iz iz
7 RG*WC*P % % %
8 RG*WC*P % % %
9 RG*WC*P % % %

10 RG*WC*P Y Y %

The 10 different seeds mixes (the proportions of each speciesinthe mix) were created using
the mixture designinthe statistical software package Minitab 17 (Table 3.2; Figure 3.1). The two
seed rates were based on a plant population basis. A total seed population of 1000 and 2000 seeds
perm? were used to acquire seed rates for all seed mixtures. This was replicated again attwo
different N applications. The pasture mixes are coded 1-10 and Table 3.2 givesanindication what

proportions are in each mix used throughout this experiment.
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3.2 Experimentalsite, establishment and management

The mixture experiment was carried outin paddock 13 in Iversion Field (Plate 3.1) at Lincoln
University, Canterbury, New Zealand (43°38'57.2"S 172°28'00.4"E, 11 m above sealevel). The soil
was classified asa Wakanui siltloam with 180-350 mm of siltloam topsoil overlaying varying textual
layersranging from clay loamto sandy loams. Below 2m in the soil profile was stony gravels and

stones (Cox, 1978).

The site was previously in perennial ryegrass pasturefor 2 years. It was sprayed with
WEEDMASTER TS 470 (470 g/L of glyphosate at 2 L/ha) on the 16" of March 2017 and then cultivated

by conventional methodsinto aseedbed suitablefor small seeded pasture species.

A soil analysis on the 20" of March 2017 was pH 6, Olsen P 16 mg/L, Ca 7.3 me/100 g, Mg 0.98
me/100 g, K 0.40 me/100 g, Na 0.14 me/100 g and sulphate S 4 pg/g. Superphosphate (9% P, 11% S)
was applied at 300 kg/haon 23 March 2017. The 20 mixture amount combinations weresown into
the 120 sub-subplots on the 31t of March 2017 usinga Flexiseeder precision drill with 14 coulters
spaced 0.15 m apart. The sowing depth was 10-15 mm. METAREX (50 g/kg of metaldehydeat 8

kg/ha) was applied to control slugs (Deroceras reticulatum) on the 16" of May 2017.
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At the first harvest on the 3 of August 2017, the plots were cutto a 40-50 mm above ground
using a rotary lawn mowerto minimise plantdamage. The plots were then grazed in common by
sheep onthe 20-24™" of September2017. The sheep removed most of the herbage and then the

residual was trimmed to 3040 mm using a rotary lawn mower.

Plate 3.2. Mixture experimentat Lincoln University, priorto harvestin September 2017.

3.3 Measurements

Immediately before the first harvest on the 3" of August 2017, one 0.2 m? quadrat of
representative herbage was cut using battery operated clippers to 10-20 mm above ground levelin
each plot. Asubsample of the clippings was separated into the three sown species and weeds. The
sown species were then separated into two morphological fractions: live leaf (lamina) materialand
stem (i.e., pseudostem of perennial ryegrass and petiole of white cloverand plantain) plus any dead
material. The separated material was dried with the rest of the clippings at 70°C forat least48 hin a
force draft oven. The dry weights were applied to calculate the herbage yield, botanical composition
(proportions of sown speciesand weeds in the herbage mass) and the yield of live leaf material of

each sown species, which was required to estimateleaf area (described below).
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Tiller population was measured after the first harvest on the 18" of August 2017 by digging
plantsfrom a representative 0.3 m section of a drill row in each plot. The samples were washed to
remove the soil and the number of tillers (stems) of each sown species were counted and the

numberoftillers/m? calculated.

A different sampling method was used to measure yield and composition on the 13t of
September2017 before the second harvest. Foryield, this method involved mowinga6 m x 0.4 m
(1.98 m?) strip of herbage down the centre of each plotto 30-40 mm above ground. The clippings
were collected and weighed,and a subsample of 200 g was dried at 70°C forat least48 h. The
proportion of dry matter in the subsample was applied to the sample fresh weight to calculate the
yield. For botanical and morphological composition, asecond sample of herbage was coll ected from
each plot by takingfive random clipsinthe plotand combiningintoone sample. A subsample of the
clippings was then separatedinto the three sown species, weeds, and live leaf and stem plus dead
material of all the sown species before drying to determine the botanical composition and leaf yield

(as above).

To help explainany species identity and interaction effects, and effects of sowing rate and
level of applied N, light interception and canopy leaf area were also estimated at each harvest.
Canopy leaf areawas quantified as leaf areaindex (LAl), which is the green leaf area per unit area of
ground. Lightinterception and LAl were estimated indirectly using a canopy analyser(Sunscan @,
Delta-TDevices). The light sensitive “wand” of the canopy analyserwas 1 m longand 15 mm high,
and contained 64 photodiodes equally spaced alongits length which obtain areading of
photosynthetically active radiation (PAR). This gave ameasure of how developed the canopy was at
interceptinglight by determining how much PAR was wasted through the canopy. The wand was
placed at ground level underthe leaf canopy to give areading which was repeated twice in each plot
(Plate 3.2). The data received by the wand determined how much light was intercepted by the leaf
canopy as a proportion (0-1) withthe maximum lightinterception set for pasture at 0.95. Light
interception was calculated as the maximum lightinterception (0.96) * incident light —transmitted
light/ incident light. This gave an indication of how much light was beingintercepted by the mixture

(Rattray et al., 2007).
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To testthe accuracy of the LAl readings estimated by the canopy analyser LAl was also
measured usinga ‘direct’ technique before each harvest. Direct LAl was measured on the 3 of
Augustand 13t of September 2017 forryegrass, white cloverand plantain. Leaf areawas measured
to provide dataon plantdevelopment forsown species and explain differencesinyields between
pasture mixtures. Plant material was only harvested fromthe monocultures and the three-species
even mixture (mixture 7). This was to reduce the number of plots that were harvested. Harvests from
the monocultures provided dataforspeciesleaf areawhen sown alone andin a mixture, which
provided estimates of the effects of mixing species on species leafarea. Five plants of each species
from each plot were destructively harvested to ensure all leaf area was harvested and plants would
remainintact. The plants were cut underthe ground with scissors to ensure plants remainedintact
and all plant material was collected. The leaves of each plant were then separated fromthe
stem/base and placed between two sheets of plastic. A photo was taken of the leaves and the leaf
area was determined by using the software programme DIGIMIZER®. Plantleaves were driedin the
ovenat 70°C for 48 h and weighed. The leaves were weighed (g) and weight were matched to the
leaf area of each specificleaf. The specificleaf areawas than calculated by dividing the leaf area by
the dry weight of each individualleaf. Specificleaf areawas then used to calculate the leaf areaindex
(LAI) through the following calculation: LAl = Specificleaf areax Leaf % x the dry matteryield per ha
(i.e. kgDM/ha).
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Plate 3.1. Indirect method of calculating LAl and lightinterception using the Sunscan® wand (bottom
centre of photo) inserted level into the base of the pasture tointercept PAR on the 13" of September
2017 at Lincoln, Canterbury.
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3.4 Statistical analysis

Yield was analysed using the mixtureregression method in Minitab® 17 statistical software.
The dry matter yields for each mix were summed up to give an overall production, weed contentand
species composition from sowing to the last harvestin springon the 13 of September2017. The
data was analysed to determineif there was aninteraction onyield caused by sowing rate and within
each sowingrate how nitrogenimpacted the yield. Thesewere utilised to determinethe optimal
seed mixture foryield fromsowingtospring. Aspecial cubicmodel was fitted tothe data. This
model can separate two-species (pairwise) and multi-species interactions in the mixtures. It had the
general form:
¥ =BIx1+ B2x2 + B3x3 + B12x1x2 + B13x1x3 + B23x2x3 + B123x1x2x3 + R+ + Nt + £ (Model 1)
Where ¥ is the predicted yield response from a mixture; x1, x2 and x3 are the sown proportions of
ryegrass, white cloverand plantain, respectively; 1to 33 are estimates of the response of the
monocultures; f12to 23 represent the interaction effects for the combination of two species; $123
isthe additional interaction effects forthe combination of three species; Rrepresents the high and
low sowing rates coded 1 and -1; N represents the two nitrogen applications coded 1and -1and € is
arandom errorterm, assumed to be normally and independently distributed with the mean zeroand
constantvariance.

The analysis of variance tested if the estimates were significantly different (P<0.05) from zero
or not. There were no t-tests or P values for the first three estimates - the predicted yields of the

monocultures - because the model does not have aninterceptterm.
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3.5 Climate

The site received 502 mm of rainfall in January to December 2016, 118 mm January to March,
321 mmin ApriltoJuly 2017 and 109 mm in August to September. Average monthly temperatures
range between 17°Cin Januaryand 4°Cin July (CLIFLO, 2017).
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Figure 3.2. 30-year average rainfall (mm) compared to 2017 yearto date rainfall (mm) for
Broadfields, Lincoln.
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The mean monthly soil temperature ranges from 16.6°Cin January decreasingto 4.5°CinJuly

duringthe winter months. The temperature startstoincrease in Augustand reaches9°Cin

September.

[ S T S 0 Gy Y
O N B OO
1 1 1 1 ]

Mean Monthly Temperature(°C)

o N B O
1

Jan  Feb Mar Apr May Jun Jul Aug Sep
Month

Figure 3.3. Mean average monthly 10 cm depth soil temperature for2017 at Broadfield, Lincoln.
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Chapter 4

Results

Predictions can be made from the special cubicmodel of mixture yield. In the analysis of
variance, the highly significant (P<0.05) linear component of the regression indicates that the
estimated yields forthe monocultures were differentto each other. This was backed up by the
ANOVA of the actual yields (P<0.05). There were species effects on the mixture of two or more
species. The greatest was for the ryegrass and white clovertwo-species mix (P<0.05) with ryegrass
suppressingthe white clover due to faster establishment from an autumn sowing. The ANOVA Tables
4.2, 4.5 and 4.8 show the quadraticcomponent of the model was highly significant (P<0.05)
indicating that the mean estimated yield forall the two species mixes was greater than the mean of
the estimated yield of the monocultures. However, the significant values were only present fortwo
of the two-species mixes (P=0.021and 0.014 for ryegrass and white clover mixes and white clover
and plantain mixes, respectively. Those speciesinteractions could be due to the poor establishment
of the white clover monocultures overthe winter months, being largely dominated by weeds. Thus,
there was a benefit of addingtwo speciesinamix. There was a negative difference inaddingathird

speciesintothe mix, reducingthe yield compared to the two-species mixes (P<0.05).

Sowingrate had a highly significant effect on the yield of the first harvest (P=0.007). This could
be since more seed allowed for the faster establishing species such as ryegrass and plantain to
establish quicker and suppress the white clover and weeds. Although the sowing rate had an impact
on the first harvest, at the second harvest the sowingrate had less significance (P=0.092) due to
white clover plots beginning toyield more and all plots beginningto tillerandfillinthe gapsinthe
canopy. Overall sowingrate did not have any significance (P=0.577) on the overall botanical

composition of each speciesin their mixtures.

Nitrogen had a highly significant effect on the yield of the first harvest (P=0.000). This was
possibly due to more available soil N. This gives the plant greateraccess to nutrients to have faster
establishment. The second harvest also had a significant difference caused by N (P=0.001). This gave
the ryegrass the access to nutrients which resulted in the ryegrass tilleringand beingable tofill in the
gaps. Nitrogen also at low sowingrate gave the weeds N whichis evidence that weed percentage

increased with more available soil N (P<0.05).
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4.1 August harvest

Ryegrass monoculturesyield was greaterthan white cloverand plantain (P<0.05). There was
synergisticinteraction between ryegrass and white cloverand white cloverand plantain, such that
these mixesyielded more than expected based on monoculture yields (i.e. diversity effects). There
was a decrease inyield forthe three species mix compared to the average yield of the two species
mixes. Ryegrassyield increase with N (P=0.019), but not for white cloverand plantain. Species

interactions were more consistent across both levels of N and across both sowing rates.

Table 4.1. Estimate regression coefficients and analysis of variance for mixture model of yield (kg
DM/ha) for harvest one on the 4" of August 2017 at Lincoln University, Canterbury.

Term Coef SE

RG 3093 174.5 *
WC 551 174.5 *

P 2068 174.5 *
RG*WC 2054 878.6 0.021
RG*P 571 878.6 0.517
WC*P 2202 878.6 0.014
RG*WC*P -11855  5790.2 0.043
N 59 174.5 0.737
Rate 61 174.5 0.729
RG*N 581 243.4 0.019
WC*N 75 243.4 0.757
P*N -226 181.34 0.146
RG*WC*N -555 878.3 0.529
RG*P*N -351 878.3 0.69
WC*P*N 368 878.3 0.676
RG*WC*P*N 4041 5790.2 0.487
RG*Rate 142 243.4 0.562
WC*Rate -117 243.4 0.631
P*Rate -102 181.34 0.576
RG*WC*Rate 1435 878.3 0.106
RG*P*Rate 1184 878.3 0.181
WC*P*Rate 76 878.3 0.932
RG*WC*P*Rate -4318 5790.2 0.458
RG*N*Rate 225 174.5 0.201
WC*N*Rate -132 174.5 0.453
P*N*Rate -41 174.5 0.813
RG*WC*N*Rate 629 878.3 0.476
RG*P*N*Rate 105 878.3 0.905
WC*P*N*Rate -112 878.3 0.898
RG*WC*P*N*Rate -4408 5790.2 0.448

27



Table 4.2. Parsimonious mixture model of estimate regression coefficients and analysis of variance
for mixture model of yield (kg DM/ha) for harvest one on the 4" of August 2017 at Lincoln University,
Canterbury.

Term Coef SE P

RG 3093 167.18 *

wcC 551 167.18 *

P 2068 167.18 *

RG*WC 2054 841.55 0.016
RG*P 571 841.55 0.499
WC*P 2202 841.55 0.010
RG*WC*P -11855 5548.07 0.035
N 371 83.32 0.000
Rate 227 83.32 0.007
RG*N 452 172.94 0.010
RG*WC*Rate 1247 692.9 0.075
RG*P*Rate 1277 692.9 0.068
RG*N*Rate 195 119.03 0.104

The non-significantinteraction terms were removed from the special cubicmodel and then
analysis was repeated with amore parsimonious model, which has more degrees of freedom forthe
residual (Table 4.2; R2Adj=62.06%). This model shows the estimated monoculture yields are still
similarasthe linear componentissignificant (P=0.003). But the quadraticand special cubic
components remained significant and non-significant with P-values of 0.037 and 0.186, respectively.
The presence of the three-species mix term supports the choice of asimplex mixture design. The

more parsimonious modelis asfollows:

Y=(t DM/ha) =3.09341 + 0.551,; + 2.06843 + 2.054x152 + 2.202,253 —
11.85551x03 +0.2275+ 0.371n+ €
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The actual yields observed of the pasture mixes were compared against arespective estimated
pastureyield (Figure4.1). Ryegrass monocultures at high sowing rate and high N produced an actual
yield higherthan the estimate (3691 and 4327 kg DM/ha respectively) ata high sowing rate and low
N the estimatedyield was greaterthan actual (2949 and 2430 kg DM/ha respectively). Ata low
sowingrate and at both application of N the estimated and actual yields was similar. Interestingly,
white cloverand plantain monocultures did not follow suit, producing lower actual yields (419and
2142 kg DM/ha) at a high sowingrate and high N compared with the estimates (1149 and 2666 kg
DM/ha), and similaractual yields when compared with the estimates. Alltwo species mixtures at
both sowingratesand N applications appeared to produce similaractual yields when compared to
theirrespective estimates. This givesagood indication thatthe modelis agood fit for this data. Once
a third specieswas includedinthe mix the estimates and actuals became varied. Thisindicated that
the model was not a good fit for the three-species data. The white clover dominant three species
mix (pasture mix 9) showed thatit would produce higheractual yield than the estimates across all

treatments.
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Ryegrass was the dominant pasture speciesinvolved due toits higheryield as shown by the

colourdistribution of the multiple mixture contour plot charts (Figure 4.2). Ata low N application

(left hand charts), the ryegrass yielded between 2000-2500 kg DM/ha, and upwards of 3500 kg

DM/ha at a high seed rate and high N (right hand charts). The white cloveryielded low at both seed

ratesand N applications between 500-1000 kg DM/ha and some below 500 kg DM/ha, while plantain

showed anincrease from 1500-2000 kg DM/ha at low rate up to 2000-2500 kg DM/ha at high rate

across both N applications. All treatments were consistent across species effects with ryegrass

dominatingacross all mixes. Ryegrass responded more to N than plantain and white clover.
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Figure 4.2. Multiple mixture contour plot of yield (kg DM/hafrom the 4 of August 2017 harvestin
response to mixture proportions of RG, WC and P, at two sowing rates of 1000 and 2000 seeds/m?
and twolevelsof N (0 and 100 kg N/ha) at Lincoln University, Canterbury.
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Proportions of perennial ryegrass, white clover and plantain in the herbage yield of the two
species mixtures and three species mixtures were dominated by perennial ryegrass and plantain
(Figure 4.3). White clover proportions were on average 0.011 when sownina two-species and three-
species mixture with perennial ryegrass and/or plantain. The proportion of perennial ryegrass was on
average 0.768 whensownina two-species mixture and 0.548 when sownin a three-species mixture.
The proportion of plantain was on average 0.722 whensownina two-species mixture and 0.432
whensowninathree-species mix. Ryegrass was observed to be the dominant speciesin almost

every pasture mixitisincludedin, although overtaken by plantaininthe plantain dominant mixes.
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Figure 4.3. Proportions of perennialryegrass, white cloverand plantainin 10 pasture mixtures across
two sowingrates and two levels of N applications on the 4™ of August 2017 at Lincoln University,
Canterbury. (+Srepresents high sowingrate, -Srepresents low sowingrate, +N represents high level
of Nand -Nrepresentslow level of N).
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When ryegrass was present, weeds were suppressed to less than 20% of the plant material
composition (P<0.05) (Figure 4.4). The white clover monoculture had a poor establishment so
increased proportions of weeds at both seed rates and N applications, expressing compositions of
excess 90% weeds foreach sowingrate and N treatment respectively. Species and mixture effects
were consistentacross both sowingratesand N applications, with aslightincrease inweed

proportionsinthe low sowingrate although not significantly different.
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Figure 4.4. Average sum of weed proportion of perennial ryegrass, white cloverand plantain and
theirmixes atthe first harvest on the 4" of August 2017, at Lincoln University, Canterbury. (+S
represents high sowingrate, -Srepresents low sowing rate, +N represents high level of Nand -N
represents low levelof N).

34



The average LAl forthe SUNSCAN® ranged between 0.1to 8.8 over all pasture mixtures (Figure
4.5). Anincrease in LAl responded with anincrease inyield (R2=0.5918). Perennial ryegrass
monoculture had LAlabove 2.5 to 8.8 and plantain monoculture ranged between 0.7to 4.3. White
clover monoculture LAl ranged between 0.1to 1.5. All two and three species mixtures LAl were
dominated by ryegrass and plantain with little contribution form clover due to poor establishment
across all mixtures. Nitrogen had asignificant effect on the ryegrass LAl (P=0.027) due to the ability
available N gives ryegrass by producing biggerleaves and densetillering, this produced canopy

closure earlierthan the otherspecies.
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Figure 4.5. Indirect measurement of leaf areaindex (LAl) using a Sunscan® meter of all the species
and their mixturesinrelation to total dry matter production on the 4™ of August 2017 at Lincoln
University, Canterbury.
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The directaverage LAl forall pasture mixesranged between 0.01 to 8.35 (Figure 4.6). An
increase in LAl responded with anincrease inyield (R2=0.8982). Perennial ryegrass monoculture had
LAl above 3.4 to 8.35 and plantain monoculture ranged between 1.5to 4.76. White clover
monoculture LAl ranged between 0.01 to 0.21. All two and three species mixtures LAl were
dominated by ryegrass and plantain with little contribution form clover due to poor establishment
across all mixtures. Nitrogen had asignificant effect on the ryegrass LAl (P=0.048) due to the ability
available N gives ryegrass by producing biggerleaves and densetillering, this produced canopy
closure earlierthan the otherspecies. The correlation between using directand indirect
measurementsis 0.75(Figure 4.7), thisindicates that using direct method orindirect methods are

viable methods for estimating the LAl of the pasture swards.
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Figure 4.6. Direct measurements of leaf areaindex (LAI) of all the species and their mixesin relation
to total dry matter production onthe 4™ of August 2017 at Lincoln University, Canterbury.
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Indirect LAI

Direct LAI

Figure 4.7. Correlation between direct leaf areaindex (LAI) measurements and indirect leaf area
index (LAI) methods on the 4" of August 2017 at Lincoln University, Canterbury.

As LAlincreasessotoo does lightintercepted using the indirect method. When the pasture mix
reached 4 LAl it would be intercepting maximum light (0.951/10). This was consistent across all
pasture mixes and theirtreatments (R?=0.9985). The white clover monocultures and two species
mixtures with plantain did not reach this critical level and as a result did not reach canopy closure,

causingthe weed populationtoincrease as notall the lightis beingintercepted by the sown species.
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Figure 4.8. Relationship of lightinterception and indirect leaf areaindex (LAI) of ryegrass, white
cloverand plantain and their mixtures on the 4% of August 2017 at Lincoln, Canterbury.

Figure 4.9 describes the proportions of the datain Figure 4.8 by as measuringthe LAl for the all
the monoculture plots foreach species. Itis obvious that white clover monoculture did not reach the
critical LAl 0.95 due to poor/slow establishment and competition with weeds (R?=0.6329), plantain
alsowas the ‘mid-range’ forthe LAl forthis experiment although notreachingthe critical LAl was
close (R%=0.7532). Ryegrass had significantimpact on the LAl for this trial, the ability to use available

N and tillerto compensate in gaps allowed for canopy closure at critical LAl to be reached, giving it

the optimum resources to be the dominate species (R?=0.9485).
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Figure 4.9. Relationship of lightinterception and the LAl of ryegrass, white cloverand plantain
monocultures on the 4™ of August 2017 at Lincoln, Canterbury.
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4.2 September harvest
White cloverand plantain two species mix was no longersignificant compared to the first

harvestdue to the weeds significantly growingin the white clover monoculture.

Table 4.3. Estimate regression coefficients and analysis of variance for mixture modelof yield (kg
DM/ha) for harvesttwo onthe 13™ of September 2017 at Lincoln University, Canterbury.

Term Coef SE

RG 3075 173.8 *
"'/ 2115 173.8 *

P 2442 173.8 *
RG*WC 2738 874.7 0.002
RG*P 1493 874.7 0.091
WC*p 1300 874.7 0.141
RG*WC*P -8895 5766.9 0.126
Rate 180 173.8 0.303
N 118 173.8 0.498
RG*Rate 103 242.4 0.672
WC*Rate 153 242.4 0.529
P*Rate -34 175.85 0.848
RG*WC* Rate -823 874.7 0.349
RG*P*Rate -609 874.7 0.488
WC*P*Rate 659 874.7 0.453
RG*WC*P*Rate 13847 5766.9 0.018
RG*N 222 242.4 0.363
WC*N -17 242.4 0.944
P*N -57 175.85 0.749
RG*WC*N -947 874.7 0.282
RG*P*N -945 874.7 0.283
WC*P*N -127 874.7 0.885
RG*WC*P*N 3312 5766.9 0.567
RG*N*Rate 67 173.8 0.7
WC*N*Rate -290 173.8 0.099
P*N*Rate 100 173.8 0.568
RG*WC*N*Rate 1923 874.7 0.03
RG*P*N*Rate 202 874.7 0.817
WC*P*N*Rate 808 874.7 0.358

RG*WC*P*N*Rate  -9998 5766.9 0.086




Table 4.4. Parsimonious mixture model of estimate regression coefficients and analysis of variance
for mixture model of yield (kg DM/ha) for harvest two on the 13" of September 2017 at Lincoln

University, Canterbury.

Term Coef SE P

RG 3075 168.51 *

wcC 2115 168.51 *

P 2442 168.51 *

RG*WC 2738 848.51 0.002
RG*P 1493 848.26 0.081
WC*P 1300 848.26 0.128
RG*WC*P -8895 5592.27 0.115
N 232 68.75 0.001
Rate 94 55.12 0.092
RG*WC*P*N 12300 4437.43 0.007
WC*N*Rate -193 147.36 0.193
RG*WC*N*Rate 1816 737.44 0.015
RG*WC*P*N*Rate -5029 4370.54 0.252

The non-significantinteraction terms exceptrate and N were removed from the special cubic

model and then analysis was repeated with a more parsimonious model, (Table 4.5; R2Adj=41.33%).

This model shows the estimated monocultureyields are still similaras the linear component was

significant (P=0.003). But the quadraticand special cubiccomponents remained significantand non-

significant with P-values of 0.037 and 0.186, respectively. The presence of the three-species mixterm

supportsthe choice of a simplex mixture design. The more parsimonious model isasfollows:

Y= (t DM/ha) = 3.075)(]_ + 2.115)(2 + 2.442)(3 + 2.735)(]_)(2 - 8.895)(]_)(2)(3 +

0.0945;+0.232y + €
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Species effects are startingto become more apparentinthe second harvest. Thisis due to the
species being well established and competing against each other. Cloverwasyielding greaterdue to
warmerspringtemperatures. Ryegrass and plantain mixes (5) started toyield similarto the ryegrass
monocultures, thisis abeneficial increase inyield due to two speciesinteracting. At low sowing rate
and no N application the ryegrass and white clover mix (4) also had a greateryield compared to the
monocultures (P<0.05), this could possiblydue to the cloverbeingable to biologically fix N and
provide the ryegrass with available N which promotes growth. The ryegrass monoculture in this
treatmentwould have no/littleavailable N. Three-species mixtures with the addition of N across
both sowingrates had an increase inyield similarto the two-species mixes (Figure 4.10) which
provides evidencethat N has the ability to promote growthin all species (P<0.05). Without the
addition of N the three-species mixesyield was poorerthan the two-species mixes (P<0.05). Figure
4.10 comparedto Figure 4.1 demonstrates that the modelled dataare becominga betterfitforthe

actual data.

Ryegrass monocultures at high sowing rate and high N produced an actual yield higherthan
the estimate (3401 and 3958 kg DM/ha respectively) all other treatments actual yields weresimilar
to the estimated respectively. Interestingly, white clover had increased yield from the first harvest.
Thisis due to increasing temperatures increasing in the spring, although the bulkis still dominated by
weeds. All estimates were similarto actual yields for both white cloverand plantain treatments. All
two species mixtures atboth sowingrates and N applications appearto produce similaractual yields
when comparedto theirrespective estimates, this gives agood indication that the modelis a good fit
for this data. Exceptfor ryegrass and white clover mix which produced aloweractual yield compared
to estimated, at high sowingrate and low N (2610 and 3142 kg DM/ha, respectively). The three-
species mixtures again produced varied results with the bulk of the data producing higheractual
yields compared to estimates, thisindicates the modelis nota good fit for the three-species data.
White cloveragain still contributed loweryields to the total yield for harvesttwo due toits poor

ability to establishment, but had increasedyield from harvestone due to the temperature increasing.
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Figure 4.10. Estimated and actual yield (kg DM/ha) from the 13™ of September 2017 harvest of the
10 pasture mixes at Lincoln University, Canterbury. (+Srepresents high sowingrate, -Srepresents
low sowingrate, +N represents high level of N and -N represents low level of N).
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Ryegrass was the dominant pasture speciesinvolved due toits higheryield as shown by the
colourdistribution of the multiple mixture contour plot charts (Figure 4.11). At a low N application
(bottom charts), the ryegrass yielded between 2000-2500 kg DM/ha, and upwards of 3500 kg DM/ha
at a highseedrate and high N (right hand charts). The white cloveryielded low at both seed rates
and N applications between <2000 kg DM/ha, while plantain showed anincrease from 2000 kg
DM/ha at low rate up to 2500 kg DM/ha at high rate across both N applications. Sowing rateswere
consistentacross N applications. Species effects are becoming more apparentin this harvest with
ryegrass and white clover mixes startingto demonstrate a benefitinyield once adding the two

species. Thisresultsinan addition of 500 kg DM/ha compared to the monocultures of each.

RG 1
Hold Values Total Yield
M (KgDM/ha)
< 2000
ﬁate 100? 2000 — 2500
I 2500 - 3000
@ I 3000 - 3500
Rate 2000 I 3500 - 4000
N 1 ™ > 4000
(3)
Rate 1000
N 1
4)
Rate 2000
N 1

WC 1 P1

Figure 4.11. Multiple mixture contour plot of yield (kg DM/ha) on the 13" of September 2017 harvest
inresponse to mixture proportions of RG, WC and P, at two sowing rates of 1000 and 2000 seeds/m 2
and twolevelsof N (0 and 100 kg N/ha) at Lincoln University, Canterbury.
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Proportions of perennial ryegrass, white clover and plantainin monocultures, two species
mixtures and three species mixtures were dominated by perennial ryegrass and plantain (Figure
4.12). White clover proportions were on average 0.04 when sown ina two-speciesand 0.025 three-
species mixture with perennial ryegrass and/or plantain, this hasincreased from 0.01 in the August
harvest. The proportion of perennial ryegrass was on average 0.81 whensownina two-species
mixture and 0.64 when sownina three-species mixture which also hasincreasedin proportion since
the August harvest. The proportion of plantain has decreased from the first harvest and was on
average 0.65 whensownin a two-species mixtureand 0.34 when sownina three-species mix.
Ryegrass was observed to be the dominant speciesinalmost every pasture mixitisincludedin,

although overtaken by plantaininthe plantain dominant mixes.
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Figure 4.12. Proportions of perennial ryegrass, whitecloverand plantainin 10 pasture mixtures
across two sowingrates and two levels of N applications on the 13t of September 2017 at Lincoln,
Canterbury. (+Srepresents high sowing rate, -Srepresents low sowingrate, +N represents high level
of Nand -N representslow level of N).
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When ryegrass was present, weeds were suppressed to less than 20% of the plant material
composition (P<0.05) except forthe white clover dominant mix (8) which had 53.6% of weeds (Figure
4.13). The white clover monoculture was heavily outcompeted by weeds at both seed ratesand N
applications due toits poorestablishment, expressing compositions of excess 86% weeds foreach
sowingrate and N treatment respectively. Species and mixture effects were consistent across both

sowingratesand N applications
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Figure 4.13. Average sum of weed proportion of perennial ryegrass, white clover and plantain and
theirmixes atthe second harvest onthe 13" of September 2017, at Lincoln University, Canterbury.
(+S represents high sowingrate, -Srepresents low sowing rate, +N represents high level of Nand -N
representslow levelof N).



The average LAl forthe Sunscan® ranged between 0.4to 5.9 overall pasture mixtures (Figure
4.14). Anincrease in LAl responded with anincrease inyield (R2=0.5784). Perennial ryegrass
monoculture had LAl above 1.4 to 5.3 and plantain monoculture ranged between 0.8to 4. White
clover monoculture LAl ranged between 0.5to 4.5. All two and three species mixtures LAl were
dominated by ryegrass and plantain with little contribution form clover due to poor establishment
across all mixtures. Nitrogen had asignificant effect on the ryegrass LAl (P=0.002) due to the ability
available N gives ryegrass by producing biggerleaves and densetillering, this produced canopy

closure earlierthan the otherspecies. Sowingrate did not have a significant effecton indirect LAI.
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Figure 4.14. Indirect measurement of leaf areaindex (LAI) usingaSunscan® meter of all the species
and theirmixtures in relation to total dry matter production (kg DM/ha) on the 13" of September
2017 at Lincoln University, Canterbury.
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The directaverage LAl forall pasture mixesranged between 0.01 to 5.43 (Figure 4.15). An
increase in LAl responded with anincrease inyield (R?=0.7114). Perennial ryegrass monoculture had
LAl above 2.14 to 4.53 and plantain monoculture ranged between 1.49to 3.86. White clover
monoculture LAl ranged between 0.2to 1.19. All two and three species mixtures LAl were dominated
by ryegrassand plantain with little contribution form clover due to poorestablishment across all
mixtures. Nitrogen or sowingrate did not have a significant effect onthe direct LAl. The correlation
between usingdirectand indirect measurementsis 0.59 (Figure 4.16) which was decreasing fromthe
first harvest onthe 4™ of August 2017. Thisindicates thatusing direct method orindirect methods

are viable methods for estimating the LAl of the pasture swards.
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Figure 4.15. Direct measurement of leaf areaindex (LAIl) of all the species and their mixturesin
relation to total dry matter production (kg DM/ha) on the 13t of September2017 at Lincoln
University, Canterbury.
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Indirect LAI

Figure 4.16. Correlation between direct leaf areaindex (LAlI) measurements andindirect leaf area
index (LAI) methods on the 13™ of September 2017 at Lincoln University, Canterbury.
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As LAlincreasessotoo doeslightintercepted using the indirect method. When the pasture mix

reached 4 LAl it would be intercepting maximum light (0.951/10). This was consistent across all
pasture mixes and theirtreatments (R?=0.9985). The white clover monocultures and two species

mixtures with plantain did not reach this critical level (0.95) and as a result did notreach canopy

closure, causingthe weed populationtoincrease as notall the lightis beingintercepted by the sown

species.
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Figure 4.17. Relationship of lightinterception and leaf areaindex (LAl) of ryegrass, white cloverand
plantain and their mixtures on the 13" of September 2017 at Lincoln University, Canterbury.
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Figure 4.18 describesthe proportions of the datain Figure 4.17 by as measuringthe LAl for the
all the monoculture plots foreach species. White clover hasincreased the LAl due to greater growth
from warmertemperatures and higherweed growth (R2=0.9883), plantain also was againin the ‘mid-
range’ for the LAI for this experiment although not reaching the critical LAl was close (R?=0.9949).
Ryegrass had significantimpact on the LAl forthis trial, the ability to use available N and tillerto
compensate in gaps allowed for canopy closure at critical LAl to be reached, giving it the optimum
resourcesto be the dominate species (R?=0.9846) although all pasture mixes are beginningto

performhigherLAI.
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Figure 4.18. Relationship between lightinterception and the LAl of ryegrass, white cloverand
plantain monocultures on the 13" of September 2017 at Lincoln University, Canterbury.
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4.3 Accumulatedyield

Table 4.5. Estimate regression coefficients and analysis of variance for mixture model of total yield
(kg DM/ha) for 2017 at Lincoln University, Canterbury.

Term Coef SE P
RG 5859 249.4 *
wc 2485 332.7 *

P 4619 311.4 *
RG*WC -3841 11618.8  0.742
RG*P -170 1401.7 0.904
WC*P -310 16852.3  0.985
RG*WC*P -56973  71362.6  0.427
Rate 177 311.4 0.571
N 251 311.4 0.421
RG*Rate 354 386.6 0.362
WC*Rate -250 455.7 0.584
P*Rate -268 283.8 0.347
RG*WC* Rate 1810 11618.8  0.877
RG*P*Rate -505 1401.7 0.720
WC*P*Rate -5008 16852.3  0.767
RG*WC*P*Rate -43414  71362.6  0.544
RG*N 496 386.6 0.203
WC*N 230 455.7 0.615
P*N -242 280.3 0.389
RG*WC*N -4197 11618.8  0.719
RG*P*N 783 1401.7 0.578
WC*P*N 8729 16852.3  0.606
RG*WC*P*N -62378 71362.6  0.384
RG*N*Rate 169 249.4 0.5
WC*N*Rate -365 332.7 0.276
P*N*Rate 3 311.4 0.991
RG*WC*N*Rate 9625 11618.8 0.41
RG*P*N*Rate 535 1401.7 0.704
WC*P*N*Rate -6628 16852.3  0.695

RG*WC*P*N*Rate -106666 71362.6  0.138




Table 4.6. Parsimonious mixture model of estimate regression coefficients and analysis of variance
for mixture model of total yield (kg DM/ha) for 2017 at Lincoln University, Canterbury.

Term Coef SE P
RG 5911 228.6 *
wWc 2486 324.3 *
P 4655 270.2 *
RG*WC -10926 7690.3 0.158
RG*P -851 1270.5 0.504
WC*P -4938 8054.6 0.541
RG*WC*P -23541 40110.9 0.558
Rate 293 104.4 0.006
N 576 104.7 0.000

The non-significantinteraction terms were removed from the special cubicmodel and then

analysis was repeated with amore parsimonious model, which has more degrees of freedomforthe

residual (Table 4.8) (R? Adj=50.36%). This model shows the estimated monocultureyields are still

similarasthe linear componentissignificant (P=0.003). But the quadraticand special cubic

components remained significantand non-significant with P-values of 0.037 and 0.186, respectively.

The presence of the three-species mix term supports the choice of asimplex mixture design. The

more parsimonious modelis asfollows:

Y=(kg DM/ha) = 5.911,1 + 2.4864 + 4.65543 - 23.5411x2x3 + 0.2934s +

0.576xn + €
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The actual yields observed of the pasture mixes compared againstarespective estimated
pasture yield (Figure4.19) Ryegrass monocultures at high sowing rate and high N produced an actual
yield higherthan the estimate (6780 and 8586 kg DM/ha respectively) across all othertreatments
estimated values and actual yields were similar). Alltwo species mixtures at both sowingratesand N
applications appearto produce similaractual yields when compared to theirrespective estimates,
this gives a good indication that the modelis a good fit for this data. Once a third speciesisincluded
inthe mix the estimates and actuals become varied, thisindicates the model is not agoodfit forthe
three-species data. There was no benefit of adding two or more speciesina mix comparedto the

monocultures of each species.

All two-species mixes and three species mixes were consistently performing undereach
treatment. N applicationincreased the yield across both sowing rates. All two-species mixes that
included clover had poor estimates to the actual yields, thisis due tothe poorestablishmentand
beingdominated by weeds. Ryegrass and plantain mixes (5) started toyield similarto the ryegrass
monocultures, thisisabeneficial increase inyield due to two speciesinteractingand being
influenced by N. Three-species mixtures with the addition of N across both sowingrates had an
increase inyield similartothe two-species mixes (Figure 4-19) which provides evidence that N has
the ability to promote growth in all species (P<0.05). Without the addition of N the three-species
mixesyield was poorerthan the two-species mixes (P<0.05). The overall modelled datais nota good

fitfor the actual data fromthe two harvestsin 2017.
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Figure 4.19. Estimated and actual yield (kg DM/ha) for the total yield of the 10 pasture mixes at
Lincoln University, Canterbury. (+S represents high sowingrate, -S represents low sowing rate, +N
represents high level of Nand -N represents low level of N).

56



Ryegrass was the dominant pasture speciesinvolved due toits higheryield as shown by the

colourdistribution of the multiple mixture contour plot charts (Figure 4.20) At a low N application

(bottom charts), the ryegrass yielded between 4000-5000 kg DM/ha, and upwards of 5000 kg DM/ha

at high N (top charts). The white cloveryielded low at both seed rates and N applications between
1000 and 2000 kg DM/ha, while plantain showed anincrease from 3000 kg DM/ha at low rate up to
5000 kg DM/ha at high rate across both N applications. Total yield is consistent across both sowing

ratesand N applications.
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Figure 4.20. Multiple mixture contour plot of total yield (kg DM/ha) in response to mixture
proportions of RG, WC and P, at two sowing rates of 1000 and 2000 seeds/m?2andtwo levelsof N
application (0and 100 kg N/ha) at Lincoln University, Canterbury.
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The averaget tillers per mix was dependent onthe species. All mixes thatincluded ryegrass had
hightillering rates compared to white cloverand plantain. In monocultures ryegrass had arange of
8214 — 8667 tillers/m? across all treatments whereas white clover had a range from 1274 — 2600
tillersm?, plantain ranged between 1052 — 2000 tillers/m2. When cloverwasincluded in a mix the
plantsdid not putany energyintotillering, butinto gettingasingle leaf upinto the canopyto
interceptlight. Thiscanbe notedin mixes4,6, 8,9 and 10 9 (Figure 4.21) where there was little
tillering per plant. Plantain also did not tilleras much as whenincluded intoamix5, 6, 7, 8, 9 and 10.
Ryegrass has the ability totillerand fill the gaps. This was evident across all mixes and treatments.
Sowingrate had a significant effect on the plantain ability to tiller (P=0.000) as the sowing rate
increasesthe plants perm?as a result creates interspecificand intraspecificcompetition between
plants. There was no diversity effect for white cloverand plantain asits tiller population appeared to
be the same as averages of white cloverand plantain monocultures. Species and mixture differences
appearedto be consistent across sowingratesand N rates. Ryegrass compensated by tilleringin
ryegrass and white clover mixes which produced more tiller perm?then expected from the two

monocultures, hencethe interaction effect forryegrass and white cloveryield.
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Figure 4.21. Average total tillers per m?for ryegrass, white cloverand plantain and their mixtures on
the 4" of August 2017 at Lincoln University, Canterbury. (+S represents high sowingrate, -S
representslow sowingrate, +N represents high level of N and -N represents low level of N).
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Average tillers perplant forryegrass were different (P<0.05) for pasture mixes containing
ryegrass compared to ryegrass monoculture (Figure 4.22). The number of tillers per plantranged
from 6.51 to 14.02 for high rate and high N, 6.59 to 12.89 for high rate and low N, 10.55 to 15.69 for
low rate and high N and 8.82 to 17.23 for low rate and low N. Mix number9 which was dominated by
white cloverseed had poor establishment of clover, as a result produced more gapsinthe canopy.
Ryegrassrespondedtothis by tilleringas ryegrasstillers per plant were significantly greaterin this
mix across all treatments compared to other mixes. White clovertillers per plantfor monocultures
across all treatments ranged between 1.83 and 2.34 whereas across all other mixes the cloverdid not
tilleras much rangingfrom 1 to 1.43. Thisis due to the clover putting most of its energy into gettinga
leafintothe canopyto intercept light ratherthanttillering across its stolon. Plantain reacted similar to
white clover by nottilleringas much. The tillering per plant across all mixes ranged between 1to
2.36, sowingrate had an effectonthe plantains ability to tiller (P=0.000) as the high sowingrate
increases the plants perm?as a result createsinterspecificand intraspecificcompetition between

plants.
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Figure 4.22. Average total tillers perplantforryegrass, white clover and plantain and their mixtures

on the 4" of August 2017 at Lincoln, Canterbury. (+S represents high sowingrate, -S represents low
sowingrate, +N represents high levelof Nand -N represents low level of N).
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Plate 4.1. Perennial ryegrass monocultures (mix 1) in order fromleft to right of high sowingrate high
N, high sowingrate low N, low sowing rate high N and low sowing rate low N, on the 13" of
September2017 at Lincoln University, Canterbury.

Plate 4.2. White clover monocultures (mix2) in order from left to right of high sowingrate high N,
high sowingrate low N, low sowingrate high N and low sowing rate low N, on the 13" of September
2017 at Lincoln University, Canterbury. (Note obvious dominance of weeds).

Plate 4.3. Plantain monocultures (mix 3) in order from left to right of high sowing rate high N, high
sowingrate low N, low sowingrate high N and low sowingrate low N, on the 13" of September 2017
at Lincoln University, Canterbury.
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Plate 4.4. Two-species even mix perennial ryegrass and white clover (mix 4) in order from lefttoright
of high sowingrate high N, high sowingrate low N, low sowingrate high N and low sowing rate low
N, on the 13™ of September 2017 at Lincoln University, Canterbury.

Plate 4.5. Two-species even mix perennial ryegrass and plantain (mix 5) in order from left to right of
high sowingrate high N, high sowingrate low N, low sowingrate high N and low sowingrate low N,
on the 13™ of September 2017 at Lincoln University, Canterbury.

Plate 4.6. Two-species even mix white clover and plantain (mix 6) in order from left to right of high
sowingrate high N, high sowingrate low N, low sowing rate high N and low sowingrate low N, on
the 13" of September 2017 at Lincoln University, Canterbury.
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Plate 4.7. Three-species even mix perennial ryegrass, white clover and plantain (mix 7) in order from
lefttoright of high sowingrate high N, high sowing rate low N, low sowingrate high N and low
sowingrate low N, on the 13" of September 2017 at Lincoln University, Canterbury.

Plate 4.8. Three-species mix dominated by % of perennial ryegrass and % of each white cloverand
plantain accordingto seedrate (mix 8) inorder from leftto right of high sowingrate high N, high
sowingrate low N, low sowingrate high N and low sowingrate low N, on the 13" of September 2017
at Lincoln University, Canterbury.

Plate 4.9. Three-species mix dominated by % of white cloverand % of each perennial ryegrassand
plantain accordingto seedrate (mix 9) inorder from left to right of high sowingrate high N, high
sowingrate low N, low sowingrate high N and low sowingrate low N, on the 13" of September 2017
at Lincoln University, Canterbury.
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Plate 4.10. Three-species mixdominated by % of plantain and % of each perennial ryegrass and white
cloveraccordingto seedrate (mix 10) in order from left to right of high sowing rate high N, high
sowingrate low N, low sowingrate high N and low sowingrate low N, on the 13™ of September 2017
at Lincoln University, Canterbury.



Chapter 5

Discussion

5.1 Species effects

Accumulated DM yields of perennialryegrass, white clover and plantain and their mixes over
the 7-month establishment period, from sowing on the 31°* of March 2017 to theirfinal harveston
the 13t of September2017. The yields varied, ranging from 2529 to 8586 kg DM/ha for high sowing
rate and high N, for high sowingrate and no N yields ranged between 2294 and 5783 kg DM/ha, low
sowingrate and high N yields ranged between 3404 and 6275 kg DM/ha and for low sowing rate and
low N ranged between 1710 and 5465 kg DM/ha (Figure 4.19). The monocultures of each species
(mixes 1-3) yield provided a model which could explain yields when sown in multiple species mixes
(mixes4-10). The ryegrass had the highest proportionin all mixes, this was due to the rapid
germination, emergence and seedling growth of perennial ryegrass, which give it acompetitive
advantage overspecies like whiteclover (Brougham, 1953). Plantain also has fast establishment
which comes close to that of perennial ryegrass, which could explain the high proportions of plantain
inthe seed mixes comparedto clover(Blom, 1978). White cloverwas fast to emerge (150°Cd) similar
to perennial ryegrass (160°Cd) (Moot et al., 2000), thisis evidence that temperature was the greatest
limitation to the growth and establishment of the white clover when the temperature dropped
below 8°Coverthe winter period (Figure 3.4). As expected the high seed rates of perennial ryegrass
initially had the greatestyield due to fast establishment, the white clover was suppressed atthese
rates but future research could resultinyields beginningto decrease due to poor N fixation

(Brougham, 1953).

From the first harvest on the 4™ of August 2017 to the second harvest on the 13" of
September 2017, species effects caused by interspecificcompetition between plant species became
more apparent. Ryegrass had increased proportions across all mixes, this could be due to ability
ryegrass has to tiller, especially inleadinginto spring when the temperature startstoincrease and
more mineralisation of N occurs (Hunt and Mortimer, 1982). This caused the ryegrass mixesto have
greateryieldsthanthe other mixes, suppressing the yields of whitecloverand plantain. The
intraspecificcompetition between plants of the same species had little effect on the establishment of

each pasture mix.

This directly relates to the ability of the plantstointerceptlight for photosynthesis, thisis
measured by calculating the LAl of the monocultures and their mixes. The direct LAl was ranged

between0.01and 8.35 for all plots on the 4" of August 2017 harvest (Figure 4.6). The LAl correlated
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significantly with increase inyield (R?=0.8982). Perennial ryegrass monocultures had LAl above 3.4 to
8.35 and plantain monocultures ranged between 1.5to 4.76. White clover monocultures LAl ranged
between0.01to 0.21. The indirect LAl ranged between 0.1to 8.8 over all pasture mixtures (Figure
4.5). Anincrease in LAl responded with anincrease inyield (R?2=0.5918). Perennial ryegrass
monoculture had LAl above 2.5 to 8.8 and plantain monoculture ranged between 0.7to 4.3. White
clover monoculture LAl ranged between 0.1to 1.5. The correlation between using the direct and
indirect methods were 0.75 (Figure 4.7), this demonstrates that there is a significant relationship
betweenthe two methods. Therefore, the use of the direct method of determining the LAl validates
the use of the indirect method. Furtherresearch needs to be studied inrelation to using the indirect
method to determine LAl as the Sunscan® device is programmed for forage crops and not pasture
crops. Furtherstudy could replicate amodel to fitthe programme for more accurate readings and
predictions of LAl. Ryegrass and plantain provided the majority of the LAl of the mixes. The LAl
critical level as mentioned by Rattray et a/ (2007) was reachedin the ryegrass monocultures of 3.3-
4.5 but notin the plantain orwhite clover monocultures (Figure 4.9). During this period of 5 months
aftersowingitis assumedthat the pasture mixes were well established, white clover was not as they
were most likely limited by soil temperature which overthese months was on average below 8°C
(Figure 3.4) which was getting to the point where white clover stops growing (8-9°C) (White and
Hodgson, 2000).

The perennial ryegrass first leaf during establishmentis generally larger than that of white
cloverandthe second shoot of ryegrass appears earlierthan white clover. Therefore, ryegrass can
intercept more light earlier, giving the planta more competitive advantage. These effects may not
have been as evidentif the plots had been spring sown when the temperature will have been
warmer resultingin more favourable conditions for white clover. This explains the difference in LAl
and lightinterceptancewhichis caused by the different species and their mixes. Figure 4.9 describes
how each species monoculture causes the LAl to change, the lightinterce ptance for white cloverdid
not reach over0.7 I/lo(lightinterceptance), withits lowest reading at 0.15 I/lo. Perennial ryegrass
obviously was far more aggressive and had greater LAl which resulted in alargerlightinterceptance
ranging between 0.811/1o and 0.95 1/lo which was the same critical LAl and lightinterceptance as

Brougham (1957) found (Figure 2.2).

The 13" of September 2017 indirect average decreased from the 4™ of August 2017 LAI
ranging between 0.4to 5.9 overall pasture mixtures (Figure4.14). Anincrease in LAl responded with
anincrease inyield (R?=0.5784). Perennial ryegrass monoculture had LAl above 1.4 to 5.3 and
plantain monoculture ranged between 0.8to 4. White clover monoculture LAl ranged between 0.5to
4.5. The direct LAl had decreased fromthe first harvest forall pasture mixes ranging between 0.01to

5.43 (Figure 4.15). Anincrease in LAl responded with anincrease inyield (R2=0.7114). Perennial
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ryegrass monoculture had LAl above 2.14 to 4.53 and plantain monoculture ranged between 1.49to
3.86. White clover monoculture LAl ranged between 0.2to 1.19. The correlation between using
directand indirect measurementsis 0.59 (Figure 4.16) which still provided evidence that the direct
method had validated the indirect method. The white clover monocultures begantoincrease LAl as
temperature was beginningtoincrease reaching 9°Cduring September 2017 (Figure 3.4) whichis

above the pointwhere white clover starts growing (8-9°C) (White and Hodgson, 2000).

Mixes with high proportions of ryegrass and plantaininthe mix provided the greatest yield
(Mixes 1,3, 4,5, 7,8, 9and 10; Figure 4.19). Due to the rapid establishment of perennial ryegrass
and seedling growth resulted inthe highestyield of the monocultures and all the mixes (5061-8586
kg DM/ha) (Figure 4.19). The plantain monoculturesyield inthe monocultures and mixes were
consistently high too compared to the white clover monoculture due to theirfast establishment.
White cloverhadvery low contribution to total yield as a direct result of poorestablishmentin all the

mixtures.

These mixes had the greatest weed suppression (<20%) exceptformix 8inlow sowingand
high N availability which had 53.6% weeds whichis significantly greaterthan all seed mixes. White
clover monoculture had poorweed suppression (>80%) (Figure4.13) across all treatments due to
slow establishmentand poorseedling vigour which offers little competition against aggressive weed
speciesthat establish quickly and shade clovers (Lee, 1985). The main weeds present were Annual
poa (Poa annua), Stagger weed (Stachys arvensis), Chickweed (Stellaria media), Twin cress (Lepidium

didymium), Broad leaved dock (Rumex obtusifolius) and Groundsel (Senecio vulgaris), respectively.

In monocultures perennial ryegrass had the greatest tillering with arange of 8214 — 8667
tillers/m?across all treatments which was similarto a study by Lee et al (2013) which indicated
perennial ryegrasstillered more at lower sowing rates compared to highersowingrates, this
increased intraspecificcompetition and perennialryegrass responded by increasing tillering tofill in
the gaps (Williamson, 2008). It is generally accepted that there is more competition in monocultures
as the plants are competing forthe same resources (Haynes,1980). White cloverhad a range from
1274 - 2600 tillersm? and plantain ranged between 1052 — 2000 tillers/m?. When clover was
includedinamixthe plants did not putany energyintotillering, butinto gettingasingle leafupinto
the canopy to intercept light (Harris and Clark, 1996). This can be notedin mixes4, 6, 8,9 and 10
(Figure 4.22) where there was little tillering per plant. Plantain also did not tilleras much as when
includedintoamix5, 6, 7, 8, 9 and 10. Sowingrate had a significant effect on plantains ability to tiller
as the sowingrate increasesthe plants perm?2as a result createsinterspecificand intraspecific

competition between plants.
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Average tillers perplantfor perennial ryegrass were different for pasture mix es compared to
ryegrass monoculture (Figure4.22). The numberoftillers perplantranged from 6.51 to 14.02 for
high rate and high N, 6.59 to 12.89 for high rate and low N, 10.55 to 15.69 for low rate and high N
and 8.82 to 17.23 forlow rate and low N whichissimilarto a study by Lee et a/ (2013). Mix number9
which was dominated by white cloverseed had poor establishment of white clover, asaresult
produced more gapsin the canopy. Ryegrassresponded to this by tilleringas ryegrass tillers per plant
were significantly greaterin this mix across all treatments compared to other mixes (Williamson,
2008). White clovertillers per plantfor monocultures across all treatments ranged between 1.83 and
2.34 whereas across all other mixesthe cloverdid not tilleras much rangingfrom 1 to 1.43. Thisis
due to the clover putting most of its energy into getting aleaf into the canopy to interceptlight
rather than producing growth buds across its stolon. Plantain reacted similarto white clover by not
tilleringas much. The tillering per plant across all mixes ranged between 1to 2.36, sowing rate had
an effectonthe plantains ability to tilleras the high sowingrate increases the plants perm?2as a

result creates interspecificand intraspecificcompetition be tween plants.

5.2 Speciesrichness

Based on tiller populations perm? and tillers per plant on the 4*" of August2017 (Figure 4.21
and Figure 4.22) the proportions of each species sown in the mixtures were wellrepresented of the
proportion of each species presentinthe plant population albeit white clover. The resultsindicated
trends towards increased perennial ryegrass populations and decreases inthe plantain and white
cloverpopulations across all pasture mixes. This was consistent across both sowingratesand N
applications, due to perennial ryegrasses abilityto rapidly establish and tiller to fill the gaps. Tillers
increase in numberinspringandturnoveroftillersisaccelerated by nitrogen (Hunt and Mortimer,
1982), which could have had an impact on the timing of the harvestfor tillers as this was done after
the first harvestin August 2017 when temperatures are increasing, resultingin more available N and
increasingin number of tillers. Tillering should also be counted perhaps in months prior to winter to
give an indication of population and tiller development overthe year, this could give agreater
understanding of the species richness and development. Perennial ryegrass has the ability to produce
daughtertillers which grow their own root system and become independent from main plant
(Williamson, 2008) made it difficult to determine what was actually aryegrass plantas during
separation, especially in the high sowing rates where the plants were smallerand had highertiller
density. This caused the tillers when pulled apart during sorting the roots would break and make it

hard to distinguish between atillerand an individual plant.
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There was an advantage of including more than one speciesin a pasture mix with regard to
yield and weed suppression, but there was no greater effect of includi ngthree speciesin a mix
(Figure 4.19). The mean total yield for the 6-month establishment period, from sowing on the 31 of
March 2017 to theirfinal harvest onthe 13" of September 2017. The yields varied, ranging from
2529 to 8586 kg DM/ha for high sowingrate and high N, for high sowing rate and no N yields ranged
between 2294 and 5783 kg DM/ha, low sowingrate and high N yields ranged between 3404 and
6275 kg DM/ha and for low sowingrate and low N ranged between 1710 and 5465 kg DM/ha (Figure
4.19).

Intraspecificcompetitionin the monocultures resulted in the plants competing for the same
resource such as space, nutrients and light which as a result produced more plants and less tillering
perm?resultingin smaller plants which was evidentin atrial by Beaumerand de Wit, (1968). The
results from this trial indicated that two-species mixtures would yield greaterthan those of the
three-species mixtures. This was not similarto the results found by Sanderson et al. (2005) as they
foundthat mixtures that contained three to nine species would produce greateryield than those that
contained two-species. However, they only tested a two-species mixture of cocksfoot (Dactylis
glomerata) whichis known forlow DM yield and summer persistency. Therefore, for the pasture mix
to produce greater DM and supress weeds effectively it would need toinclude either ryegrass or

plantain orboth ryegrass and plantain at high proportions.
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5.3 Relative abundance

The varied proportions of speciesin theirrespective seed mixes had no effect on total dry
matter production and weed suppression (Figure4.3and Figure 4.12). Expectations were that if
species were sown at equal proportions than they would have equal proportions of the yieldin the
mix (Kirwan et al., 2007), or if one species was sown dominantly by seed population than it would
remain the dominating speciesinthatspecies mixyield. However, this was not evident as all sown
species appearedto performdifferently in theirrespective mixtures compared to their
monocultures. White cloveryielded less than expected in each mix thanit did as a monoculture, this
was due to poorestablishment due forthe autumn sowing. The results weresimilarto Sanderson et
al. (2013) which found that no pattern of greateryield for mixtures with increasing species evenness.
The results also agreed with Sanderson et al. (2013) who also found that there was no difference in
weed suppression between mixtures that were dominated by one species and mixtures with an
equal proportion of species. This may have been due to weeds being suppressed by species diversity
(Frankow-Lindbergetal., 2009). The weed suppression results demonstrated that all species
mixtures across all treatments had good weed suppression (<20% weeds) except formix 8in low
sowingand high N availability which had 53.6% weeds which was significantly greater than all seed
mixes. This was due to the availability of N fromthe soil forthe weeds and the fact that lower sowing
rate allowed for competition forlight and space toincrease the proportion of weeds, this was similar
to the findings of Dukes (2001). Therefore, for the pasture mix to supress weeds effectively it needed
to include either high proportions of ryegrass or plantain or both ryegrass and plantain. The results
indicated that there was no evidencethattotal yield and weed suppression were greater for
mixtures of even proportions or of mixesthat had in one dominatingspeciesinrelationtoall three -

species mixes.

The results could be more significantif the trial had been springsown whichwould resultina
greater proportion of white cloverin each mix. Thiswould have had a greaterimpact on total yield
and weed suppression and perhaps the proportions of each speciesinterms of yield would have

beensimilartothat of the sown seed mix.
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5.4 Practical implications

The results of this study indicated that sowing diploid perennial ryegrass, white cloverand
plantainin different pasture mixes, in an autumn sowing (late March) will resultin high proportions
of ryegrass and plantain and lower proportions of white cloverin relation to total yield. This was
consistent across both sowingratesand N applications. Autumn was notfavourableforthe
establishment of clovers, resultingin pooreryields, this could li kely improve performance by sowing
inspringwhen temperatures are warmer. When selecting pasture seed mixes perennial ryegrass and
plantain should consist of at least 50% of the total seed mixture to achieve highyields. This was
consistent across both rates, although increasing sowing rate increases the proportions of perennial
ryegrass, inthe longterm this will most likely affect the overall quality of the pasture as clover
persistence was weakened resultingin less biologically fixed N being provided to the perennial

ryegrass.

Increasing species richness (increasingamounts of speciesinthe mix) in the pastures mix did
not resultinincreasedyields. Adding white cloverinto the mix to add biologically fixed N toincrease

the persistence of the pasture is beneficial, butis not crucial for high DM production.

Thereisalso the cost increase of doubling the sowing rate to considerfrom 20 kg/hato 40
kg/hafor (mix 7) three-species even mix. Perennial ryegrass seed costs $3.80 kg at 8.13 kg/ha, white
cloverseed costs $9.50 kg at 4.68 kg/haand plantain seed costs $18.75 kg at 6.28 kg/hawhich total
costs $193.10 kg/ha more than the low sowing rate (Cridge Seeds, 2017). If this mix only produces on
average an extra 152.5 kg DM/ha regardless of N application (Figure 4.19) from the increase in
sowingrate at 20c kg DM this would only return and extra $30.50/ha to the farmerso economically
thisis not viable forthe farmer. The farmerwould need toincrease that yield to 966 kg DM/ha just

to break even.

The model generated from this experimentin the first two harvests on the 4™ of August and
the 13t of September 2017 across the establishment phase was not a good fit for the actual data.
Thiswas due to the variation between the estimate datavalues and actual data values of weeds,
perennial ryegrass, white cloverand plantain. The model may become a betterfitto the data by the
continuation of the experiment, as the species startto have more significant effects on each otherin

theirrespective seed mixes.
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5.5 Futureresearch

Continuingthis experiment would be valuable to gain long term data on the performance of
the pasture mixtures. Thiswould be interestingto measure how the botanical com position changes
with continued harvesting and competition between plants with increasing age of the pasture.
Harvesting overthe summer period would giveagood indication of the white clover performance as
thisiswhenthe plantis mostactive and hasthe greatest production. The yield for plantain overthis
period would also be of interestas thisis whenthe plantis most active. The long-term persistence of
perennial ryegrass, white cloverand plantainintheir pasture mixesis anotherkeyaspectforthe
continuation of this experiment, especially for plantain which has been reported to have arelatively

short-lived persistence in pastures (4years) (Stewart et al., 2014).

The continuation of this experiment would resultin agreater understanding of how the sowing
rate has any effect onthe total DM production of each mixture. N too would also be of interestto
investigateifitincreasesthe production for multiple species mixes. There is also the potentialto
analyse the nutritional value (metabolizable energy) of the pasture from further harvests to see how
the nutritional value of each mix is affected overtime. Repeating this experiment with aspring
sowingand lowersowingrates would highly benefitthe proportion of white clover due to the higher
temperaturesincreasing the establishment rate and less interspecificcompetition. Livestock
performance could also be investigated on each of the pasture mixes across both ratesto see how

animal performance responds to each treatment.
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Chapter 6

Conclusions

Perennial ryegrass and white clover, white clover and plantain two-species mixes both
performed greaterthan the averages of both monocultures, thisis due to the poor
establishment of the white clover monoculture. Perennial ryegrass and plantain two-species
mixes did not perform greaterthan the averages of both monocultures due to the large

yields of the perennial ryegrass monoculture >5061 kg DM/ha.

There was no yield benefit of including more than two-speciesin a pasture mix due tothe
interspecificcompetition caused by perennial ryegrass suppressing both white cloverand

plantain.

Perennial ryegrass and plantain had greater suppression of weeds than white clover because

of theirability to rapidly establish afteran autumn sowing.

White clover monocultures were dominated by weeds and suppressed by perennial ryegrass

and plantainintheirrespective mixes.

Sowingrate and nitrogen level had no effect on weed suppression or species proportions due
to the competitiveness and ability to establish for perennial ryegrass and plantain except for
low sowing rate and high nitrogen which increased weed proportion in mix 8 (% of perennial

ryegrass and % of each white cloverand plantain) which had anincrease in weed.

The evenness of the proportions of speciesin their pasture mixes had no effect on dry matter

production orweed suppression.
There was no benefittotillering caused by increase in sowing rate and N application.

The special cubicmodel was a valuable for predicting the yield of the monocultures and their
two-species mixes, but notfortheirthree-species mixes as there was no benefitof including
anotherspeciesintothe mix. The three-species mixes yield was less of the two-species mixes

and was varied due to the poor performance of the white cloverin each mix.

Furtherresearch of the perennialryegrass, white cloverand plantain and theirrespective
mixes performance isrequiredinto late spring and summerfollowing establishment to

determine furtherspecies effects, species richness and changes to species abundance.
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