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ABSTRACT

Differences in croppingractices, includingjllage, inputs and crop rotations are the driving
factors affecting weed dynamics (weed abundarm@position and cropreed competition)

which can ultimatelyaffectcrop yields. Several experiments were carried out to assess the
impact of longterm organic and conventionaiopping systemen weed abundance, weed
community composition, crop yield apeeld loss using a lonterm (18 yearalternative

cropping systems study (ACS) at Scott, Saskatchewan, CaraaCsS study consisted of

three input systemsamelyhigh (conventional tillage), reduced it conventional) and
organicinput systemsindthree crop rotation diversities (low diversity, diversified annual grains
and diversifiecannualperennials).

A statistical analysis of the Jgarrotationrevealed that the organic rotations hémer
andseventimes higher weed density and 32% and 36&%er crop yields than the reduced and
the high input systems respectively. Weed community composition was consistently different in
organic rotationgompare to the two conventional rotations throughout ylears, butear to
year random variations weneore profound. All cropping systemsosted an increase in weed
density weedbiomassand crop yields oveime, probablydue to an increase in rainfall over
time. Increasing the crop rotation diversity with annual packennial cropslid notreduce
weedsputdecreased op yields in all systems. A twgear micreplot experiment with four
additional weed competition treatments on the ACS study revealed that the wheat yields were
lower in the organic rotations even in the absence of wargl/ing that lowe crop yields vere
due to soil fertility related factors. A greenhouse pot experiment from soils obtained from both
organic and reduced rotations revealed that wheat yields were still lower in organic compared to
the reduced input systemeven after excasnineralN and P were adde8urthermore, a
differences ircropyield loss due to weed competition among cropping systeens identified
Overall, this study revealed that eliminating tillage and reducing inputs are possible without
long-term changes iweed abundance, weed community composition or affecting crop yields.
However, eliminating synthetic inpués was done ithe formof organiccrop rotations resulted

in increased weed abundance, changed community composition and decreased crop yields.
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1.1 General introduction

Advancements in crop production technology have become necessary to feed the growing
population ever since humans domesticated crops. At present, the challenge is enormous since
the population is projectdd increase to-40 billion by 2050 (Gerland et al. 2014). The Green
Revolution, which began during the 195006s, pr
enhance the productivity of the agricultural lands to that from théendtestrialized era by
introducing high yielding varieties and synthetic inputs such as fertilizers, pesticides and
herbicides. The green revolution transformed the cropping systems to rely on external inputs than
ecological processes to manage soil fertility, crop pests and \(@ellis et al. 2005). Despite
greater yields (Tilman 2001), there is a growing concern to move away from this high input
conventional systems to leimput sustainable systems (Derpsch 1998; Zang et al. 2002) due to
the negative impacts to the environm@tiesnbury et al. 2008; Guo et al. 2010) to agro
ecosystems (Bowman et al. 1999; Campbell et al. 2Df}tren 2001), natural ecosystems
(Carpenter et al. 1998; Tilman 2001) and to human health (Garry et al. 1996; Bouchard et al.
2010). Therefore, reducirtdglage (Derpsch 1998; Zang et al. 2002) and organic farming systems
(Rigby and Caceres 2001; Willer et al. 2010) becoming more popular. Thus, the transition from
input intensification to ecological intensification of crop production (Bommarco et al. 2Z012)
becoming the next paradigm shift in crop production.

Weeds compete with crop plants for limited resources and thereby can cause yield losses
even up tb0% (Harker et al. 2001; Johnson et al. 2004; Oerke 2006). Weeds can be more
difficult to manage uder changing cropping practices as they are biological entities subjected to
adaptation (Thompson 1999; Palumbi 2001; Neuhauser et al. 2003; Neve et al. 2009). Cropping
systems are diverse with a wide range of disturbances, frequencies and timing of télage,
fertilizer application, herbicide application, crop seeding and harvesting in which they act as
diverse ecological filters to select particular species or community (Booth and Swanton 2002).
The more diverse the cropping systems the more @itkesselection pressure, thereby it
disruptsthefavorableenvironmental conditions for a particular species.

Substantially lower crop yields (280%) in organic systems compared to conventional
systems (Seufert et al. 2012; Poinsio et al. 2015) arefadhe main reasons fdine low adoption

of organic crop production. Managing soil fertility and weeds are the most common crop
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production challenges for organic cropping systems due to inadequate alternatives for the
external synthetic inputs. Managingeds in conventional systems is also difficult due to rise in
cost of herbicides, the negative impacts of herbicides and increasing resistance to herbicides
(Heap 2015). Furthermore, in conventional systems, reducing tillage is known to be
environmentally gstainable, but it can result in an increase weed abundance and cause changes
in the weed community composition (Swanton et al. 1993; Derkson 2002; Sosnoskie et al. 2006).
Therefore, there is a need to assess the impact of different cropping systemd abuneance
and community composition in orderdevisebetter weed management strategies.

Cropping systems not only influence weed abundance and composition, but can influence
the intensity of cropveed competition, thereby causing differences in crefayosses (Ryan et
al. 2009; Smith et al. 2010). Therefore, there is a potential to enhance crop tolerance to weed
competition by better cropping practices. According to Smith et al. (2010), increasing the
diversity of soil resources can be a key compboémcreasing crop tolerance to weed
competition. Still, the impact of cropping systems on overall weed dynamics (weed abundance,
weed composition and yield loss due to weed competition) is less studied under diverse cropping
systems in a given regionlgb, the impact of cropping systems on weed dynamics widely varies
depending on the farming conditions and need to be assessed locally. Therefore, understanding
the agreecosystem processes and their functions on weed dyniarntiekey to constructing
sustainable crop production systems.

Cropping systems in the Canadpnairieshave evolved from tillagbased, lowdiversity
rotations to néill systems with more diverse crop rotations (Lafond et al. 1992; Dhuyvetter et
al. 1996; Zentner 2002). Furtherraporganic systems have gained popularity irptiagries
(Statistics Canada 2011). Even though we have a general understanding of the effect of crop
management practices on weed abundance and weed composition, these dynamics can differ
based on the ovdt@ropping systems practiced in a region. Furthermore, the sustainability of
these cropping systems in terms of weed management and crop yields is not well known. Due to
the diverse environmental and geographic conditions among farms, cropping systagimp
weed dynamics and crop yields can vary. Therefore, comparing these diverse cropping systems
in a single cropping systems experiment can
weed dynamics and crop yields. Furthermore, due to thenconis presence of weeds in organic

systems, impacts of soil fertility on crop yields may often be confounded in these systems.



Therefore, the relative influence of soil fertility and weed competition on crop yields in organic
systems is not known. Henclegte isaneed to understand the impact of weeds and soil fertility
on crop yields in organic systems.

The longterm alternative cropping systems (ACS) trial at Scott, Saskatchewan, Canada
maintained by Agriculture Agifood Canada is a unique experimesitas the only longerm
(18 year) study that compares organic, reduced inptiil(pnand high input (conventional
tillage) systems under three crop rotation diversities (low diversity, diversified annual grains,
diversified annual and perennials) retCanadiamprairies Therefore, the overall objective of
this PhD thesis is to utilize this lorigrm cropping systems study in order to understand long
term weed dynamics and crop yields under diverse cropping systemsraities The overall
hypothesis of this PhD project is that the loteym practice of diverse cropping systems in the
Canadiarprairiesdifferentially affects weed abundance, weed community composition and crop
weed competition; thereby, causes differences in crop yields. Accordinglipllowing
researclobjectives will be achieved.. The effect of eliminating tillage and reducing synthetic
inputs in conventional cropping systems on weed abundarteomposition2. The impact of
eliminating synthetic inputs ithe formof organc farming on weed dynamics and crop yields, 3.
The effect of increasing the crop rotation diversity on wadaehdance, compositi@nd crop
yields, 4. The effect of diverse cropping systems on-erepd competition and he main
yield limiting factors inorganic compared to conventional cropping systems. Overall, this thesis
will provide a comprehensive understanding of the {rgh weed dynamics under diverse

cropping systems in th@rairies

1.2 Organization of the thesis
The research results presehie this thesis follow a manuscript format. The four

experimental studies are contained in chdptéaree to six. Out of the four research chapters the
first two chapters (chapténreeandchapter fouy include a historical data analysis of weed and
yield data collected from the ACS trial for 18 years. These two chapterdesitibehe long

term impact of diverse cropping systems on weed density, weed bianthageeccommunity
composition and crop yields in the ACS stu@hapter five describesop-weed competition
between organic and conventionattiib(reduced input) systems in a wheat phase in the last two
years (2011 and 2012) of the ACS studlgapter six of this thesis presents the results from a
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greenhouse study where cragged competition as assessed between organic and conventional
systems under nelimiting soil N and P conditionsChapter seven contains the general

discussion, overall conclusions and future directions.
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2.0LITERATURE REVIEW

2.1. Introduction to weeds

AWeeds have been a constant and i ntandooald e comp

tell us a lot more about man, where he has been and what he has done, if only we knew more
about them. o6 Harlan (1982).

Weeds are plants exist in disturbed habitats such as crop fields, pastures, plantation
forests, rangelands and aquatic habitAgricultural weeds are the plants that have interfered
with human activities ever since the time humans started cultivating crops by disturbing natural
ecosystems (Snir et al. 2015). Weeds interfere with crop production and most of the time
negatively mpact the yield and quality of the crop resulting in substantial economic losses.
Therefore, weeds in general are defined as plants objectionable and unwanted that interfere with
human activities. However, weeds have been defined in numerous ways, depmitin
characteristics and their impacts. Therefore, weeds are also synonymously termed colonizers and
invaders depending on the perspective of the definition (Rejmanek 1995). Accordingly, based on
biogeographical, ecological and anthropogenic viewpoivegds are plants that are native or
introduced species (alien) that colonize disturbed habitats and interfere with human objectives
causing negative ecological or economic impacts on agricultural or natural ecosystems.

In terms of global crop losses tegis, weeds are ranked number one compared to other
pests in agriculture incurring yield losses up to 34% (Oerke 2006). In a survey in Canada of 58
crop commaodities, it was identified that annual losses to weeds are worth of $984 million with
the majority($612 million) from vestern Canada (Swanton et al. 1993). Weeds not only reduce
crop yields, but also affect the aesthetic value of the ecosystems and can harm human health

(Bridges 1994). Hence, controlling weeds has been gixenty in crop production

2.2 Ecology and evolution of weeds
From an ecological perspective, agricultural weeds are plants that successfully colonize

disturbed but potentially productive sites and are able to persist under continuous disturbances
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(Mohler 2001a). There are twerspectives of weed evolution that can be identified. According

to Baker (1974), weeds are believed to be a specific set of plant species thaiaalapped with

a specific set of traits or a general purpose genotype ideal for proliferation and adaptdéo
agricultural ecosystems. High fecundity, rapid growth rate from vegetative to reproductive phase,
phenotypic plasticity, and high tolerance to environmental heterogeneity are thought to be some
of the common most important traits in weeds. Howestdiers suggest that adaptive evolution
takes place in weeds where rapid evolution take place in weeds due to prevailing environmental
changes and due to management factors which assists in their survival under changing
environmental conditions (Thompsof9b; Palumbi 2001; Neuhauser et al. 2003; Neve et al.
2009). Since both perspectives of weed evolution are important, most problematic weeds may be
considered to have some weedy characteristics, which are then subjected to rapid and localized

adaptive evaltion over time under changing environmental conditions.

2.3 Agro-ecosystems and weed evolution
Plants that were pradapted to natural disturbances were the first type ofgptelected

for domestication by humans. Wild colonizing plants are believedveexistedeven before

agriculture began and were opportunistic in terms of fluctuations in environmental conditions to
colonize (Snir et al. 2015). These wild colonizing species are believed to be the plants that were
domesticated by humans (De Wet &@uring the domestication process, wild plants were

gradually adapted by humans to the changing environments ieegsgstems. The

domestication of wild plants to crops was a continuous process. During the crop domestication
process, simultaneous, ntentional parallel adaptive trait selection processefamution)

occurred in other species-eaisting with the crops. These plants eventually evolved into

aglicultural weeds (Harlan and Deat/1965). Ceevolution involves reciprocal natural selection

between two or more groups of organisms with a close relationship without any genetic
exchangdGuglielmini et al. 200). This ceevolution is evident from the fact that over 40

percent of the worl|l doés wor sceefamdiesdhschdlsel ongs ¢t o
produce most of the worldés food. Colonizatio
common. Wild plants that become weeds are believed to be generalists that can survive under a

wide range of environmental conditions and then gain spegéedy traits with cevolution.



Barnyard grassHchinochloa crusgallL.) is the most classic example fsuch weedghatmimic
the phaology of the cultivated rice to survive in the agapsystem.

New weed species can develop from hybridization betwesrs and their wild relatives
(Harlan 1982; Ghersa et al. 1994). Hybridization of crops with wild relatives can result in crops
obtaining weedy traits from wild, and weeds obtaining traits adapted to agriculture ecosystem
from the crop. Weedy sunflowefldelianthuis annuus..), weedy beetBeta vulgarid..) are
such instances of hybridization with the crop. Weeds also can originate from cultivated species
that are abandoned or escaped from domestication (feral crops). WeeSgagke (cereadl.)
and wedy rice QOryza sativa..) are the most common such weeds. In spite of the mechanisms a
plant became weedy, adaptive evolution can take place in all weeds allowing them to persist
under diverse environmental conditions. Genetic variation and selectionrprass the two
prerequisites for plant evolution. In ageoosystems, the selection pressure is imposed by local

environmental conditions as well as the crop and weed management practices.

2.4 Weed communities

2.4.1 Weed community assembly
A community isa collection of species that occur in the same space in a given time

(Begon et al. 1999). According to the community assembly theory, biological communities are
assembled and they follow trajectories (community states) through time governed by both biotic
and abiotic factors (Diamond 1975). Membership in the community is bounded by
environmental filters or ecological constraints acting on the species pools. Thepkfore
populations exist as components of a plant community determined by the assermbjeies

that occur in the same space and time (Begon et al. 1999). The species pool is a collection of all
species that can colonize a given focal site (Srivastava 1999). This community assembly
hypothesiss in contrast to the hypothesis that speciesiom a given environment is a random
subset of the species pool (McArthur and Wilson 1967; Weiher and Keddy 1999). According to
the assembly theory, occurrence of species in a habitat is not random, but determined by the rules
that set how niche spaceutd be divided for caexistence among species (White and Jentsch
2004). As albiologicalcommunitiesweed communities also believed to be assembled (Booth
and Swanton 2002).
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Eventhough plant communities are believed to be assembled they are notratatiay
not alwaysoe inequilibrium, but they insistently change in response to the internal and external
cues (Booth and Swanton 2002). Plant communities differ in their responses to disturbances as
plant species are unique in their regeneration requireni&rubb 1977). Agricultural weed
communities can be highly dynamic as their environment vary over time either due to
anthropogenic or natural phenomenon. The main determinants of the community assembly are
dispersal constraints, environmental constsaamtd internal dynamic&éddy 1992 Belyea and
Lancaster 1999). In agricultural ecosystems, weed community assembly is also determined by
crop management practicesundan intervention in agriculture systems is the main difference
between plant communitied natural ecosystems and in agr@osystems, therefore, more focus
is needed to understand crop management induced weed community dynamics in agro

ecosystems.

2.4.2 Species pools
Species pool is a collection of all species that can colonize a giversitecg¢brivastava

1999). Community assembly could be better understood by identifying the different species

pools in an ecosystem since assembly rules act upon these various species pools to determine the
community. Belyea and Lancaster (1999) illustrated there are many types of species pools

which superimpose to determine a particular type of community (Figure 2.1). Dispersal

constraints limit the species pool to a particular geographic region (geographic species pool),
abiotic factors limit the spees pool to a particular habitat (habitat species pool) and the

ecological species pool is the overlapping component of the above two species pools. Finally, the
internal dynamics (competition, predation) within the ecological species pool determine the
asembly of the plant community (Figugel).
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Community

Figure 2.1. The relationship among four types of species pools and the processes that
determine the membership within each species pools. Adapted from Belyea and Lancaster
(1999).

2.4.3 Assemly rules

2.4.3.1 Dispersal limitation
Most agrestral weeds have relatively poor adaptations to disperse, thus require human

intervention to spread locally and in a wide geographical range. Weed seelispeasdy
contamination with crop, soil, carrie¢ bvestock externally or internally and transported by
machinery or irrigation water (Holzner and Numata 1982). Dispersal limitations determine the
number of species and their amount of propagules arrive on to a particular site. Even if the
species arrivg at a site are kept constant, different communities can result due to the sequence
of their arrival, frequency and the rate of species introduction (Booth and Swanton 2002). The

species order of arrival can determine the ultimate community compositioan(a 1985;
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McCune and Allen 1985). Once arrived, weeds (geographic species pool) undergo different
ecological and physiological processes that determine their establishment, growth and
reproduction. Weed seeds usually have dormancy mechanisms thahaitowotsurvive harsh
environmental conditions and germinate wierouableconditions prevail. Seed dormancy is
an important trait in weeds for lorigrm persistence in disturbed habitats (Guglielmini et al.
2007). Under most circumstances, most weedsspersist in the soil seed bank and act as the

main seed source of the new generation.

2.4.3.2 Environmental constraints
From thetotal species poglthe plant species that pass through the environmental filters

(constraints) are more likely to compose tiabitat species pool. The abiotic environment is
highly dynamic, creating challenges and opportunities for individuals to establish. in agro
ecosystems, the environmental variations can be either less stressful where most species can
survive or can be éseme that can determine the species composition depending on the type of
species that can withstand these extreme conditions (Booth and Swanton 2002). However, plant
communities will not always resnd to the environmental pertations (Weiher and Keddy

1999) since these environmental filters may not be always strong or species can escape these
filters due to their genotypic diversity and phenotypic plasticity. Weeds are thought to be more
plastic than noweedy plants; hence, could be able to pass throumst of the environmental

filters. Furthermore, weeds with persistent seed bank could be the ideal escape mechanism for
environmental constraints. However, besides normal environmental regulations of community
pattern, drastic seasonal shifts in climede@ be more important components of assembly rule

processes (Drake 1990).

2.4.3.3 Internal dynamics
Even when plant propagules arrive and successfully establish within a habitat, not all

species will eventually constitute a particular plant community. @mesrged, plants always
interact with the surrounding biotic environment (internal dynamics) in order to obtain growth
resources such as nutrients, light, and moisture. Furthermore, the internal dynamics such as
competition, herbivory act on the ecologispkcies pool to determine the community structure
and composition. Competitive interactions among plant communities are considered to be

ecologically significant because of their great potential for shaping patterns of distribution,

13



abundance and the tteiof competing species (Gause 1934). Even though competition does exist
in plant communities (Grace and Tilman 1990) the exact mechanism of competition as an
ecological filter ispoorly understood. However, competition f@sourcesan be considered as a
filter in community assembly as it can cause even speciation (Aldrich and Kremer 1997). Even
though internal dynamics and environmental constraints are considered as separate filters for
community assembly, these two factors interactively determine a gnitynThe competitive
mechanisms, the intensity and their direction can be varied depending on the underlying
environmental conditions or disturbance regimes (Belyea and Lancaster 1999). Thus, under
different environmental conditions species with diffeiariraits will have differential

advantages. For instance, competition for moisture will be trivial after rainfall and subsequently
light will be the limiting resource. Therefore, tall species will benefit than species with deep root
systems. The randoffuctuations in the environment may weaken or interrupt internal dynamics
but may not preclude the importance of the process in structuring the community (Chesson and
Huntly 1988, 1997). Furthermore, it can be a two way process whereby plants and the

environment in which it exist affect each other (Vandermeer 1989; Guglielmini et al. 2007).

2.5 Crop-weed competition
Competition within cropveed communities oftetietermiresthe productivity of

agricultural systems. In agexrosystems, crg@nd weed competewith each other for

resources. These interactions are believed to have influence on the shape, morphology and life
history of individual plant of the weed commun{iadosevich et al. 1997). Theop-weed

community is determined by the growth limiting tais (quantity and variability of resources

which is minimum required) and the tolerance levels of species (Odum 1971). A crop either can
suppress weeds by peenpting growth resources or can tolerate weed competition reducing the
yield loss. The crop's dly to suppress weeds is mainly determined by genetically controlled
characteristics such as plant height, relative growth rate, leaf area index (Huel and Hucl 1996;
Lemerle et al. 2001) and therefore we can observe diffesgmcempetitive ability amig crops
(O6Donovan et al. 1985; Lemerl e et al. 1995;
(Zhao et al. 2006; Benaragama et al. 2014). Importantly, cultural practices such as higher seeding
rates (Benaragama and Shirtliffe 2013) and nammwspacing (Koscelny et al. 1990; Fanadzo

et al. 2007) also can contribute to increased crop competitive ability (O'Donovan et al. 1999;
Olsen et al. 2004). In contrast, crop tolerance to weed competition has been found to be less
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controlled by genetic nehanisms and more often by environmefaators Cousens and
Mokhtari 1998; Ruiz et al. 2008; Benaragama et al. 2014). However, the factors governing crop

tolerance to weed competiti@menot well understood.

Crop yield loss due to weadmpetitionis well known to increaswith anincrease in
weed density (Cousens 1985). Yet, other biological and ecological factors of crop and weed
could alter this basic relationship resultingeitheranincrease or decrease in yield loss making
it complicated to prddt yield loss solely due to weed abundance. Plant competition for
resources can vary depending on the species traits (crop and weed) and the type and the timing of
the availability of resources. Accordingly, the diversity in species (both crop and \aeedse
diversity in resources could alter crayged competition. Understanding craeed competition
in relation to all the above factors may result in reduced yield loss as vaelirdkiential factor
regulating weed population and community dynanmcagreecosystems. Climate, soil,
biological factors and crop management practices can influence the balance ifaedthesf
the crop or the weed. When the weethimurednot only the abundance and distribution of
weed could be high, but crop yielosk due to weed competition could increase. Furthermore, the
understandings on plant coexistence based on niche sepéGHicsel934; Silvertown 2004)

provided further insights to understand ckeped competition.

2.6 Weed diversity
Biological diversitycan be identified at different levels such as genetic, somatic, spatial,

and temporalspecies and trophic (Dekker 1997). Plant species diversity in a community is an
outcome of several factors such as plant genetic resources, abiotic and biotic emts@nde

crop management practices (Almekinders et al. 1995). Intensification of crop production
practices and the use of herbicides are known to have reduced weed species diversity in crop
lands (Chancellor and Frotilliams 1986; Johnson and Coble 198&schoff and Mahn

2000. The impact of the plant diversity on community and the ecological functions of an
ecosystem is debatable as there are two theories. According to the species redundancy
hypothesis, there is a minimum diversity required for the fanitg of the ecosystems and
beyond that species are redundant in their roles (Walker 1992). In contrast, the estaidity
hypothesis assertsat diverseeommunities are more stable as they resist and recover from

disturbances. This occurs becaasgreater diversytin species allows for differences in
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ecological functions (Kikkawa 1986). The idea of diversity leading to stability may not be
applicable to all ecosystems (Goodman 1975; Walker 1989). In modern agriculture, since
productivity is conglered more important than stability or sustainability, the concept of diversity
can be counterproductive (Hall and Clarke I@®%mmer 1998).

Species diversity generally refers to the species number (richness) and their relative
abundance (evenness) (Magun 1988; Tonhasca 1993). Both of these aspects of diversity are
important to understand diversity in a community since two communities with identical number
of species (richness) can differ in terms of evenness. Therefore, composite diversity indices
which incorporate both species richness and evenness are often used to describe species diversity
(Tonhasca 199%lements et al. 1994). The most commonly used composite diversity indices
include the Shanneweiner index (Shannon and Weiner 1949), Simpsodsx (Simpson
1949) and alpha (a) of the log series index (Fisher et al. 1943). Each index has its own
advantages and disadvantages and the choice depends on the data set utilized (Magurran 1988;
Clements et al. 1994). These diversity indices can beaditia capture some of the effects of
cropping systems on weed communities, but not the total dynamics of communities. Changes in
community diversity due to agronomic practices are well known, particularly the effect of
herbicides, tillage (Odum et al. 19%hd crop rotation (Stevenson et al. 1997). Importantly, less
is known about the overall impact of cropping systems on weed community diversity. From a
weed management perspective, the dominance of few weed species can cause complications in
long-term we&l management. Weed communities with dominant species have a better chance for
adaptations to weed management practices through novel genetic variation by increased
mutations and recombination potentially makihgmrather difficult to control over time (@tve
et al. 2009). Hence, maintaining a more even species commuuagya#ly considered laetter

option

2.7 Agroecosystems and weed dynamics

2.7.1 Weed population dynamics
Weed population dynamics (birth and death) are mainly internally controlletd due

intraspecific interference. Furthermore, the external factors (environment) vary between
generations and within a generation, thereby can affect the species population growth rate and its

potential equilibrium population density (Cousens and Mortim8b1L9n agreecosystems, the
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external factors could be further understood in relation to environmental factors, crop
management practices and interactions between other organisms (weeds, pests and pathogens)
(Cousens and Mortimer 1995). Therefoseed flaistic composition and species adaptation are
assumed to follow the temporal pattern of environment change resulting from interaction
between climate variables and agronomic variables related to a particular farming system
(Ghersa et al. 1994). The enviroantal factors also known as stochastic procesfiasncethe
population dynamicdue tothe random variations in birth and death ratmssed byveather or

any form of abrupt disturbances in the environment. The deterministic praciessare more
congstentoccurdue tothe interactions between biotic components in a community and other
predictable ecological processes (Freckleton and Watkinson 2002). The random fluctuations in
weed abundance impose great difficulties in predicting weed abundanckasanicg weed

control strategies accordingly. However, changes that occur due to deterministic factors are more
predictable and can be manipulatedavourof the crop than the weeds. In agroosystems

there can be diverse deterministic factors actirmpupeedghatinfluence both population and
community dynamics. Therefore, it is unlikely that a single factor will determine the attributes of
a weed community, but the relative importance of different factors could highlyh&gge and
Samson 1999).i6ce both these extrinsic and intrinsic factors shape up the weed community, it

is vital to understand all these factors to understand weed dynamics in @&tagystem.

2.7.2 Crop management and weed dynamics
The weed community in a crop field can beedlection of the prevailing environmental

conditions (stochastic events), as well as agronomic practices applied (deterministic processes) in
the field Lososovéet al. 2004; Fried et al. 2008). Agricultural lands are frequently disturbed
either due to héicides, grazing, burning or tillage. After crop has emerge there is a high

demand for nutrients and then crop develops a canopy which covers up the soil suppressing
weeds that might emge later. Therefore, crop lamthderg@sdifferent disturbances with

periods of live plant cover is very high and the soil resources are low, followed by no plant cover
but high soil resource@Guglieminiet al. 2007). These forms of frequent and consistently
disturbed habitats are the key features in-@&gasystems. Suaontinuous, predictable, cyclic
pattern of disturbances can provide assembly conditions for naturally occurring weed
communities (Ghersa 1994). Weed communities undergo strong selective forces imposed by
human that determines the species survival, evolatiopattern and succession (Harlan 1982).
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Therefore, in agr@cosystems weed community dynamics (abundance, composition and
fecundity) are highly governed by crop production practices. Crop type (Smith et al. 2006; Fried
et al. 2009), crop sequence (Bolaral. 2011), sowing date (Gunton et al. 2011), tillage systems
(Cardina et al. 2002; Sans et al. 20addiherbicide application regime (Dieleman et al. 1999)

have all been found to explain a large part of the variation in weed communities among fields.

Disturbances in agrecosystems can cause weed community changes in relative
abundance mpeciecomposition. Disturbances causes selection pressure, which eliminates
susceptible species from the existing community and allows surviving species or biotypes
increase in abundance (Derkson 2002; Manley 2002). The occurrence of regular disturbances in
agraecosystems disrupts the natural succession of weed communities. Therefore, despite the
natural environmental variations, human intervention in agriclilgysiems is an important
determinant of weed abundance, distribution, composition and competitive ability. Differences in
weedy species in seed dormancy mechanisms, emergence patterns, growth plasticity, life cycle
and overall life duration, shade tolecan competitive ability, seed dispersal mechanisms, as well
as the morphological and physiological variation can contributetoaunityresponse to

management practices.

Compared to natural ecosystems, arable lands are characterized by regulargrandrrin
highly predictable disturbances (FreWdlliams 1988) Weeds thrive in agrecosystems
compared to wild species which are more adapted to unpredictable disturbances (De Wet and
Harlan 1975). Crop management practices are important drivers of weetlodgndynamics
(Dale et al. 1992, Derksen et al. 198&nalled et al. 2001). Some species react positively by
increasing their abundance and distribution while others fail to survive (Radosevich et al. 1997).
Human intervened disturbances occur in adfica land due to intense management of crop via
tillage, fertilizer application, herbicide application and harvesting operations. Therefore, the
spatial distribution and abundance of weeds are highly determined by a wide range of cultural
practices in crpping systems. In a broad sense, crop production practices can be categorized as
tillage, crop rotation and weed control practices (Aldrich and Kremer 1997). These management
practices can exert selection pressures (filters) at different life stagese®, seedling, and
reproductive. Furthermore, timelines of different crop management practices have various

impacts on weeds at different growth stages. Cropping practices also cause evolutionary changes
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in weed traits related to seed germination, leapshflowering pattern, seed shattering, seed size
and shape and herbicide resistance (Radosevich et al. 1997). Realizing that cropping practices
can act as ecological filtevghich create assembly conditions can provide the framework to
determine and préct weed community dynamics.

2.7.4 Impact of tillage on weed dynamics
Tillage is the most important crop management practice that changes the soil conditions

(physical, chemical, and biological processes) in arable land; thus, it can be considered as a
primary environmental filter for thebove andelowground weed community. Tillage creates
different micreenvironments for weed seeds due to the differences in porosity, bulk density and
soil surface conditions at the time of planting (Lal et al. 1994nt®@iffer in their abundance

and distribution mainly due to differences in the availability of m&tes for germination

(Grubb 1977)and their germination niche¥he availability of micresitesdepend®n the soil
physical, chemical and biological grexties which can be altered by different tillage practices
used in crop production. Alterations in soil conditions can lead into differences in species
abundance that ultimately shape the community (Harper 1977). Recently tilled soils tend to be
warmer, lave higher diurnal temperature fluctuations, higher nitrate concentration and better
aeration relative to undisturbed soils (Gebhardt et al. 1985; Cox et al. 1990). Weed seeds require
adequate moisture, aeration and temperature for the germination. ©hdgens are more
favourable for germination in the upper soil layer. Tillage intensity affects weed emergence, seed
production, vertical distribution and density of weed seed banks in arable lands (Buhler 1995).
Vertical distribution of seeds in the sdeahk is a critical factor determining seed survival,
germination and emergence (Mohler 1993). A review of studies by Mohlerg2€@icludes

that after a single moldboapliowing, vertical seed distribution follows a skewed normal
distribution of densityith increasing depth. However, with other implements a monotonic
decline inweeddensity was observed. Yet, with multiple operations with either implement, seed
distribution became more uniform with depth. Tillage not only inverts soilalbaenhanceshe
decomposition of organic matter; thereby, increase nitrate levels in the soil. Enhanced nitrate

levels in the soil can increase germination of weed seeds (Pons 1989).

Disturbance caused by tillageirgtiates ecological succession, which resultthmweed
community being dominated by annual species instead of perennials (Mohle}.2001
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Conventional tillage is usually accomplished by moldbgdosl and subsequent secondary
tillage is practiced with a disk pdo Moldboard pleving inverts the soil ath consequently bury
growing weeds. Tillage is an effective weed control method especially good at controlling
perennial weeds regenerated from underground vegetative organs (Conn 1987)s Despite
weed control benefits, moldboard pliogy has been repladewith conservation tillage due to
environmentatoncernsspecifically the high rate of soil erosion associated plithving

(Larney et al. 1994). Conservation tillage is the reduction in tillage while maintaining a crop
residue cover of at least 30% tetsoil surface (Swanton et al. 1993). Conservation tillage
either can be reduced tillage practiced with chisel plow or zero tiiilfhor he differences in

soil disturbance levels influence the soil seed bank composition.

A persistent soil seed bankiche the result of conventional tillage since most seeds
being buried in deeper soil layers. These buried seeds may germinate when returned to the
surface by subsequent tillage operations. In contrast, seeds in a conservation tillage systems are
mainly didributed on the top layer of the soil (Cardina et al. 1991, Ball 1@9Zroix Sissonst
al. 2000, and these seeds are more vulnerable to losses due to weed management practices,
exposure to harsh environmental conditions and seed predation. Thetefongpact of tillage
on subsequent weed populations depends on thedonchistory of tillage practices and the
distribution of seeds in the soil profile. Hence, generalizing the-gkrontimpacts of tillage or

no-till on weed dynamics is difficult.

Reduced mechanical disturbances can trigger a systematic replacement of species causing
a different weed community. The germinable weed seed community compositictillage
differed from those in conventional and minimum tillage (Sosnoskie et al. 2D8&)ina et al.
(1991) identified that naill systems have reduced weed seedbank populations compared to
moldboardplowed systems. Accordinglynany studies (Frou@illiams 1983; FroueWillliams
1988) reveal weed community shifts under conservation tijagetices. Perennial weed species
have been found progreivelyfavoredover annualsGardina et al. 1991; Swanton et al. 1993;
Moyer et al. 1994Zanin et al. 1997) and annual dicot species favoured under conventional
tillage (FroudWilliams et al. 1981Derksen 1993). Furthermore, reduced tillage is generally
believed to be associated with weed communities dominated by annual and perennial grass

species as well as wirttlsseminated crops and volunteer crops (F\kdiams 1988; Légere
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and Samson 1999%]ost often, the effects of agronomic practices on weed community dynamics
are confounded by the other crop management practices associated with cropping systems. Thus
changes in weed communities predicted with cropping systems have ignored the confounding
effect of several other weed management practices (Buhler 1995; Derksen 1996). For instance,
the dominance of grasses over broadleaf weeds may be a result of greater herbicide efficacy on
broadleaves than tillage effect (FreWdlliams 1988). In general @ed species dominance is due

to interactions between weed management, crop rotation and tillage (Légere and Samson 1999).

2.7.5 The effects of crop rotation on above and beleground weed dynamics
Crop rotation is the practice of growing different cropgl@nsame land from year to

year, and provides temporal diversificatiarthecrops. Crop rotation and tillage were the main
weed control tactics useahtil the recent past before the development of herbicides (Froud
Williams 1988). Crop rotation is an @@ld practice used to fulfill many objectives such as to
improve nutrient status, soil structure, soil conservation and suppression of plant diseases (Smith
et al. 1987; Karlen et al. 1994). Improved weed control associated with crop rotation can be one
of the main reasons other than improved soil fertility for the gaining popularity of crop rotations

in present cropping systems, particularly in{mput and organic cropping systems (Liebman et

al. 2004). Crop rotation mainly helps to manage weeds dibe tifferences production

practices associated such as time of seeding, harvesting and herbicide rotations (Johnson and
Coble 1986; Weston 1996). The differences in these attributes among different crop species in
the rotation imposanfavoreble condiions for weeds to germinate, grow and produce seeds.
Rotating crops with functionally different species (annuapesennial, monocot vslicot) can

eliminate one or more closely adapted weeds compared to the monoculture practice (Liebman et
al. 1996). Tlis designing effective crop rotations are the most fundamental approach in
ecological weed management. According to Mohler and Staver (2001), crop diversity-in agro
ecosystems should be developed to challenge weeds with a broad range of stresses @ynd mortal
factors by using crop sequences containing dissimilar species and management factors to pre

empt growth resources such as light, water and nutrients used by the weeds.

Different crop species, planting dates, management practices and competitive
charateristics of the crops in the rotations disrupt the regeneration niche (Liebman 2004).
Regeneration niche is the speesg®cific set of environmental conditions required to replace
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one generation from another of the same species (Grubb 1977). Contirmmasutture favours
cropweed associations due to similar regeneration niches. Therefoop etation should

consist ofvarying patterns of resource competition, allelopathic interferences, soil disturbances,
timings andhedegree of mechanical damageprovide unstable and inhospitable environment
for weeds to survive, grow and proliferate (Liebman and Dyck 1993). Furthermore, the overall
differences in the type and timing of soil, crop and weed management practices are believed to
cause more mortajitin weeds in the rotation than in monoculture (Martin and Felton 1993;
Liebman and Staver 2001).

Crop rotations have been found to influence weed seed density and composition both in
the seedbank (Buhler 1999; Buhler et al. 2001; Cardina et al. 2002pawe ground
(Blackshaw et al. 2001; Manley et al. 2002). Liebman and Dyck (1993) reviewed 29 crop
rotation studies and identified that in the majority of studies, both above ground and below
ground weed density was markedly lower in rotation comparttetoparticular monoculture.
Hume et al. (1991) found that weed densities tended to be lower in Whiau(n aestivuni..)-
fallow rotation than under continuous cropping withintilcand minimum tillage. However,
there were some situations where crojation did not affect weeds indicating that all crop
rotations may not work equally well to control weeds. Some weeds tend to associate with a
particular crop since the same environmental conditions and cultural préaticethe crop also
favours theweed (Radosevich et al. 198For instance, Teasdale et al. (2004) identified that in
organic or lowinput cropping systems, the inclusion of perennial forage or pasture crops in the

rotation can reduce weed populations.

Crop rotations have also been itfed to influence community structure (species
diversity and richness) both above ground and below ground (Sosnowski et al. 2006). The size
and composition of the germinable weed seedbank community is often associated with shifts in
the aboveground weeammmunity (Cardina and Sparrow 1996; Mulugeta and Stoltenberg 1997;
Menalled et al. 2001). Widlevariable environmental conditions due to crop rotations affect
weeds and potentiallavor evenness instead of dominance in weed communities (Légere and
Samso 1999). Weed communitiesemore stable and diverse in ceréalage rotations than
cereal monoculture (Stevenson et al. 1997). Compared to monoculture, weed species diversity
tends to increasin rotation (Stevenson et 4B97). Marked periodicity in @ed germination and
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periodicity in crop management practices (land preparation, seeding and herbicide application)
interact to determine a specific weed community associated with particular crop rotation
sequencélLeibman and Staver 2001). A-¥&ar crop otation study under conventional tillage in
Indian Head Saskatchewan identified that stinkw@ddaSpi arvensé.) and common
lambsquartersGhenopodium alburh.) were more abundant in whedtriticum aestivuni..)

after fallow than they were on either twequential wheat after fallow or on continuous wheat
cropping. Green foxtailSetaria viridisL.), thymeleaved spurgeHuphorbia serpyllifoliaPers.),
hairy vetch Vicia villosaL.) and Canada thistl€(rsium arvensd..) were the most abundant in
continuous cropping (Hume 1982). Another letegm study in England conducted by
Chancellor (1985) identified that spring germinated species subbtlgsa cynapiurh. was

most abundant in sprirgpwn crops (barley and potato), and-t@rminating wee®oa anma

L. was most abundant in fadbwn crops (winter barley, wheat and oat).

2.7.6 Herbicides and weed dynamics
Herbicides are the predominant weed control tool used in conventional crop production

systems. In general, herbicides tend to decrease the popwhthe susceptible species, even
though it may not eradicate the species (Haas and Steibig 1982). With a reduction in susceptible
species there can be a concurrent increase in species naturally tolerant to the herbicides applied
(Chancellor 1979; Haand Steibig 1982). Therefore, there can be a compositional change in
weed communities due to lostigrm application of herbicides. Herbicides can have a large effect
on the weed species compositionflyoringspecies or biotypes that tolerate or avoitlwdes

(Hume 1988). These species take advantage of the niches made available by the reduction or
elimination of susceptible populations. Mahn (1984) found that persistent triazine herbicides
reduced weed diversity over a feygar period. Similarly, in@ases in nosusceptible species

after the introduction of 2; and triazine herbicides have been noted (Hay 1968; Haas and
Steibig 1982). In contrast, Derksen et al. (1995) found that the use-oésidnal post

emergence herbicides did not affect theed species diversity. In a-g&ar study of the

continued application of 2-B, Hume (1987) found that species were not eliminated but
community structure and species abundance changed. The use of herbicide resistant crops has
been able to control probtetic weed species due to more intense use of herbicides. However,

these systems are vulnerable to new problematic weeds. For instance, a shift in the weed

23



community has been observed in glyphosate resistant soybean and cotton cropping systems in
the US (@lpepper 2006).

2.8 Sustainable agriculture
The word sustainability iIis descended from

keep in existence or loAgrm support (Rigby and Caceres 2001). Sustainability has emerged as

an important aspect over the pgest decades due to the depletion of natural resources with the
growing world population. Since agriculture is the main anthropogenic activity that supplies

food, fuel andiber for humanity, achieving sustainability in agriculturgpaamountAt

presentthe imprudent use of natural resources has caused an alarming threat to the stability of
natural ad agricultural ecosystems. Ouse of external inputs and the use of-nemewable

energy sources in crop productigrbelieved to interrupt the balancettveen human activities

and ecosystem processes. In that context, achieving sustainable agriculture is gaining momentum

throughout the world.

Due to the complicated processes in agriculture production practices and ecosystem
processes, it is extremely filiult to determine which methods and systems are sustainable as
they can vary both temporally and spatially (Rigby and Caceres 2001). In general, reducing or
prohibiting the use of external inputs, diversifying crops temporally and spatially and ratying o
natural ecosystem processes to supply nutrients and to control pest and disease are the key
aspects of sustainable agriculture. In that perspective, low input agriculture (Edward 1987),
biodynamic farming (Steiner 1924), organic farming (Scofield 1988)p@rmaculture (Mollison
and Slay 1991) are several alternatives believed to be more sustainable compared to conventional
high input agricultural systems. Among all, organic farming is considered to be the most
consistent and the regulated approach tieaelsustainable agriculture. Nonetheless, some
elements of sustainable cropping practices such as conservation tillage, integrated pest and
disease management and integrated weed management have been already embraced by the

conventional systems.

2.9 Cropping systems in the Canadiarprairies
Around 85% of the crop production in Canada is carried out iprdiges The Canadian

prairie climate is continental with cold winters and short summers (Lafond et al. 2011). The

majority of the grain based crop piection is practiced in thegrairies which has a serarid to

24



subhumid climate. Four distinct soil regions can be identified imptla@iesas Brown (Aridic

Borols), Dark Brown (Typic Borols), Black (Udic Borolls) and Dark Gray (Udic Ustolls).

Summer anual crops are grown mainly during the summer with seeding carried out in April

May and crop is harvestguiedominantly inAugust and September. Spring wheat tesmain

crop grown in the initial period of crop production in Canada as it was more ataphedsemi

arid climate and due to the high global deman
continued as the dominant crop lapiproximately30% of the land was uncropped and used

summer fallow (tillage/chemical) for weed control and for moistoreservation (Statistics

Canada 2006). Summer fallow involves leaving a land area urextégpa growing season,

thereby leaving the land with little plant cover &gproximatel\20 consecutive months. The

practice of summer fallow has thoughttobegiiiB 806 s and by 1930 it was
(Carlyle 1997). Due to the limited moisture availability in the dry areas, particuletig

Brown and Dark Brown soil zones, summer fallowing was considered an essential practice.
Wheatfallow cropping system il extensive use of tillage for weed control was the standard

crop production practice until 1980s. These systems produced greater yields and high economic
return than continuous wheat (Zentner anch@zell 1988).

Frequent summer fallowing and extensiwe wf mechanical tillage for weed control was
the key componentsr grain production in thBrown ard Dark Brown soil zones in thgrairies
until recent (Zentner and Campbell 1988; Zentner et al. 1996). Crops sown on fallowed land
were found to be more @ductive due to moisture conservation, nitrogen availability and better
weed control. Frequent fallowing also reduced the risk of crop failure in unusually dry years,
which was common in the Brown and Dark Brown soil zones. The advantage of nitroges releas
in the fallow and greater ability to control weeds, particularly perennial weeds, made fallow
common in many parts of the wet regions as well. However, thetésngpractice of summer
fallow threatened sustainability due to soil erosion, deteriorafisniborganic matter content.
Even though weed management was one of the main objectives of fallow, weeds still can be a
problem in the succeeding crops after fallow (Hume 1B&&kshaw et al. 1994Furthermore,
good crop rotations negate the needaféallow phase for weed control (Walker and Buchanan
1982; Regnier and Janke 1990). Importaritlg lack of economic return during the fallow year

made it less attractive as a management option. Other than these factors, improved seeding
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equipment, greatdertilizer and herbicide options have reduced the use of fallow systems in

most regions (Lafond et al. 1990).

Due to the soil degradation and inefficient water use associated with summer fallow
(Campbell and Zentner 1993; Biederbeck and Bouman 199gjiad®f conservation tillage
became popular in therairiesand consequently enhanced the use of diverse cropping systems
(Brandt and Zentner 1995). The adoption of conservation tillage in conventional agriculture has
been found to reduce soil erosionnserve soil moisture and increase soil organic matter
(Lafond et al. 1992; Malhi et al. 2008). The discovery of efficient herbicides sddh &nd
MCPA during the 1940s and 1950s and the synthetic fertilizers allowed for the adoption of
continuous croppim The potential to intensify crop production due to the popularity of synthetic
fertilizers, diversification of crops with alternative cereals and oilseed crops and importantly the
negative effects of fallowing thought to be the key factors that farmedstd avoid in the

prairies(Carlyle 1997).

The introduction of pulses and oil seed crops allowed the cropping systems to be more
diverse and intensified in thgrairies Cultivation of broadleaved crops such as pulses and oil
seeds was possible due be fpractice of naill since the moisture conservation was enhanced.
Advancements in seeding technology and herbicide technolagialso believed thave
accelerate the adoption of broadleaved crops ipthiees Canola Brassica napus.), yellow
mustard Sinapsis albd..) and flax Linum usitatissimurh.) were the main oilseed crops
adaptedd cool climate in the Canadigmairies(Johnston et al. 2002; Gan et al. 2004). Due to
the improvements in oil quality, canola becamerntfostwidely grownoilseed crop in
Saskatchewan and in Canada (Johnston et al. 2002) and only second to wheat among all field
crops grown (Statistics Canada 2p1Since canola has a deep tap root system, it can exploit
water and nutrients from the deep soil profile (Johnst@h 2002; Gan et al. 2009) allowing it
to fit into crop rotations with wheat. Among pulse crops, field pess(m sativurh.), lentil
(Lens culinarid_.), chickpea Cicer arietinumL.) faba bean\(icia fabaminor) and dry bean
(Phaseolus vulgarik.) are the most widely grown in western Canada. Field pdeisost
seeded pulse crop inestern Canada and Saskatchewan account for about 68% of all pulses
grown (Statistics Canada 2011). Pulses are considered invaluable in crop rotations due to their

nitrogen fixation ability with the association of soil microbes. Cereal crops grown following
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pulses in rotation have greater yields than cereals following cereals (Gan et al. 2003; Krupinsky
et al. 2006; Bremer et al. 2011). Other than yield benefits, increageuitrient retention and

cycling (Liebig et al. 2006; Gardner and Drinkwater 2009) decreased carbon footprint (Gan et al.
2011), reduced weed competition (Stevenson and van Kessel 1996; Cardina et al. 2002; Seymour
et al. 2012) and reduced diseasedroices (Krupinsky et al. 2002; Nayyar et al. 2009) are some

of the other benefits of diversified cropping systems including pulses. Due to the heavy reliance
on herbicides to control weeds in-tib cropping systems, the economic and environmental
sustaimbility of these systems is challenged; hence, the-temg evaluation of these cropping
systems in respect to yield, pest dynamics, soil health and economics are warranted.
Furthermore, due the growing awareness of environmental impacts, rise of isigutoal price
premiums, organic farming is a thriving industry in Canddee prairie Provinceshavethe

largestland area devoted twrganic crop production in Canada accounting for 40% of cultivated

organic land (Statistics Canada 2011).

2.10 Organic farming
Organic agriculture began in the early 20th century and is believed to be an outcome of

the radical movement against fertilizers and pesticides in agriculture (Merrill 1983; Conford
2001). The first form of organic agriculture believed to desceard the ideas of Austrian

spiritual philosopher Rudolph Steiner in the earl{} 26ntury who founedbiodynamic farming
(Steiner 1924). Practicing farming by perceiving and preserving nature was the core philosophy
of organic farming. Latel,ady Eve Balfair andSir Albert Howard initiated the awareness of
organic farming by highlighting the importance of soil health and nutritional benefits of
organically grown food (Howard 1947). The period between 1980 and 1990 thought to be the
period of great revivahi organic farming due to the increased attention on the environmental

problems caused by modern agriculture (Kirchmann et al. 2008).

The International Federation of Organic Movements (IFOAM) defines organic
agriculture as fNa psotihetheal shsoemsohbhs, sasb
relies on ecological processes, biodiversity and cycles adapted to local conditions, rather than the
use of inputs (IFOAM 2006). Organic farming generally refers to crop production carried out
without the se of synthetic agrohemicals. Yet, it is more than merely substituting synthetic
compounds with natural compounds (Anon 2002). Organic crop production relies upon

27



ecological processes to manage pest, diseases and soil fertility. It shoulddosts@thg and
selfregulating entity through the use of low inputs and use of preventive ecological practices
than using high external inputs (IFOAM 2006). Organic farming maintains its sustainability or
self-sustaining ability by managing the unit as a clogestiesn. It is considered an agro

ecosystem which means an ecosystem with crop production carried out with a strong interaction
with biotic and abiotic components of the system (Swift and Anderson1993; Almekinders et al.
1995; Vandermeer 1995). The main ¢hadje to any organic farmer is how to manage all these
interactions at different levels to control pests, to manage soil fertility and to gain stable high
yields with minimum resource use (Alteirie and Nicholls 1999). Farming systems are diverse
around thevorld and organic and conventional systems are not defined by a set of particular
practices; but they are an aggregate of a number of management practices determined by farmer
choice depending on sipecific requirements; hence, making generalizatibositecropping
systems is quite difficult (Harrier and Wat so
knowledge and decision making play a vital role in the optimum design and the function of an

organic farm.

2.10.1 Weed management in organic systems
Inadequate weedontrol is one of the most challenging constraints to achieving high crop

yields in organic systems due the prohibition of herbicides. In conventional crop production,
weed management is treated as an individual problem and solutions ang misapddl/lactic. In
low-input and organic systems, a more ecological based holistic approach is needed with proper
management of all the components of the agrasystems (Liebman and Davis 2000). The main
principle in holisticnwekdt mbeabaemmetsoswhbch
cumulative and synergistic effects of diverse weed management strategies (Liebman and
Gallandt 1997). The prime objectives of this holistic weed management are discouraging weed
invasion, reducing weed population to talele levels, reducing the yield loss caused by weeds,
and managing weeds composition to manageable ldvelsnan 2001Harker et al. 2005). The
integration of cultural, mechanical and biological weed control approaches can be used to
achieve these objeces.

The first cultural approach in weed management in any cropping system is to establish a
vigorous crop to prempt resources by occupying above ground and below ground space (Kolb
and Gallandt 2012). Enhancing the crop competitive ability with catiyeetrops in the
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rotation is the most fundamental approach in cultural weed control. Crop competitive ability is
the capacity of the crop to outcompete weeds for growth resources. Crop competitive ability can
be determined by two mechanisms such ashhigyaof the crop to suppress weeds and the
crop's ability to tolerate the weed effect on crop emergence, biomass and yield (Jordan 1993).
Crop competitive ability can be enhanced by both genetic (Lemerle et al. 1995; Benaragama et
al. 2014) and agronomifactors (Koscelny et al990; Mohler 200¢; Benaragama and Shirtliffe
2013). Competitive crop cultivars (Lemerle et al. 1996; Paynter and Hills 2009; Benaragama et
al. 2014), increasing crop seeding rate (Evans et al. 1991; Weiner et al. 2001; Qls2p04) a
and narrow row spacing (Murphy et al. 1996; Weiner et al. 2001) have been found to be
successful in many instances in reducing weed density either in organic or in conventional
systems.

In crop mechanical weeding is indispensable to control wieemtgianic systems and it is
the main direct weed control strategy practiced after the crop has emerged-ti@privayrowing
is the most practiced mechanical weed control methods on organic farms (Rasmussen et al. 2004;
Hansen et al. 2007). Harrowing opts and buries weeds in the soil thus limiting their ability to
regrow (Rasmussen 1991; Kirkland 1995). Harrowing at two to three leaf stage of the crop can
reduce weed density by 8D% (Velykis et al. 2009; Auskalnis and Auskalniene 2008;
Benaragama anghirtliffe 2013). The rotary hoe is not as widely used as sgiimggharrow but
has a great potential. The main advantage of the rotary hoe over harrowing is that it can be used
in cropping systems with high levels of crop residue (Shirtliffe and Jos#). It can avoid

crop damage and remove weeds between crop rows.

2.10.2 Soil fertility management in organic systems
Soil fertility in general terms is the ability of the soils to supply nutrients for plant

growth. This narrow view of soil fertilitysicommon in conventional agriculture where the prime
objective is to supply essential nutrients. However, from an organic farming perspective, it is
vital to understand soil fertility as an ecosystem process where there is an integration of soil
biological chemical and physical components (Watson 2002). Therefore, soil fertility refers to

the interacting components of physical (watetding capacity, structure, etc.), chemical

(nutrient dynamics, pH), and biological (soil biota) properties of the solil-Mvanaged organic
matter, good soil structure, diverse soil biota and high nutrient and water holding capacity are the
key components of a good organically managed soil (Koopmans and Bokhorst 2000). The key
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differences in terms of soil fertility among macropping systems is driven by many factors
such as the relative size of nutrients pools in the soil; the processes and the rates in which
nutrients transform and transfer between these pools, the potential for losses of nutrients from the
soil and othesolil properties influencing rooting volume or depth, duration of crop uptake and
soil biological activity (Stockdale et al. 2002). Conventional systems often rely ortaimort
supply of essential minerals in readily available forms. In contrast, orgammfy cannot use
readily available nutrients in the form of synthetic fertilizers, but rely on strategid¢éomg
approach to build up soil fertility by enhancing the soil processes.

Since synthetic fertilizers are prohibited in organic farming systerganic farming
relies on the management of soil organic matter to enhance the chemical, biological and physical
properties of the soil. The basic strategies to enhance soil fertility in organic systems are the
effective recycling of on farm nutrients, weting plant and animal residues to the soil and
application of permitted mineral nutrients (Knight et al. 2010). Organic matter can be applied to
the soil either through direct inputs of organic matter via animal manures, compost or by adding
live plant materials via green manure or by adding crop residue. Since nitrogen is the most
essential soil nutrient, organic farmers tend to include legume crops for grain, forage and green
manure in crop rotations (Zentner et al. 2004). Thus a potential strategygémic crop
production is to use crop rotations with soil nutrient building phases and cash crop phases where
soil nutrients are depletddlteiri 1995). Legume cropare an essential component in organic
crop rotations due to their ability to biologigafix atmospheriaitrogen Atmospheric fixed N
can be utilized by the legume crops for their requirements and in adtligyrcan provide
nitrogen tosubsequent crops in the rotation (Welty et al. 1988; Beckie and Brandt 1997).
The use of legume gre@manure crops is the predominant nutrient management strategy in
organic systems in the Canadjanairies Usually green manures are annual or perennial legume
crops planted in the spring and incorporated into the soil during the summer. Green manures are
terminated early in the growing season while still green and before seed production and either
incorporated with tillage or left on the soil to decompose and provide a mulch. Early season
termination is critical in therairiesin order to conserve soil ngiure. Crogfallow systems were
formerly common in th@rairiesparticularly in the dry region since moisture conservation is
critical. However, due to erosion and soil depletion (Campbell et al. 1997) legume based partial

fallow system were evaluated apubmoted (Zentner et al. 2004). Accordingly, in organic
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systems, legume green manure crops have been used to replace the fallow. Enhanced soil organic
C was found in a skyear study comparing four annual green manure legumes [black lentil,
Tangier flatpedLathyrus tingitanud..), chickling vetch Lathyrus sativug..) and feld pea

(Pisum sativunt..)] in rotation with wheat compared to the fallewheat rotation, but no

difference found compared to the continuous wheat treatments (Biederbeck et al. 1§98). C
rotations with legume cash crops can provide some amount of soil N to the subsequent crop
(Zentner et al. 2001). Annual legume crops such as pea (Biederbeck and Bouman 1994;
Biederbeck et al. 1998; Lawley 2004), black lentil (Biederbeck and Bouman Biakerbeck et

al. 1998; Brandt 1999; Lawley 2004), chickling vetch (Biederbeck and Bouman 1994;
Biederbeck et al. 1998; Lawley 2004), faba bé4nié fabal.) and annual alfalfaMedicago
sativaLeyss) (TownleySmith et al. 1993) have been evaluatethensemiarid regions. Field

pea was also found to provide the greatest N benefit to the succeeding wheat crop compared to
chickpea, dry bean and soybean (Przednowek et al. 2004). Of the annual legumes the most
advantageous is therefore field pea (Biedekhet al. 1996), chickling vetch (Biederback et al.

1996; Lawly 2004) and Indian head lentil (Lawly 2004). Even though field pea found to be the
most productive, due to small seed size, lentil was found to be more economical to use as green
manure in the Bnadiarprairies(Lawly 2004). Farmers in the Canadiarairiesuse annual,

biennial or perennial legumes as green manure crops. Despite the benefits of perennial legumes
they are not the most common choice tutheexcess plant water use causing soilshoe
depletionthatcan thereby rededhe yields of subsequent crops (Meyer 1987; Hesterman et al.
1992; Zentner et al. 1996;). Biennial yellow sweet clodliotus officinalisL.) is the most

widely grown green manure crops in organic farms irptagies(Woodly et al. 2012).

Crop residues are also an essential component in managing soil fertility. Crop residues
helps to retain moisture (Boehm and Anderson 1997), reduce erosion, and enhance nutrient
cycling (Soon and Arshad 2002). Residues of teatpecrops in general can contain1ZD kg
ha? of N (Mitchell et al. 2000). This organic N needs to be decomposed (mineralized) via soil
microorganism to provide plant and microbial available N. The quality (C:N ratio) of the crop
residues and the envitmental factors determine the rate of mineralization (Lupwai et al. 2006).
Having diverse crop rotations enables different amounts and quality of crop residues and
subsequently enhanced microbial diversity (Bending et al. 2002). Crop residues with low C:N

ratio have more rapid mineralization compared to those with a higher ratio (Kumar and Goh
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2003). Legumes such as peas have greater decomposition and release minerals than cereals
(Soon and Arshad 2002). Yet, rapid mineralization can cause depletion afgswilc matter

(SOM). Therefore, crop rotations with different C:N ratio can help to provide nutrients as well as
increase the SOM content.

2.10.3 Soil fertility in organic vs. conventional
Soil fertility in organic systems is generally thought to béfge to the high soll

organic matter and N (Lockeretz et al. 1981; Reganold, 1988; Reganold et alTd&@9fle et
al. 2007 contents. Proponents of organic farming argue that thetengpractice of organic
crop production can increase soil fertilitynumerous ways. Soil organic matter is the principal
component of maintaining soil fertility, and it is widely known that some organic systems have
greater amous of it due to the use of fagard manure and green manu@ark et al. 1998
Drinkwater & al. 1998; Liebig and Doran 1999; Mader et al. 2002). Many studies have found
greater soil organic C (SOC) in organic systems (Pimental 2005; Teasdale 2007; Kirchman et al.
2007; Mondelaers et al. 2009). In the European organic systems, Clark et a) f¢L@@ighat
the C, P, K, Ca, and Mg inputs to the soils were higher in organic anidpotvsystems as a
result of manure applications and cover crop incorporations. Higher levels of total and organic C,
total N and soluble P have been reported for acgswils (Cavero et al. 1997, Clark et al. 1998;
Poudel et al. 2002) compared to the conventional soils.

The timing of nutrients available from organic materials, particularly from green
manures, are not often synchronized with the crop demand causiegylietds. Still, the
beneficial effects of high soil organic matter can compensate fomitsolubility due to its high
water holding capacity and nutrient retention capacity (Van Bueren et al. 2002). Plant available P
has been found to be the most el soil nutrient on Canadian organic farms (Entz et al. 2001;
Malhi et al. 2002). In a survey conducted on 44 farms in Saskatchewan it was found that all
fields were deficient in PShirtliffe and Knight2003. Mineral soil nitrogen was found to be in
therange of 4100 kg/ha) and either found to be deficient or optimal depending on the farming
practices indicating it may not be a common problem in the region. In another study Entz et al
(2001) identified that soil K levels to be sufficient in most situadj but the soil S can be
insufficient, particularly in Gray and Dark Gray Luvisolic soBh({rtliffe and Knight 2008
Returning crop residues alone cannot replenish the amount of nutrients exported with the

marketed crop; hence, in the long run, esaénutrients can be depleted from soils. The mostly
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utilized strategy to alleviate nutrient deficiencies inghairiesis to include legume crops for
grain, forage and as green manure in the rotations (Zentner et al. 2004). This strategy will only
suppy N to the soil in considerable amounts, but not P, K, S or other essential nutrients (Malhi et
al. 2012).

Application of farmyard manure is not a common practice in most of the organic systems,
of the Canadiaprairies In a surveyBuhler (20®) identified that in Saskatchewan only seven
out of 73 farms received farmyard manure in over the two year period of the study. Importantly,
composted manure can supply N, P, K and S nutrients, which are generally lacking in soils
(Brandt et al. 2007).

2.10.4 Soil halth and improved soil biodiversity
Organically farmed soils are often found to have higher diversity and abundance of soil

bacteria (Drinkwater et al. 1998)ader et al. 2002; Diepeningen et al. 2006), arbuscular
mycorrhizal fungi (Oehl et al. 2003), natodes (Mulder et al. 2003; van Diepeningen et al.

2006), earthworms (Méader et al. 2002) and insects and arthropods (Drinkwater et al. 1995;
Mader et al. 2002; Asteraki et al. 2004) compared to conventionally managed soils. Furthermore,
a higher microbiahctivity (Workneh et al. 1993; Mader et al. 2002) and microbial biomass

(Méader et al. 2002; Mulder et al. 2003) have been found in oBnimanagedoils. All these
properties could directly or indirectly assist soil fertility over the {rgn therebyncreasing

crop productivity.

2.11 Soils and weed population dynamics
Soil seedbank persistence, seedling establishment and interspecific interfer¢hee are

key processes that determine annual weed population dynamics (Buhler 1999). These processes
arecontrolled by the diverse climatic and biotic interactions. The diversity in soil properties in
different cropping systems can therefore influence weed dynamics. Weed seed losses from the
seedbank are incurred due to germination, predation, microbigiamvar decay. All these
speciesspecific intrinsic factors and extrinsic factors such as soil biotic and abiotic environment
can influence seed loss. Therefore, crop management practices such as tillage, soil fertilizers,
cover crops and green manure @ tipat influence soil health and thereby weed dynamics

(Buhler 1999).
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Soil factors are also known to influence weed dynamics by alteringjwemul
competition. Soll fertility improving practices can contribute to differences in species
performances throtngthe changes in spatial and temporal resource that supply soil nutrients and
by residue mediated effects (Buhler 1999). Crops and weeds compete for growth resources such
as soil nutrients, light and water. Plants either compete for resources by hinlermgngwth of
another or they coexist due to niche separation with minimal competition for resources (Gause
1934; Chase and Leibold 2003; Silvertown 2004). According to the niche theory, plants
segregate along niche axis (a gradient of resources) basleel @guirements and modes of
obtaining them (Silvertown 2004). Even though niche separation is believed to be the main
driver for plant ceexistence, direct evidence for niche separation and factors underlying niche
separation is not well known (Silvertovi2004). However, the spatial and temporal heterogeneity
in soil resources may contribute to niche separation and allow for plant species coexistence. The
widespread understanding of soil resource partitioning of different chemical forms of N among
co-occuring plant species (Miller and Bowman 2002; Finzi and Berthrong 2005; Pornon et al.
2007) and the diversity in microbial mediated plant resource uptake (Bever 1994; Bever et al.
1997; Van Der Heijden et al. 1998; Klironomos 2002; Reynolds et al. 2008)iprsome
insights to understand plant population dynamics related to soil resource dynamics. Niche
separation may have relevance to plant species coexistence in agriculture as Smithl€) al. (20
proposed the resource pool diversity hypothesis (RPDH)dlaia the differences in crop weed
competition in diverse cropping systems. According to the RPDH;wema competition
intensity in agroecosystems depends on the niche separation and resource partitioning among
crop and the weed. Accordingljre higherthe diversity in soil resource pools, there is more
niche separation reducing craeed competition for limited resources. The diversity in soil
resource pools and their dynamics are hypothesized to reduce competition intensity among
functionally differen plant species. Thus, diverse cropping systems can enhance the diversity in

resource pools; thereby, potentially reducing enged competition (Smith et al. 2009).

The diversity in crop rotations may result in differences in soil quality and nutrient
dynamics among cropping systems. Crop diversification affects soil physical, biological, and
chemical properties that can alter weed growth and competitive ability (Liebman and Davis

2000). Diverse crop rotations affect the nature, quantity, and qualitppfesidue due to
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differences in crop species and their management practices (Smith &iCxl.T2@ quantity and
quality of crop residues directly influence the formation of soil organic matter (Jenkinson and
Ladd 1981) as well as the availability anaitng of nutrients via mineralization (Jarvis et al.
1996). Soil microbiological diversity, activity and biomass are also influenced by cropping
intensity and diversity (Lupwayi et al. 1998, 1999). According to Smith et dl0)28 gradient

of soil resouce pool diversity can be created with the crop diversification by using crops with
different functionality. Diverse crop rotations will have species with contrasting functions such
as legume versus non legume, broad leaf versus grass, annual versuslpé&tatimermore,
cropping systems can differ in termstlétype and the amount of inputs being used including a
tillage versus ruill, organic fertilizers versus synthetic fertilizers. In particular, organic systems
with diverse crop rotations and orgafertilizer inputs can have more diverse soil resources,
which therebycanresult in reduced weed competition compared to less diverse conventional
systems (Ryan et.&009). Other than a direct influence on cwmped competition via soil
resource medtan, soil management can influence cweped competition via microbial

mediated growth reduction in weedwever, there is high variability among organic systems
in terms of crop management practices; and generalization may not be appropriate.

2.12 Multivariate analysis of plant community data
Multivariate statistical methods which involves simultaneous analysis of seegpahse

variables are important statistical techniques to investigate and summarize underlying trends in
complex data (Legendre ahdgendre 1998). Multivariate data are generated when more than

one variable is measured on each sampling unit either in a survey or in an experimental unit
(Kenkel et al. 2002). Most plant community analysis studies have biotic (species) data collected
from each sampling unit giving a data matrix of (plots x species). In swtamcesthere can be

both biotic and abiotic (environment) data collected from each unit giving a plots x species x
environment data matrix. The objectives of analyzing such daeoingy are twofold:

descriptive modeling which involves summarizing underlying data structures and predictive
modeling which involves hypothesis testing (Jeffers 1988). With both approaches, data reduction
to redue the dimensions in the data matrix i@ tcommon feature of multivariate methods

(Legendre and Legendre 1998).
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A biotic data set typically has many zeros since many species are absent from most
sampling units, making it difficult to use linear multivariate methods in the analys@Guihet
al. 2002). A linear multivariate model assumes a linear response of the species abundance to
environmental gradients. Most community data do not follow linear response unless the
environmental variables are measured for a narrow range. On the other hbiothgittal
entities tend to be most abundant around their optimum environmental requiremeDis €eiic
al. 2002). Therefore, species response to environmental gradients are known to follow a
Gaussian response in which it can be explained by a bell shapadwith mean position on the
environment gradient, standard @dion and a peak abundance (Mrt@et al.2002). The most
common multivariate techniques such as principal component analysis (PCA) and discriminant
analysis assume a linear model whilerespondence analysis (CA) assumes a nonlinear

distribution.

2.12.1 Ordination for plant community analysis
Multivariate ordination and classification are the two main types of multivariate

statistical methods utilized in plant community analysis. Ordinatased in ecology in order to
describe species based on their abundance along environmental gradients. thallows
summarization of patterns species composition. In these methods, multidimensional data

space is represented as a set of mutuallygmelipular (orthogonal) ordination axes (Kenkel et

al. 2002). Ordination axes are considered latent variables or hypothetical variables that optimize
the fit of the species abundance data to a particular linear or unimodal model. It describes how
species alndance varies along enviroental gradients (Ter Braak 198887). There are two

types of ordination analysis including direct gradient (predictive), and indirect gradient
(descriptive ordination) analysis. In a direct gradient analysis, sample unissitiened

according to the measurements of the environmental factors in those sample units (species
distribution constrained by environmental variables measured). In an indirect gradient analysis,
sample units are positioned according to association gsyecies (MacCunat al.2002). In

indirect gradient analysis, it is assumed that the ordination axis corresponds to underlying
environmental factors indirectly measured by the sampled species data (Ter Braak and Prentice
1988). In direct gradient analgsithe ordination axis represents species variation constrained by
environmental factors under consideration. Therefore, variation in species compaosition along
such axis is attributed to the variation of the particular environmental factors used inlyssana
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Yet, in indirect gradient analysithe ordination axis represents the gradient of species
composition which is not bound by any particular environmental gradient, and therefore
represents the total variation of the species composition. Direcegtaudhialysis is used to

examine the relationship between two sets of variables (species data and environmental data)
measured in the same sampling units. The objeofidérect gradient analysis to determine the
extent to which the environmental dattetrmines or predicts the biotic community and to
understand the relative importance of variables predicting the community composition. In weed
science, when the species abundance data are collected from individual experimental units and
when each unit isubjected to particular experimental treatments, these treatments represent

environmental variables in the analysis.

Out of different types indirect or direct ordination methdke choice of a method
depends on whether the data is linear or unimodalcial component analysis is a linear
indirect ordination method while redundancy analysis is a linear direct ordination method. The
nontlinear methods or unimodal methods are the correspondence analysis (CA) and canonical
correspondence analysis (CCA) wé¢he latter is a direct ordination method. Weed species data
displaying a unimodal response can be best analyzed by CCA and therefore it is the most
frequently used method to describe weed communities affected by environmental variables
(Kenkel et al. 202). Leeson et al. (2000) and Dale at al. (1992) used CCA to correlate
management practices to weed communities. However, for a narrow range of environmental

gradients, a linear approach such as redundancy analysis can be appropriate.

2.12.2 Redundancy anlgsis
Redundancy analysis is the canonical or constrained form of PCA (Legendre and

Legendre 1998). The objective of RDA is to model the association between a set of response
variables (species abundance) and a given set of environmental variables. ltin&Bampling

unit locations in species space are restricted to be linear combinations of predictor variables or
the environment variables (Ter Braak and Smilauer 2002). This method clesedgents

multiple linear regression analysis. Redundancy arsigsippropriate only when both species
and environmental data are linear and when environmental data is used to predict species
composition but not vice versa (Kenkel 2006). According to Ter Braak and Smilauer (2002), a

gradient length of less than foyrexies standard deviations is considered linear and greater than
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four is considered unimodal. When the data are unimodal the choice of method would be to use
canonical correspondence analysis (CCA). Furthermore, the number of environmental variables
shouldbe lower than the number of sampling units and species (Dray et al. 2003). Redundancy
analysiswas thepotential choice in weed sciences to find the relationship between agronomic

treatments and weed composition (Thomas and Frick 1993; O'Donovan &7l. 19

2.12.3 Principal response curves in plant community analysis
Ordination techniques such as canonical discriminant analysis (CDA), canonical

correspondence analysis (CCA), and redundancy analysis (RA) are the most common
multivariate constrained orditian techniques used to study the relationship between crop
management and weed community composition (Derksen et al. 1993; Shrestha et al. 2002;
Sossnoski et al. 2006; Moonen and Barberri 2004; Fried et al. 2008; Ryan et al. 2010). Most of
these methods@ used to study the cumulative effects of crop management on weed
composition over a time period rather than temporal dynamics of the species composition. In
long-term agronomic trials, understanding the ldegn temporal changes in weed community
compogtion associated with management practices is the main interest. Even though these above
techniques are superior to univariate methods, these techniques are not sufficient to understand
the temporal dynamics in plant communities as it is difficult to pmégrtemporal trends in the

typical ordination. The principal response curve method (Van den Brink and Ter Braak 1999)
was developed to overcome the difficulty of explaining ctetiebiplots when many sampling

time points and treatments displayed in dreggram without showing the directional change in

time points. Earlier, RDA was the choice of method to analyze such experiments, but the
interpretation of RDA diagrams becomes extremely difficult for time series data (Van den Brink
and Ter Braak 1999). Rinermore, RDA will not provide trajectories or treatment effects and
cannot be contrasted with a reference treatment &messThe PRC methotas been utilized in
ecotoxicology (Vand den Brink et al 2000) as weliragestoration ecology (Pakeman 2004

Vandvik et al. 2005; Palik and Kastendick 2010; Poulin et al. 2013). Ther#fenmethod

principal response curve (PRC) can be used in weed science to overcome the limitations of
commonly used ordination methods. Principal response curves are a vAR&M for repeated
observation designs. This method specifically allows the study of temporal dynamics of species
composition. The PRC method enables to contrast time series of species composition of a treated
or impacted site relative to a referenca@ontrol treatmerdr site (Van den Brink and Ter
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Braak 1999). Later, Van den Brink et al. (2009) proposed an additional approach to PRC by
using a time point as a reference instead of a treatment time series previously used by Van den
Brink and Ter Braak1999). This allows contrasting trajectories or time series of all treatments

of the experimentrom a benchmark time point where treatments were initiated. This method is
applicablewhen there is no particular control treatment and comparisons ofaatheet time

series are of interesthe modefor the first PRC is given according ¥an den Brink et al.

(2003:

Y d(j)tk = yOt + bx cat +  dgg)tk [1.1]

where yd(r)t is the logabundance of species k in replicate j of treatment d at timé&tisyiDe

mean logabundance of species k in time t in the control treatment (d = 0), cdt is the standardized
canonical regression coefficients of thtokatment at time t,kis the weight of the kth species

which is the proportional change of spedi@s( treatment(d) and in year(t) relative to the

species abundance in the treatment or the time point set afairence or the control point.

xd()iwxi s t he error ter m wi Tolobtaimernapalzesporse curmed, v ar i a
standardized camical regression coefficientsq«( standard deviations of environmental

variables (Sd) and total standard deviation in the species data (3 Abfained from the RDA

output. PRC scores can be calculaisihg the following equation accordingfYan den Brink

and Ter Braak (1999):

(TAU*C ) /Sd [1.2]

After obtaining the PRC scores they were graphed against the time for each tre@pueies
weights R for the first axis were obtained from RDA and was tabledseparate figure. Species
weights were calculatedsing the following equation according\fan den Brink and Ter Braak
(1999):

exp (k*Ca) [1.3]

Which express # proportional change of species (k) in treatment (d) and year (t) relative to the
year set as the reference or the control time point. The PRC rasutsownn a diagram

showing time in X axis and the first principal component of the variation i¥ tods.
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3.0LONG-TERM WEED DYNAMIC S AND CROP YIELDS UNDER
DIVERSE CROP ROTATIONS IN ORGANIC AND CONVENTIONAL
CROPPING SYSTEMS IN THE CANADIAN PRAIRIES

3.1 Abstract
Alternatives to conventional farming are becoming more popular worldwide as farmers seek to

limit environmental impacts whelimprove crop productivity. Alternative cropping systems are
gaining attention throughout the world due to the negative environmental effects of conventional
tillage-based monoculture cropping systems on the sustainability ceageystems.

Accordingly,in the Canadiaprairies traditional tillagebased crogallow systems have been

largely replaced by ntll, reduced input systems or tillagmsed organic systems, with both

having more diversity in crop rotations than the traditional systems. Howegdongterm

effects of these systems on weed and yield parameters are not well known. A study was carried
out using the data collected from the letlegm alternative cropping systems (ACS) trial near

Scott, Saskatchewan to understand weed and cropdyiefimics under diverse cropping

systems in therairies Its goal was to examine how different crop input systems and rotations
impact weed density, weed biomass and grain yields. The ACS trial was a four replicate split
split-plot design with three levelof inputs as high input (HIGH) systems that used tillage and
inputs (pesticides and fertilizers) as required, reduced input systems (RED) that-tifed no
practices and site specific use of inputs and tilagsed organic (ORG) systems that used non
chemical pest control and nutrient management practices. The three levels of cropping diversity
(rotations) were fallovannual grains (LOW), diversified annual grains (DAG) and diversified
annuals and perennials (DAP). Statistical analyste@i8-year dahrevealed that the ORG

systems had seven times and four times greater weed démsitiimes weed biomass and 32%

and 35% lower crop yields than the RED and HIGH systems respectively. The RED and HIGH
systems had similar crop yields and weed abunddimeeLOW diversity rotation had the least

weed abundance. The LOW and DAG rotations had similar yields and were greater than yields
produced by the DAP rotation. All cropping systems showed an increase in weed abundance and
crop yields over time, likely imienced by the concurrent increase in rainfall. This study revealed
that eliminating tillage and reducing agrochemicals does not necessarily lead to reduced yield or

increased weed abundance over time. However, totally eliminating agrochemicals doesedecrea

62



yield and increase weed abundance carag to conventional systems. It was also identified that
increasing the diversity in crop rotations from a efalfpw system does not improve crop yields

or decrease weed abundance.
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3.2 Introduction
Until relatively recently, farmers have responded to the challenge of feeding an ever

increasing world population by relying on practices that maximize crop production (e.g.,
intensive tillage, the use of monoculture, and application of fertilizers and pesticidis) whi
overlooking longterm sustainability issues. Although these conventional systems produce
greater yields (Tilman et al. 2001), they cause considerable environmental harm, including soil
degradation (Bowman 1999; Campbell 2000), destruction of soil @rgzatter (Janzen 2001),
emission of greenhouse gases (Dusenbury et al. 2008; Guo et al. 2010) and negative effects on
natural ecosystems due to pesticides and fertilizers (Carpenter et al. 1998; Tilman et al. 2001).
Due to an increasing awareness of thesgative impacts of conventional practices,
farmers throughout the world have adoptedihage (netill) systems with greater crop diversity
in croprotations. Furthermore, organic farming is also considered a viable alternative to
conventional high anceduced input cropping systems. Therefore, reducing or eliminating
external inputs (i.e., fertilizers and pesticides) and or tillage while increasing crop diversity and
intensity is believed to be a key strategy for achieving sustainability in crop piooduc
Over the years, crop production in the Canagiairieshas been transformed from
tillage-based, less intensified, whdatlow monoculture systems to now being either reduced
input natill systems or tillage based organic systems, both havings#iveop rotations (Lafond
et al. 1992, 1993; Dhuyvetter et al. 1996; Zentner 2002). Until the 1980s, annual cropping
followed a cropfallow or cropcrop-fallow rotation, with spring wheaf ¢iticum aestivuni..) as
the main crop (Campbell et al. 2002). Diesjncreased productivity and economic gainthi
dry regions, telong-term prodiction of lowdiversity croprotationswith fallow anduse of
intensive tillage resulted in substantial loss of topsoil due to wind and water erosion,
deterioration of theuantity and quality of organic matter, increased soil salinization and
greenhouse gas emissions (Campbell and Souster 1982; Janzen 2001). At present, due to the
advancements in seeding and herbicide technologies, the adoption of conservation titdige (no
or minimum tillage) has become widespread ingraries(Zentner et al. 2002). The advantage
of moisture conservation from #il has eliminated the requirement of a fallow and allowed for
more intensification and diversification of cropping systamthie prairiesby using pulses,
oilseed crops, legume green manure crops and perennial forages in the rotations (Peterson et al.

1993; Zentner et al. 2001, Entz et al. 2002; Zentner et al. 2002). Furthermore, organic farming is
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also increasingly practiden Canada, due to an awareness of the environmental impacts-of agro
chemicals, the rise of input costs in conventional farming, and the growing demand for organic
products (Ngouajio and McGiffen 2000; Entz et al. 2001).

These transformations in croppiptactices occurred in thgairiesare believed to
greatly benefit soil productivity and environmental sustainability but they also alter weed
dynamics and crop yields. The impacts of tillage and crop rotations on weed abundance and
composition have beemidely studied (Buhler et al. 1994; McCloskey et al. 1996). Tillage
intensity can affect weed emergence, seed production, vertical distribution, and weed seedbank
densities in arable lands (Buhler 1995) -tNlosystems often have greater weed seedbank
populations than moldboard pheed systems (Feldman et al. 198&rberi and Locascio 2001;
Menalled et al. 2001). Similarly, crop rotations influence weed seed density and composition,
both in the soil seedbank (Buhler 1999; Buhler et al. 2001; Cardina2€02)and above
ground(Blackshaw et al. 2001; Manley et al. 2002). Liebman and Dyck, (1993) reviewed 29
crop rotation studies and found that in mzestes, bothbove and belowground weed density
were markedly lower in rotations compared to their paldir monoculture. However, crop
fallow systems have often been found to have less weed abundance than continuous cropping
systems (Derksen et al. 1994). Therefore, although diverse crop rotations with conservation
tillage are preferred for lontgrm sustaability, they can have conflicting effects on weed
abundance and crop yields compared to the conventional k&g, low diversity fallow
systems. Furthermore, organic systems have also been found to have greater weed abundance
and lower crop yieldsompared to the conventional systems (Entz et al. 2001; Ryan et al. 2004;
Posner et al. 2008)

Despite the enormous amount of empirical knowledge about the effects of cropping
practices on weed dynamics, most studies have been limited to the individatd efftillage,
crop rotation, or fertilizers on weed abundance or weed composition. Less understood is whether
these negative effects of conservation tillage on weed abundance can be overcome by better crop
rotations or managing inputs. Diverse croppsggtems have contrasting elements in terms of
land preparation, weed control, soil fertility management, and crop diversity, and each of these
elements can have different impacts on weed population dynamics (Menalled et al. 2001,
Derksen et al. 2002) andagn yields. Hence, the reductionist approach of comparing individual

crop management practices is not sufficient. There is a lack of understanding of the interactions
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between various input systems and crop diversity levels on thédamgveed dynamicsna

crop yields. Specifically, only few studies have examined weed abundance-tefongrganic

versus conventional cropping systems (Hiltbrunner et al. 2008; Ryan et al. 2010). Although some
studies exist, the effect of cropping systems on weed dyna@rdd§icult to generalize across

regions due to climatic and geographical variabilltyerefore this study attemgtto understand

the longterm impact of contrasting cropping systems in the Cangulanesusinga longterm

(18 year) alternative croppg systems study (ACS) in Scott, Saskatchewan, Canada. The ACS

has nine contrasting cropping systems with three levels of inputs (high, reduced and organic) and
three levels of crop rotations (low diversity, annual grains, and annuals and perenheals).
approach igo use a historical data analysis to ansthegeresearch questions: (1) Can tillage

and the use of agichemicals be reduced without a letggm increase in weed abundance or
decrease in crop yields in conventional systems? (2) Do the mestelcrop rotations have the

least weed abundance and greater crop yields compared to the least diverse rotations over a long
period of time? and (3) Will weed abundance increase over time in organic systems and thus

decrease crop yields over time?

Statistical tools used to analyze lotgrm studies vary, and therefore conclusions can be
subjective depending on the tools and methods used. Ideally, longitudinal analysistefiong
changes in weed dynamics and crop yields could provide more insighthéh@onventional
point estimations as other influences on weed dynamics besides cropping systems could be
considered, such as short and kiegn weather conditions and patterns. Most of the-teng
crop rotation experiments were typically analyzed gisiNOVA with MIXED effect models
which is a static approach (either look at individual years or mean of all yEaesk static
approaches do not consid@vironment by treatment interactions present in-@ngn studies
(Piepho et al. 2003). Random ftuations in environmental conditions other than management
practices can influence weed dynamics on top of the crop management practices in a given time
point (Derksen et al. 1993). Ideally, longitudinal analysis of the-teng changes in weed
dynamics ad crop yields could provide more insights than the conventional point estimations.
Therefore, this studgttemptto usea combinatiorof a static and dynamic statistical analysis
approach using a fairly novel method to agronomy discipline known as rasplom coefficient
models (Verbylaet al. 1999; Rice and Wu 2001).
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3.3 Materials and Methods

3.3.1 Site description and experimental design
The ACS trial was a lonterm cropping systems study (199@12) established near

Scott, Saskatchewan (52° 22'; 1G8F, elevation = 713 meters). It was in the Dark Brown saill
zone between the serarid region to the south and the dulmid region to the north. The details
of the design and management of the ACS trial have been explained by Brandt et al. (2010);
therebre, only the materials and methods relevant to our study are presented here.

The ACS trial consisted of two main treatments, systems (inputs) and crop diversity
(rotations), with three levels under each treatment. It was a four replicatspdipiiot design,
with main plot treatments consisting of three levels of inputs anglsib consisting of three
levels of crop rotations (Figure 3.JEach crop rotation had six crop phases, with all crop phases
occurring in a single year. The expeéantal sitecovered 16t{a), with the main plots measuring
76.8 m by 140 m, suplots measuring 76.8 m by 40 m, and cropping phase plots measuring 12.8
m by 40 m.

The three input levels included the following: (1) organic systems (ORG), which used
tillage and norchemical pest control and nutrient management strategies; (2) reduced input
systems (RED), which usedtidl practices and integrated loigrm management of pests and
nutrients with limited use of chemicals to supplement other management practices;rag (3)

i nput systems (HI GH), which used tillage al on
according to conventional recommendations associated with pest thresholds and soil tests
(Brandt et al. 2010).

Crop rotations had three levels of crop diitgrsn each system with the crop rotations
differing between the systems to reflect common crops and practices for each system. The three
crop diversity levels were as follows: (1) low diversity rotations (LOW), which consisted of
fallow and annual grain®tations;(2) diversified annual grains rotation (DAG), which consisted
of cerealpilseed and pulse crops, and (3) diversified annuals and perennials (DAP) rotation,
which used a mix of grain crops and a thyear perennial forage crophe crop phasdas each

cropping system are summarized in Table 3.1.
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Figure 3.1.Aerial view of the longterm alternative cropping systems study (Photograph
provided by Stu Brandt)

After the first 6 years of the study, oriental mustdthésica junced..) was substituted
for canola in all ORG systems, since oilseed canola was no longer allowed for organic
certification. Due to poor yields, fall ry&écale ceredl.) was substituted with soft white spring
wheat in the RED and HIGH divefied annual grain rotationf®uring the first six years of the
study, the forage sequence was tameAatifa sativd..) underseeded to brome graf®dr¢mus
inermisLeyss.) and alfalfaMedicago sativd..), followed by two years of brome and alfalfa
hay.However, due to poor establishment of braand alfalfa after the first siyear cycle,
alfalfa was seeded alone without a companion cereal crop and left in place for threalyears.
crops were spring seeded except fall rye, which was seeded in SeptBrabdt et al. 2010).
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3.3.2 Tillage
In HIGH and ORG systems, fall tillage was practiced every year between crop harvest in

September and soil freeze up in Novembere to the intensive use of tillage it was not
practiced aftethe completion of the send cycle. In RED input systems, tillage was rarely
done; however, it was used in the RBIBP system to terminate alfalfa in some years. Fall
application of phenoxy herbicides (ZXor MCPA) was typically used for fall weed control in
RED systems. Summealfow tillage was used with the summer fallow and green fallow phases
of the ORGLOW and HIGHLOW diversity systems. Organic green fallow used half of the
tillage practices compared to conventionally tilled high input fall®pring preplanting tillage

was done for weed control and sdaed preparation and typically consisted of one to two
operations with a swedpype cultivator followed by harrowing or harrepacking. With RED

input systems, herbicides were applied before planting to control weeds.

3.3.3Crop establishment

Crops in the HIGH and RED systems were generally sown earlier than crops in the ORG
systems, because organic growers usually practice late seeding to control weeds prior to planting.
Crops that benefit most from early seeding such aslaand pea were sown first, while those
that are less affected by late sowing, such as wheat and forages, were planted last. A detailed
explanation of the planting pattern is provided in Brandt et al. (2010). Initially, seeding of all
crops waslone witha 20cm row space hepress drill.During the later yearshe HIGH and
RED systems were seeded using a&@&brow space drill, and the ORG systems were seeded
using a 15cm row space double disc press drill. In the HIGH and RED systems, widerawter
space was needed to avoid plugging with crop residues, while the narroweaoimtgpace in the
ORG systems were used to improve crop competition with w€edps were sown at
recommended rates in HIGH input systems and at 33% higher rates in the ORBand R

systems to improve crop competition with weeds.
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Table 3.1 Crop phases of all cropping systems in the Alternative Cropping Systems trial
near Scott, SK.

Input? RotationP® Crop phases

HIGH LOW Fallow-WheatWheatFallow-CanolaWheat
DAG CanolaFall RyePeaBarley-Flax-Wheat
DAP CanolaWheatBarley-Alfalfa-Alfalfa-Alfalfa

RED LOW GM-WheatWheatFallow-CanolaWheat
DAG CanolaFall RyePeaBarley-Flax-Wheat
DAP CanolaWheatBarley-Alfalfa-Alfalfa-Alfalfa

ORG LOW GM-WheatWheatGM-MustardWheat
DAG GM-WheatPeaBarley-GM-Mustard
DAP MustardWheatBarley-Alfalfa-Alfalfa-Alfalfa

2HIGH = conventional tillage with high inputs (i.e., pesticides and fertilizers, based on
conventional recommendations); RED =tibwith reduced inputs; ORG = oagic (non
chemical pest control and nutrient managemémtPW = fallow-annual grains; DAG =

diversified annual grains; DAP = diws@fied annuals and perennialdlM = green manure fallow

3.3.4 Fertilizer and nutrient management pactices
Ureabased nitrgen was applied at or before seeding based on soil test

recanmendationsThe same rate was applied to all treatment plots in the HIGH systems, while

in the RED systems, the rate applied in each plot was based on the soil test for that specific plot.
This wsually resulted in less fertilizer being applied to the LOW diversity rotations. Fertilizer
phosphate was applied to RED and HIGH input systems, with the seed at constant rates
(averaging 10.8 kg haof P). Recommended chemical seed treatments wereaisedd in

HIGH and RED systems. Rhizobial inoculants were used for nitrbgieig legumes when used

for green fallow, grain, or forage crops and were applied to seed in all input systgmnsvitie

some of theeropd phosphorus requirements, a commetlgiavailablePenicillium bilaii

formulation was applied as a seed treatment on ORG and RED Atdps.end of each siyear
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cycle, composted manure was added to the RAP and ORGDAP systems to replace the

nitrogen that would have been available hadftrages and barley grown in these systems been

fed to feeder cattle and the manure spread back on the land. The composted manure was applied
and incorporated with tillage between the last forage phase and the subsequent gralihphase.
details of the ntrient status in the ACStudycan be found in Malhi et a2009.

3.3.5 Weed control
In-crop weed control in HIGH systems used recommended herbicides at recommended

rates based on weed populations. In the RED systems, herbicides were only applied if weed
thresholds were exceeded. Thresholds were based on published local guidelines (Saskatchewan
Agriculture 1998) and varied dependingtbe crop weed, and climatic conditions. Where the
threshold was a range, the lower threshold number was used whesktbieyield loss was high,

and the higher threshold number was used where the risk of yield loss was low. For ORG
systems, ircrop harrowing was typically done for cereals geds, buhot for small seeded

crops like mustard and alfalfa.

3.3.6 Data colletion
When grain crops reached physiological maturity and forage crops rethetieahest

stage, all plant biomass waemoved at the soil surface from two areas per plot, each measuring
0.25 nt. Biomasswere separateidto two groups: weeds and crop biass, and both were dried

at 100C for 24 hours to provide an estimate of crop and weed dry biomass. All grains were
harvested at physiological maturity. Grain yield was determined by harvestinglay20m

strip from each plothendrying cleaning and wighingthe entire grain sample

3.3.7 Data analys
Residual weed biomass, weed density, and crop yield data collected from 1995 to 2012 in

all crop phases were subjected to univariate statistical analysis. Weed density and weed biomass
data for each yedrom the six crop phases were averaged for the analysis, while grain yield data
for all crop phases excluding the green manure phases were averaged together. Average weed
density, weed biomass and grain yields for all crop phases in each year wereredriside

determine the overall effect of crop rotation on weed abundance and crop yields than on the
individual crop phases.
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Initial data analysis with a linear mixed model confirmed the lack of fit of the model to
the data due to nelimearity in the dataDueto the high variability in the response variables over
time in this study, modeling a linear relationship with time was not possible. Hence, we used a
random spline coefficient model (Verbyla et al. 1999; Rice and Wu 20@helgzeall the
variables A random spline coefficient model is a sguarametric modehathas both
parametric and nonparametric components (Verbyla et al. 1999). In this nmatiaeling the
response variables as a random spline function of time for each individual treatmaentpof
treatments was carried out. This approach allows for subject specific covariancesteriong
experiments (Fan and Zhang 2008). Using this method, response variables were modeled as a
random spline function of time for each individual treatnargroup of treatments. Weed
biomass and weed density data were log transformed before the analysis. The data were analyzed
using the GLIMMIX procedure in SAS 9.3 (SAS Institute.|B811) assuming normal
Gaussian distributio(SAS Institute Inc. 2009 An example of the SAS code usedatmalyzethe
data is provided in Annex.

All data collected over the 18 years were analyzed as a single time series (time as a
continuous variable) to identify trends in the measured parameters. Input, crop rotaticandime
the interaction of input and rotation were considered fixed effects. Replication and its interaction
with inputs were considered random. A repeated measures analysis was conducted, where
replicate (block) was considered as the subject to model theoarelation function over time.

The following competing random spline coefficient models were considered: individual
treatmenispecific (i.e., nine treatment combinations), inlaviel, or rotatioAevel; depending on

the lowest AIC values, the best modeas selected. For the weed density and weed biomass

data, the covariances modelled by input level were selected as the final model while for yield

data, the covariances modeled by crop rotation found to be the best fit of the model to the data.
Differences in spline coefficients among treatments were tested using orthogonal contrast. Means
were decl ared signi f i c bhonaslysygniftantdiffeeencetasttatPdy usi n
0.05, and backransformed mess were displayed. Furthermore, lineagressioranalysis was

carried oufor yield with total seasonal rainfall, weed biomasged densitynd was declared

significant atP < 0.05.
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3.4. Results

3.4.1 Rainfall and growing conditions
The years between 1998 and 2004 were dry, with the ta@sbsel rainfall (Apr

September) below the lofigrm average of 261 mm (Figure 3.2A). The year 1998 was the driest,
receiving only 148 mm of rainfall. However, despite ywayear fluctuations, a gradual increase

of average rainfall can be observed, jgattrly, from 1998 to 2012, where analysis of rainfall

over time indicated a significant correlatidh< 0.05) between rainfall and time. In addition,
seasonal maximum temperatures fluctuated from thetlenng averages. The summers of 2004
and 2005 weréairly cool (Figure 3.2B), and the summers of 1998 and 2001 were hottehthan

average.

3.4.2 Weed density
Input systems and crop rotations differed in mean weed densities over the 18 years;

however, no interaction between input levels and crop roste@re identified (Table 3.2).
Organic systems had seven times greater weed density compared to the RED systems and four
times greater weed density compared to the HIGH systems (Figure 3.3A). There was no
statistical difference between HIGH and RED systdéon weed density (Figure 3.3A). This
indicates that eliminating tillage and reducing herbicides did not increase overall weed
abundance. Among crop rotations, the DAP rotation had the greatest weed density, which was
two times greater than the weed dgnsi the LOW diversity rotation (Figure 3.3B).

Weed densities varied throughout the years (Figure B ) RED and HIGH input
systems showeslignificantlyhigh variability over time, but the ORG systems showed
comparativelyless variabilityaccording tacovariance parametef$able 3.2). Further, ORG
systems showegklatively constant high weed density in all years, which was also reflected in
high overall mean weed density. Despite the variability, all systems showed an increasing trend
over the time. Egept for RED systems, all the other systems showed an approximate linear
increase in weed density over time (Figure 3.4). A nonlinear trend was identified in the RED
systems, with a decrease in weed abundance in most years during the second cy@e0®002
All three input systems had a more than threefold increase in weed density from rotation cycle
one the rotation cycle three (data not shown). This overall increase in weed density in all systems
may be due to the increasing trend in rainfall througtieitil8year period (Figure 3.2A). A
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similar association has been observed in the Glenleatésngcrop rotation study in Manitoba
(Entz et al. 2014).
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Figure 3.2. Crop growing season (ApriSeptember) rainfall (A) and maximum
temperature (B). The dottal lines indicate the longterm seasomormal rainfall and

temperature at the ACS site at Scott, Saskatchewan, Canada.
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Table 3.2. Probability values for treatment means and cariance parameters for weed

biomass, grain yield, and weed density at the ACS in Scott, SK.

Source of variance Weed densityx Weed biomassz* Yield
Time <0.0001 0.05 <0.0001
Input <0.0001 0.0003 <0.0001
Rotation <0.0001 0.02 0.02
Input-by-Rotation 0.16 0.04 0.17
Covariance parameters
ORG NE NA NA
RED 0.09 NA NA
HIGH 0.08 NA NA
DAG NA 0.04 NE
DAP NA 0.13 0.07
LOW NA 0.05 NE
Contrast of covariance
parameters
ORG vs. RED NE NE NE
ORG vs. HIGH NE NE NE
RED vs. HIGH NE NE NE
ORG vs. Nonorganic NE NE NE
DAG vs. LOW NE NE NE
DAP vs. LOW NE 0.05 NE
DAG vs. DAP NE NE NE

+ Data log transformed for analysis

NE = cannot estimate, NA = covarianparameters were not estimated

ORG = organic (noichemical pest control and nutniemanagement); RED = #dl with

reduced inputs (pesticides and fertilizers); HIGH = conventional tillage with high inputs (based

on conventional recommendations); DAG = diversified annual grains; DAP = diversified annuals

and perennials; LOW = falloamual grains
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Figure 3.4. Eighteenyear trend in weed density assessed in ACS at Scott. Black circles
represent the observed mean weed density in lngcale for a particular year. The solid
lines represent the linear/nonlinear predictions of weed densitover time. Dotted lines

represent the upper and lower 95% prediction interval.

3.4.3 Weed biomass
Mean weed biomass was affected by the ipuatotation interaction (Table 3.2). The

lowest weed biomass was observed in the fatjpans rotations (LOWin the RED and HIGH
systems (Figure 3.5). The RED systems had one green manure fallow and one chemical fallow
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phase, while HIGH systems had two tillage fallow periods. Despite these differences, these
systems had similar weed biomass. Therefore, havingea gnanure fallow phase in RED
systems was found to have no negative effect on weed control compared to having a tillage
fallow in HIGH systems. However, comparing crop rotations across input levels may not be
appropriate due to the contrasting differentceinput levels. In DAP rotations in all systems,
weed density was high but weed biomass was intermediate. Hence, differences in weed densities
among cropping systems were not reflected in differences in weed biomass. Within RED and
HIGH systems, the welebiomass in DAP rotations was similar to the biomass in DAG rotations.
Weed biomass was four times greater in all ORG rotations compared to RED and HIGH
rotations.

Crop rotations had high variability in weed biomass over time. According to covariance
patameters, DAG and LOW diversity rotations showed significant variability over time (Table
3.2, Figure 3.6). However, based on the contrast of covariance parameters, the variance did not
differ between DAG and LOW rotations (Table 3.2). A similar patternokasrved in both
rotations as weed biomass tended to decrease from 1995 to 2005 and then increase from 2005 to
2012. The LOW diversity rotation was significantly different from the DAP rotation in terms of
variability (Table 3.2). Despite shetgrm varidility, weed biomass showed a curvilinear
increase over the time within cropping systems. The continuous increase in weed biomass,
particularly in the two conventional cropping systems (HIGH and RED), suggests that despite

the annual use of herbicides, wieavere not completely controlled.
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Figure 3.5 Mean residual weed biomass (averaged across 18 years) affectethpyt system
and crop rotation assessed in ACS at Scott. Error bars indicate standard errors of the
Ismeans. Comparisons made between treatimts with different letters indicate a significant

differenceatTuk ey 6s Honestly Signi.ficant Difference |

3.4.4 Grain Yield
Input systems and crop rotations had significant effects on crop yields (Table 3.2). The

ORG systems had the lowest grgield, which were 32% and 35% lower than the yields from

the RED and HIGH systems, respectively (Figure 3.7A). The RED and HIGH systems had
similar grain yields, suggesting that reducing agrochemicals and eliminating tillage (as was done
in the RED system)sloes not affect grain yields. Among crop rotations, the DAP rotation had

the lowest yield and was 54% of the LOW rotation and was 50% lower than the DAG rotation
(Figure 3.7B).
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Figure 3.6. Eighteenyear trend in weed biomass assessed in ACS at Sc@&iack circles
represent observed mean density in lagscale for a particular year. The solid line
represents the linear/nonlinear prediction of weed biomass over time. Dotted lines

represent the 95% prediction intervals.

Despite the differences in meamp yields, cropping systems showed an increase in
yield over time, with the exception of reduced yields in the second crop rotation cycle,
particularly between the years 2000 and 2003 (Figure 3.8). This period was severely dry during
the growing season idure 3.2A), which severely limited yields (Figure 3.8). Interestingly,

although the overall grain yield was low, the ORG systems vyields increased with time.
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