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ABSTRACT

Turmel, Marie-Soleil. M.Sc., The University of Manitoba, April, 2007. The Effect of a
Long-term Black Medic (Medicago lupulina) Cover Crop on Arbuscular Myconhizal
Fungi Colonization and Nutrient Uptake of Flax (Linum usitafissimum). Malor Professor;
Martin H. Entz.

Cover cropping with black medic (Medicago lupulina cv. George) was

investigated as a potential method of increasing arbuscular myconhizal fungi (AMF)

colonization and early nutrient uptake in flax (Linum usitatissimum) by examining (1)

early AMF colonization and nutrient uptake of flax in the field and (2) the effect of soil

disturbance on early AMF colonization of flax grown after black medic in a growth

chamber study. All samples (field study) and intact soil cores (growth chamber shrdy,

Manitoba) were collected from low and high soil test P long-term field experiments with

the presence of black medic in a flax -wheat (Tritícum aestivum) - oaT (Avena sativa)

rotation established in Manitoba and Saskatchewan in 2000 and 2002, respectively.

In the field study, a black medic cover crop had no influence on early AMF

colonization by arbuscules or hyphal structures. When all site years were combined early

flax concentrations of N, P, K and Zn were increased in the cover crop treatment,

however, the cover crop had no effect on the total flax uptake of N, P, K, Mg, Zn, and

Mn. The early uptake ofS, Ca, Cu and Fe by flax was decreased in the black medic cover

crop treatment. At one of the four site-years total flax P uptake was increased by the

cover crop treatment though there was no effect on total N uptake. The results of the field

study suggest that long-term cover cropping with black medic may have an effect on

macro- and micro-nutrient uptake in flax that is not directly ¡elated to changes in the

extent of AMF colonization.
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In the growth chamber study, flax following black medic had higher early percent

root length colonized by arbuscules than flax grown after soil that was left fallow

(P=0.0648). Early flax hyphal colonization was not affected by the cover crop. Soil

disturbance had no effect on the early flax root AMF colonization. The growth chamber

experiment demonstrates that cover cropping with black medic is an effective method of

increasing early AMF colonization.



1.1 INTRODUCTION

Cover cropping is a method of perennializing northem temperate agricultural

systems by growing a crop in the fall, spring and winter between regular summer

cropping intervals. In the present study, a unique cover crop system, one that involves a

self-regenerating legume species, black medic (Medicago lupulina cv. George), was

tested.

A potential benefit of cover cropping is the enhancement of arbuscular

mycorrhizal fungi (AMF) symbiosis with the main crop (Kabir and Koide 2000; Boswell

1998; Sorensen et al. 2005). Arbuscular mycomhizal fungi (AMF) are beneficial plant

symbionts important for crop phosphorus and micronutrient uptake (Karagiannindis and

Hadjisawa-Zinoviadi 1998; Liu et al. 2000). The increase in nutrient uptake is attributed

to the AMF hyphal extension ofthe plant root system which increases the surface area of

soil contact (Bolan 1991). The majority of studies have found that AMF colonization is

increased following a cover crop (Galvez et al. 1995; Bosewell et al. 1998; Zak et al.

1998; Kabir and Koide 2000,2002; Allen et al.2001; Rutto 2002; Sorensen et al. 2005).

AMF are dependent on plants for the growth and maintenance of their hyphal networks.

Growing a myconhizal cover crop extends the time for AMF growth into the autumn,

winter and spring. The extraradical mycelia are able to survive northem temperate

winters providing rapid spring colonization and early season symbiosis (McGonigle and

Miller 1999). Early season phosphorus supply is known to be critical for obtaining

optimum crop yields. An inadequate phosphorus supply during early plant growth limits

crop growth which cannot'be recovered laler in the season (Grant et al. 2001).
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Increased AMF colonization has been correlated with an increase in plant uptake

ofphosphorus and micronutrients. Phosphorus uptake has been shown to increase in com

with increasing AMF colonization in field studies (Vivekanandan and Fixen 1991;Kabir

and Koide 2000; Karasawa et al. 2002). However Bosewell et al. (1998) found that the

increase in maize phosphorus concentration after cover cropping was not significantly

cor¡elated with colonization. Cover cropping has been shown to influence the uptake of

other macro- and micro-nutrients such as potassium, calcium, zinc, copper, magnesium,

iron, and manganese although results are inconsistent among studies (Bosewell et al.

1998; Kabir and Koide 2002).

The increase in mycorrhizal colonization and nutrient uptake found in crops

following a cover crop may be largely attributed to an extension of the extraradical

hyphal network (Boswell 1998). Disturbance of the soil and extraradical hyphal network

has been sho\¡r'n to leduce the positive effect of cover cropping on myconhizal

colonization (Boswell 1998). However, the research of McGonigle and Miller et al.

(1990; 2000) has shown that the effect of soil disturbance on AMF colonization is

inconsistent and may be dependent on the AMF inoculum density of the soil.

A f,reld study was undertaken to investigate the influence a long term black medic cover

crop on the AMF colonization and nutrient uptake of flax in low and high soil

phosphorus conditions. Additionally, a growth chamber experiment was designed to

investigate the influence of cóver cropping combined with soil disturbance on the

mycorrhizal colonization of the following flax crop.
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The objectives ofthe field and growth chamber study were:

1. To determine if a long{erm black medic cover crop increases early AMF

colonization of flax. It is hypothesized that a black medic cover crop will

increase the early AMF colonization of flax.

2. To determine ifa long term black medic cover crop affects the early nutrient

uptake offlax. It is hypothesized that the black medic cover crop will increase

the uptake nitrogen, phosphorus, zinc and copper and influence the uptake of

other micronutrients.

3. To determine if soil disturbance reduces the positive effect of cover cropping

on the AMF colonization of the subsequent flax crop. It is hypothesized that

soil disturbance will reduce the positive effects ofcover cropping on the AMF

colonization of the subsequent flax crop.



2. LITERATURE REVIEW

2.1 Introduction

2.1.1 Arbuscular Mycorrhizal f,'ungi Symbiosis

Arbuscular mycorrhizal fungi (AMF) are invaluable plant symbionts. They are

ubiquitous among land plants suggesting that myconhizae were present in the early

ancestors of extant land plants. This beneficial association may have even facilitated the

colonization of land by plants (Read efal. 1976; Simon et al. 1993). AMF are thought to

be ecologically important to most vascular plants. It has been said that it is easier to list

the plants that do not form mycorrhizaes than those that do (Harley & Smith i983). AMF

are found in most species ofherbaceous plants which have been studied and also in some

tree species (Read et al. 1976; Harley & Smith 1983). Plants classified as bryophytes,

pteridiophytes, gymnopsperms and angiosperms have been found to form mycorhizaes

(Harley and Smith 1983). The fossil record and molecular analysis shows that plants

have formed mycorrhizaes for over 460 million years (Simon et al, 1993). The

persistence of the relationship indicates that mycorrhizaes confer an evolutionary

advantage to plants. A¡buscular myconhizae improve plant fitness and productivity

directly through increasing uptake of phosphorus and insoluble micronutrients, and

indirectly by improving soil quality parameters such as aggregate stability.

2.1.2 Cover crops

A cover crop is a living ground cover grown under the main crop or between

regulal cropping periods. Cover crops are also known as living mulches and green

manures. Cover crops improve agroecosystems in many ways such as reducing nitrogen

leaching, e¡osion and nitrogen volatilization, adding organic matter to the soil, nitrogen



fixation and enhancing beneficial microbial activity (Sanantonio and Gallandt 2003).

Perennial or self-seeding cover crops can be maintained to avoid the need for reseeding.

2.1.3 Black Medic (Medicago lnpulinø cv. George)

Black medic cv. George was developed at the Montana Agriculture Experimental

Station, Bozeman, MT (Sims et al. 1985). Black medic is a small, short lived perennial

plant from the family Leguminosae. Black medic is low growing, self-pollinated and

regenerates well from seed. George is adapted to dry land farming conditions with 40 cm

or more annual precipitation. Black medic is a nitrogen fixing crop, exhibiting low

competitiveness, making it a potentially ideal understory cover crop (Moomaw 1995; De-

Haan et al. 1997). IT was developed to function as a green manure crop in "Australian

Ley Farming" systems in North America (Sims et al. 1985).

2.1,4 Flax (Linum usitolissimunt)

Flax is an annual crop plant in the gents Linum. Cultivated flax, L. usitatissímum,

has varieties grown for oil and fiber. In Canada, mainly the oilseed flax varieties are

grown (FCC, 2002). Flax is known to yield well after cereals and corn but not after

canola (FCC, 2002). The response of flax to phosphorus fefilizers is low compared to

other crops due to its poor chemotaxic ability and inability to proliferate roots in areas of

high phosphate concentration. Thus, flax is highly dependant on AMF-mediated

phosphorus uptake at low and intermediate soil phosphorus concentrations (Thingstrup et

al. 1998).
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2.2 The Influence of Plant Ecology on Arbuscular Mycorrhizal Fungi

Ecosystems are composed of many organisms interacting in a multitude of

complex relationships with their environment and each other. Biological relationships are

found on a scale from antagonistic to beneficial. Myconhizal symbiosis is a highly

evolved beneficial relationship found between AMF and plants. Myconhizae are the most

prevalent plant symbiosis known (Simon et al. 1993). They are ubiquitous across all

ecosystems; 80% of all vascular plants are capable of forming myconhizae. In the past

arbuscular mycorrhizal fungi were incorporated into the "black box" of soil microbial

biomass and activities. The tremendous advancements in research on mycomhizae

physiology and ecology over the past 35 years have lead to a greater understanding of the

multi-factorial role of AMF in the ecosystem and how human activities influence the

efficacy of AMF symbiosis.

2,2,1Plant Host Range and Speci{icity

The specificity, host range and degree of colonization of mycorrhizal fungi is

diffìcult to analyze in the field due to the complexity of interactions between the AMF

fungi within the root and soil system. There is no clear evidence that AMF exhibit

specificity for colonization of potential AM host plant species as do fungal pathogens for

their host plants (Smith & Read 2002). This may be due to the opposite selective

pressures involved. In parasitic relationships the host plant benefits from mutations which

prevent colonization, whereas in symbiotic relationships the plant benefits from

mutations that allow for colonization by arbuscular mycorrhizal fungi (Smith & Read,

2002). However, plant species differ in the extent and dependence on colonization by
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certain AM fungi. Some plants may be facultative mycotrophs while others may be

obligate mycotrophs (Smith & Read 2002). Plants with tapJike roots with little branching

and roots that are inefficient at seeking out phosphorus may receive the most benefit from

mycorrhizal symbiosis. The ability of the same AM fungi to colonize many species of

plants has ecological implications. Plants of different species may be linked underground

by a common mycellial network (Smith & Read 2002). One plant may provide the

photosynthate carbon for the establishment ofthe mycellial network which another plant

of a different species will utilize for mineral uptake. This implies that arbuscular

mycorrhizae are able to moderate below ground intra - and interspecific plant

interactions which brings into question conventional ideas ofplant competition (Smith &

Read 2002).

2,2,2 Plant Influence on AMF Abundance and Diversity

Although AMF are thought to be generalists, there is evidence that plant species

composition influences the structure of AM fungal communities (Harley and. Smith

1983). The populations of AM fungi are greatest in plant communities with high diversity

such as tropical rainforests and temperate grasslands where they have many potential host

plants and can take advantage of their ability to colonize a broad host range (Smith &

Read 2002). There is a lower incidence of mycomhizal colonization in very arid or

nutrient rich soils where their services may not be appreciated (Smith and Read 2002).

Arbuscular mycorrhizal fungi species diversity is commonly determined by the spore

phenotypic diversity and more recently by molecular genetic methods. When natural

ecosystems are changed into arable land, the diversity of AMF spores often decreases

(Schenck and Kinloch 1980). This is attributed to the lower diversity in plant species
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found in agroecosystems compared to natural ecosystems. This phenomenon may also be

applied to the levels of diversity found within agroecosystems. AMF species richness has

been shown to decrease in crop monocultures compared to crop rotations (Hendrix et al.

1995). Bagayoko et al. (2000) found that cereals grown in rotation had higher early AMF

colonization when compared to a monoculture. Baltruschat and Dehne (1988) also found

that a continuous monoculture ofwheat decreased the AMF inoculum potential ofthe soil

compared to a more diverse rotation. Johnson eT. aI. (1992) suggested that a continuous

monoculture may select for rapidly growing AMF species which may be inferio¡

mutualists.

Specific plant species have been shown to influence the population density and

relative species abundance of AMF spores, although the effects are inconsistent (Black

and Tinker 1979; Hendrix el al. 1995; Douds et al. 1997; Karasawa et a|.2002). Schenck

and Kinloch (1980) found that AMF spore abundance and community structure was

dependent on the previous plant species that was grown on newly cleared woodland soil.

AMF spore populations are generally greater after mycorrhizal cover crops than after

non-mycorrhizal cover crops although the effect is not consistent across all studies

(Hayman et al. 1975; Douds et al. 19971. Karasawa 2002). Karasawa et al. (2002) also

observed that the population density of AMF spores was greatly increased in the soil

following sunflower (Helianthus annus), a mycorrhizal crop, compared to mustard

(Brassica nigra), a non-mycorrhizal órop. Douds et al. (1997) also found that the relative

AMF species abundance was influenced by plant species. However, Karasawa et al.

(2002) found that dominant species of AMF in the soil did not change following

sunflowe¡ or mustard. Hayman et al. (1975) found that spore populations were not



9

significantly reduced after one season ofcropping with swede (Brassica napobrassica), a

non-AMF host. Johnson et al. (1991) suggested that spore populations were affected by

both the plant species and edaphic factors such as soil pH and temperature.

2,2,3 Plant Species Influence on Establishment of AMF Colonization

AMF ecology is directly influenced by the plant species and abundance of plants

on the soil (Karasawa et al.2002).In tum, AMF has a selective influence on the success

of plants colonizing the soil. In natural systems, AMF diversity has been shown to

increase plant species diversity as the potential number of associations increases.

Dominant AMF species can prevent the invasion of non-myconhizal plants on land

where they have established symbiosis while promoting their myconhizal hosts (Eriksson

2001).

2,2.4 Crop Rotation

Over the past 35 years, much research has been done to elucidate how plant

species influence AMF colonization, nutrient uptake and growth of subsequent crops in

agricultural systems. A crop rotation is a system of growing crop plants in a repeated,

defined sequence (Hanier and Watson 2003). Crop rotation is a tool for managing

nutrient supply, weeds, pest and disease. It is well known that the preceding crop will

affect the growth of the subsequent crop (Karlen et al. 1994). This phenomenon, known

as the "rotation effect", cannot be explained entirely by nutritional effects (Bourgeois and

Entz 1996) and other factors, such as AMF, may play an important role in the success of

crop rotations (Black and Tinker 1979; Hendrix et al. I 995).

It has been well established that AMF activity is decreased by non-AMF host

plants (Black and Tinker 1979; Gavito and Miller 1998; Kalasawa et aI.2002). Highly
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mycorrhizal host crops have been found to increase AMF inoculum potential of the soil

and colonization of the subsequent crops. For example, Karasawa ef al. (2002) found an

increase in AMF colonization and growth in maize following sunflower when compared

to maize following mustard. Including non-mycorrhizal plants in the rotation reduces the

rate of AMF colonization in following crops (Black and Tinker 1979; Gavito and Miller

1998). For example, Black and Tinker (1979) found that the rate of infection following

the non-AMF host plant kale (Brassíca oleracea L.) was lower than following the AMF

host plant barley (Hordeum distichon L.). Gavito and Miller (1998) also observed

delayed AMF colonization of maize (Zea mays L.) following canola (Brassica napus L.),

a non-AMF host species, when compared to the colonization of maize following the

AMF host species bromegrass (Bromus inermis Leys.) and alfalfa (Medicago sativa L.).

The maize following canola had significantly lower AMF colonization for up to 62 days

after planting, after which the colonization was equal to the maize following an AMF

host species. These observations suggest that the AMF inoculum potential ofthe soil can

be built up and the in-hibitory effects of a non-myconhizal crop can be reduced after

cropping with a mycorhizal crop (Gavito and Miller 1998).

There is evidence that some plant species may reduce the population of a specific

AMF species known to have a negative influence on the growth of the subsequent crop

(Hendrix et al. 1995). The AMF species Glomus macrocqrpuÍn has been found to have a

negative effect on tobacco (Nicotiana tabscum L.). This phenomenon is referred to as

mycorrhizal stunt disease. Cropping tall fescue (Festuca arundincea Screb cv.

Johnstone) before tobacco has been shoun to decrease the populations of the G.

nact'ocorpurn, reducing its negative effect on tobacco (Hendrix et al. 1995). Management
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of myconhizal fungi by cropping system design may be a promising way to improve the

efficacy of AMF symbiosis.

2.2.5 Intercropping

The effect of intercropped plants on their mutual AMF colonization is likely

species-specific (Hayman eI al. 1979; Ocampo et al. 1980). Hayman et al. (1979) found

that when onion (myconhizal) was grown with swede, a non-myconhizal plant, the onion

became less colonized than when grown alone. Conversely, Ocampo et al. (1980) found

that intelcropping with a non-myconhiza.l plant did not reduce the colonization of

mycorrhizal plants.

2.2.6 The Effects of Fallow on AMF'

Fallow is the practice of leaving the land idle or uncropped. There are several

kinds of fallow. Summer fallow was once a widespread practice on the Canadian prairies

that aimed to accumulate mineral nitrogen in the soil and conserve moisture. This

practice has largely been abandoned as the negative impacts of fallow on soil organic

matter and fertility become more recognized (Janzen 2001). Long fallow (1 year or more)

is sometimes adopted in very arid climates to accumulate enough moisture to grow a crop

(Thompson 1994). In temperate climates, the soil is left fallow over fall and winter

between regular spring and summer cropping intervals. Green fallow is an altemative to

summer fallow in which a legume is grown over the summer and plowed into the soil to

retum organic matter and nitrogen to the soil (Janzen 2001).

Fallowing without AMF host cover has a detrimental effect on AMF symbiosis

with the following crops. Arbuscular mycorrhizal fungi are dependent on carbon input
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from their plant host for growth and reproduction. When the soil is cleared of AMF host

plants, the AMF population decreases and hyphal networks deteriorate. Thus,

mycorhizal colonization and phosphorus uptake of host plants decreases with increasing

length of the preceding fallow (Black and Tinker 1979; Vivekanadan and Fixen 1991;

Kabir et al. 1999; Kabir and Koide 2000). When the soil is left bare, the viable hyphal

network decreases over time which reduces the mineral uptake and growth of the

subsequent mycorrhizal crop (Kabir et al. 1999). Long fallowing has lead to severe

phosphorus and zinc deficiency in crops in Australia (Thompson 1994). Even a short

fallow can reduce mycorrhizal activity and nutrient uptake of subsequent crops. For

example, in a pot study by Kabir et al. (1999), a 90 day fallow was found to decrease

active hyphae by 57%, AMF colonization of maize by 33% and the uptake of

phosphorus, zinc and copper by 19%,54% and 61Yo respectively. Clearly, fallowing is a

practice that is detrimental to AMF-plant symbiosis.

2.3 Cover Cropping Effects on AMF Activity, Nutrient Uptake and Yield

Cover cropping is the practice of growing a crop, usually in the fall, between

regular cropping intervals. Cover cropping with mycorrhizal crops perennializes the

cropping system, avoiding the negative effects of fallowing on AMF, by maintaining a

viable plant host throughout the growing season (Boswell et al, 1998; Sorensen et al.,

2005). Cropping system effects on AMF colonization are usually observed early in the

growing season (Bagayoko et al. 2000; Gavito and Miller 1998). Early colonization is

crucial to providing nutritional benefits to the plant (Black and Tinker 1979).

Mycorhizal cover crops may be effective in increasing early AMF colonization, early
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phosphorus and nutrient uptake and yield the main crop (Bosewell et al. 1998; Kabir and

Koide 2000, 2002).

2.3.1 Arbuscular Mycorrhizal Fungi Colonization

The development ofAM fungi prior to root colonization, known as presymbiosis,

consists of three stages: spore germination, hyphal growth, as well as host recognition

and appressorium formation (Douds & Nagahashi 2000). Spores are thick walled multi-

nucleate resting structures (Wright, 2005). AMF spores may germinate given suitable

conditions of the soil matrix, temperature, carbon dioxide concentration, pH and

phosphorus concentration (Douds & Nagahashi 2000). The germination of AMF spores is

not thought to be under direct control of the plant as spores have been germinated under

experimental conditions in the absence of plants both ín vítt.o and in soil. However, the

rate of spore germination can be increased by plant host root exudates (Douds &

Nagahashi 2000).

The growth of arbuscular mycomhizal hyphae through the soil is controlled by

host root exudates and soil phosphorus concentration. AMF colonization is higher in

nutrient poor soils and decreases with the addition of phosphate fertilizer (Vivekanandan

and Fixen 1991; Hayman et al. 1975; Read et al. 1976). Low soil phosphorus

concentrations increase hyphal growth and branching as well as induce plant exudation of

compounds which control hyphal branching intensity (Nagahashi et al. 1996, Douds &

Nagahashi 2000). Arbuscular mycorrhizal fungi also have chemotaxic abilities which

enable hyphal growth toward the roots of a potential host plant (Sbrana & Giovannetti

200s).
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Once an arbuscular mycorrhizal fungal hypha encounters the root ofa host plant,

an appressorium is formed on the root epidermis from which the hyphae can penetrate

into the host's parenchyma coúex (Gianinazzi-Pearson 1996). Once inside the

parenchyma, the fungi forms highly branched structures for nutrient exchange with the

plant, known as arbuscules (Gianinazzi-Pearson 1996). Arbuscules are the sites of

exchange for phosphorus, carbon, water and other nutrients (Wright 2005). The host plant

exerts control over the intercellular hyphal proliferation and arbuscule formation

(Gianinazzi-Pearson I 996).

There are two other types of morphologically distinct hyphae which originate

from the colonized host plant root. Once colonization has occurred, short lived runner

hyphae grow from the plant root into the soil. These are the hyphae that take up the

phosphorus and micronutrients which are transferred to the plant. AM fungal hyphae

have a high surface area to volume ratio making their absorptive ability greater than that

of plant roots (Tuomi et al. 2001). AMF hyphae are also finer than plant roots and can

enter into pores of the soil that are inaccessible to roots (Bolan 199 i).

The other type of AMF hyphae grow from their host's roots and colonize other

host plant roots (Bolan l99l). Colonized roots and extraradical hyphae are an important

source of inoculum in the soil (Read et al. 1976; Bosewell et al. 1998; Smith and Read

2002). A living extraradical mycellial network is impofant in the rapid colonization of

seedlings (Read et al. 1976;Bosewell et al. 1998).

2,3,2 Mechanism for Increased AMF Colonization in Cover Crop Systems

AM fungi are obligate symbionts; they are dependent on theil host plants for

growth, maintenance and reproduction (Harley & Smith 1983). AMF take up their plant
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host's products of photosynthesis such as hexoses, fiuctose and sucrose. The transfer of

carbon from the plant to the fungi may occur through the arbuscules or intraradical

hyphae (Pfeffer et al. 1999). Up to 50% of the host plant's photosynthate carbon may be

transferred to the AM fungi (Pfeffer et al. 1999). This represents a considerable carbon

investment in the extraradical hyphal network by the host plant. Growing a cover crop

extends the time for carbon input into AMF growth and reproduction over the autumn,

winter and spring (Galvez et al. 1995). The increase in colonization found in cover

cropping systems may be attributed to the increase in density of infective spores,

colonized roots and particularly the extraradical hyphal network (Boswell et al. 1998).

The viability of AMF spores decreases over winter, which suggests that they may not be

the main source of inoculum for early AMF colonization (Read et al. 1976).

An important source of inoculum may be AMF-colonized root fragments and

extraradical hyphae (Read et al. 1976; Boswell et al. 1998). In cover crop systems, the

density of colonized roots and hyphae is increased, which may lead to a greater soil

inoculum potential (Kabir and Koide 2002). Cover cropping with AMF host plants is a

soil management practice that maintains viable AMF mycelium, providing rapidly

forming myconhizal infection (Boswell et al. 1998). Boswell et al. (1998) demonstrated

that the increase in AMF colonization after a winter wheat cover crop was reduced when

the extraradical hyphal network was disturbed by tillage. This indicates that the

myconhizal colonization increase found in cover crop systems may be largeþ attributed

to an increase in the extraradical hyphal network that can colonize the roots of the

establishing crop (Boswell et al. 1998). AMF extraradical mycelia are able to survive the

winter providing rapid spring colonization and early season symbiosis (McGonigle and
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Miller 1999; Allen et al. 2001). This early symbiosis allows plants to tap into the well

established hyphal network and be supplied with adequate phosphorus nutrition during

establishment (Read et al. 1976). However, the extent of root colonization does not

always correspond with phosphorus uptake (Pacovsþ et al., 1986; Bosewll et al., 1998;

McGonigle and Miller 2000) and the extent of the intact hyphal network may be of more

importance to phosphorus uptake than the extent ofroot colonization (Kabir et al. 1999).

2.3.3 Cover Crop Species Effect on Early AMF Colonization

As discussed previously, myconhizal colonization is affected by the history of

plant species in the agroecosystem (Karasawa et aL 2002; Gavito and Miller 1998). The

majority of investigations have concluded that early AMF colonization is increased by

cover cropping with mycorhizal plants as summarized in Table 2.1 (France et al. 1985;

Galvez et al. 1995; Boswell et al. 1998; Zak et al. 1998; Kabir and Koide 2000,2002;

Allen et al.200l; Rutto 2003; Sorensen et al. 2005). Planting non-myconhizal cover

crop (i.e., rape and oil seed radish) as a green manure or catch crop decreases the AMF

inoculum in the soil (Baltruschat and Dehne 1988)
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Table 2.1. Summary of research findings on cover crop effects on AMF colonization,
uptake of phosphorus (P) and other nutrients as well as yields of the main crop
(Significant increase, *; No significant effect, ns; Increase, * I Decrease, -).

Bioassay
Cover Crofi Plant

AMF
Colonization

Other
Nufrients

France et al. 1985
(Southem USA)

Calvez et al. 1995
(Pennsylvania, USA)
Boswell et al. 1998
(Pennsylvania, USA)
Zak et al. 1998
(Texas, USA)
Kabir and Koide 2000
(Pennsylvania, USA)

Allen et al.2ool
(ldaho, USA)

Kabir and Koide 2002
(Pennsylvania, USA)

Rutto 2003
(Ehime, Japan)

white clover
com
crowder pea

lespedeza

millet
milo
peanut

sorghum

soybean

red clover
oats

ryegrass
wheat

hairy vetch

ìvinter wheal

wheat

winter wheal

dandelion

wheat
wheat

oats, rye and
both

rye
rye and oat

nlilk vetch
hairy vetch

narrow vetch

white clover
red clover

índigenous
weeds

Liquidanbar
st raciJlua

bahai grass

maize

cotton

maize

dry bean

sweet com

sweet com
sweet com
sweet com
Prunus
persica

ns

ns

ns

ns

ns

ns ns

Mg,+;Fe,-

Zn,+i Mn,+,
Cu,+; K,+;

Mg,+; Ca,+;
Fe, ns

ns

N, ns

N, ns

N, ns

Zn, ns; Cu,
ns

ns

Baumgartner et al. rye and
2005 (Califomia, USA) triticale/

triticale
Sorensen et â1. 2005

grapes

grapes

Ieeks

NS

ns

(Denmark) black medic
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Cover cropping with mycorrhizal plants has been shown to increase spore

densities when compared to fallowing (Kormanik 1980; France 1985; Galvez et al. 1985).

However, spore populations are not always correlated with the extent of AMF

colonization (Read et al. 1976; Hayman et al. 1979). France (1985) found that the cover

crops effectively increased spore populations but this increase was not correlated to

increased colonization of the subsequent crop.

Cover crop species differ in their to ability increase the AMF colonization of the

subsequent crop (Table 2.1). There may be a species-specifìc interaction between the

covel crop, AMF, and main crop (France et al. 1985; Allen et al. 200l). France et al.

(1985), working with many summer and winter cover crops, found that soybean, millet

and com inc¡eased the AMF colonization of the hardwoo d Liquidambar styraciflua

seedlings while white clover, crowder pea, lespedeza, milo, peanut and sorghum/sudan

were less effective (Table 2.1). Rutto (2003) studied the effect of various clover, vetches

and indigenous weed cover crops and found that all cover crops increased the

colonization of the subsequent Prunus persica crop when compared with no cover crop.

Galvez et al. (1995) found that a hairy vetch cover crop increased the colonization of

bahaigrass. Boswell et al. (1998) and Kabir and Koide (2000) found that winter wheat

was effective at increasing the AMF colonization of maize. Similarly, Allen et al. (2001)

found that wheat increased the early AMF colonization of sweet com and dry bean.

Cotton was also observed to have higher colonization when planted into a terminated

winter wheat cover crop (Zak et al.2005). Kabir and Koide (2002) found that both oats
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and rye \ryere effective at increasing the AMF colonization of sweet corn, however,

Baumgartner et al. (2005) found that rye and triticale cover crops had no effect on the

AMF colonization of grapes. A combination of both rye and oat produced a higher AMF

colonization in sweet com than rye and oat alone, suggesting that species diversity in

cover crops may be beneficial (Kabir and Koide 2002). These findings are summarized

in Table 2.1 .

Previous research demonstrates that cover cropping may be an effective method

increasing rapid AMF colonization of the following crop. The research suggests that

species-specific interactions between the cover crop, AMF and following crop may play a

role in the extent ofcolonization increase (France et al. 1985;Allen et al. 2001; Kabir and

Koide 2002).

2.3.4 Management of Weeds as Cover Crops to Increase AMF Colonization

Management of indigenous AMF host weed species may be an effective means

for promoting AMF symbiosis (Kabir and Koide 2000). There is evidence to suggest the

presence of mycorrhizal weeds maintains a diverse AMF population which promotes

highly effective symbiosis with the crop plant. Feldman and Boyle (1998) found that the

AMF benefits to maize yield from maintaining a diverse weed cover crop outweighed

any yield penalty due to competition. Kabir and Koide (2000) compared a winter wheat

cover crop to á dandelion cover and found that dandelion produced higher AMF

colonization in the following maize crop. Sorensen et al. (2005) found that a black medic

cover crop was effective at increasing AMF colonization in leeks.
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2,4 Early Phosphorus Uptake

2,4.1 Nutrient Uptake and Exchange

The benefit of AMF to plants is mainly attributed to an increase in nutrient

uptake, especially phosphorus. Early season phosphorus supply is k¡own to be critical for

obtaining optimum crop yields. An inadequate phosphorus supply during early plant

growth limits crop growth which cannot be recovered later in the season (Grant et al.

2001). Phosphorus concentration has been shown to increase up to four times in

myconhizal plants (Karagian¡idis and Hadjisawa-Zinoviadi 1998). This increase in

uptake may be due to an increase in surface area of soil contact, increased movement of

nutrients into myconhizae, a modification ofthe root environment and increased storage

(Bolan 1991). Myconhizal hyphae prove to be much more effrcient than plant roots at

taking up phosphorus. Phosphorus travels to the roots via diffusion and AMF hyphae

reduce the distance required for diffusion thus increasing uptake. The rate of inflow of

phosphorus into mycolrhizae can be up to six times that ofthe root hairs (Bolan 1991). In

some cases the role of phosphorus uptake can be completely taken over by the

myconhizal network and all ofthe plant's phosphorus may be of hyphal origin (Smith et

al. 2003). An additional mechanism by which AMF may increase the available

phosphorus concentration in the root zone is by lowering the rhizosphere pH due to

selective uptake of NFI¡* and release of H* ions (Hamel 2004).

An increase in the carbon supplied by the plant host to the AM fungi increases the

uptake of phosphorus and the transfer of phosphorus fi'om fungi to plant (Bucking &

Shaker-Hill 2005). Hence, phosphorus uptake and transfer is lowered when the

photosynthate supplied to the fungi is decreased. Species of AMF differ in their abilities

to supply the plant with phosphorus (Pacovsky et al. 1986; Smith et al. 2003). In some
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cases arbuscular mycorrhizae are poor symbionts providing little phosphorus while taking

relatively high amounts ofcarbon (Smith et al. 2003).

2,4,2 Plant effect on AMF mediated P uptake

Early AMF mediated plant phosphorus uptake is higher in crops following

mycorrhizal plants compared to fallow or non-mycorrhizal plants. For example, Karsawa

et al. (2002) found that AMF colonization and phosphorus concentration in maize was

increased following a mycorrhizal crop compared to a non-mycorrhizal crop.

Vivekanandan and Fixen (1991) found that early colonization and early phosphorus

concentration in com was greater in a soy-corn rotation compared to a corn-fallow

rotation. Greater early phosphorus uptake has been correlated with an increase in

mycorrhizal inoculum potential and extraradical network in cover crop systems (Boswell

et al. I 998; Kabir and Koide 2000, 2002; Allen et al. 2001)

2.4.3 Cover crop effect on AMF mediated phosphorus uptake

Plant phosphorus uptake is not always correlated with the extent of myconhizal

colonization. Boswell et al. (1998) found the increase in early maize phosphorus

concentration after a winter wheat cover crop was not significantly correlated with

colonization. The authors proposed the increase in maize phosphorus concentration could

have been due to a more extensive hyphal network in the cover crop system (Boswell et

al. 1998). On the other hand, Kabir and Koide (2000) found that the increase in

phosphorus concentration in maize following winter wheat and dandelion cover crops

was in fact highly correlated with AMF colonization. However, the authors also found an

increase in soil agglegate stability in the cover crop treatment compared to fallow
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indicating the possibility that the hyphal density may have also increased due to the cover

crop (Kabir and Koide 2000). Kabir and Koide (2002) followed this up by measuring the

hyphal density in cover crop systems compared to fa ow. They discovered that hyphal

density was in fact increased in the cover crop system and was highly conelated with an

increase in the early phosphorus concentration of the following maize crop (Kabir and

Koide 2002). This provided evidence that the increase in early phosphorus uptake

observed in crops following a cover crop may be due to an increase in the extraradical

hyphal network (Boswell et al. 1998; Kabir and Koide 2002)

Not all studies have found a positive phosphorus uptake response due to cover

cropping (Allen et al.2001; Sorensen et al. 2005). Allen et al. (2001) found that a wheat

cover crop was effective at increasing phosphorus concentration in dry bean but not in

sweet corn although early AMF colonization was higher after wheat in both crops.

Sorensen et al. (2005) also found that although AMF colonization of leeks was increased

following a cover crop, there was no difference in root or shoot phosphorus

concentrations compared to fallow. The authors attributed this result to the high soil

phosphorus concentrations in the field (Sorensen et al. 2005). Phosphorus uptake may

also be correlated with the soil N level rather than AMF colonization (Baltruschat and

Dehne 1988). This factor is of importance in cover crop-AMF studies since nitrogen

fixing plants are commonly used as the cover crop and may increase nitrogen availability

and uptake.

2.5 Early Uptake of other Nutrients

Arbuscular mycorrhizal fungi may increase plant uptake of other soil nutrients

that, like phosphorus, have low mobility in the soil. As with phosphorus, increased
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nutrient uptake by AMF is thought to be due to the increased surface area for uptake

provided by the extraradical hyphal network. A decrease in myconhizal colonization due

to high soil phosphorus levels has been reported to lead to pìant deficiencies in other

micronutrients that require mycorrhizal mediated uptake such as copper and zinc

(Lambert et al. 1979; Timmer and Leyden 1980; Pacovsky et al. 1986). Liu et al. (2000)

and Lambert eT al. (1979) have also reported that the effect of AMF on micronutrient

uptake by plants is highly dependent on tho concentration of the nutrient in the soil.

2.5.1 Copper and Zinc

Several studies have found that shoot concentrations of zinc and copper were

increased in mycorrhizal plants when compared to un-inoculated plants (Lambert et al.

i979; Pacovsky et al. 1986; Liu et al. 2000). Plant zinc concentrations have been shown

to increase by 1.7 to 3.8 times in mycorrhizal maize shoots (Kothari et al. 1991). Kothari

et al. (1991) found that copper concentrations were higher in the roots of mycorrhizal

plants but not the shoots. Conversely, Karagiannidis and Hadjisawa-Zinoviadi (1998)

found that the micronutrient concentrations were lower in myconhizal plants.

Boswell et al. (1998) found that a winter wheat cover crop had no effect on the

copper and zinc concentrations in maize although the mycorrhizal colonization was

increased. Similarly, Allen et al. (2001) found that a wheat cover crop did not increase

the copper and zinc uptake of maize when compared to fallow. This observation

corresponded to no change in maize AMF colonization. They did, however, observe an

increase in the zinc and copper uptake of soybean following the wheat cover crop which

corresponded to an increase in AMF colonization. Sorensen et al. (2005) found no

difference in leek zinc and copper concentration after a black medic cover crop; although
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an incÍease in AMF colonization was observed. Thus, an increase in AMF colonization

is not always conelated with an increase in copper and zinc uptake.

2,5.2 lron and Manganese

Iron and manganese concentrations have been found to be lower in myconhizal

plants compared to the un-inoculated controls (Pacovsky et al. 1986; Kothari et al. 1991).

There is evidence that the effect of AMF on the plant uptake of these nutrients is highly

dependent on their soil concentration (Lambert et al. 1979; Liu et al. 2000). AMF may

affect the manganese-reducing bacteria in the rhizosphere by changing the reduction

potential of Mn*s. AMF may interact with the microbial production of femated

siderophores, reducing plant available iron (Kothari et al. 1991). These observations

could also be due to complex interactions between phosphorus and micronutrients or

micronutrient retention in fungal storage organs (Pacovsky et al. 1986; Liu et al. 2000).

Liu et al. (2000) studied AMF mediated uptake of iron and manganese when different

amounts of micronutrients wele applied to the soil. They found that the manganese

uptake was reduced in myconhizal plants at high soil manganese levels but at the lower

concentration there was no difference compared to the un-inoculated control. Iron uptake

was increased with mycorrhizae at the lower soil levels and decreased compared to the

control at high soil levels (Liu et al. 2000). Lambert et al. (1979) observed an increase in

plant iron concentrations in myconhizal plants only when soil phosphorus levels were

below 25 ppm.

The effect of cover crops on AMF mediated uplake of iron and manganese are

inconsistent. Boswell et al. (1998) found a decrease in iron concentrations in maize after

a winter wheat cover crop which corresponded to an increase in colonization. The cover
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crop had no effect on the maize manganese concentration. Allen et al. (2001) found that

the iron and manganese concentrations in maize following a cover crop we¡e no different

from the maize following fallow. However, in soybean following a wheat cover crop,

Allen et al. (2001) observed an increase in manganese but no change in iron

concentration.

2,5.3 Potassium, Calcium and Magnesium

Myconhizae can favor the uptake of potassium relative to calcium and

magnesium since potassium diffuses faster in the soil than calcium or magnesium

(Lambert et al. 1979). The interactions between mycorrhizae and potassium, calcium,

and magnesium are not consistent between crops (Lambert et al. 1979). Boswell et al.

(1998) found that a winter wheat cover clop increased magnesium concentration in the

flag leaves of corn which corresponded to an increase in myconhizal colonization. The

cover cl'op had no effect on the maize potassium and calcium concentrations. Allen et al.

(2001) found that a winter wheat cover crop increased the concentration of calcium and

magnesium in soybean but observed no change in maize.

2.6 Crop Yield

2.6,1 ÄMF and Crop Yield

It has been well established that arbuscular myconhizal symbiosis increases crop

yields. A survey of 78 published field trials found that increased AMF colonization

resulted in an average yield increase of 37%o percent (McGonigle et al. 1988). Another

meta-data analysis of 290 published field and greenhouse studies determined that

increased AMF colonization resulted in a 23%o yield increase (Lekberg and Koide 2005).
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Early season phosphorus supply is known to be critical for obtaining optimum crop

yields. An inadequate phosphorus supply during early plant growth limits crop growth

which carurot be recovered later in the season (Grant et al. 2001). Thompson (1994)

found that mycorrhizal flax had higher seed yield than an un-inoculated control. The dry

weight of flax seed was linearly dependent on the degree of early AMF colonization

(Thompson 1994). However, there is not always a direct relationship between an

increase in AMF colonization and phosphorus uptake in mycorrhizal plants and an

increase in biomass production (Karagiannidis and Hadjisawa-Zinoviadi 1998). There is

no consistent correlation between yield increase and the extent of AMF colonization

(France 1985; McGonigle 1988; Baltruschat and Dehne 1988). The degree to which

AMF increases yields is also dependent on the soil type, nutrient status and crop

(Karagiannidis and Hadjisawa-Zinoviadi 1998). Karagiannidis and Hadjisavva-

Zinoviadi (1998) found the effect of the AMF species Glomus mosseae on biomass of

durum wheat (n'¡ücum Íurgituìn var. durum) in 10 different soils ranged from 1 1.6 to 3.6

times higher than the un-inoculated control. Nonetheless, all yields were found to be

increased by inoculation with AMF in all 10 soils (Karagiannidis and Hadjisawa-

Zinoviadi 1998).

2.6,2 Cover cropping effect on AMF mediated increase in Crop yield

There is substantial evidence that cover cropping is an effective method of

increasing the yield of the following crop (France 1985; Bosewell et al. 1998; Kabir and

Koide 2000, 2002; Allen et al. 2000). However, the results are mixed as to whether yield

increase can be conelated with an increase in myconhizal colonization or early

phosphorus uptake. France (1985) experimented with nine different cover crops and



21

found that seedling growth of the hardwood tree Liquidambar styraciJlua was increased

by all cover crops when compared to fallow. The increase in biomass conesponded to an

increase in spore density but not percent root colonization. Bosewell et al. (1998)

observed an increase in height, ears/plant, and grain dry weighVplant of maize cropped

after a winter wheat cover crop when compared to fallow. The increase in yield

corresponded to an increase in AMF colonization but not phosphorus uptake. The authors

suggested that yield increase due to AMF may not necessarily be mediated through an

increase in phosphorus uptake (Boswell et al. 1998). Conversely, Kabir and Koide (2000)

did not observe an increase in maize grain weight/plant following a winter wheat cover

crop although there was an increase in colonization and phosphorus concentration at 8

days after emergence. However, in the same experiment, they observed a significant

yield increase following a dandelion cover crop which corresponded to an increase in

colonization and phosphorus uptake at 8 and 25 days after emergence (Kabir and Koide

2000). Allen et al. (2001) found that dry bean yields increased after a winte¡ wheat cover

crop compared to fallow. The increase was comelated with both colonization and the

uptake of zinc, copper, and phosphorus. They did not fìnd a change in maize yield after a

winter wheat cover crop (Allen et al. 2001). Kabir and Koide (2002) found that rye and

oat cover crops increased maize yield and the combination of rye and oat produced the

highest yield when compared to fallow. The yield was significantly cor¡elated with shoot

phosphorus content at 27 days after emergence which disagrees with the fìndings of

Boswell et al (1998). Sorensen et al. (2005) found no yield increase in leeks cropped

after a black medic cover crop although there was an increase in AMF colonization.
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2.7 Conclusion

Over hundreds of millions of years plants and arbuscular myconhizal fungi have

evolved complex signaling and physiological processes allowing for symbiosis. The

ubiquitous symbiotic relationship between AMF and vascular plants has been in place on

earth for at least 460 million years - as long as terrestrial plants have existed. The role of

arbuscular myconhizal fungi in agricultural ecosystems and the human impacts on AMF

is increasingly being recognized. Cover cropping may be a way to mimic natural systems

by providing perennial plant cover of myconhizal hosts. This improves the AMF

inoculum potential and extent of the extraradical hyphal network providing rapid

colonization and effective symbiosis to plants during establishment. Early symbiosis

increases plant nutrition resulting in improved crop yields. Cover crops may be an

essential element of successful low input production systems which rely on arbuscular

mycorrhizal symbiosis for nutrient uptake rather than heavy agrochemical inputs.
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3. THE INFLUENCE OF A LONG-TERM BLACK MEDIC COVER CROP ON
AR-BUSCULAR MYCORRHIZAL FUNGI COLONIZATION AND NUTRIENT

UPTAKE IN FLAX GRO\ryN UNDER ZERO-TILLAGE MANÄGEMENT

3.1 Abstract

Cover cropping was investigated as a potential method of increasing arbuscular

mycorrhizal fungi (AMF) colonization and early macro- and micro-nutrient uptake in flax

(Linum usifalissirnum). The presence of black medic (Medicago lupulina cv. George) in a

flax -wheat (Triticum aestivum) - oat (Avena sativa) rotation was tested in long{erm field

experiments established in Manitoba and Saskatchewan in 2000 and,2002, respectively.

The experimental design was a RBC replicated three times. Flax roots and aboveground

tissue were collected in June of 2005 and 2006 from both medic and non-medic plots.

Percent root length colonized by AMF arbuscules and hyphae and nutrient concentration

and uptake were detèrmined. The black medic cover crop had no influence on the early

AMF colonization by arbuscules or hyphal stluctures. When all site years were

combined, early flax concentrations of N, P, K and Zn were increased in the cover crop

treatment, however, the cover crop had no effect on the total flax uptake of N, P, K, S,

Ca, Mg, Zn, and Mn. The early flax uptake of Cu and Fe was decreased in the black

medic cover crop treatment. At one of the four site years, total flax P uptake was

increased by the cover crop treatment though there was no effect on total N uptake. This

research suggests that long-term cover cropping with black medic has an effect on macro-

and micro-nutrient uptake in flax that is not directly related to changes in the extent of

AMF colonization of roots.
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3,2 Introduction

Cover cropping is a method of pererurializing northern temperate agricultural

systems by glowing a crop in the fall, winter and spring in between regular summer

cropping intervals. In the present sfudy, a unique cove¡ crop system that involves a self-

regenerating legume species, black medic (Medicago lupulina cv. George) was tested as a

potential method of increasing arbuscular myconhizal fungi (AMF) colonization and

macro- and micro-nutrient uptake offlax.

A potential benefit of cover cropping is the enhancement of arbuscular

mycorhizal fungi (AMF) symbiosis with the main crop (Kabir and Koide 2000; Boswell

1998; Sorensen et al. 2005). AMF are beneficial plant symbionts important for crop

phosphorus and micronutrient uptake (Cu, Zn) (Karagiannindis and Hadj isawa- Zinoviadi

1998; Liu et al. 2000). This increase in nutrient uptake is attributed to the AMF hyphal

extension of the plant root system which increases the surface area of soil contact (Bolan

1991). AMF are dependent on plants for the growth and maintenance of their hyphal

networks. Growing a mycorrhizal cover crop extends the time for AMF growth into the

autumn, winter and spring. The extraradical mycelia are able to survive the winter

providing rapid spring colonization and early season symbiosis (McGonigle and Miller

1999). EaLly season phosphorus supply is known to be critical for obtaining optimum

crop yields. An inadequate phosphorus supply during early plant growth limits crop

growth which cannot be recovered later in the season (Crant et al. 2001).

The majority of studies have found that AMF colonization is increased following

a cover crop (Galvez et al. 1995; Bosewell et al. 1998; Zak et al. 1998; Kabir and Koide

2000,2002; Allen et al.2001; Rutto 2003; Sorensen et al. 2005). However, France et al,
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(1985) experimented with 13 different plant species as cover crops and found that only 5

of the 8 crops were effective at increasing the AMF colonization of the following crop.

Increased AMF colonization has been conelated with an increase in plant uptake

ofphosphorus and micronutrients. Phosphorus uptake has been shown to increase in com

with increasing AMF colonization in field studies (Vivekanandan and Fixen 1991; Kabir

and Koide 2000; Karasawa et al.2002). However Bosewell et al. (1998) found that the

increase in maize phosphorus uptake after cover cropping was not significantly correlated

with colonization. Cover cropping has been shown to influence the uptake ofother macro

and micro-nutrients such as potassium, calcium, zinc, copper, magnesium, iron, and

manganese although results are inconsistent among studies (Bosewell et al. i998; Kabir

and Koide 2002). This field experiment was designed to investigate the influence of

cover cropping with black medic on the AMF colonization and nutrient uptake in flax.

The objectives of this study were:

1. To determine if a long term black medic cover crop increases the early AMF

colonization of flax. It is hypothesized that a black medic cover crop will

increase the early colonization offlax.

2. To determine ifa long term black medic cover crop affects the early nutrient

uptake of flax. It is hypothesized that a black medic cover crop will increase

the uptake of nitrogen, phosphorus, zinc and copper and influence the uptake

of other micronutrienti.
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3.3 Materials and Methods

3.3.1 Field Trial Management

Field experiments were conducted at the Department of Plant Science Research Station,

Winnipeg, MB (Winnipeg) and Agriculture and Agrifood Canada Research Farm, Indian

Head, SK (Indian Head) in 2005 and 2006. Precipitation data was obtained flom the

weather stations at the Winnipeg and Indian Head sites. The Winnipeg field trial was

established in 2000. The trial had a fully phased winter wheat, oat, and flax crop rotation

:until2002.In 2003, the winter wheat plot was chemical fallowed due to crop failure. The

flax followed oat in 2005 and 2006. The Indian Head trial was established in 2002. This

trial has a fully phased crop rotation of winter wheat, oat and flax. The experimental

design at both locations is a randomized complete block design with 3 blocks. A black

medic cover crop is the main plot effect. Plot dimensions at Winnipeg were 4 x 8 m and 4

x 10.7 m at Indian Head. Flax was used as the indicator species in this study because it is

highly dependent on AMF mediated-phosphorus uptake at low and intermediate soil

phosphorus concentrations (Thingstrup, et al. 1998). The flax cultivar used in this study

was CDC Bethune.

The Winnipeg trial flax was seeded June 2, 2005 and May 23,2006 at a seeding

¡ate of45 kg/ha and a depth of 2 cm with 15.2 cm row spacing using an zero-till disk drill

experimental plot seeder (Fabro Industries, Swift Curent). Indian Head 2005 flax was

seeded April 28,2005 and May 5,2006aT arate of 63 kg/ha and q depth of 2.5 cmwith

30.45 cm row spacing using a zero-till disk hoe seeder (Conserva Pak). The black medic

re-emerged after flax emetgence and grew under the flax (Figure 3.1).
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Figure 3.1. Indian Head 2006 flax crop with black medic cover crop 3 weeks after flax
emergence (flax, f; medic, m).

The Winnipeg trial soil was mapped as a Riverdale silty clay soil. The site had

historically high soil test phosphate levels. In 2004 the soil had 134 kg phosphate-P/ha

(Olsen (60 ppm)) and 123 kg nitrate-N/ha. No nitrate or phosphate fertilizer was added to

the Winnipeg trial in 2005 or 2006. On May i8, 2006, soil samples from each plot of the

Winnipeg trial were collected from a depth of 0-12 cm analyzed individually for nitrate-

N, Olsen P, Zn and Cu to determine if the medic cover cl.op had an effect on the early

season availability of these nutrients. The soil type at Indian Head was an Indian Head

heavy clay, Rego Black Chernozem (Mitchell et al. 1944). At Indian Head 2005, the

residual soil nitrate-N was l9 kglha and phosphate-P (Olsen) was 15 kg/ha (4 ppm). At

Indian Head 2005,25 kg/ha Urea-N, 10.6 kg/ha-P, 3 kg/ha-K, and 3 kg/ha-S was added

to the plots. In 2006 the residual soil N was 7.5 kg/ha and 14.5 kg/ha Urea-N, 9.2 kg/ha-
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P,2.6 kglha K and 2.6 kg/ha S was added to the plots. Fertilizer was placed below and to

the side ofthe seed.

Both sites were managed in a zero-tillage production system. The 'Winnipeg trial

was sprayed with glyphosate (3.7 Llha) May 31,2005. An incrop herbicide application of

0.47 Llha Poast Ultra (sethoxydim) and 1 L/ha BuctrilM (bromoxynil + MCPA ester)

with Merge surfactant (1 L/100 L) was applied on July 5,2005. In 2006, the Winnipeg

trial was sprayed with glyphosate (5 Llha) on May 19 and Poast Ullrra (0.47 L/ha) and

BuctrilM (1 L/ha) with Merge surfactant (1 L/100 L) June 30. At Indian Head 2005,

BuctrilM (lllha) with Merge surfactant (1 L/100 L) was applied on June 6, 2005. At

Indian Head 2006 a pre-seeding application of 2.8 L/ha Curtail (clopyralid + 2,4-D) was

sprayed on the non-medic plots. On June 1, BuctrilM (1 L/Ïra) with Merge surfactant (1

L/100 L) was applied. Glyphosate (3.7 Llha) was applied on August 18, 2006 at Indian

Head.

3.3.2 Plant Nutrient Concentration and Uptake

In 2005, above ground flax biomass samples were collected from the Indian Head

site on June 14 and flom Winnipeg on July 12, approximately 5 weeks after flax

emergence. In 2006 samples were collected approximately 3 weeks after flax emetgence

at Indian Head (June 6) and Winnipeg (June 22). Sámples were collected from 3, 1 meter

lengths of plant row. Plant tissue samples were stored in paper bags and dried in an oven

at 50oC. Plant tissue nutrient analyses were conducted by Envirotest Laboratories (2005)

and Agvise (2006). Plant tissue N content was determined by nitrogen combustion

analyses. Plant tissue K, Ca, Mg, S, B, Zn, Fe, Cu, and Mn content was determined by

digesting the sample with 30% hydrogen peroxide and nitric acid with heat and then
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analyzing on an Inductive Coupled Plasma Spectrophotometet (lCP). Total nutrient

uptake was calculated using the early flax biomass and nutrient concentration data.

3.3.3 AMF Colonization

Flax root samples were collected from Indian Head on June 14, 2005 and

Winnipeg on July i2, 2005 approximately 5 weeks after flax emergence at the same time

as aboveground tissue sampling. In 2006 samples were collected approximately 3 weeks

after flax emergence at Indian Head (June 6) and Winnipeg (June 22). Flax roots were

sampled to a depth of approximately 12cm using a modified bulb planter (Figure 3.2a).

Samples consisted of a composite of 6 randomly collected cores per plot. Approximately

30 flax plants were contained in each sample. Black medic roots from Indian Head were

also randomly sampled to confìrm their mycorrhizal status. The samples were soaked for

0.5 - 2.0 hours in water to loosen the roots from the soil. Roots that were not attached to

a flax root system wele removed. The flax roots were rinsed free ofsoil and cut from the

above ground pofion of the plant. The roots were then preserved by submerging in a

70% ethanol solution.

Figure 3.2, (a) Flax root sampling. (b) Stained flax roots. (c) Flax root highly colonized
by AMF (arbuscules, a; hyphae, h; l00x mag.).
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The flax roots were later prepared for AMF observation. The roots were removed

from the 70%o percent ethanol solution and rinsed with de-ionized (DI) water. Roots were

cut with scissors into fragments approximately 2cm in length. Roots were then fixed by

soaking in formaldehyde acetic acid solution (95% ethanol: 28%o glacial acetic acid: 37Vo

formaldehyde; 18:1:1) solution for 24 hours. The roots were then rinsed with DI water.

Root cellular contents were then cleared by autoclaving in 10% KOH for 10 minutes and

then rinsing a third time with DI water. Roots were then submerged in 0.05% Chlorozal

Black E stain (Chlorozal Black E, 85 % lactic acid, glycerol and water) and put in a 90"C

oven for 90 minutes. The excess stain was then rinsed from the roots. The roots were

allowed to de-stain in glycerol for approximately l8 hours (Figure 3.2b). Stained roots

were prepaled for viewing by mounting, in glycerol, approximately 25 root fragments

horizontally on a glass slide and covering with glass.

The AMF colonization ofthe flax roots was quantified by observation ofthe roots

at 100x magnification. Roots were observed at 400x magnification when further

identifìcation of AMF structues was required. AMF structures were counted using the

magnified intersections method (McGonigle et al. 1990). Slides were scanned up and

down at regular intervals. Each intersection of the vertical eyepiece crosshair and a root

was scored as root, hyphae or arbuscule (Figure 3.2c). The intersection was scored as root

when no AMF structures were obsewed, hyphae when only AMF hyphae were observed

and ãrbuscule when the crosshair intersected with one or more arbuscules. This was

repeated until 100 intersections were scored and a measure of percent root length

colonized by arbuscules and percent root length colonized by AMF (arbuscules and
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hyphae) was determined. The treatment identity of each slide was concealed at the time

of counting to ensure the objectivity ofthe study.

3.3.4 Yield

Winnipeg flax yield samples were collected from 3, 1m2 quadrants on September

27,2005 and belt th¡eshed and dried on a forced air drying bed. In Winnipeg 2006 flax

was harvested using a Kincaid experimental plot combine and dried on a forced air

drying bed. Indian Head 2005 flax was harvested using an MF 300 combine on

September 6,2005. Indian Head 2006 flax was harvested using the same combine on

August 22, 2006. Dry \'/eight of the flax seed yield was determined.

3.3.5 Statistical Analysis

All data were visually examined for normality and homogeneity of residuals using

residuals and probability plots. Data were analyzed by analysis of variance for a

randomized complete block design using the general linear model procedure (Proc GLM,

SAS Institute Inc.) Data was analyzed for linear correlations using the conelation

procedure (Proc Corr SAS Institute Inc.). P values less than 0.1 and 0.05 were considered

significant.

3.4 Results and Discussion

3.4.1 Soil Nutrients

There was no signifìcant difference in the soil concentration of nitrate-nitrogen,

Olsen-phosphorus, and copper in the long-term black medic cover crop trealment when

compared to the control treatment (Table 3.1). There was, however, a significant increase

in soil zinc concentration in the medic treatment when compared to the control (Table
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3.1). This may be due to an increase in the organic matter deposition and bio-cycling of

zinc in the topsoil in the medic treatment. Pegoraro et al. (2005) observed an increase in

organic acids from cover crop decomposition which increased the availability of zinc in

the topsoil.

Table 3.1 Soil-available nitrate-nitrogen, Olsen-phosphorus, zinc and copper from
Winnipeg 2006 medic and no medic plots at a depth of 0- 12 cm on May 18,2006.
Treatment Nitrate -N (ks/ha) Olsen- P (ppm) Zn lppm) Cu (ppm)

Medic 22.03 52.33 4.41) 2.14

No Medic 21.28 47.67 3.68 2.02
Srgnil¡cance ----------------- P---

0.8658 0.4422 0.0356 0.4707

3.4.2 Plant Density and Biomass

The medic cover crop had no influence on flax plant density at Winnipeg 2005 or

2006 (Table 3.2). This is possibly because the medic was eliminated with a pre-seeding

glyphosate application before flax seeding. There was no difference in the early flax

above ground biomass in Winnipeg 2005 (Table 3.2). However, in 2006 there was

significantly lower early flax above ground biomass with the medic cover crop (Table

3.2). The difference in biomass may be explained by competition for water between the

flax and the medic during the 2006 early suÍuner drought. In 2006 the Winnipeg area

experienced a severe drought (Appendix A) and flax plant growth was visibly reduced in

the treatment with the medic cover crop.
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Table 3.2. Flax stmd density and early flax biomass at field sites five (2005) and th¡ee
(2006) weeks after flax emersence.

Site
Plant Density

Treatment (plantVm'?) Biomass (ks/ha)

Winnipeg

Indian Head

All Site Years

200s Medic
No Medic

Medic
No Medic

Medic
No Medic

Medìc
No Medic

Medic
No medic

606
708

458

486

696
t264

i4t
878

602
834

196

229

188

30s

288
26s

2t6
224

222

2s6

2006

Significance Site

Winnipeg

Year

2005

2006

2005
2006

0.4064
0.3608

0.0477

0.4335

0.0224

0.1265
0.0224

0.4768

0.7522

0 0fl45

Indian Head

All Site
Years

The medic cover crop significantly reduced the flax stand density at Indian Head

in 2005 (P=0.0477) although the early flax biomass was not affected (Table 3.2). The

reduced flax stand may have been due to the absence of a pre-seeding glyphosate

application and the high population of medics present in 2005 which likely imposed

additional water stress on the flax (Appendix A). In Indian Head 2006 the medic had no

influence on the flax plant density or early flax biomass (Table 3.2). The higher early flax

plant density at Indian Head compared to Winnipeg may be explained by the higher

seeding rate used at the Indian Head trial.

Results from these two field sites over two different years indicate that the medic

reduced early flax plant density (P:0.02), early flax biomass accumulation (P:0.08). In
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most site years (Winnipeg 2005 and Indian Head 2005,2006) the flax biomass was only

an average of 6 kg/ha lower in the medic plots. However, under the drought conditions

experienced in Winnipeg 2006, the presence of the medic had a more negative effect on

early flax biomass accumulation (Table 3.2).

3,4.3 Arbuscular Mycorrhizal Fungi Colonization

The medic cover crop had no influence on the petcent flax root length colonized

by AMF or the percent flax root length colonized by arbuscules (Fig. 3.3). The AMF

colonization was high at the Winnipeg site despite high soil test phosphorus levels (Table

3.3 &.3.3).In Winnipeg 2005 the flax grown with a medic cover crop had 47o/o of its root

length colonized by arbuscules which was not signifìcantly different from colonization in

flax grown without a cover crop (56%). Total colonization did not differ in flax grown

with and without a medic cover crop at Winnipeg 2005 \'vith both having 82o% of the root

length colonized by AMF. In Winnipeg 2006, there was again no difference in the

arbuscular colonization: both medic and non-medic treatments had 51% colonization.

Again, the total root length colonized by AMF in Winnipeg 2006 was not significantly

affected by the presence of a cover crop. Results at Indian Head were similar to those

observed at the Winnipeg site with no significant effect of the medic on either arbuscular

or total AMF colonization (Fig. 3.3).
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Figure 3.3. Arbuscular and total (arbuscules plus hyphae) AMF colonization of early
flax ¡oots at Winnipeg 2005 and 2006 and Indian Head in 2005 and 2006 as influenced
by a black medic cover crop. The statistical signif,rcance (P value) ofthe medic influence
on percent arbuscular colonization (A) and total colonization (C) is shown for each site
year.

When all site years were analyzed together it was found the medic cover crop had

no influence on eithel the percent root length colonized by arbuscules or total
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colonizåtion (Table 3.3). Colonization was higher in 2005 compared to 2006 (Figure 3.3).

Reduced colonization in 2006 was attributed to the fact that samples were collected two

weeks earlier in 2006 than 2005. Colonization differences due to previous treatment are

usually most pronounced in the early season after which time the colonization among

treatments approaches equal (Gavito and Miller 1998; Bagayoko et al. 2000). In 2005 no

differences in AMF colonization were observed between the medic and non medic

treatments so sampling was done earlier in 2006 in an effort to detect a treatment effect.

However, the medic had no influence on early AMF colonization when we sampled two

weeks earlier (Table 3.3). Black medic roots collected from Indian Head 2006 were

highly colonized by AMF at the time of flax root sampling. Thus, the mycorrhizal status

of black medic was confirmed. The mycorrhizal status of black medic has not been

previously documented. However, black medic is part of the Leguminosae family of

which the members are generally capable of forming mycomhizal symbiosis (Harley and

Smith 1983).

Table 3,3. Arbuscular and total (arbuscular + hyphal) AMF colonization of flax roots
collecfed from field sites five (2005) and three (2006) weeks after flax emersence.

Wimioes Indian Head All Site Years

Cofonization Type Treâtment 2005 2006 200s 2006

-----------percent root length colonized-------------
Arbuscules

Total

Medic

No medic

Medic

No medic

47 5l

56 5t

82 7l

82 67

37 27

33 23

4t

42

67 38 64

64 3s 62

Significance

Arbuscules

Total 1.000 1.000 0.267 0 661 0 tR57
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The overwhelming conclusion from this study is that the medic cover crop had no

influence on arbuscular and total colonization of flax roots. Therefo¡e, results from the

present study do not agree with previous studies on the influence of cover cropping on

AMF colonization. For example, a maj ority of studies have found that cover cropping

increases the AMF colonization of the follo\rying corn, cotton, leek, bahiagrass, and tree

crops (Table 2.1: Galvez et al. 1995; Boswell et al. 1998; Zak et al. 1998; Kabir and

Koide 2000; Allen et al.2002; Rutto 2003; Sorensen et al. 2005). One possible reason

for the unique results in the present study was the several agronomic management

techniques known to promote myconhizal colonization, such as zero-tillage, planting

mycorrhizal crops and low phosphate fertilizer addition (Miller et al. 1995; McGonigle

and Miller 1999; Mozafar et al. 2000; Black and Tinker, 1979; Gavito and Miller 1998;

Karasawa eÍ al. 2002; Grant et al. 2005) employed in this study. In both treatments with

and without the cover crop the early flax roots lvere highly colonized with AMF (Fig.

3.3) compared to other studies (Bosewell et al. 1998; Sorensen et al. 2005)

Only one previous study has investigated the effect of a black medic cover crop

on the AMF colonization of subsequent crops. Contrary to our results, Sorensen et al.

(2005) found that a black medic cover crop significantly increased AMF colonization ofa

following leek (Allium potrum) crop. This inconsistency in the effect ofa black medic

cover crop on AMF colonization may be due to the difference in the previous crop and

tillage regime used in the studies. In the Sorensen et al. (2005) experiment the

colonization of the control was low (25%) and was increased to 62% by the black medic

cover crop pre-treatment. In the present experiment, on the other hand, the early AMF

colonization in the control treatment without a cover crop was high (62%) and was not
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significantly increased with the addition of the medic cover crop. In the Sorensen et al.

study, the previous crop was a non-mycorrhizal crop, canola (Brassico napus L.) while in

the present study, the previous crop was a mycorrhizal crop, oat (Avena sativa). Non-

myconhizal crops have been shown to significantly decrease AMF colonization of the

following crop (Black and Tinker 1979; Gavito and Miller 1998; Karasawa et aI.2002).

Thus, in the Sorensen et al. (2005) study, the previous canola crop presumably lowered

the AMF inoculum potential of the soil while in the present study the oat maintained the

AMF inoculum potential. This presumably made the influence of the cover crop on the

AMF colonization of the subsequent crop less substantial in the present study.

Additionally, in the Sorensen et al. (2005) study, plots were tilled before the

establishment of the medic, whereas our trials were managed using zero-tillage for four

(lndian Head) and five (Winnipeg) years at the time of samples collection. Tillage is

known to decrease the AMF colonization of the following crop (McGonigle and Miller

1993). Thus, although the extent of colonization with a black medic cover crop was

comparable between these two studies, Sorensen et al. (2005) presumably found a

significant black medic cover crop influence because of previous management.

Consideration must also be given to the observational methods used in the present

study. Although the root length colonized by AMF was not influenced by the presence of

the cover crop, the medic may have contributed to the development of a more extensive

extraradical hyphal network of the flax plants. Elsewhere it has been shown that cover

crops increase the AMF extraradical hyphal network (Kabir et al. 1999) and that the

extent of this network may be of even greater agronomic impofance than an increase in
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colonization (McGonigle and Miller 2000). Measurement of the hyphal network would

be required to test this conjecture.

Additionally, the black medic cover crop may have had an influence on the AMF

species diversity and community structure that could not be detected by the methods used

in this study. The addition ofa continuous black medic crop into the crop rotation may

have altered the mycorrhizal community by promoting a particular AMF species. Crop

species are known to influence the abundance of certain AMF species (Schenck and

Kinloch 1980). Addition of the black medic cover crop increased plant species diversity

compared to the control which may have had an influence on the AMF species diversity.

Increased plant diversity is k¡own to increase the diversity ofmyconhizal species (Grime

1987; van der Heijden 1998). Also, perennializing the cropping system by growing a

cover crop in the spring and fall may have selected for certain AMF species. Cropping

systems with short periods of vegetative cover select for rapidly sporulating species of

AMF which may be inferior mutualists (Johnson et al. 1992; Ohel et al. 2003).

Extending the peliod of AMF plant host availability by cover cropping allows for the

slower growing and late sporulating species to complete their reproductive cycle (Ohel et

al. 2003). Methods of spore identification and molecular genetic methods of in situ

identification would be required to determine how cover cropping influences the

mycorrhizal community structure.

3,4,4 Nutrient Concentrations and Uptake

Early flax nutrient concentrations were measured to determine the influence of a

black medic cover crop on early flax nutr.ient uptake.
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Nitrogen

The black medic cover crop increased early flax nitrogen concentration in one of the four

site years. In Winnipeg 2005, there was an increase in early flax nitrogen concentration in

the medic treatment compared to the control (Table 3.4). However, there was no

significant inc¡ease in the total early flax nitrogen uptake in the medic compared to the

control (Table 3.5). In Winnipeg 2006, the medic cover crop decreased total early flax

nitrogen uptake (Table 3.5). This may have been due to the extremely low precipitation

accumulated in Winnipeg 2006 (Appendix A) resulting in less growth and nitrogen

uptake of the flax in the medic plots. The medic was presumably competing with flax for

water rather than nitrogen. De-Haan et al. (1997) found that black medic (cv. George) has

a low nitrogen requirement and did not compete with com for available soil nitrogen.
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Table 3.4. Nut¡ient concentration of above-ground flax tissue collected from field sites five (2005) and three (2006) weeks after flax
emergence.

'rvinnipeg 2005 Medic 2.823 0.577 2.863 0.273 1.170 0.423 28.3 8.0 280.0 65.3
No Medic 2310 0.543 2.583 0.293 1.203 0.423 27.7 8.3 440.0 72.7

2006

lndian Head 2005

2006

All Site Years

Medic 2.900 0.677 2.667 0.310 0.973 0.497 45.7 7.7 95.7 67.7
No Medic 2.733 0.590 2.467 0.303 0.993 0.493 40j 7.3 94.0 72.7

Medic 3.663 0.437 2.817 0.240 t.t27 0.420 Z3.O 8.0 286.7 ttz.o
No Medic 3.383 0.390 2.627 0,223 1.100 0.413 2O.O 8.3 383.3 100.0

Medic 3.667 0.357 2.833 0.307 t.067 0.503 26.3 i.3 396.0 t49.7
No Medic 3.633 0.387 2.867 0.303 l.l 13 0.493 23.0 8.0 5t 1.7 t59.7

3.263 05\2 2.795 0.283 1.084 0.461 30.8 7.8 264.6 98.7
3.015 0.478 2.636 0.281 1.103 0.456 77 s 10 3s7 i i

Significance

Wirnipeg 2005

2006

lndian
Head 2005

2006

0.0305 0.3468 0.0691
03377 0.0s06 0.22s4

0.t926 0.0848 0.2786 0.1994
0.8845 0.4830 0.8075 0.9284

0.0742 0.6710 1.0000 0.s286
0.7538 0.5101 0.8600 0.1628

0.7189 0.7538 0.4830
0.5135 0.s799 0.183s

0.6667 0.0165 0.0258
0.4226 0.8995 0.4941

0.6667 0.5800 0.0351
0.1835 0.6185 0.6547



48

Table 3.5. Nuftient uptake of above-ground flax tissue collected from field sites five (2005) and three (2006) weeks after flax
emergence.

Winnipeg 2005

2006

Indian Head 2005

2006

All Site
Yea¡s

Pledic 5.603

No Medic 5.309

Medic 5.524

No Medic 8.357

Medic 10.551

No Medic 8.932

Medic 7.889

No Medic 8.I 13

Medic 7.3918

l,l43
L256

1 .261

1 .799

|.256
1.021

0.773

0.867

KSCa

Wirnipeg 2005
2006

5.678 0.543 2.286 0.828
5.949 0.676 2.786 0.979

Indian
Head

4.997
7.580

8.118

7.007

6.07 5

6.4 r8

6.2t71

0.5 83

0.936

0.689

0.589

2005
2006

0.5606 0.49s9
0.0259 0.0202

0.2147 0.0675

0.8550 0.4964

1.817

3.029

3.242

2.918

2.27s

2.485

2.4047

0.653

0.680

0927
1.508

r.205
1.087

t.087
1. 104

0.00s63 0.00160 0.0s432 0.0 r 304
0.00641 0.00192 0.l0l8l 0.01713

0.00854 0.00146 0.01761 0.01291
0.01244 0.00225 0.02859 0.02190

0.00660 0.00230 0.08224 0.03225
0.00544 0.00221 0.10830 0.0267s

0.00573 0.00156 0.08379 0.03215
0.00514 0.00ì79 0.1l69l 0.03593

0.6630 0.1087 0.1916
0.0351 0.0229 0.0r3 r

0.3800 0.2555 0.5543
0.4470 0.7020 0.4511

0.6168

P-----------

0.006624

o.zz75 0.3194 0.32s6 0.0383
0.0148 0.0078 0.0044 0.t177

0.3598 0.4500 0.8395 0.6700 0.1050
0.9036 0.s9s9 0.1551 0.4978 0.3454

0 .05949 0 .022s9

0.1180

0.0140
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In Indian Head 2005 and 2006 the medic had no influence on early flax nitrogen

concentration or uptake (Tables 3.4 & 3.5). It was expected that nitrogen uptake would be

increased with the medic because of the potential long{erm accumulation and

decomposition of nitrogen rich medic plant material. When the data from all sites was

analyzed together, the presence of medic resulted in significantly higher early flax

nitrogen concentration (Table 3.4). However, the flax biomass was lower (P:0.08) in all

site years leading to no difference in the overall uptake of nitrogen. This observation

provides some evidence that the medic enriched the soil available nitrogen early in the

growing season (Tables 3.4). Legume-based cropping systems have previously been

shown to increase the nitrogen supplying power of the soil (Dlinkwater et al. 1998).

Phosphorus

The black medic cover crop increased total phosphorus uptake in one of the four

site years. In Wimipeg 2005, the medic cover crop had no influence on early flax

phosphorus concentration or uptake (Figs. 3.4 & 3.5). In Winnipeg 2006, the medic

significantly increased the early flax phosphorus concentration from 0.590% (no medic)

fo 0.677% (medic) (Table 3.4). However, Wimipeg 2006 total early flax phosphorus

uptake was lower in the medic (1.261 kglha) compared to the control (1.799 kg/ha) (Fig.

3.5). In Indian Head 2005, the early flax phosphorus concentration was higher in the

medic than the control (Table 3.4) and the phosphorus uptake was also higher in the

medic treatment (Table 3.5). In Indian Head 2006, the medic had no significant influence

on either early flax phosphorus concentration or uptake (Tables 3.4 & 3.5).
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2005

Wimripeg

2005 2006

hrdian Head

Figure 3,4. Early phosphorus concentration of above-ground flax tissue at Winnipeg and
Indian Head 2005 and 2006 as influenced by a black medic cover crop. The statistical
significance (P value) of the medic influence on phosphorus concentration is shown for
each site year.
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Figure 3.5. Early phosphorus uptake of flax at Winnipeg and Indian Head in 2005 and
2006 as influenced by a black medic cover crop. The statistical significance (P value) of
the medic influence on phosphorus uptake is shown for each site year.

The present experiment could not confirm the results of previous studies (Galvez

et al, 1995; Boswell et al. 1998; Zak eT al. 1998; Kabir and Koide 2000, 2002) which

showed that cover cropping increases myconhizal mediated phosphorus uptake. Results

presented here show that the effect of the black medic cover crop on early flax

phosphorus uptake varied with site and year.

The difference in early flax phosphorus concentration and uptake found in

Winnipeg 2006 may have been due to water stress imposed by the medic cover crop and

lower flax biomass in the medic treatment compared to the control (Table 3.2) was likely
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responsible for the higher tissue phosphorus concentration. Higher total biomass

production in the control resulted in the total early flax phosphorus uptake being higher in

the control compared to the medic treatment (Table 3.5).

At Indian Head 2005, there was a significant increase early phosphorus

concentration and uptake in the medic treatment compared to the control although there

was no change in AMF colonization (Tables 3.3, 3.4 &.3.5). Total phosphorus uptake

was 1.26KgÆra with the medic cover crop compared to 1.02Kglha in the control (Table

3.5). The higher early flax phosphorus concentration and uptake in the medic cover crop

was not related to any difference in AMF colonization due to the cover crop (Table 3.3).

Although the flax plant density was lower in the medic treatment in Indian Head 2005, it

was interesting that the higher total phosphorus uptake was also not related to total

biomass, which was the same across both treatments.

The present study did not provide any evidence that the increase in phosphorus

uptake by flax at Indian Head in 2005 was due to a medic-related increase in mycorrhizal

colonization. However, as previously discussed, the black medic cover crop may have

altered the nature of the AMF symbiosis in ways that could not be detected in this study

such as the extent ofthe extraradical hyphal network and AMF species diversity. In fact,

Kabir and Koide (2002) found that phosphorus uptake is more highly correlated with the

density of the extraradical hyphal network rather than the percent root length

colonization. However, when the data from all site years were combined there was a

weak signifìcant increase in early flax early phosphorus concentration with the medic

compared to the control (Table 3.4).
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Higher early flax phosphorus uptake in Indian Head 2005 in the medic system

may be attributed to other non-mycorrhizal means. The medic had no influence on early

flax nitrogen uptake, ruling out the possibility that nitrogen was responsible for higher

phosphorus uptake (Table 3.5). One plausible reason for greater phosphorus uptake by

flax in the medic plots is increased phosphorus mineralization and bioavailability. There

is evidence that green manures increase soil phosphorus availability through increased

organic phosphorus mineralization (Randhawa et al. 2005). A second reason may be

intercrop facilitation, Intercrops are known to increase phosphorus availability to the

main crop by excretion of extracellur phosphatases (Hauggaard-Nielson and Jensen

2005). However, further experimentation would be required to determine if black medic

has these elfecls on soil phosphorus availability.

Copper and Zinc

The medic had no influence on early flax copper and zinc concentration and

uptake in Winnipeg 2005. In Winnipeg 2006, there was no change in early copper and

zinc concentration between the medic treatment and control. However, the total uptake of

copper and zinc was decreased by the medic cover crop in Winnipeg 2006 presumably

due to the drought effects discussed earlier. The medic cover crop had no influence on

early flax concentration and uptake ofzinc and copper in Indian Head 2005 and 2006.

When all site years were analyzed together, the early flax zinc concentration was

found to be significantly higher in the medic treatment compared to the control (Table

3.4). However, there was no significant difference in total zinc uptake (Table 3.5). The
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coppe¡ concentration was not significantly different in the medic compared to the control.

In fact, the flax uptake of copper was significantly lower in the medic treatment.

It was hypothesized that a black medic cover crop would increase early flax zinc

and copper uptake due to an increase in early AMF colonization. It has been well

established that AMF are important for the early uptake of copper and zinc (Lambert et

al. 1979; Pacovsky et al. 1986; Liu et al. 2000), because like phosphorus, these nutrients

are non-mobile in soil. However, in previous cover crop studies, positive correlations

between AMF colonization and zinc and copper uptake have not been found as

consistently as with phosphorus uptake (Table 2.1; Boswell et al. 1998; Kabir and Koide

2000; Sorensen et al. 2005). In the present study, medic had no influence on AMF or zinc

uptake and coppel uptake was lower in the medic system (Table 3.5). Medic did not

influence the early flax zinc uptake, which is consistent with tlte AMF colonization

results (colonization was not increased by the presence of the medic, Fig. 3.3).

In the combined analysis, it was found that total copper uptake was decreased in

the medic treatment (Table 3.4). These findings do not agree with the results of Sorensen

et al. (2005) who found the black medic cover crop had no effect on copper uptake in

leek. The results ofthe present study do, however, support the findings of Bosewell et al.

(1998) who found a non-significant decrease in copper concentration in com following a

winter wheat cover crop.

At Winnipèg 2006, soil test results showed that soil zinc concentrations were

higher in the medic plots compared to the control (Table 3.1). The increase in early flax

zinc concentration may be due to enhanced soil zinc availability in the medic plots. This

could be a result of greater accumulation of zinc in topsoil from an increase in plant
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biomass deposition in the medic treatment. Pegoraro et al. (2005) found that the addition

of 18t/ha of millet plant materials 1o the soil increased the diffusion of Zn by 73%o. Low

molecular weight organic acids from root exudates and decomposing organic residues can

coat clay particles reducing adsorption and increasing diffusion of nuhients to the root

(Pegoraro et al. 2005). This conjecture would need to be tested with further

experimentation.

Potassium, Sulfur, Calcium and Magnesium

The black medic cover crop affected potassium, sulfur, calcium and magnesium

uptake at only one of the four site years (Winnipeg 2006). In Winnipeg 2005, the medic

cover crop increased early flax potassium concentration (P:0.069; Table 3.4). Sulfur

concentration was decreased by the presence of the medic (P:0.07 4; Table 3.4). The

medic had no influence on the early flax concentration of calcium or magnesium (Table

3.4). There was no significant effect of the medic on flax uptake of potassium, sulfur,

calcium or magnesium in Winnipeg 2005 (Table 3.5). The medic had no influence on the

early flax concentration of potassium, sulfur', calcium, and magnesium in Winnipeg 2006

(Tables 3.4 & 3.5). The total uptake of potassium, sulfur, calcium, and magnesium was

decreased by the medic cover crop in Wiruripeg 2006 presumably due to the drought

effects discussed earlier (Table 3.5). In Indian Head 2005 and 2006, the medic cover

crop had no influence on the early flax concentration and uptake of potassium, sulfur,

calcium, and magnesium (Tables 3.4 & 3.5).

When all site years were combined, the flax in the medic cover crop treatment

demonstrated higher early potassium concentration (P:0.021 Table 3.4). This may be
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related to the increase in nitrogen uptake observed (Table 3.5). The concentration of

sulfur, calcium and magnesium \ /ere not affected by the medic cover crop. There was a

decrease in the early flax uptake of sulfur and calcium in the medic plots which was

driven by the results of Winnipeg 2006 (Table 3.5). There was no difference in the uptake

ofpotassium and magnesium when all site years we¡e combined.

Previous studies have provided evidence that AMF influence the uptake of

potassium, sulfur, calcium, and magnesium by their host plants (Lambert et al. 1970;

Boswell et al.; Allen et al. 2001). The present study did not provide any evidence that the

increase in early flax potassium concentration uptake by flax was ¡elated to any increase

in mycorrhizal colonization due to the medic cover crop.

Iron and Manganese

In one of the four site years (Winnipeg 2005) the early flax iron and manganese

concentration was decreased by the medic cover crop when compared to the control

(Table 3.4). Early flax iron uptake was significantly lower in the medic treatment in

Winnipeg 2005 (Table 3.5). There was no difference in the early flax uptake of

manganese between the medic treatment and the control in Winnipeg 2005 (Table 3.4).

In Winnipeg 2006, the medic had no influence on the early flax concentration of iron and

manganese (Table 3.4). The medic had no influence on the flax uptake of iron in

Winnipeg 2006; however, the early flax uptake of manganese was significantly reduced

in the medic treatment (Table 3.5). In Indian Head 2005, the medic significantly

increased the early flax concentration of manganese compared to the control (Table 3.4).

There was no difference in the flax manganese concentration in the medic treatment
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compared to the control in Indian Head 2006 (Table 3.4). The medic had no influence on

the early flax uptake of manganese in Indian Head 2005 or 2006 (Table 3.5). The medic

had no significant influence on the early flax iron concentration and uptake in Indian

Head 2005 or 2006 (Table 3.5).

When all site years were analyzed together there was a significant (P:0.073)

decrease in early flax iron uptake in the medic cover crop treatment (Table 3.5).

However, there was no significant difference in the flax iron concentration in the medic

treatment compared to the control (Table 3.4). The medic had no influence on the early

flax manganese concentration or uptake when data from all site years was combined

(Tables 3.4 & 3.5).

It was expected that the black medic cover crop would have an influence on AMF

mediated uptake of iron and manganese. The cover crop significantly decreased the early

flax uptake of iron when all site years were combined and in Winnipeg 2005 alone.

However, our experiment did not provide evidence that the change in iron or manganese

uptake was related to a change in AMF colonization due to cover cropping.

Our experiment supports the results of Bosewell et al. (1998) who found that

cover cropping decreased the uptake of iron in the following com crop (Table 2.1). The

decrease in iron uptake by flax grown with a black medic cover crop found in Winnipeg

2005 and the combined analysis may be due to increased competition for iron in the

rhizosphere. Iron containing proteins are essential for the nitrogen-fixing symbiosis

between Rhizobium and legumes. Thus, nodulating legumes have a high demand for iron

(Guerinot 1991). Intercropping with black medic may have presented an increased

competition for iron. However, this may not be an accurate explanation considering
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Boswell et al. (1998) found a decrease in i¡on uptake after cover cropping with winter,

wheat which is not a nitrogen-fixing crop. It is possible that cover crop transpiration

reduced soil moisture, which could have decreased the availability of iron in the

rhizosphere (Havlin et al. 2005). The decrease in flax iron uptake observed in the present

study may be due to another cover crop effect that is unexplainable given the variables

measu¡ed in this study. The medic cover crop also had a significant yet unexplainable

effect on early flax concentration of manganese: it was decreased in Wiruripeg 2005 and

increased in Indian Head 2005.

3.4.5 FIax Seed Yield

The flax seed yield at Winnipeg was very low in both 2005 and 2006 (Appendix

B). This can be attributed to the flood conditions at Wiruripeg 2005 and drought in

Winnipeg 2006 (Appendix A). The medic cover crop significantly increased the flax

seed yield in Winnipeg 2005. The medic had no influence on final seed yield in Winnipeg

2006 despite the presumed water competition between the flax and medic and lower early

flax biomass. The medic cover crop had no influence on grain yield in Indian Head 2005

and2006.

It was expected that the presence of the medic would increase flax yields due to

both increases in nitrogen and myconhizal mediated nutrient uptake. However, it was

found that that the medic did not increase total nutrient uptake in early flax. Therefore,

the yield results agree with the colonization and combined nutrient uptake data which

suggest that the medic did not increase the early nutrient uptake in flax. It is important to

note the medic did not present any competition detrimental to final yield under low soil
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nitrate-N conditions of the experiment. This agrees with other studies that have found that

intercropping black medic did not reduce crop yields (Moomaw 1995).

Combining all site years (Winnipeg 2005, Winnipeg 2006, Indian Head 2005 and

Indian Head 2006) yielded a significant conelation between early nitrogen, phosphorus,

potassium, zinc and manganese concentration with percent root length colonized by

arbuscules. This agrees with previous studies on the effect of AMF colonization on early

phosphorus concentration and uptake (Kabir and Koide 2000). However, examination of

the plotted data indicated that the significant correlation can be attributed to the clustering

of data points in two groups based on site (Indian Head and Winnipeg) rather than a

continuous relationship between nutrient uptake and percent arbuscular colonization.

3,5 Summary and Conclusions

The black medic cover crop had no influence on the early AMF colonization of

flax. This study demonstrated that under zero-tillage management with only mycorrhizal

crops in rotation, the AMF colonization is very high and the addition ofa cover crop has

no effect mycorrhizal colonization. However, it is possible that cover cropping would

have a positive effect in cropping systems that are not so favorable to AMF. Considering

that canola is a major crop on the prairies and tillage is still practiced, fufher research to

determine the effect of a black medic cover crop on AMF colonization in a canola-

dominant or tilled prairie cropping system is waranted.

Early flax above ground tissue concentrations of nitrogen, phosphorus, potassium

and zinc were increased in the black medic cover crop treatment. However, cover

cropping with black medic had no effect on the total flax uptake ofnitrogen, phosphorus,
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potassium, magnesium, ziîc, and manganese. The early flax uptake of sulfur, calcium,

copper and iron was decreased the black medic cover crop treatment.

Total flax phosphorus uptake was increased in the cover crop treatment in only

one site year (lndian Head 2005). Thus, the black medic cover crop may have influenced

phosphorus availability by a non-myconhiz¿l related mechanism.

Winnipeg 2006 demonstrated that under extremely arid conditions that are often

experienced on the northem prairies, a medic cover crop can exert some competition with

the main crop. However, although the yields were extremely low, the medic cover crop

had no influence on flax grain seed yield.

This research suggests that long-term cover cropping with black medic may have

an effect on macro- and micro-nutrient uptake in flax that is not direclly to a cover crop

influence on AMF colonization.
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4. INCREASED ARSUSCULAR MYCORRIIIZAL F'UNGI COLONIZÀTION OF
FLAX DUE TO A MEDIC COVER CROP IS NOT AFFECTED BY SOIL

DISTURBANCE

4.1 Abstract

The effect ofcover cropping and soil disturbance on arbuscular myconhizal fungi

(AMF) colonization of flax (Linum usìlatissìmum) was investigated in a growth chamber

experiment. The objective of this study was to determine if a black medic (Medicago

lupulina cv. George) cover crop increases AMF colonization of the following flax crop

and if any change in AMF colonization would be reduced by soil disturbance. Intact soil

cores with and without cover crops were collected in the spring from a 5 year old black

medic field trial in Winnipeg, MB, Canada. Flax grown following black medic had higher

early percent root length colonized by arbuscules than flax grown after soil was left

fallow (P:0.0648). Early flax hyphal colonization was not affected by the cover crop.

Soil disturbance had no effect on the early flax root AMF colonization. This experiment

demonstrates that cover cropping with black medic is an effective method of increasing

early AMF colonization in flax.

4,2 Introduction

Arbuscular mycorrhizal fungi are dependent on photosyntate inputs from their

plant host for growth, maintenance and reproduction (Smith and Read 2002). When the

soil is left fallow or devoid of AMF host plants, the AMF population decreases and the

hyphal network deteriorates (Kabir et al. 1999). Thus, mycorrhizal colonization and

phosphorus uptake of the following host plant decreases with increasing length of the

preceding fallow (Black and Tinker 1979; Vivekanadan and Fixen 1991; Kabir. et al.

1999; Kabir and Koide 2000). In apot study byKabiretal. (1999), a90day fallow was
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shown to decrease active hyphae by 57%, AMF colonization of maize by 33% and the

uptake of phosphorus, zinc and copper by 19%, 54%, 610% respectively. Clearly,

fallowing, even for a short time, is a practice that is detrimental to the AMF-plant

symbiosis.

Growing a cover crop extends the time for carbon input into AMF growth and

reproduction and maintenance of the extraradical hyphal network into the autumn, winter

and spring (Galvez et al. 1995). The myconhizal colonization increase found in crops

following a cover crop may be largely attributed to an increase in the extraradical hyphal

network (Boswell et al. 1998). Disturbance of the soil and extraradical hyphal network

has been shown to reduce the positive effect of cover cropping on mycorrhizal

colonization (Boswell et al. 1998). However, the research of McGonigle and Miller et al.

(1990; 2000) has shown that the effect of soil disturbance on AMF colonization is

inconsistent and may not always be decreased.

This controlled experiment was designed to investigate the influence of cover

cropping combined with soil disturbance on the mycorrhizal colonization of the

following flax crop. The objectives of this study were:

1. To determine if cover cropping with black medic increases the AMF coloniz¿tion

ofthe subsequent flax crop. It is hypothesized that a black medic will increase the

AMF coloniz¿tion ofthe subsequent flax crop.

2. To determine if soil disturbance reduces the effect of cover cropping on the AMF

colonization of the subsequent flax crop. It is hypothesized that soil disturbance

will reduce the positive effects of cover cropping on the AMF colonization of the

subsequent flax crop.
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4,3 Materials and Methods

4.3.1 Cover Crop Field Trial

Soil cores were taken from the black medic cover crop field trial at the

Department of Plant Science Research Station, Winnipeg, MB (Winnipeg). The field trial

was established in 2000 and had a fully phased winter wheat, oat, and flax crop ¡otation

until2002.In 2003, the winter wheat plot was chemical fallowed due to crop failure. The

flax followed oat in 2005 and 2006. The field trial design was a randomized complete

split-plot block design consisting ofthree blocks. A black medic cover crop was the main

plot effect and the addition of nitrogen fertilizer was the sub-plot effect. Plot dimensions

were 4 x 8m. The soil was mapped as a Riverdale silty clay soil. The soil from the medic

trial had 21.65 kg/ha of nitrate-N and 50 ppm Olsen-P in the spring of 2006.

4.3.2 Soil Core Collection

Intact soil cores were collected from the Winnipeg black medic trial on May 16

2006 before herbicide application and seeding. The black medic was approximately 2cm

in height above ground and at the first true leaf stage. Cores were sampled from all the

plots to be planted to flax in 2006; 12 plots in total. The previous crop on these plots was

oats. Cores collected from the plots with the medic cover crop contained at least 5 living

black medic plants. Cores were taken to a depth of 9 cm using aluminum pipes 10 cm in

length and 5 cm in diameter. Pipes were lubricated with linseed oil to prevent the soil

from adhering to the aluminum and compacting. Cores were taken in pairs at 2 locations

in each plot;4 cores from each plot and 48 co¡es in total. The cores were capped with
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plastic at the bottom end to prevent soil and water loss. The soil-filled cores weighed

between 285 and 3 10g.

4,3,3 Cover Crop Pre-treatment

Co¡es were incubated for l8 days in a 21oC growth chamber with 16 hours of

sunlight. The black medic plants in the cores from field plots with medic we¡e allowed to

grow while the cores from the plots without medic were left bare. All cores were given

35 mL of water approximately every three days to keep soil moist. Weeds that emerged

were pulled out and placed back on top of the soil. On June 2, 2006, medics were

harvested by cutting the stem at the soil surface. The medics we¡e dried in a 55"C oven

and weighed. The above ground medic biomass was not returned to the soil.

4.3.4 Soil Disturbance

Soil cores were disturbed to break up the AMF extraradical hyphal network.

Cores were incubated for 10 days after medic harvest. On June 12,2006, ons soil core

from each pair was disturbed using a biologically inert titanium wire. The wire was

threaded through the length ofthe core and then passed back and forth across the

diameter of the core. In this manner, the soil cole was sliced into approximately 1cm

cubes without disturbing the vertical soil core profile.

4,3.5 Flax Seeding

Flax was then seeded two days after soil disturbance on June i4, 2006. The flax

variety used for this study was Bethune. Seeds were placed at a depth of 3cm; 6 seeds per

core. Cores were incubated in a 21"C glowth chamber with 16 hours of sunlight. The
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flax began to emerge on June 19, 2006 and was thinned to 3 plants per core on June 23,

2006. Cores were given 35mL of water approximately every three days to keep soil

moist.

4.3.6 Flax Harryest

Flax roots and above ground tissue were harvested 25 days after emergence on

July 13, 2006. Cores were soaked for 24 hours and then removed from the aluminum

tubes. Cores were then soaked for an additional 2 hours to loosen the soil from the flax

roots. The remaining soil was removed f¡om the flax roots by spraying with water. Clean

roots were then cut from the above ground poúion of the plant and submerged in FAA

(95 % ethanol: 28%o glacial acetic acid: 37%o forcnaldehyde; l8:1:1) fixing solution. The

above ground portion ofthe flax plants were dried in a 55"C oven and weighed.

4,3,7 Root Colonization

Roots were later prepared for AMF observation. Fixed roots were rinsed with de-

ionized water. Roots were cut with scissors into fragments approximately 2cm in length.

Cellular contents were then cleared by submerging in l0% KOH and autoclaving for 10

minutes. The roots were rinsed a third time in DI. Roots were then submerged in 0.05%

Chlorozal Black E stain (Chlorozal Black E, 85 %o lactic acid, glycerol and water) and put

in_a 90"C oven for 90 minutes. The excess stain was then rinsed from the roots and they

were allowed to de-stain in glycerol for 20 hours. Stained roots were prepared for

viewing by mounting, in glycerol, approximately 25 root fragments horizontally on a

glass slide and covering with glass.
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Flax roots were obserued for quantification of AMF structures at 100x

magnification. Roots were observed at 400x magnification when further identification of

AMF structures was required. AMF structures were counted using the magnified

intersections method (McGonigle et al. 1990). Slides were scanned up and down at

regular intervals. Each intersection of the vertical eye piece crosshair and a root was

scored as root, hyphae or arbuscule. The intersection was scored as root when no AMF

structures were observed, hyphae when only AMF hyphae were observed and arbuscule

when the crosshair intersected with one or more arbuscules. Counting proceeded until

100 intersections were scored giving a measure of percent root length colonized by

arbuscules and percent root length colonized by AMF (arbuscules and hyphae). The

treatment identity of each slide was concealed at the time of counting.

4.3.8 Statistical Analysis

All data were visually examined for normality and homogeneity of residuals using

residuals and probability plots. The effects of the medic cover crop, previous nitrogen

fertilization, and soil disturbance on early flax biomass and AMF colonization was

analyzed. Data was analyzed by analysis of variance for a randomized complete block

design using the general linear model procedure (Proc GLM, SAS Institute Inc.). P

values were considered significant at the 0.1 and 0.05 level.

4.4 Results and Discussion

4.4.1 Medic Biomass

There was a weakly significant increase in the medic biomass in the cores from

plots historically fe¡rilized with nitrogen and those without (P: 0.0950). It was noted
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that black medic plants in the area ofthe field trial were at the same stage as the medics

in the greenhouse at the time of medic ¡emoval indicating that growing conditions in the

growth chamber were similar to those experienced in the field.

4.4.2 Flax Biomass

The early flax biomass was significantly greater in cores taken from the plots with

historical nitrogen fertilization (Table 4.1). The medic cover crop had no direct effect on

the early flax biomass (Table 4.1). Disturbance alone did not have a significant effect on

early flax biomass. There was, however a significant interactive effect of the medic cover

crop and soil disturbance on flax biomass (Table 4.1). The highest flax biomass was

found in the cores that previously had a medic cover crop and received soil disturbance.

This was presumably due to increased decomposition and nitrogen mine¡alization of the

medic residues after soil disturbance. Nitrogen mineralization and availability of a green

manure crop has been shown to increase after soil disturbance. (Sarrantonio et al. 1988;

Drinkwater et al. 2000).
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Table 4.1. Early flax biomass and arbuscular and total AMF (arbuscules and hyphae)
colonization of flax roots. Flax biomass and roots were collected 25 days after flax
emergence from soil cores grown with and without a black medic cover crop and with
and without soil disturbance.
Treatment Flax Biomass (g) A¡buscules (%) Colonization (%)

Medic

No Medic

Nihogen
Disturbance
N + Dist.
noN+noDist
Average

Nihogen
Disturbance
N + Dist.
noN+noDist

0.0745
0.0753

0.0960

0.077 5

0.0808

0.0654

0.0635

0.0713

0.0752
0.0689

3'1.3

JZ.J

3 8.3

30.3

34.6

23.0
33.0

23.3

26.7

26.5

6l.3
55.7

s9.0
58.7

5 8.7

45.0

68.0

52.7

52.0

54.4

Significance
0.0648 0.1188

0.9835

0.1229
0.5521

0.8203 0.6055
0.6655 0.6273

Medic
Nihogen
Medic+Nítrogen
Disturbance
Medic*Disturbance
Nitrosen*Disturbance

0.3856

0.0249
0.3220

0.4903

0.0594

0.2355

0.9372

0.t982
0.3945

4,4,3 AMF Colonization

The black medic cover crop increased early percent root length colonized by

arbuscules in the following flax loots compared to flax grown in the fallow soil

(P=0.0648) (Figure 4.1). Early flax root colonization increased from 26.5%o root length

colonized by arbuscules in the fallow pre-treatment fo 34.6%o in the cover crop pre-

treatment. This agrees with a previous controlled study that found higher AMF

colonization in crops when grown in soil with a cover crop compared to soil that had

been fallowed (Kabir et al. 1999). The results of the present study verifu the results of

several field experiments demonstrating that maintaining a mycorrhizal host plant on the

soil increases the AMF colonization of subsequent crops compared to fallow (Black and

Tinker 1979; Vivekanadan and Fixen 1991; Kabir and Koide 2002). The black medic pre-
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treatment presumably provided a host plant for the AMF and initiated the growth of the

extraradical hyphal network. The flax was then planted into the pre-established hyphal

network which allowed for rapid colonization. Whereas, in the control treatment, the flax

was planted into soil lacking an active AMF hyphal network. Thus, slower colonization

would have occurred from spores and over wintered AMF colonized root fragments.

Mcclic No Medic

Figure 4.1. Early arbuscular myconhizal colonization of flax roots grown in intact soil
cores from field plots with and without a black medic cover crop. The statistical
significance (P value) of the medic cover crop influence on percent arbuscular
colonization (A) and total colonization (C) is shown for each site year.

Disturbance ofthe soil cores had no influence on arbuscular colonization or total

AMF colonization (Table 4.1). This disagrees with a field study by Boswell et al. (1998)

who found that soil disturbance decreased the AMF colonization of com following a
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cover crop. They attributed the increase in AMF colonization after cover cropping to an

increase in the extraradical hyphal network. When the extraradical hyphal network was

disturbed, AMF colonization was reduced. However, in a pot study by McGonigle et al.

(1990), colonization \üas not affected by soil disturbance which is similar to findings of

the present study. McGonigle and Miller (2000) suggested that the inconsistent effect of

soil disturbance on AMF colonization could be explained by the amount of AMF

inoculum present in the soil. In soil with high AMF inoculum density, colonization may

not be affected by soil disturbance, whereas, when inoculum is low colonization may be

reduced by soil disturbance. It is possible that because of the small volume of the cores

used in the present study, the medic root density would have been high. Thus the

colonized root inoculum density would have also been high within the core. Early flax

roots would have been in close proximity to an inoculum source regardless ofdisturbance

of the extraradical hyphal network.

The historical nitrogen fertilization had no influence on myconhizal colonization

of early flax loots (Table 4.1). This agrees with previous studies that have determined

only very high levels ofnitrogen fertilization have a negative effect on AMF colonization

(Treseder 2004; Bradley 2006),

4,5 Summary and Conclusions

The results of this growth chamber experiment suggest that a black medic cover

crop can effectively increase the early AMF colonization of the following flax crop. This

study provides evidence that winter and spring fallow can significantly reduce the

mycorrhizal inoculum potential of the soil and cover cropping with AMF host plants is a

soil management practice that encourages rapidly forming AMF colonization. This
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experiment also demonstrated that a previous black medic cover crop in combination

with soil disturbance increases the early biomass accumulation offlax.

In the present, study soil disturbance did not reduce the increase in colonization of

flax following a black medic cover crop. This suggests that the major source of AMF

inoculum may not have been the pre-existing extraradicai hyphal network but rather

colonized black medic root fragments and AMF spores. However, although early flax

colonization was not affected by soil disfurbance, early flax phosphorus uptake could

have been decreased. The extent of myconhizal colonization is not always correlated

with plant phosphorus uptake (McGonigle et al. 1990). An increase in AMF-mediated

phosphorus uptake may be more closely related to the extent of the intact AMF hyphal

network and thus disturbance of the AMF network can reduce phosphorus uptake

(Boswell et al. 1998). Thus, it may be more agronomically important to measure the

influence of soil disturbance after cover cropping on phosphorus uptake and hyphal

density rather than colonization only. In the future experiments, plant tissue phosphorus

and hyphal density should also be analyzed to further explore this question.
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5. GENERAL DISCUSSION

5,1 AMF Colonization in Field and Grorvth Chamber Study

In the field study the black medic cover had no effect on the early AMF

colonization of flax roots. However, in the growth chamber study, the previous medic

cover crop increased the early AMF colonization of the following flax crop. There are

several possible explanations for the discrepancy in results between the field and growth

chamber studies. For example, the black medic was grown for two weeks longer in the

growth chamber study than in the field. This would have provided additional time for the

black medic root system and the AMF extraradical hyphal network to develop compared

to the field study. Thus the flax roots may have been provided with a higher density of

AMF inoculum in the growth chamber study than what was experienced in the field. It is

also possible that the ne\ est flax root growth may not have been captured with the root

sampling method used in the field study whereas the whole root system was recovered

from the soil cores in the growth chamber experiment. A difference in AMF colonization

may have only existed in the newest roots. In the future, larger and deeper samples

should be taken to capture the whole root system and avoid this potential source of

inaccuracy. A third plausible explanation is the presence of weeds. In the growth

chamber study, the medic cover crop treatment was compared to a control treatment in

which all the weeds were removed. Whereas, in the field study, weeds were present on

the control plots in the early spring. The-weeds on the control plots may have provided an

early host for AMF thus increasing the early inoculation potential of the soil to a level

similar 1o the medic cover crop treatment.

The growth chamber experiment provided evidence that a previous black medic

cover crop in combination with soil disturbance increases early biomass accumulation of
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flax. This increase in biomass was attributed to greater nitrogen availability in the

disturbed medic soil. The medic presumably eruiched the soil nitrogen status by nitrogen

fixation and later the decomposition roots and above ground biomass. Disturbance likely

increased the rate of nitrogen mineralization and nitrogen availability to the flax

(Sanantonio et al. 1988; Drinkwater et al. 2000). Further research on the nitrogen

supplying power ofsoils cover cropped to black medic is cunently being undertaken.

Flax was used as the bio-indicator crop in both the field and growth chamber

study. Flax is known to be highly dependant on AMF for the uptake of phosphorus

(Thingstrup et al. 1998). Perhaps the results of this experiment would have been different

with another crop such as com that has previously been found to respond to previous

cover cropping (Bosewell 1998; Kabir and Koide 2000, 2002).

5.2 Future Research and the Value of Cover Crops in Cropping Systems

In future studies on the effect ofcover cropping and other agronomic practices on

AMF symbiosis, it may be more informative to measure AMF hyphal density and root

colonization rather than root colonization alone. Previous studies on tillage and AMF

have shown that at a high AMF inoculum density, the percent root length colonization

may not be affected by soil disturbance even though the extraradical hyphal network

maybe affected (McGonigle and Miller 2000). Other research has shown that the benefit

of cover cropping to AMF mediated phosphorus uptake can be attributed to the extension

of the AMF extraradical hyphal network (Kabir et al. 1999). Thus, measurement of the

AMF in the crop roots is not enough to determine if an agronomic practice has an effect

on AMF symbiosis. Measurement of the extraradical hyphal network is required to fully

access the impact of an agronomic practice has on AMF symbiosis.
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The present field study demonstrated that under zero-tillage management with

only mycorrhizal crops in rotation, early AMF colonization is very high and the addition

of a cover crop did not further elevate AMF colonization of flax. However, cover

cropping may have an influence on the early AMF colonization of crops in management

systems that are not so favorable to AMF. For example, canola is a non-myconhizal crop

that is common in prairie crop rotations. A yield reduction occurs when mycorrhizal

crops, such as flax, follow canola which is attributed to a reduction in early AMF

symbiosis (Johnston et al. 2005). The potential of myconhizal cover crops intercropped

with or following non-mycorrhizal crops to alleviate the negative effects on AMF

colonization ofthe following crops provides an interesting subject for future research.

Cover crops may not increase early AMF colonization of the following crops

under the management system used in the present study; however, there are many other

benefits of cover crops that were not thoroughly investigated in this study. The benefits

of cover cropping include the addition of nitrogen and organic matter to the soil,

prevention of soil erosion and nutrient loss (Drinkwater et al. 1998; Sarrantonio and

Gallandt 2003). There is also evidence that cover cropping promotes the activity of

microorganisms, other then AMF, in the soil (Mendes et al. 1999; Schutter and Dick

2002). Cropping systems in southem Manitoba generally have enough residual moisture

and growing degree days to capture some of these benehts by growing a late season

cover crop (Thiessen Martens et al. 2001).

The major conclusion of this study is that cover cropping has an influence on the

uptake of maclo and micronutrients by the following crop that is not related to increase

AMF colonization. The present study provided evidence that a long term black medic
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cover crop increases early phosphorus uptake and nitrogen and zinc concent¡ation and

decreases iron and copper uptake. Further studies are needed investigate the potential

phosphorus solubilizing abilities of black medic and the ¡ole of black medic in enriching

soil organic matter and micronutrients (Zn). Micronutrient competition (Fe and Cu)

between the main crop and a black medic intercrop may also be of importance in future

research.
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APPENDICES

Àppendix A, Monthy precipitation (mm) (2005-2006) at Winnipeg and Indian Head field
sites.

Year Jan Feb Mar Oct Nov DecSite

Winnipeg 2005 - 6.0
2006 9.3 0.3

lndian Head 2005 37.0 6.8

2006 l3.l 6.3

1.9

32.6

29.0

10.6

72.9

22.0

57.6

39.0

198.5

l5.l

59.2

4.4

9.4
).2

24.7

176.3

22.0

99.2

80.4

30.4

7.7

6.8

73.2

22.8

76.8

98.0

I1.6

47.6 37.5 19.3

42.5 l3.l 5.5

4.0 6.6 34.9

54.8

Appendix B. Flax seed yield from Winnipeg and Indian Head field sitei in 2005 and
)îtñÁ
Site Year Treatment Yìe.!!lKe/ha)
Winnipeg 2005 Medic 45.56

No Medic 30.90

2006

Indian Head 2005

All Site Years

Medic
No Medic

Medic
No Medic

Medic

No Medic

Medic
No medic

83.70

7 5.34

1386.88

1445.31

I t99 .44

1088.58

s40.89

60'Ì.34

Significance (P) Site

Winnipeg

Year

2005

2006

2005
2006

lndian Head

All Site Years

0.0206
0.7 574

0.6167

0.599'1

0.3t t2


