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ABSTRACT 

Lentil (Lens culinaris Medik) cultivars similar to Laird, in the large green seed market class, are 

currently produced in Western Canada and are susceptible to lodging. The first goal of this 

study was to identify characteristics of lentil canopy architecture that will lead to reduced 

lodging and improved yield. The second goal was to determine if plant traits associated with 

lodging exist to allow indirect selection of lodging resistant material early in a breeding 

program. Four stiff-stem unadapted to Saskatchewan ICARDA genotypes varying in leaf size 

and canopy openness were compared to large green and other locally adapted cultivars at three 

population densities in the field in 2001 and 2002. Canopy measurements included biomass and 

light interception at weekly intervals, recovery from stem bending, recovery from canopy 

crushing, lodging score, end of season harvest index, yield, maximum plant height, final branch 

number, stem fiber and lignin content. Cultivars adapted to Saskatchewan had greater biomass 

(525 to 700 g m-2
), higher seed yield (96 to 130 g m-2

), higher maximum light interception (61 

to 80%), higher final branch number (17 to 19), and greatest overall plant height (0.30 to 0.44 

m), but large green cultivars with canopy development similar to Laird had weak stems and 

were more prone to lodging. CDC Milestone and Crimson had improved canopy architecture 

compared to large green cultivars with higher harvest index (0.40 and 0.34, respectively, 

compared to <0.26 for large green cultivars) and 30% less lodging. Unadapted genotypes 

produced less biomass (325 to 475 g m-2
) and had reduced lodging compared to locally adapted 

cultivars. Unadapted genotype 2000-7L performed most similarly to the adapted genotypes 

with the higher biomass (476 g m-2
), branch number (18), height (0.30 m), maximum light 

interception (56%), and yield (53 g m-2
) of the unadapted genotypes, and was the second lowest 

lodging in 2001. Line 2000-7L appeared to be the best unadapted genotype candidate for 

crossing to improve lodging resistance. Highly variable weather conditions between 2001 and 

2002 resulted in inconsistent lodging data, and 2001 data appeared to be the most representative 

of genotypic differences. Plant traits associated with lodging score were measured to determine 
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if recovery from stem bending, recovery from canopy crushing, stem diameter, stem fiber and 

lignin content could be used as alternative methods of measuring lodging. Stem diameter was 

found to be the best plant trait associated with lodging. Genotypic ranking for stem diameter 

was consistent across locations. Multiple linear regressions of both lodging score and stem 

diameter resulted in the highest proportion of variability being explained for stem diameter (R2 

= 0.78). Stem diameter was a function of all the following measurements: branch number, 

recovery from canopy crushing, plant density, height, fiber and lignin content. Lentil appears to 

use a combination of phloem and lignin tissues and fiber for stem thickness. The use of stem 

diameter as an alternative measurement of lodging resistance in a breeding program will limit 

environmental influence, allowing selection based on a few plants early in the breeding 

program, thereby reducing time and cost. 
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1. Introduction 

1.1 Overview of the Lentil Canopy 

In Saskatchewan, lentil (Lens culinaris Medik) has become a very important pulse crop. 

The benefits of a pulse in a crop rotation include lengthened and diversified rotations, improved 

economic returns, and reduced nitrogen fertilizer requirements (Saskatchewan Agriculture and 

Food, 2001). Saskatchewan currently produces 99% of Canada's total lentil production, which 

totaled 352,000 tonnes in 2002. Canada is currently the world's largest lentil producing and 

exporting nation (Saskatchewan Agriculture and Food, 2002). 

The most widely grown lentil in Saskatchewan is the large green-seeded market class, 

accounting for 52o/o of the total lentil production in Saskatchewan in 2002. The other major 

classes of lentil produced in Saskatchewan are small red and small green-seeded lentil. On a 

smaller scale medium green and French green are also produced (Saskatchewan Agriculture and 

Food, 2002). 

Lentil production is best suited to the Dark Brown and moist Dark Brown soil zones in 

Saskatchewan. Under high moisture conditions, the indeterminate growth habit of the large 

green lentil may cause excessive vegetative growth to continue late into the season, which 

promotes reduced seed set, increased disease pressure, plant lodging, and delayed harvest. 

Overall, this will reduce seed quality and quantity. In the black soil zones, excess moisture and 

a short growing season can restrict the consistent production of high quality lentil 

(Saskatchewan Pulse Growers, 2000). 

Seed yield of lentil is generally lower than that of wheat. The five year average lentil 

yield in Saskatchewan is just over 1.12 Mg ha-1
, about 40% less than spring wheat for the same 
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time period. Even within the Dark Brown soil zones, excess moisture and cool conditions 

during flowering and seed fill can cause excessive vegetative growth resulting in poor 

productivity and late maturity. Dense canopies with reduced aeration result from excess 

moisture, which lead to increased disease pressure, more lodging, and overall reduced seed 

yield and quality. 

Lodging is also a major production problem for many of the world's major crops, 

including lentil. Severe plant lodging can result in reduced seed yield and quality, increased 

disease pressure, and reduced harvest efficiency (McPhee and Muehlbauer, 1999). The extent 

of these losses will depend on the timing and severity of lodging occurrence. In barley, severe 

early plant lodging can reduce yield by up to 65% (Stanca et al., 1979). Improvements in 

lodging resistance should increase the yield potential and improve quality of lentil when grown 

under high moisture conditions favorable for lodging. 

Lodging resistance in many crops has occurred through the development of semi-dwarf 

varieties that are less likely to lodge. However, semi-dwarf varieties produce less above ground 

residue leaving less mat.erial to protect the soil against erosion, and are less competitive with 

weeds. In lentil, plants are shorter and have far lower biomass than most cereals, and lack broad 

_spectrum herbicides for weed control. Therefore, alternatives to semi-dwarf technology for 

improving lodging resistance should be considered. 

One alternative method has been the selection for plants that exhibit the stiff stem trait, 

for example in field pea (McPhee and Muehlbauer, 1999). Increased stem stiffness allows 

plants to withstand the heavy vegetative loads of the above ground canopy. In lentil, 

development of stiff stem lentil plants would improve lodging resistance without reducing plant 

height. 

Generally in plant breeding programs, selection for lodging resistance is done by rating 

cultivars at experimental locations where lodging has been caused by a weather event. 

However, depending on the weather, lodging may not occur in every genotype, or lodging can 
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be so extreme that all lodge (Mohr and Irvine, 2002). Identifying plant traits associated with 

lodging resistance that are not significantly affected by the environment will greatly benefit 

breeding programs (Mancuso and Caviness, 1991). Erskine and Goodrich (1988) cautioned that 

lodging measurements must occur on bordered plots, and not single plants or rows because of 

neighboring plant effects, which further increases costs for breeding programs to screen 

germplasm. Ideally, if a single plant characteristic can be identified which closely correlates 

with lodging, plant breeders will be able to screen for lodging resistance early in a breeding 

program and at less cost. 

1.2 Thesis Objectives 

The first objective of this study was to assess the growth potential of representatives 

from both adapted and unadapted germplasm for improved biomass, harvest index and yield at 

varying population densities. The second objective was to assess the representative germplasin 

for resistance to lodging and the plant traits that affect lodging the most. Finally, the third 

objective was to measure plant traits to determine if they were associated with lodging, and 

could be used as an alternative method for measuring lodging resistance without environmental 

influence. 
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2. Literature Review 

2.1 Lentil Production in Canada 

Lentil production has become very important in Saskatchewan since being first grown 

on 600 hectares in 1970. The benefits of including a pulse crop, like lentil, into an annual crop 

rotation include lengthened and diversified rotations, breaking of cereal disease cycles, 

variability in chemicals used for weed control, improved soil tilth, contribution to soil organic 

matter, and improved economic returns. Lentil is a member of the legume family 

(Leguminosae ), and thus when inoculated with the proper strain of Rhizobium, is capable of 

fixing nitrogen through symbiotic nitrogen fixation (Saskatchewan Pulse Growers, 2000). 

Canada is the world's current largest lentil producing and exporting nation. In 2001 to 

2002, Canada exported over 477,000 tonnes of lentils around the world, and consumed only 

3,500 tonnes domestically. Saskatchewan currently accounts for 99% of the total lentil seeded 

area in Canada and 99% of Canada's lentil production. In 2002, lentil production in 

Saskatchewan was 588,000 ha and 352,000 tonnes (Saskatchewan Agriculture and Food, 2002). 

Lentil is most widely grown in the Brown and Dark Brown soil zones, but seeded acres are 

increasing in the Thin Black and Black soil zones (Saskatchewan Agriculture and Food, 2001). 

In 2002, the large green lentil market class, previously referred to as the Laird type, 

dominated the Saskatchewan lentil industry at 52% of the total lentil production. There were 

284,000 ha seeded and 183,000 tonnes produced of large green lentil. Small green lentil is 

another major class of lentil produced in Saskatchewan. In 2002, production was 60,000 seeded 

hectares and 38,000 tonnes. The other classes of lentil produced in Saskatchewan on a smaller 

scale are red, medium green, and French green. In 2002, their total production was estimated at 
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132,000 tonnes with total seeded area at 244,000 ha (Saskatchewan Agriculture and Food, 

2002). 

2.2 Agronomic Performance of Lentil 

Generally, lentil seed yield is lower than yield of cereal crops. In 1996, the world 

average lentil yield was only 0.83 Mg ha·t, or about one-third of the average 2.54 Mg ha-1 wheat 

yields (FAO, 1997). The five year average lentil yield in Saskatchewan is 1.12 Mg ha-1
, almost 

60% of the average wheat yields for the same time period. Also, the latter two years of this 

average, 2001 and 2002, were drought seasons in the Canadian prairies with average lentil 

yields of only 0.88 Mg ha-1 (2002 Agricultural Statistics Handbook). Therefore, although the 

current average lentil yields in Saskatchewan are substantially lower than those of wheat, they 

are much higher than the world average reported in 1996. 

In Saskatchewan, lentil production is best adapted to the Semi-Arid Brown and Dark

Brown soil zones, but is gaining acreage in the Thin Black and Black soil zones (Saskatchewan 

Pulse Growers, 2000). The expansion of the lentil growing area has been influenced by the 

introduction of newer and better adapted varieties suited for specific soil zones. Even within the 

Brown and Dark Brown soil zones, improvements to existing cultivars adapted to the prairies 

like Laird and Eston, have been seen with the release of new cultivars. CDC Glamis, CDC 

Plato, and CDC Milestone are recent cultivars with average yields of 111, 130, and 136% of 

Laird, respectively (Saskatchewan Agriculture and Food, 2003). These cultivars have improved 

plant characteristics, and in combination with sound agronomic management, the yield potential 

of lentil in Saskatchewan has increased. 

A twelve year study was conducted prior to 1992 on a continuous lentil-wheat rotation 

at Swift Current, Saskatchewan and the mean seed yield of lentil was only 0.72 Mg ha-1 

(Campbell et al., 1992). However, a four year study at Swift Current commencing in 1992 

produced average lentil yields of 1.35 Mg ha-1
, almost twice that of the previous study (Miller et 

al., 2001). In a three year study where twelve lentil genotypes were grouped as progenitors, 
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landraces, older cultivars, and modem germplasm, mean yields consistently increased at 0.11, 

1.13, 1.32, and 1.95 Mg ha-1
, respectively. These constant yield increases were attributed to a 

greater commitment to lentil breeding over the last 20 years. The authors concluded that a yield 

plateau for lentil had not yet been reached and further improvements in yield were likely 

(Whitehead et al., 2000). 

Seed yield is the product of harvest index (HI) and total biomass accumulation, and can 

therefore be affected by either a change in biomass accumulation or HI, or both (Kumudini et 

al., 2001). Harvest index is the ratio of economic yield (seeds) to total biological yield (Donald, 

1962). Harvest index of pulse crops is expected to always be smaller than those of cereals 

because of the high energy costs of synthesizing the protein rich seeds (Sinclair and De Wit, 

1975) or because pulses are known to produce little grain and very high vegetative matter (Jain, 

1971). However, a harvest index as high as 0.79 in the world lentil germplasm was reported, 

therefore, they do have the potential to produce high harvest indices (Erskine and Witcombe, 

1984). 

In cereals, improvements in yield potential have generally been associated with 

improvements in harvest index (Austin et al., 1980; Boukerrou and Rasmusson, 1990; Donald 

and Hamblin, 1976; and Sinha et al., 1982). In lentil, harvest index was found to be positively 

associated with seed yield (Singh, 1977). 

Whitehead et al. (2000) found that the environment and phenology were important in 

determining the HI of individual genotypes. They grew 12 genotypes over three years and 

found the highest HI to be 0.56 and the lowest to be 0.07. The modem germplasm used had a 

range of 0.27 to 0.50. The cultivar Laird had HI varying from 0.10 to 0.36. In 1996 at Pullman, 

W A., the dry weather restricted vegetative growth and produced harvest indices fairly high with 

less variability than in the other experiments (mean HI of0.42). In 1997, wetter weather 

conditions caused vegetative biomass to be produced in a greater proportion than seed yield, 

thus causing HI to be lower (mean HI of0.27). Silim et al. (1993) reported that when twenty-

6 



five diverse lentil lines were grown over two years the mean harvest index was 0.36 in the wet 

year, and only 0.26 in the dry year. They also reported that HI varied between genotypes with a 

range of0.21 to 0.46. 

As previously stated by Kumidini et al. (200 1 ), total biomass production is the other 

growth factor, along with HI, that affects final seed yield. Compared to cereals, lentil stands 

produce small amounts of total biomass. This can be attributed, in part, to their short and thin 

stems (Whitehead et al., 2000). McPhee et al., (1997) reported an average of 1.4 to 3.3 Mg 

residue ha-1 for six lentil cultivars grown at Pullman, W A, over three seasons. This compared to 

7.8 Mg residue ha-1 for five cultivars of winter wheat grown at Cambridge, UK, (Austin et al., 

1989). As much as 85% of lentil residue may rapidly decay or be blown away as a result of 

residues being highly decomposed after harvest and tillage. This increases the risk of soil 

surface erosion due to a lack of protective residue material (McPhee et al., 1997). Therefore, 

increased biomass production to restrict soil erosion has now become a selection target for lentil 

breeders over the last 20 years {Whitehead et al., 2000; Erskine et al., 1999). 

The selection for increased vegetative biomass to reduce soil erosion can also cause 

problems within the crop canopy. A cultivar that is capable of producing adequate amounts of 

biomass in a marginal environment may produce excess amounts of biomass under more 

favorable conditions. This can lead to increased plant lodging and foliar diseases like ascochyta 

blight and botrytis stem rot (McPhee et al., 1997). McKenzie and Hill (1990) looked at the 

effect irrigation had on two lentil cultivars in Canterbury, New Zealand. Under irrigation, 

excessive vegetative growth caused by the extra moisture led to increased disease and lodging 

problems. This resulted in a lower overall HI and seed yield. Without the extra moistUre from 

irrigation, the crop remained smaller and had not only a lower yield potential, but a lower 

disease and lodging potential. This led to an overall higher harvest index and final seed yield. 

McPhee et al., (1997), Wallace et al., (1993), and Erskine (1983) have reported a 

positive correlation between biomass production and seed yield. Whitehead et al. (2000) also 
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reported a positive correlation between biomass production and seed yield when the genotypes 

grown were phenologically suited to the production environment, allowing the harvest index to 

remain constant. 

When cv. Laird was grown at Pullman, WA, over two seasons, its poor adaptation to 

the environmental conditions was evident. In the dry season, biomass production and seed yield 

were 3.49 and 1.24 Mg ha-1
, respectively, and were relatively comparable to the mean of the 

other older and modem cultivars at 2.59 Mg biomass ha-1 and 1.37 Mg seed ha-1
• However, 

under a moist growing environment the following year, biomass production was 5.73 Mg ha-1
, 

and seed yield only 0.56 Mg ha-1
• Under the moist growing conditions, harvest index was 

reduced compared to the drier year, because of excessive vegetative production with reduced 

seed yield. Silim et al. (1993) reported that regardless of dry or wet seasons, high biomass 

production was a major determinate of seed yield. High seed yield occurred due to large 

vegetative production followed by high partitioning of assimilates to the seeds. 

2.3 Canopy Characteristics of Lentil 

Individual lentil plants are characterized as short, highly branched, with slender stems 

(Erskine and Goodrich, 1991; Heath et al., 1994; Whitehead et al., 2000). The environment is 

known to strongly affect canopy traits like height and branch number (Erskine and Goodrich, 

1991 ). With increased plant population, lentil plants were found to have an overall lower 

branch number and increased plant height (Wilson and Teare, 1972), with similar results also 

reported for soybean (Weber and Fehr, 1966). Thus, significant location and genotype by 

location effects for plant height and branch number do exist (Malhotra et al., 1973). However, 

even with environmental plasticity, a genetic basis for variation in height and branch number 

still exists (Erskine and Goodrich, 1991; Ladizinsky, 1979). 

Lentil canopies vary widely in terms of branch number and height. In the world lentil 

germplasm collection, considerable variation in plant height has been reported (Erskine and 

Witcombe, 1984). Erskine and Goodrich (1991) studied twenty-five diverse lentil genotypes 

8 



sown at the commercial planting density of200 seeds m-2 at Tel Hadya, Syria grown over two 

variable seasons. They reported genetic variation for plant height and branch number existed 

across genotypes regardless of the seasonal variability, and that the genotypic ranking was 

constant. 

Seed yield is dependent on the plant canopy architecture as well as crop partitioning to 

yield (HI). Canopy size is a function of genotype and environmental interactions. Therefore, 

yield improvements could occur through favorable alterations in the genotypes contribution to 

canopy development for a given environment (Heath et al., 1994). 

Singh ( 1977) studied twenty~eight lentil genotypes to determine the plant characters 

associated with grain yield and biomass production. Branch number was found to have a 

negative direct effect on seed yield. Generally, highly branched plants produce pods only on 

the plant periphery, leaving the central portion barren. These bushy plant types result in 

increased dry matter to yield ratio, with a lower harvest index. Therefore, reduced branching 

would allow more light penetration for good pod formation. 

Plant height and total pod number were found to have the largest positive association 

with grain yield with correla!ion values of0.85 and 0.86, respectively. Harvest index was also 

positively associated with plant height, because seed yield is highly influenced by height. 

Therefore, Singh ( 1977) suggested that selection of taller plants with reduced branching should 

improve yield and harvest index. However, Erskine and Goodrich (1991) reported that plant 

height was only positively correlated with straw yield and lowest pod height, and negatively 

associated with seed yield and harvest index. 

Singh ( 1977) reported that plant height and branch number were both positively 

correlated with biomass accumulation, but harvest index was not positively associated with 

biomass production. This would indicate that higher biomass production was unlikely to 

improve harvest index. Kusmenoglu and Muehlbauer (1998), in contrast, reported a positive 

correlation of plant height with biomass production, and indicated that height could be used to 
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indirectly select for greater biomass. However, they expressed concern that the taller and larger 

plants tend to be later maturing and more prone to lodging. 

The essential processes governing plant growth and yield are represented by the plant's 

interception of solar radiation and subsequent utilization of radiant energy for biomass 

production (Purcell et al., 2002). In lentil, increased interception of solar radiation due to early 

seeding enabling plants to make rapid early spring growth, resulted in highest yields (McKenzie 

and Hill, 1990). McKenzie and Hill (1991) reported that high dry matter accumulation in lentil 

was associated with increased absorbtion of photosynthetically active radiation (PAR). Similar 

results have been found in barley (Gallagher and Biscoe, 1978) and sugarbeet (Monteith, 1977). 

Assuming that the radiation use efficiency is constant, yield would be the product of this ratio, 

absorbed solar radiation, and harvest index (Gallagher and Biscoe, 1978). Therefore, faster and 

greater canopy closure leading to increased leaf area index (LAI) and increased light 

interception should increase overall seed yield. In soybean, increased LAI early on caused 

greater biomass accumulation around reproductive periods, leading to more partitioning and 

higher yields (Kumudini et al., 2001). 

2.4 Plant Lodging 

Plant lodging is a major production problem worldwide that causes significant grain 

yield and economic loss (Noor and Caviness, 1980; Mancuso and Caviness, 1991 ). Lodging 

has been defined as "the state of permanent displacement of the stems from their upright 

position" (Pinthus, 1973). Lodging is very complex and highly influenced by plant 

characteristics and their interactions with environmental conditions (Hossain et al., 1984; 

Mancuso and Caviness, 1991 ). 

Plant lodging can be divided into two main categories: stem lodging and root lodging. 

Stem lodging is referred to as the breaking or bending of plants lower internodes. Generally, 

stem lodging occurs due to storm conditions such as hail, strong wind, or heavy rain. Lodging 

may also be caused or enhanced by insect or disease damage. It is also enhanced by a hard and 
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dry upper soil layer that does not yield to the strong environmental forces (Pinthus, 1973). Stem 

breakage is likely to occur only with senescent plants, as moist and turgid stems rarely break 

(Grafius et al., 1955). 

Root lodging is defined as straight and unbroken plants leaning from their crown, and 

involves a disturbance of the root system (Pinthus, 1973). Generally, it is caused by the 

softening of the upper soil layer due to rain or irrigation. This reduces the soils shear strength 

and reduces the cohesion of roots and soil, thus causing the plant to rotate in the soil (Graham, 

1983). 

The environmental conditions that induce lodging are heavy rainfall, strong winds, hail, 

and snow. Easson et al. (1993) found that lodging of four winter wheat cultivars occurred 

during or within a 24 h period following rainfall. Wind speeds were >25 km h-1 at canopy 

height. However, lodging also occurred when rainfall coincided with wind speeds <16 km h-1
• 

This suggests that rainfall can exert the greatest force in causing lodging. The occurrence of 

rainfall appeared to be more influential on lodging than the amount, as light rainfall, <4 mm, 

caused a 5% increase in lodging. A further 1 mm two days later resulted in another 5% increase 

in lodging. 

Extra weight from water retained on the crops canopy after rainfall or irrigation 

enhances lodging (Pinthus, 1973). Easson et al. (1993) determined that the weight of water 

retained on the crop canopy after the rain represented as much as a 20% increase in fresh 

weight, which is similar to the weight of grain at maturity of the highest yielding crops. 

Agronomic management of a crop can also influence plant lodging. Seeding rate is one 

management factor that can do so (Berry et al., 2000). In winter wheat, the highest seeding 

rates resulted in the earliest and most severe lodging (Easson et al., 1993). Seeding depth that 

ensures optimal soil-root contact is also very important, as shallow planting can cause improper 

root development (Hartman, 2001 ). Lodging can also be greatly influenced by fertility 

management (Berry et al., 2000). When a crop is grown under high moisture and nitrogen 
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fertilizer conditions, a lush, dense vegetative growth results which exacerbates lodging. 

Fertility imbalances such as deficiencies in potassium and copper are also causes of lodging 

(Hartman, 2001 ). 

Crop lodging has many negative impacts such as loss of grain yield and grain quality. 

Yield losses due to lodging have been widely reported for many of the major crops including 

40% yield reductions in wheat (Easson et al., 1993), 40 to 65% yield losses in barley (Dyson et 

al., 1984; Stanca et al., 1979), 31 to 34% losses in oat (Mulder, 1954; Pendelton, 1954), and as 

high as 23% in soybean (Cooper, 1971). Directly, yield is lost due to interference with dry 

matter accumulation. Lodging affects plant physiological processes, most commonly 

carbohydrate assimilation. This is caused by shading of a large portion of the leaf area by other 

foliage. This reduces photosynthesis and carbohydrate assimilation, which in tum reduces the 

subsequent accumulation in grain. Depending on when it occurs, lodging can also affect any 

other plant processes demanding carbohydrates. Stem breakage can interfere with translocation 

of carbohydrates and minerals used in grain formation (Pinthus, 1973). 

The extent of yield loss depends on the severity of lodging and the crop growth stage. 

A study of artificially lodged· oats found that the artificially lodged treatments had lower yield 

than non-lodged controls (Pendleton, 1954). The more severe the event or the earlier that 

lodging occurred, the greater the yield losses. Plots that were lodged 90° four days after 

heading had a 3 7% yield reduction, and the same severity of lodging twenty days after heading 

caused only a 17% yield reduction. When plots were only lodged to 45° the four and twenty 

days after heading treatments had yield losses of 14 and 3%, respectively (Pendleton, 1954). 

Briggs ( 1990) also found that timing was important to the extent of yield loss. When five 

cultivars of six-row barley were artificially lodged at the early milk and pre-harvest stages, yield 

losses were 22 and 4%, respectively. 

Lodging not only causes yield losses directly, but also indirectly. If severe lodging of a 

crop happens close to maturity, recovery from lodging before harvesting may not be possible. 
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If the grain is too close to the ground, the combine header may not be able to get close enough 

to the ground to pick up all of the grain. Therefore, the yield potential of the crop is not affected 

by the lodging, but yield losses occur through reduced harvestability of the crop. Harvest 

combine speeds can be reduced to about half in a severely lodged crop, costing the producer 

time and money during a harvest season. Lodged canopies retain moisture and reduce aeration 

which leads to poor grain quality and delayed harvest (Hartman, 2001 ). Seed yield losses in 

soybean due to lodging and subsequent combine harvesting have been reported to be 1.3% of 

total yield due to the combine being unable to pick up most grain off the ground. The losses 

from harvesting were dependent on the operator and lodging severity (Weber and Fehr, 1966). 

In lentil, a 39% seed yield advantage after mechanical harvest was found when taller non

lodging varieties were grown compared to older varieties more prone to lodging when (Erskine 

and Goodrich, 1988). 

Grain quality can also be adversely affected by lodging with negative impacts such as 

grain shriveling, reduced test weight, reduced malting and milling quality, increased protein 

content, and increased sprouting and molding (Pinthus, 1973). Winter wheat that was lodged at 

different growth stages had reduced test and kernel weights compared to the non-lodged plants 

(Weibel and Pendleton, 1964). The greatest reduction for both grain characteristics was when 

lodging occurred at the milk stage. In a similar study on winter wheat, the greatest bushel 

weight and kernel weight reductions occurred when lodging occurred 11 to 15 days after 

heading, and reductions gradually decreased as they moved to the final 36 to 40 days after 

heading (Laude and Pauli, 1956). The kernel weight and test weight in cultivars of barley have 

been significantly reduced when lodging occurred at the early milk or soft dough stages 

compared to non-lodged plants. As lodging occurred in the barley cultivars closer to harvest, no 

significant differences existed from the non-lodged controls (Briggs, 1990). Jedel and Helm 

(1991) used three of five barley cultivars from the previous study, but found no significant 

differences for them for either kernel or test weight. They did see a general reduction in kernel 
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weight for cv. Johnston and an increase of percentage thin kernels for Johnston, but this was not 

significant. 

Nitrogen accumulated in the foliage prior to heading is the main source of nitrogen for 

protein in cereal grains. Therefore, if lodging occurs after heading, the absolute amount of 

protein in the kernels is hardly affected. Due to a decrease in carbohydrate accumulation, the 

protein content in the grain may increase (Pinthus, 1973). In two studies, the protein content of 

the grain was found to increase within lodged plants over non-lodged, and the greatest increases 

came when lodging occurred around the milk stage in winter wheat (Laude and Pauli, 1956; 

Weibel and Pendleton, 1964). 

2.5 Mechanisms of Lodging Resistance 

Plant lodging has long been recognized by plant breeders and production agronomists 

as a major production-limiting factor (Pinthus, 1973; Woods and Swearingin, 1977). Over the 

years plant breeders have developed new cultivars of various crops that show improved 

resistance towards lodging. These mechanisms of lodging resistance are reviewed below. 

In many crops, enhanced lodging resistance has been created through the development 

of semi-dwarfvarieties (SDVs), which are characterized as having reduced overall plant height 

(Hartman, 2001 ). SDV s were created through the introduction of a set of dwarfing genes. In 

the 1940s the search began for higher-yielding wheat due to significant increases in wheat 

prices and reduc.ed acreage programs. In 1947 to 1948, O.A. Vogel first introduced semi-dwarf 

genes. In 1961, the Vogel team introduced Gaines, a wheat variety that yielded 5-20% higher 

than the taller conventional varieties. By 1962, almost 40% of the Washington wheat land was 

planted to Gaines. Since then, semi-dwarf genes have been introduced into many of the major 

crop plants including barley, oat, soybean, and rice (reviewed by Knudson, 1990). Semi-dwarf 

varieties are less prone to lodging under high moisture and nitrogen fertility conditions, which 

allows them to carry a heavier seed load and have a higher yield potential (Hartman, 2001; 

Yadav et al., 1980). 
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In a two-year study, two barley cultivars Samson (semi-dwarf) and Johnston (tall, with 

weak stems) were compared for lodging resistance. Samson showed significantly lower lodging 

than Johnston with average lodging scores of 2.6 and 6.6, respectively (Briggs, 1990). Similar 

results were found for eight winter wheat cultivars where the three semi-dwarfs had less than 

1% lodging, and the conventional cultivars had between 4 and 45% lodging (Vogel et al., 1963). 

Semi-dwarf varieties are still not the complete answer to solving all lodging problems. 

Under extreme environmental and agronomic conditions, semi-dwarfs are still susceptible to 

lodging (Hartman, 2001). Semi-dwarf cv. Samson had as high as 33% lodging within its plots 

(Briggs, 1990). Boukerrou and Rasmusson (1990) reported that, overall, semi-dwarf cultivars 

produce less vegetative biomass than conventional types. When used as a companion crop with 

alfalfa, the semi-dwarf types were less competitive than a conventional cultivar (Nickel et al., 

1990). With decreased biomass production, less shading will occur, weed competition is likely 

to increase, thus increasing the dependency upon chemical weed control. In oat, no chemical 

control for wild oat and volunteer cereals exists, so competitive crops are crucial (Mohr and 

Irvine, 2002). Many barley cultivars are used for silage production, and the overall decrease in 

biomass production will decrease silage yields (Boukerrou and Rasmusson, 1990; Mohr and 

Irvine, 2002). 

Certain crops produce relatively small amounts of biomass, leading to insufficient crop 

residue after harvest for protecting soil from wind and water erosion. Lentil plants are short 

with slender stems, producing small amounts of biomass compared to many other crops. Six 

lentil cultivars were found to produce an average of 1.4 to 3.3 Mg ha-1 of residue (McPhee et al., 

1997). This compared to winter wheat that averaged 7.8 Mg ha-1 of straw (Austin et al., 1989). 

Overall, semi dwarf cultivars are an effective method of reducing lodging problems in 

various crops, but not all crops would benefit from the development of SDV s (Mohr and Irvine, 

2002). Thus, alternative methods of reducing lodging, with or without semi dwarf 

development, are used to reduce lodging in various crops. 
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Commonly, the development ofSDVs had been accompanied with stiffer stems 

(Hartman, 2001). However, recent wheat varieties have been released with high yield 

improvements, but not increased straw strength. Under high-growth conditions, higher lodging 

incidence has occurred. At the University of Alberta, a "pop-up" test was designed to improve 

straw strength in wheat. This test simulates heavy rainfall by dragging a sheet of plywood over 

wheat rows; cultivars that recover are those with best lodging resistance potential. 

Mancuso and Caviness (1991) also developed a method of measuring stem stiffness, 

using weights to bend the stem a specific distance and then to relate stiffness of the stem of 

soybean to lodging resistance. They first hypothesized that the more weight required to bend 

the stem a specific distance, the stiffer the soybean stem would be. However, a positive 

association actually existed between lodging score and the weight required to bend the stem a 

specific distance, and they concluded this was not a good measurement of stem stiffness. The 

resiliency of the soybean stem to bending was measured by holding the tip of the stem to the 

ground for four seconds then measuring the angle of recovery. This was found to be negatively 

correlated with lodging scores, indicating resiliency of the soybean stem is associated with 

resistance to lodging. 

In barley, the breaking strength of barley stems was measured to determine if

correlations existed among maximum bending stress, cell wall dimensions, and cellulose 

content. No significant differences were found among cultivars for inner and outer stem 

diameters. Maximum bending stress was 192 g mm-2 for brittle and 490 g mm·2 for non-brittle 

culms. The cell walls of brittle culms had 6 to 64% as much cellulose content as the cell walls 

of the non-brittle culms (Kokubo et al., 1989). In soybean, lodging severity was related to 

neutral detergent fiber concentration. Lodged cultivars had a 36 g kg·1 decrease in stem NDF, 

which lead to decreased cellulose content (Redfearn et al., 1999). In oil-seed rape, a stiff 

strawed variety had a higher NDF content than a weak strawed variety (Travis et al., 1993). In 
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field pea, fiber content was negatively associated with lodging, but cellulose content was not 

associated with lodging (Banniza et al., 2003). 

In cereals such as wheat and barley, the failure of the root system is thought to be a 

greater cause of plant lodging than failure of the stem (Easson et al., 1993; Ennos, 1991; 

Pinthus, 1973). Little effort has been put towards improving root anchorage in new cultivars. 

Root anchorage of wheat is provided by a cone of rigid coronal roots. Incorporation of stiff 

stems has further increased root lodging as the stiff stems may transmit environmental forces 

through the stem down to the root system. A theoretical model of anchorage for determining 

lodging resistance was developed based on the diameter of the root-soil cone, strength of 

coronal roots, and soil shear strength (Crook and Ennos, 1993). Lodging resistance could be 

enhanced through increasing the diameter of the root-soil cone and bending strength of the 

coronal roots. Crook and Ennos (1994) used four winter wheat cultivars to study the effects of 

shoot and root characteristics on lodging resistance; lodging resistance was not related to 

stiffness or strength of the stem. Lodging was caused by rotation of the root system through the 

soil, and stem lodging occurred after the plant roots had first lodged more than 15%. 

In an early study done on eight oat cultivars, plants exhibiting the greatest resistance to 

lodging had the greatest stem diameters. Variations in stem diameter existed among cultivars 

and environments, but cultivar differences were consistent in all tests (Hamilton, 1951 ). 

Selecting for wide stems was a good method of indirectly selecting for lodging resistance 

because it was consistent regardless of environmental conditions. In spring wheat, breeding 

lines with thicker and heavier stems (mg cm-1
) were found to resist lodging the most. 

Phenotypic correlations for stem diameter and stem weight were -0.61 and -0.72, respectively 

(Zuber et al., 1999). 

Likewise, in lentil, cultivars with the thickest stems were found to lodge less readily 

(Erskine and Goodrich, 1988). This was attributed to increased vascular tissue, and its greater 

amount of lignification. In contrast, a study involving four soybean cultivars found no 
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significant association between basal stem diameter and lodging score (Mancuso and Caviness, 

1991). Banniza et al. (2003) also reported in field pea that stem diameter could not be 

consistently correlated with plant lodging. 

Dunn and Briggs (1989) reported that in barley, lodging resistance was found to be 

related to the thiclmess of the stem wall and sclerenchyma ring in the lower internodes. Based 

on five cultivars and their lodging resistance rating, early selection of barley for lodging 

resistance could be accomplished through stem wall thiclmess and thiclmess of sclerenchyma 

ring. Such measurements are time consuming, but screening only requires a few plants per 

entry, making early generation testing in a breeding program possible. 

Mancuso and Caviness ( 1991) looked at the lodging scores of four soybean cultivars at 

maturity and measured the association of selected morphological, anatomical, and stem traits 

with lodging scores of the cultivars. They were looking for traits associated with lodging score 

that were not highly affected by the environment. Results indicate that plant height was 

positively correlated with lodging score, similar to results found in lentil (Erskine and Goodrich, 

1988). In field pea, height was also found to be positively correlated with lodging, but height 

explained only 22% of the variation in lodging, indicating it was a weak predictor of lodging 

variability for field pea (Banniza et al., 2003). 

In soybean, xylem width and amount were found to be positively correlated with 

lodging score (Mancuso and Caviness, 1991 ). A negative association between xylem and 

lodging was expected, but Mancuso and Caviness (1991) concluded that xylem tissue was used 

mainly for transport in the stem, and not solely related to support. Banniza et al. (2003) did not 

find a correlation between the amount of xylem in field pea and lodging. 

Mancuso and Caviness ( 1991) found that the percentage of bark at maturity in soybean 

was negatively associated with lodging score, indicating increased bark tissue decreased 

lodging. However, neither pith width nor percentage was strongly associated with plant 
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lodging. In field pea, pith tissue in stem sections was positively correlated with lodging 

(Banniza et al., 2003). 

Higher lignin content in the stems of pea was found to be significantly associated with 

decreased lodging (Banniza et al., 2003). Travis et al. (1993) also reported similar findings in 

oil-seed rape where the stiff-strawed variety had higher stem lignin content compared to the 

weak-strawed types. 

In conclusion, various methods of measuring lodging resistance have been presented for 

some of the major crops in this literature review. These methods include the use of 

morphological, anatomical, and stem traits to determine associations with lodging score. The 

use of alternative methods for measuring the lodging potential of lentil could reduce the effect 

the environment has on lodging ratings in a breeding program, and allow for selection in a 

breeding program based on a few plants which reduces time and cost. 
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3. Materials and Methods 

3.1 Choice of Lentil Genotypes 

Eight lentil genotypes were chosen to investigate their growth potential for canopy 

structure and stem stiffness at varying population densities. Four genotypes were adapted lentil 

cultivars that are currently used in production in Saskatchewan and represent a wide range in 

growth and seed characteristics. 

CDC Grandora and CDC Plato were representative of the widely grown large green lentil 

class. Locally grown cultivars of the large green lentil class are characterized as having a dense 

bushy growth habit and indeterminate growth, resulting in severe lodging problems when 

conditions for lodging are favourable. CDC Grandora has yellow cotyledons, averages 53 days to 

flower, is very late maturing, with an average height of0.40 m. CDC Grandora also has good and 

very poor ratings for resistance to ascochyta blight and anthracnose, respectively. CDC Grandora 

has an average yield of 109% of the check cultivar Laird with an average seed weight of 69g 1000 

seeds-1
• CDC Plato, which is a more recent large green cultiva~ has yellow cotyledons, averages 

52 days to flower, matures medium to late season, and has an average height of0.38 m. CDC 

Plato also has good and poor ratings for resistance to ascochyta blight and anthracnose, 

respectively. CDC Plato has an average yield of 130% of the check cultivar Laird with an average 

seed weight of 64g 1000 seeds-1
• 

CDC Milestone is a widely grown small green cultivar with yellow cotyledons, averages 

49 days to flower, is early maturing, and has an average height of 0.31 m. CDC Milestone is rated 

as having good and very poor resistance to ascochyta blight and anthracnose, respectively. CDC 

Milestone has an average yield of 136% of Laird with an average seed weight of37g 1000 seeds-1
• 
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Crimson is representative of the small red lentil class and has stem basal lodging 

problems. Crimson averages 49 days to flower, is early maturing, has an average height of0.29 

m,' and has a resistance rating of very poor for both ascochyta blight and anthracnose. Crimson 

yields 118% of the check cultivar Laird with an average seed weight of35g 1000 seeds-1
• 

Four genotypes were acquired by the Crop Development Centre (CDC) lentil breeding 

program from the International Centre of Agricultural Research for Dry Areas (ICARD A, Aleppo, 

Syria), of the Food Legume Improvement Program (FLIP). These four genotypes were 

considered to be unadapted to Saskatchewan, as they were developed for a Mediterranean climate 

and were chosen based on increased stem stiffness (Personal communication, Dr. Ashutosh 

Sarker, ICARD A, Syria). These genotypes exhibit a range in canopy openness and stem stiffness, 

and early maturity in the Saskatchewan environment. 2000-6L exhibits growth characteristics of 

early maturity, narrow leaves, and an open canopy. 2000-7L exhibits a stiff-stem characteristic 

with bushy canopy growth. 96-25L is early maturing, narrow leaved, open canopy, with the stiff

stem trait. 96-47L is very early maturing, short, open canopy, with the stiff stem trait. 

3.2 Field Study 

3.2.1 Locations 

In 2001, a field study was conducted at two locations, near Vanscoy and Rosthern, 

Saskatchewan. The Vanscoy location was on the BASF research farm, and represented the Dark 

Brown soil zone. The Rosthern location was on the Aventis research farm, and represented the 

Black soil zone. The Vanscoy location had access to sprinkler irrigation where pipes were laid out 

on the ground with sprinklers to distribute an even amount of moisture. The location was irrigated 

once during the growing season with 13 mm of water applied. The Rosthern location had no 

access to an irrigation source. 

In 2002, the field study was conducted at three different locations over a wider range of 

soil climatic zones. The three locations included Saskatoon, Outlook, and Briercrest, 

Saskatchewan. The Saskatoon site was on University of Saskatchewan land along Preston 
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A venue, and was representative of the Dark Brown soil zone. The Outlook location was at the 

Saskatchewan Crop Irrigation Diversification Centre (SCIDC) where there was access to sprinkler 

irrigation. The Outlook location was also representative of the Dark Brown soil zone. The third 

location was on a farm site near Briercrest, also in the Dark Brown soil zone. 

3.2.2 Experimental Design 

The experimental design was a randomised complete block design with four replications. 

Eight genotypes were seeded at three population densities for a total of 96 plots in each 

environment. Nine environments, four in 200 1 and five in 2002, were used in this experiment. At 

the Vanscoy, Rosthem, Outlook, and Briercrest locations, there were two sets of plots seeded for a 

disease free (control) and diseased canopy study. One set of plots was a control where if disease 

pressure existed, fungicide spraying would be used, and a disease set of plots where no spraying 

would occur. The Saskatoon location was limited to space so only a control set of plots were 

seeded. 

In 2001, Rosthem and Vanscoy plot sizes were 1.4 by 4.9 m, seeded as 10 rows with 0.14 

m row spacing. Due to limited plot size and high sampling frequency, the plots were not end

trimmed until the final samples were taken and the plants were ready to harvest. The plots were 

trimmed with a 1.2 m mower to distinguish the plot borders for harvest. 

In 2002, Briercrest and Saskatoon plot sizes were 1.4 by 4.9 m, seeded as 10 rows with 

0.14 m row spacing. Space was limited at Outlook, so the number of seed rows was reduced to 

five with 0.14 m row spacing. The plot sizes were 0.7 by 4.9 m. All of the trials had faba bean 

seeded around two of the outside borders. 

3.2.3 Field Procedures 

In 2001 and 2002, experimental plots were seeded using a Fabro small plot seeder (Fabro 

Enterprises Ltd., Swift Current, SK). In 2001, the plots were seeded on May 21 and 22 at 

Vanscoy and Rosthem, respectively. In 2002, the plots were seed on May 28, 29, and 30 at 

Briercrest, Outlook, and Saskatoon locations. A granular formulation ofNodulator® Rhizobium 
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inoculant (Becker Underwood Inc., Saskatoon, SK) was placed in the seed rows at 5.65 kg ha-1 

during the seeding operation. 

In 2001, weed control consisted of post-emergent application of sethoxydim (Poast Ultra) 

and metribuzin (Sencor) at recommended rates. Hand weeding was used to control emerging 

weeds not controlled through the use of chemicals. 

In 2002, weeds were controlled using a combination of pre-planting applications of 

ethalfluralin (Granular Edge) and glyphosate (Roundup), followed by in-crop herbicide 

applications of sethoxydim (Poast Ultra) and metribuzin (Sencor) at recommended rates. Hand 

weeding was also used to control eme!ging weeds not controlled by the chemical application. 

Prior to the harvesting of plots in both 2001 and 2002, plots were sprayed with diquat 

(Reglone) for complete desiccation of the lentil crop and weeds. 

3.2.4 Data Collection 

3.2.4.1 Agronomic Characteristics 

Biomass samples were taken from each plot on a weekly interval as two 0.3 m strips 

taken from two rows side by side. The outside border rows were never used for biomass 

sampling, and the samples taken were random within the plot, and at a distance greater than 0.3 m 

from the previous week's sample. Plant samples were cut at ground level, bagged, and dried in an 

oven-drier for two-three days to ensure complete dry down had occurred. Dry weights were then 

recorded for each plot. In 2001, biomass sampling at Vanscoy and Rosthem began on July 10 and 

July 12, respectively, when plots were at early to mid-flowering. At both locations, the last 

samples were taken on August 21, for a total of five samples periods for each location. In 2002, 

the Briercrest location had five sets of biomass samples taken. The sampling began on July 18 

when most plots were in mid to full flower, and finished on August 19. At Outlook, six sampling 

periods were taken that commenced on July 10 with the plots at beginning of flowering, or no 

flowers yet open. The sampling was fmished on August 21. At Saskatoon, six sampling periods 

were also used, commencing on July 19 with plots in full flower, and finishing on August 23. 
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Harvest index samples were collected for each location prior to harvesting the plots. The 

final samples taken for biomass accumulation, as described above, were also used for the harvest 

index measurement. Two 0.3 m lengths of harvested plants were dried, weighed, and threshed 

using a stationary belt drive thresher (Agriculex, SPT-1, Canada) which separated seed from 

vegetative material. The seed was then weighed and the following equation used to determine the 

final harvest index for each plot: 

Harvest Index = Seed Yield (g) 
Total Biomass (g) 

Final seed yield was measured by harvesting the remaining plots with a small harvester, 

with the exception of the Saskatoon location. At Saskatoon, plots were harvested by hand because 

of the damp and delayed fall, where some genotypes had matured but others continued growth. 

The plants in the plots were cut, dried, and hand fed through a small plot combine. The threshed 

seed was then weighed and final seed yield calculated as grams m-2
• 

Plots at each of the remaining locations were all harvested with a small plot combine. In 

2001, plots had regrowth of weeds throughout the growing season. Therefore, to determine an 

accurate seed yield measurement, each sample was cleaned with hand sieves to eliminate trash 

and weed seed. In 2002, plots were virtually weed free, and the seed weight was measured 

without having to first clean the seed. 

In 2001, plots were harvested on August 27 and 29 at Vanscoy and Rosthem, 

respectively. In 2002, plots were harvested on September 10 and 13 at Outlook and Briercrest, 

respectively. In Saskatoon, the earliest maturing genotypes were hand harvested on September 

18, while the later maturing genotypes were still green and thus not hand harvested until October 

10. 

3.2.4.2 Canopy Characteristics 

Canopy characteristics were also measured including light interception throughout the 

season, final branch number, and final plant height. 
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Light interception was measured using a line quantum sensor (Li-Cor LI-191SA, Lincoln, 

NE), 1 min length, which measured photosynthetically active radiation (PAR, J.lmol m-2 s"1
). 

Measurements were made at 7 -d intervals during the growing season, between 1100 and 1500 h, 

in unobstructed light. Measurements "were made by taking a measurement above the canopy and 

two measurements below the canopy, with a third below canopy measurement in low density 

plots. The sensor was randomly placed perpendicular to the plant rows for the first below canopy 

reading while avoiding any gaps in the canopy from prior biomass sampling, and the second 

reading was approximately 0.2 m away from the previous reading. Light interception (LI, %) was 

calculated as: 

LI = [1-(average PAR below canopy/PAR above canopy)] x 100 

In 2001, six light readings were taken at each location starting on July 3 and July 6 for 

Vanscoy and Rosthem, respectively. The last measurements were taken on August 13 once the 

plots reached physiological maturity and senescence began. In 2002, the Saskatoon and Outlook 

locations both had four light readings taken commencing on July 16 and July 10, respectively. At 

the Briercrest location, only three measurements were taken starting on July 22. 

At the end of season final branch number was counted on a sub-sample of plants taken 

prior to plot harvesting. Five plants per plot were cut, placed in bags, and oven dried at 40°C. 

Three of the plants were used for counting final branch number, for measuring final plant height, 

and stem diame.ter, and for analysis of fiber and lignin. The freshly harvested plants were folded 

to fit in the drying bags. After drying, plants were rehydrated by placing them in water for about 

two minutes to soften them prior to straightening the individual plants. Final branch number was 

counted by including the branches that were remaining on the plant, and any nodes where 

branches had fallen off. These measurements were only taken for one set of plots at Vanscoy, 

Rosthem, Briercrest, Outlook, and Saskatoon. 

Final plant height was measured using the same plants as those used for final branch 

number. The height (m) of three plants from the sub-sample was measured from the stem base to 
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the distal end of the plant. These measurements were also only taken for one set of plots at 

Vanscoy, Rosthem, Briercrest, Outlook, and Saskatoon. 

3.2.4.2 Lodging Characteristics 

Lodging scores were recorded prior to the plot harvest. The scores were based on 

physiologically mature plants. Within a single plot, two rows of plants were randomly chosen and 

ten plants in each row were visually ranked for stem lodging. Lodging is an irreversible state 

from the vertical by >45°. The scoring scale was 0 to 10, with 0 representing no lodged plants, 

and 10 representing all ten of the plants lodged. For Vanscoy, Rosthem, Outlook, Briercrest, and 

Saskatoon locations, only one set of plots was used for this measurement. 

Recovery from stem angle bending was a measurement used to measure a plants 

resiliency to recover from having its stem bent over (Mancuso and Caviness, 1991). Within a 

plot, a randomly chosen single lentil plant was bent over in an arch with its tip held to the ground 

for four seconds. The plant was then released and the angle from the ground to the recovered 

stem, referred to as the angle of recovery, was measured using a large protractor. An angle of90° 

represents a fully recovered plant. This measurement was repeated once more per plot and the 

average of the two recovery angles was used in the analysis. Plants from the outside rows were 

not used for this measurement. 

In 2001, recovery from stem bending was performed during late flowering/ early pod fill 

on July 24 and July 25 at Rosthem and Vanscoy, respectively, on both control and disease sets of 

plots. A second set of measurements was also taken for the Rosthem and Vanscoy sites on only 

one set of plots at each site, both on August 13. In 2002, the stem angle bending measurements 

were taken only once at each site, because late season rain prevented measurements from being 

taken for the second measurement period. The measurements were taken during late flowering/ 

early pod fill on July 22, July 25, and July 26 for Briercrest, Outlook, and Saskatoon, respectively. 
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Recovery from canopy crushing was performed during the late flowering I early pod 

filling phase of crop growth. The average original height and recovery height of the plot's canopy 

were obtained from duplicate measurements per plot. A thin board made from stiffened cardboard 

with an area of0.25 x 0.30 m was placed on top of the crop canopy and the original canopy height 

measured from the ground level to the board. The canopy was then compressed to half of the 

original canopy height by pushing down on the board, holding it for four seconds, and then 

releasing it. The height to which the canopy recovered to was then recorded as the recovery 

height. This was repeated once more for each plot. The following equation was used to 

determine the percentage of recovery from canopy crushing: 

Recovery from Crushing(%)= (Average Recovery Height (em)) x 100 
Average Original Height (em) 

In 200 1, this measurement was taken on both sets of plots at both the Vanscoy and 

Rosthern locations, and was performed on July 25 and July 24, respectively. In 2002, recovery 

from crushing was recorded for one set of plots at both Briercrest and Outlook, on July 22 and 

July 25, respectively. Measurements for Saskatoon were recorded on July 26. 

Stem diameter was measured from the same sub-sample of plants used for branch number 

and final plant height. Three plants per plot were measured for diameter at two positions on the 

main stem using sliding digital calipers capable of measuring to 0.01 mm. The first position was 

50 mm above the stem base, and the second was at half of the final plant height. Lentil stems are 

rectangular in the transverse section. Therefore, at each of the two positions on the plant stem, the 

stem was measured twice and the average taken. 

After branch number, plant height, and stem diameter were measured, all branches and 

foliage were removed, leaving just stem material. The stems were re-dried and ground with an 

intermediate cutting mill (Fisher Scientific Ltd., AHT3393, Nepean, Ont.) to pass through a 1 mm 

screen for neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin 
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(ADL) analyses using an ANKOM Fiber Analyzer (ANKOM 220, ANKOM Technology, 

Fairport, NY). 

NDF analysis was done on a single pooled sample per plot. 0.5g (±0.05g) of air-dried 

sample was weighed into pre-tared filter bags, weight recorded (W2), and bags sealed. To 

eliminate clumping, bagged samples were shaken. Each run on the fiber analyzer vessel used 24 

sample bags with 1900 to 2000 ml of neutral detergent solution. For runs with less than 24 bags, 

100 ml bag·1 of neutral detergent solution was added with a minimum of 1500 mi. The neutral 

detergent solution included 30.0g sodium lauryl sulphate (USP), 18.61g 

ethylenediaminetetraacetic disodium salt, 6.81g sodium tetraborate decahydrate, 4.56g sodium 

phosphate diabasic, 1 O.Oml triethylene glycol mixed in 1L of distilled water, and agitated and 

heated to facilitate solubility. The pH range was checked for between 6.9 and 7.1. Once the 

detergent solution was added, 4.9 ml of alpha-amylase and 20 g of sodium sulfite were added to 

the solution. Once added, the analyzer lid was closed and sealed, the agitate and heat switches 

turned on, and the timer was set for 75 minutes. After 75 minutes of agitation and heat, the hot 

solution was drained and the samples were rinsed with 2000 ml of warm water plus 4.0 ml alpha 

amylase. Three five-minute rinse cycles were used. The bags were removed, excess water was 

pressed out using paper towels, and then bags were placed in a beaker with acetone to soak. After 

three minutes the bags were removed and the acetone was pressed out. The bags were spread out 

to evaporate any .remaining acetone, then oven-dried at 1 05°C for two hours until dry. Once dry, 

the bags were measured to determine the weight after extraction process. The following 

calculation was used to calculate the percent aNDF (as-is-basis): 

aNDF = ( W1 - ( W 1 x C 1 )) x 100 
W2 

where W 1 is the bag tare weight, W 2 is the sample weight, W 3 is the weight after the 

extraction process, and C1 is the blank bag correction (final oven-dried weight/original blank 

bag weight). 
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After NDF analysis, ADF was performed on the same sample bags. Weight of the air-

dried sample (W2) was determined. The bags were placed into the ANKOM analyzer vessel as 

previously explained for NDF. With 24 bags, 1900 to 2000ml of ambient temperature Acid 

Detergent Solution was added. The Acid Solution consists of 20.0g of acetyl trimethylammonium 

bromide (CTAB) per l.OL of LOON H2S04. With less than 24 bags, then 100 ml of detergent 

solution per bag was added with a minimum of 1500ml. Then, 4.9 ml of alpha-amylase and 20g 

of sodium sulfite were added. After 60 minutes of heating and agitating, the solution was drained, 

and 2000 m1 of warm water added. Three five-minute rinse cycles were used and soaked in 

acetone as described above for NDF. The following formula was used to calculated ADF (as-is 

basis): 

ADF c w1 - c wl x c1 )) x 100 
W2 

where W 1 is the bag tare weight, W 2 is the sample weight, W 3 is the weight after the 

extraction process, and C1 is the blank bag correction (final oven-dried weight/original blank 

bag weight). 

ADL was measured on the same samples after NDF and ADF measurements. There-

weighed bags were placed into a 3L beaker and submerged in approximately 250 ml of 72% 

H2S04. The bags were kept submerged and agitated at the start and at 30 minute intervals for three 

hours. The H2S04 was poured off and hot water was added to remove any remaining acid. The 

hot water rinse was repeated until the pH was neutral, then the bags were rinsed with 250 m1 of 

acetone to remove water. After acetone was evaporated off, bags were oven-dried for four hours 

at 105°C. The following equation was used to calculate the percent ADL (as-is-basis): 

ADL c w1~1 x c1 )) x 100 
W2 

where W 1 is the bag tare weight, W2 is the sample weight, W3 is the weight after the 

extraction process, and C1 is the blank bag correction (final oven-dried weight/original blank 

bag weight). 
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3.2.5 Data Analysis 

3.2.5.1 Analysis of Variance 

The data were first analyzed for outliers by plotting each genotype by plant population 

by replication combination for each environment. Dependent variables were seed yield, 

maximum biomass accumulation, harvest index, maximum light interception, branch number, 

final plant height, recovery from crushing, stem bending, stem diameter, lodging score, NDF, 

ADF, and ADL. Plots were then removed if their dependent variable was extremely higher or 

lower than the other plots. Plot '7585' was removed as an outlier for seed yield, plots' 1380', 

'1108', '1130', and '1182' removed for maximum biomass accumulation, plot' 1292' removed 

for harvest index, plot' 1266' removed for branch number, and plot' 1158' removed for stem 

diameters. 

The data were analyzed for homogeneous variances. The analysis of variance was 

performed using PROC MIXED (version 8.0, SAS Institute Inc., Cary, NC, USA). Data for 

2001 and 2002 were analyzed as a combined analysis with all locations together. Locations 

were assigned as random effects in the model. The analysis was also performed for each year 

separately to determine if differences in years had significant effects on. the results. 

3.2.5.2 Mean Separation 

If the F -tests calculated from PROC MIXED indicated significant differences at the 

observed significance level of 5% (P<0.05) for the treatment and treatment interaction means, 

the standard error of the difference between means was used to separate means by modified 

form ofTukey's HSD, the default in PROC MIXED. Mean separations were made by using the 

means for genotype, target plant population, and genotype by target plant population interaction 

treatments and separating them using their respective LSDs. Letters were used in the mean 

separation tables to indicate significant differences between treatment means. 
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3.2.5.3 Correlations 

The PROC CORR (version 8.0, SAS Institute Inc., Cary, NC, USA) procedure was 

used to perform Pearson correlation coefficients pair-wise between variables for all the different 

measurements taken in the field. Emphases were placed on variables that were related to 

different methods for measuring lodging and stem stiffuess. Those variables were: lodging 

score; stem diameter; stem bending; recovery from crushing; fiber and lignin content. 

Correlations were done on all data combined, and also for each year separately to distinguish 

any differences caused by year effects. 

3.2.5.4 Simple Linear Regressions 

Simple linear regressions were performed in the PROC REG (version 8.0, SAS Institute 

Inc., Cary, NC, USA) procedure. The independent variables (Y) used were only those that were 

thought to be measurements for lodging and stem stiffuess. Each of those Y variables were 

regressed individually against all the measurements taken in the field throughout the season. 

The results are presented in equation form as: Y Variable= Intercept+ Slope (X Variable), and 

the adjusted coefficient of determination (R2
). The regressions were done on all the data 

combined, and also for each year separately to distinguish any differences caused by year 

effects. 

3.2.5.5 Multiple Linear Regressions 

The simple linear regressions did not fit well based on R2 values, indicating that these X 

variables on a single variable basis did not explain a very high proportion of variability in the Y 

variables. Multiple linear regression was then performed first using a quadratic response 

surface in the PROC RSREG procedure in SAS. For each independent variable, several X 

variables were used in a full model as linear, quadratic, and cross products. Any X variables as 

linear, quadratic, or cross product combinations with P-values >0.20 were eliminated using the 

type I sums of squares. Type I sums of squares are dependent on the order of variables in the 

model. Then PROC GLM was used with the same independent Y variable, and remaining X 
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variables in linear, quadratic, and cross product forms. Elimination of X variables were then 

based on P-values >0.20 using type I sums of squares (dependent on model order) and type III 

sums of squares (independent of model order). PROC GLM was repeated as above for two 

more passes of elimination. Remaining X variables and the adjusted R2 values for each model 

are presented in the results. The analysis was done on all the data combined, and also for each 

year separately to distinguish any differences caused by year effects. 
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4. Results 

4.1 Weather 

In 2001, both Rosthem and Vanscoy locations had similar average daily temperatures 

(Table 4.1 ). In June, both Rosthem and Vanscoy locations had slightly cooler daily 

temperatures than the average for Saskatoon. In July and August, the average daily 

temperatures were warmer than the average for Saskatoon. Monthly cumulative precipitation 

was higher at Rosthem than Vanscoy for June, July, and August. Both locations received less 

monthly precipitation than the Saskatoon average for all three months, with the exception of 

Rosthem in July. In August, Vanscoy and Rosthem both received substantially lower amounts 

of precipitation than the average for Saskatoon. 

In 2002, average daily temperatures for Outlook, Briercrest, and Saskatoon were higher 

during June and July than during 2001 at Vanscoy and Rosthem (Table 4.1). The average daily 

temperature during August for the three 2002 locations was lower than both the Saskatoon and 

Moose Jaw average. In 2002, the Briercrest location received above average rainfall during 

June, allowing the plots to advance very well. However, July received below average rainfall 

and was followed by a very wet August with over 265% of the average rainfall during that 

month. The dry and warm July resulted in reduced plant growth and the wet August resulted in 

delayed harvest. In Saskatoon, June was drier than the average, but both July and August 

received above average precipitation. Outlook also received above average rainfall during 

August. 

4.2 Agronomic Performance 

There were significant differences for seed yield in the combined analysis for both the 

genotype treatment and target plant population treatment, but not the genotype by target 
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Table 4.1 Average monthly temperatures COC) and cumulative precipitation (mm) for Rosthem, 
Vanscoy, Outlook, Briercrest, and Saskatoon, Saskatchewan for the years of the study. 

June July August 

Average Temperature 

2001 Rosthem 15.6z 19.6 19.9 

2001 Vanscoy 15.5y 19.7 19.8 

2002 Outlook 17.1 20.4 16.7 

2002 Briercrest 16.7 20.8 17.0 

2002 Saskatoon 17.3 20.1 16.6 

Average Saskatoon 16.0 18.3 17.6 

Average Moose Jaw 17.1 19.4 18.6 

Monthly Precipitation 

2001 Rosthem 49.0z 66.1 10.5 

2001 Vanscoy 38.3y 52.2 6.0 

2002 Outlook 64.4 22.8 56.6 

2002 Briercrest 167.8 37.4 105.5 

2002 Saskatoon 52.2 69.5 75.2 

Averagex Saskatoon 60.5 57.3 35.4 

Averagex Moose Jaw 60.2 57.3 39.8 

z Environment Canada measurements for Langham 
YEnvironment Canada measurements for Saskatoon 
x Long term average from Environment Canada (2004) 

34 



interaction treatment (Table 4.2). The yield of the unadapted genotypes was significantly lower 

than the yield of the adapted genotypes (Table 4.3). The lowest yielding genotype was 96-47L, 

with an average yield of only 24 g m-2
• 2000-7L was the highest yielding unadapted genotype, 

but it still yielded significantly less than the lowest yielding adapted genotype, Crimson. 

Overall, CDC Plato and CDC Milestone were the highest yielding genotypes with yields of 127 

and 113 g m-2
, respectively. 

As the target plant population increased from 60 to 140 plants m-2
, yields also steadily 

increased. Treatments with target population of 60 plants m-2 yielded significantly lower than 

the two higher densities, but no significant difference in yield was found between 100 and 140 

plants m-2
• 

Significant differences in harvest index were observed among genotypes, with the 

ranking of genotypes changing from that of final seed yield. CDC Plato and CDC Grandora 

were the highest and third highest yielding genotypes, respectively. However, both genotypes 

had low harvest index. CDC Milestone showed high yielding ability and also had the highest 

harvest index (0.40), representing a very efficient genotype. Although 96-47L and 96-25L were 

poor yielding, they were very efficient genotypes with harvest indices of0.35 and 0.36, 

respectively. No significant differences were found among the target treatment or the genotype 

by target interaction treatment. The mean harvest index was 0.32 regardless of the target plant 

population. 

Significant differences in maximum biomass accumulation (maximum BM) were found 

for the genotype treatment (Table 4.2). The ranking for maximum BM was almost identical to 

that for seed yield, with the exception of CDC Milestone and CDC Grandora switching ranks 

(Table 4.3). Overall, CDC Grandora and CDC Plato accumulated the greatest biomass at 669 

and 697 g m-2
, respectively. CDC Milestone had lower maximum BM (597 g m-2

) than both 

CDC Grandora and CDC Plato. Crimson and 2000-7L were intermediate for maximum BM 

(525 and 476 g m-2
), and 2000-7L had a higher maximum BM than the other unadapted 
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Table 4.2 Results from analysis of variance combined over years for seed yield, harvest index, 
and maximum biomass accumulation. 

Yield 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 56.1 29.51 <.001 

Target Plant Pop.z 2 16 8.40 0.003 

Genotype x Target 14 113 0.67 0.798 

Harvest Index 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 42.1 12.01 <.001 

Target Plant Pop. 2 571 0.03 0.975 

Genotype x Target 14 571 1.29 0.209 

Maximum Biomass 
Accumulation 
Dependent Variables Numerator Denominator F-value P-value 

degrees of degrees of 
freedom freedom 

Genotype 7 54.7 29.00 <.001 

Target Plant Pop. 2 16.1 2.08 0.158 

Genotype x Target 14 109 1.08 0.387 

z Pop. is population 
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Table 4.3 Effects of genotype and target plant population treatments for seed yield, harvest 
index, and maximum biomass accumulation in lentil, for data combined over all sites and years. 

Seed Yield Harvest Index Maximum Biomass 
(g m-2) Accumulation {g m-22 

Genotype 

2000-6L 35 c z 0.30 cd 376 ef 

2000-7L 53 b 0.32 be 476 d 

96-25L 36 c 0.36 ab 386 e 

96-47L 24 d 0.35 b 328 f 

CDC Grandora 106 a 0.22 e 669 ab 

CDC Milestone 113 a 0.40a 597 be 

CDC Plato 127 a 0.26 de 697 a 

Crimson 96 a 0.34 be 525 cd 

LSD 0.339y 0.05 0.148y 

Target Plant 
Population 

60 pl m-2 51 b 0.32 a 468 a 

100 pl·m-2 64 a 0.32 a 497 a 

140 pl m-2 74 a 0.32 a 505 a 

LSD 0.187Y 0.01 0.083y 

z Means within columns and groups followed by the same letter are not significantly different 
according to Tukey's HSD test at P 0.05. 
Y LSDs calculated using logarithmic transformation on seed yield and biomass accumulation. 
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genotypes. Genotypes 96-47L, 2000-6L, and 96-25L produced significantly lower amounts of 

above ground biomass(< 390 g m-2
) than the other genotypes. 

No significant differences were observed in the target plant population treatment for 

maximum BM, but there was a trend of increasing biomass with increased plant population 

(Table 4.3). The genotype by target population interactions differences were not significant. 

4.3 Canopy Performance 

Significant differences in maximum light interception (LI) for both genotype and target 

plant population treatments were observed, but not for the genotype by target interaction (Table 

4.4). Genotypes followed the same rank order as that observed for maximum biomass 

accumulation, except that CDC Grandora and CDC Plato switched rank (Table 4.5). The 

unadapted genotypes had significantly lower maximum LI than the adapted genotypes. CDC 

Grandora and CDC Plato had the highest maximum LI values at 79% and 78% (p=0.05), · 

respectively. 2000-7L had a significantly higher interception (56%) than the other three 

unadapted genotypes (<51%), while 96-47L intercepted the least light (46%). 

Maximum LI was found to increase with target plant population. Maximum LI for the 

target population of 60 plants m-2 (56%) was significantly lower than the maximum LI for both 

100 and 140 plants m-2 (62% and 64%, respectively), but no significant difference was found 

between 100 and 140 plants m-2
• 

Both final plant height and final branch number showed significant differences among 

genotypes, but not for target plant population or target by genotype interaction treatments 

(Table 4.4). 96-47L and 2000-6L were both the shortest genotypes (<0.24m) and produced 

fewer branches than the other genotypes (<16.5). 96-25L was the third shortest genotype at 

0.25 m, but had a slightly higher average number of branches than Crimson. Crimson not only 

had a lower branch number than 96-25L and 2000-7L, it was also shorter than the unadapted 

genotype 2000-?L. CDC Milestone was nearly 0.01 m higher than 2000-7L, but was 

significantly shorter than either CDC Plato or CDC Grandora (>0.4lm). CDC Grandora 
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Table 4.4 Results from analysis of variance combined over years for maximum light 
interception, final plant height, and final branch number. 

Maximum Light 
Interception 
Dependent Variables Numerator. Denominator F-value P-value 

degrees of degrees of 
freedom freedom 

Genotype 7 56 77.91 <.001 

Target Plant Pop.z 2 16 19.97 <.001 

Genotype x Target 14 733 0.81 0.660 

Final Plant Height 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 28.1 58.12 <.001 

Target Plant Pop. 2 8.08 2.18 0.175 

Genotype x Target 14 55.6 0.60 0.856 

Final Branch Number 
Dependent Variables Numerator Denominator F-value P-value 

degrees of degrees of 
freedom freedom 

Genotype 7 28.3 9.86 <.001 

Target Plant Pop. 2 7.83 1.84 0.221 

Genotype x Target 14 56 1.71 0.081 

z Pop. is population 
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Table 4.5 Effects of genotype and target plant population treatments for maximum light 
interception, final plant height, and final branch number in lentil, for data combined over all 
sites and years. 

Maximum Light Final Plant Final Branch 
Interception (%) Height Number 

(m) 
Genotype 

2000-6L 50 e z 0.235 de 16.5 d 

2000-7L 56 d 0.293 b 18.2 be 

96-25L 51 e 0.254 cd 17.3 cd 

96-47L 46 f 0.221 e 16.2 d 

CDC Grandora 79 a 0.436 a 19.1 ab 

CDC Milestone 68 b 0.301 b 18.5 ab 

CDC Plato 78 a 0.413 a 19.5 a 

Crimson 61 c 0.281 be 17.1 d 

LSD 4 0.030 1.1 

Target Plant 
Population 

60 plm-2 56 b 0.310 a 18.0 a 

100 pl m-2 62 a 0.306 a 17.8 a 

140 pl m-2 64 a 0.298 a 17.6 a 

LSD 3 0.014 0.6 

z Means within columns and· groups followed by the same letter are not significantly different 
according to Tukey's HSD test at P 0.05. 
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and CDC Plato grew significantly taller than any other genotypes, with CDC Grandora being 

twice the height of96-47L. 2000-7L and CDC Milestone had a similar number ofbranches 

(18.2 to 18.5, respectively), while CDC Grandora and CDC Plato produced the greatest number 

of branches overall (>19). Although no significant differences were found among the target 

plant population treatments for height or branch number, both tended to decrease as the plant 

population increased (Table 4.5). 

4.4 Lodging Performance 

4.4.1 Weather Influence on Lodging 

The ANOV A for lodging scores for the combined analysis over all environments are 

presented in Table 4.6. The data combined over 2001 and 2002 show that none of the 

treatments showed significant differences. The effects in the weather can explain why the 

combined analysis failed to show differences, but significant differences were seen when the 

data were separated by years. In 2001, July had some rain showers that prompted good canopy 

growth. In August, from pod filling to physiological maturity, limited rainfall occurred. The 

plots were then measured for lodging scores prior to harvest at the end of August. The weather 

conditions experienced in 2001 allowed lodging to occur as a result of.genotypic differences. In 

.2001, the most common form of lodging was stem bending, which is the inability of a plant's 

stem to remain upright under the vegetative load of the above ground biomass. 

During the 2002 growing season, July had extremely high temperatures and zero 

precipitation, resulting in reduced canopy growth compared to 2001. The dry conditions in July 

2002 were followed by continuous rainfall in August as the plants reached maturity, thus 

delaying harvest. Matured plants remained in the field for longer than normal and were subject 

to high winds and rainfall at harvest time. This caused lodging in the form of stem breakage to 

occur. The genotypes with the most stem breakage and lodging were those that matured the 

earliest, mainly the unadapted genotypes. Therefore, reduced canopy fill caused by the July 
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Table 4.6 Results from analysis of variance for all data combined, followed by 2001 and 2002 
data for lodging score. 

Combined Lodging 

Dependent Variables Numerator Denominator F-value P-value 
degrees of· degrees of 
freedom freedom 

Genotype 7 47.4 0.36 0.922 

Target Plant Pop.z 2 12.5 0.38 0.695 

Genotype x Target 14 566 1.26 0.230 

2001 Lodging 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 7.03 134.86 <.001 

Target Plant Pop. 2 15.7 3.69 0.049 

Genotype x Target 14 15.7 0.57 0.849 

2002 Lodging 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 28 12.09 <.001 

Target Plant Pop. 2 8 0.68 0.532 

Genotype x Target 14 401 1.22 0.256 

z Pop. is population 
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Table 4. 7 Effects of genotype and target plant population treatments for lodging score in lentil, 
for data combined over all data followed by 2001 and 2002 separately. 

Combined 2001 2002 

Genotype 

2000-6L 4.4 az 2.7 c 5.0 be 

2000-7L 3.6 a 1.6 d 4.5 cd 

96-25L 4.9 a 2.1 cd 6.0 ab 

96-47L 5.0 a 0.7 e 6.8 a 

CDC Grandora 4.2 a 8.1 a 2.7 e 

CDC Milestone 4.0 a 4.5 b 3.8 de 

CDC Plato 4.3 a 7.6 a 3.0 e 

Crimson 4.6 a 4.9b 4.5 cd 

LSD 2.2 0.8 1.2 

Target Plant 
Population 

60 pl m-2 4.5 a 3.8 b 4.7 a 

100 pi m-2 4.3 a 3.9ab 4.4 a 

140 pl m-2 4.4 a · 4.3 a 4.5 a 

LSD 0.4 0.4 0.6 

z Means within columns and groups followed by the same letter are not significantly different 
according to Tukey's HSD test at P 0.05. 
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drought followed by high rainfall and winds in August causing stem breakage of the earliest 

maturing genotypes, and the 2002 lodging results were more representative of environmental 

interactions than genotypic differences. 

4.4.2 2001 Analysis for Lodging 

In the 2001 field study, the effect of genotype on lodging was significant (Table 4.6). 

The unadapted genotypes showed significantly lower lodging than the adapted genotypes (Table 

4.7). Lodging score of96-47L was significantly lower than any other genotypes at 0.7. 2000-

7L, 96-25L, and 2000-6L followed with increasing scores of 1.6, 2.1, and 2. 7, respectively. 

CDC Milestone and Crimson had similar intermediate lodging scores. CDC Grandora and CDC 

Plato had significantly higher lodging scores than the other genotypes, with more than 75% of 

the plots lodged. The target plant population treatments were significantly different with a P

value of 0.049. Generally, as the plant population increased, lodging also increased from 3.8 to 

4.3. There were no significant differences for the genotype by target interaction treatment in 

2001. 

4.4.3 . 2002 Analysis for Lodging 

In the 2002 field study, significant differences were found for the genotype treatment, 

. but not the target plant population or genotype by target interaction treatments (Table 4.6). In 

2002, CDC Grandora, CDC Plato, and CDC Milestone had the lowest lodging scores of2.7, 3.0, 

and 3.8, respectively (Table 4.7). 2000-7L and Crimson had the next lowest with scores of 4.5. 

The genotypes with the highest lodging scores were 2000-6L, 96-25L, and 96-4 7L with scores 

of 5 .0, 6.0, and 6.8, respectively. Genotypic rankings for lodging score were reversed from 

2001 to 2002. 

4.4.4 Combined Analysis for Plant Traits Associated with Lodging 

The genotype treatment for recovery from stem bending was significant, but the target 

plant population and genotype by target interaction treatments had no statistical significance 

(Table 4.8). Genotypes 2000-6L and 96-47L showed the greatest ability to recover from stem 
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Table 4.8 Results from analysis of variance combined over years for recovery from stem 
bending, recovery from canopy crushing, stem diameter at 50 mm, and stem diameter at half 
height. 

Recovery from stem 
bending (degrees from 
ground) 
Dependent Variables Numerator Denominator F-value P-value 

degrees of degrees of 
freedom freedom 

Genotype 7 112 2.48 0.021 

Target Plant Pop.z 2 112 2.24 0.111 

Genotype x Target 14 112 0.89 0.574 

Recovery from Crushing 
(%) 
Dependent Variables Numerator Denominator F-value P-value 

degrees of degrees of 
freedom freedom 

Genotype 7 28 5.57 0.001 

Target Plant Pop. 2 8 2.17 0.177 

Genotype x Target 14 56 0.63 0.832 

Stem Diameter at 50mm Y 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 27.8 46.64 <.001 

Target Plant Pop. 2 7.91 5.04 0.039 

Genotype x Target 14 395 1.39 0.156 

Stem Diameter at Half 
Hei ht x 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 422 52.74 <.001 

Target Plant Pop. 2 7.67 3.90 0.068 

Genotype x Target 14 422 1.15 0.311 

z Pop. is population 
Y Stem diameter at 50mm above the stem base. 
x Stem diameter at half the plant height. 
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Table 4.9 Effects of genotype and target plant population treatments for recovery from stem 
bending, recovery from canopy crushing, stem diameter at 50 mm, and stem diameter at half 
height in lentil, for data combined over all sites and years. 

Recovery Recovery Stem Diameter at Stem Diameter at 
from Stem from Canopy 50mm(mm) Half Height 
Bending {0

) Crushing {% 2 {mm2 
Genotype 

2000-6L 72.6 a z 69d 1.23 de 0.99 e 

2000-7L 67.2 be 72 bed 1.54 c 1.09 cd 

96-25L 68.0 be 72 cd 1.35 d 1.05 d 

96-47L 70.1 ab 70d 1.17 e 0.92 f 

CDC Grandora 68.1 be 76 abc 2.07 a 1.35 a 

CDC Milestone 67.8 be 77 a 1.59 c 1.12 c 

CDC Plato 68.2 be 75 abc 1.92 b 1.29 b 

Crimson 65.6 c 76 ab 1.34 d 1.05 de 

LSD 4.0 4.0 0.14 0.06 

Target Plant 
Population 

60 pl m-2 69.6 a 72 a 1.61 a 1.14 a 

100 pl m-2 67.1 a 73 a 1.49 b 1.10 ab 

140 pl m-2 67.9 a 75 a 1.47 b 1.09 b 

LSD 2.5 2.4 0.11 0.05 

z Means within columns and groups followed by the same letter are not significantly different 
according to Tukey' s HSD test at P 0.05. 
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bending with the highest angles of recovery(> 70°) (Table 4.9). The adapted genotypes with 

the highest angles of recovery were CDC Plato and CDC Grandora, with>: 68° recovery. CDC 

Milestone, 2000-7L, and 96-25L had similar angles of recovery ranging from 67 to 68°. 

Crimson recovered the least with an angle of recovery of 66°. 

The percentage of recovery from canopy crushing showed significant differences for 

genotype treatment, but not for target plant population or target by genotype interaction 

treatments (Table 4.8). The adapted genotypes all had higher percentages of crushing recovery 

than the unadapted genotypes (Table 4.9). Crimson had the highest percentage of recovery 

(76.3%), with CDC Milestone, CDC Plato, and CDC Grandora with slightly lower recoveries 

all above 75%. The lowest two genotypes were 2000-6L and 96-47L with less than 70% 

recovery. Although a significant difference was not found for target plant population, recovery 

from crushing increased from 72 to 75% as the target plant population increased from 60 to 140 

plant m-2
, respectively. 

Stem diameter measurements were taken at two positions on one given plant, 50mm 

above the stem base and at half the plant's height. Both stem diameter measurement positions 

had significant genotypic differences (Table 4.8) and the ranking of the genotypes for stem 

diameter were the same for both stem diameter measurement positions (Table 4.9). These two 

stem diameter measurements were then correlated together, and a highly significant (P<.OO 1) 

positive association was found between them with a correlation value ofr=0.79. Because a 

highly positive association in combination with the identical genotypic ranking was seen for 

both stem diameter measurements, only the stem diameter measurements at 50mm above the 

stem base was used in further discussion. 

The stem diameter measurements at 50mm above the stem base indicated that both 

genotype and target plant population treatments differed significantly, but not the interactions 

between them (Table 4.8). CDC Grandora and CDC Plato had the largest diameters at 2.07 and 

1.92mm, both significantly larger than the other genotypes (Table 4.9). CDC Milestone and 
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2000-7L had similar diameters of 1.59 and 1.54mm, respectively. 96-25L and Crimson also had 

similar stem diameters of 1.35 and 1.34mm, respectively. The genotypes with the smallest 

diameters were 2000-6L and 96-4 7L at 1.23 and 1.17mm, respectively. The results of the target 

plant population treatment found that as the plant population steadily increased from 60 to 140 

plants m-2
, the mean stem diameters decreased (1.61 to 1.47mm, respectively). 

The results of the combined analysis for both neutral detergent fiber (NDF) and acid 

detergent fiber (ADF) analysis are presented in Table 4.1 0. The genotype treatment was found 

to be significant for both types of fiber analysis. Similar ranking of genotypes for both fiber 

analyses were found except for the lowest two, 2000-6L and 96-4 7L, which changed rank 

between NDF and ADF analyses (Table 4.11 ). The other genotypes showed the same ranking 

between analyses. CDC Grandora, CDC Milestone, and CDC Plato were the genotypes with 

the highest amounts ofNDF and ADF (>60% and >46%, respectively). 96-25L, 2000-7L, and

Crimson were the next three highest genotypes for both NDF and ADF. The lowest two 

genotypes, 2000-6L and 96-4 7L, had NDF and ADF amounts <56°/o and <42%, respectively. 

The target plant population treatment was also found to be significant for both NDF and ADF. 

The mean NDF and ADF decreased from 60 to 58% and 46 to 44%, respectively, with increased 

plant population. There was no significant difference found for the interaction treatment for 

either analysis. 

Acid detergent lignin (ADL) analysis was also performed to determine if significant 

differences existed for the percentage of lignin in the genotypes. Surprisingly, there were no 

significant differences found among genotypes, whereas NDF and ADF did differ genotypically 

(Table 4.10). The target plant population effect was significant with a P-value of0.046. 

Overall, the lignin content only decreased from 11.4 to 10.8% with increased plant population 

(Table 4.11 ). There were no significant differences found for the interaction treatments. 
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Table 4.10 Results from analysis of variance combined over years for neutral detergent fiber, 
acid detergent fiber, and acid detergent lignin analyses of lentil stems. 

Neutral Detergent Fiber 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 28.1 2.74 0.027 

Target Plant Pop.z 2 8.24 6.29 0.022 

Genotype x Target 14 344 0.64 0.829 

Acid Detergent Fiber 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 28.1 3.33 0.010 

Target Plant Pop. 2 362 7.60 0.001 

Genotype x Target 14 361 0.65 0.827 

Acid Detergent Lignin 

Dependent Variables Numerator Denominator F-value P-value 
degrees of degrees of 
freedom freedom 

Genotype 7 28 1.57 0.185 

Target Plant Pop. 2 7.83 4.68 0.046 

Genotype x Target 14 52.2 0.82 0.649 

z Pop. is population 
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Table 4.11 Effects of genotype and target plant population treatments for neutral detergent 
fiber, acid detergent fiber, and acid detergent lignin concentration in lentil stems, for data 
combined over all sites and years. 

Neutral Detergent Acid Detergent Acid Detergent 
Fiber(%) Fiber(%) Lignin(%) 

Genotype 

2000-6L 55.1 d z 41.5 b 10.3 b 

2000-7L 59.0 abed 44.8 ab 11.1 ab 

96-25L 59.3 abed 45.5 a 11.5 ab 

96-47L 55.8 cd 41.2 b 10.2 b 

CDC Grandora 62.0 a 47.7 a 11.4 ab 

CDC Milestone 61.2 ab 47.1 a 11.6 a 

CDC Plato 60.2 abc 46.0 a 11.2 ab 

Crimson 57.2 bed 43.9 ab 11.3 ab 

LSD 4.3 3.8 1.3 

Target Plant Population 
60 pl m-2 60.0 a 45.7 a 11.4 a 

100 pl m-2 58.6 ab 44.7 ab 11.0 ab 

140 pl m-2 57.6b 43.7 b 10.8 b 

LSD 1.6 1.0 0.5 

z Means within columns and groups followed by the same letter are not significantly different 
according to Tukey's HSD test at P 0.05. 
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4.5 Interaction of Factors Affecting Lodging 

4.5.1 Correlations 

4.5.1.1 Correlations for Lodging 

Correlation analysis was performed between the plot lodging scores taken and all other 

plant canopy characteristics that were thought to influence lodging. These plant canopy 

characteristics were: maximum BM; maximum LI; final branch number; final plant height; stem 

bending; recovery from canopy crushing; stem diameter; NDF; ADF: and ADL. The lodging 

correlations (Table 4.12) were done as a combined analysis, and then separated by year because 

of the influential weather conditions as explained in Section 4.4.1. 

In the combined analysis, only maximum BM, recovery from crushing, NDF, ADF, and 

ADL were found to be significant. However, within these five characteristics none showed a 

correlation value greater than 0.5. 

When the data were analyzed for the two years separately, all the characteristics were 

found to have a significant effect at P<0.05, with the exception of stem bending in both 2001 

and 2002, and NDF and ADF analysis in 2002. In 2001, maximum BM, maximum LI, final 

plant height, stem diameter, and ADF were the most influential canopy characteristics with 

correlation values greater than 0.5. The most influential was final plant height with a 

correlation value of 0. 72. The 2002 correlation results showed that final plant height and stem 

diameter were the most influential canopy characteristics with correlation values greater than 

0.5, but neither final plant height or stem diameter had correlation values greater than 0.7. 

4.5.1.2 Correlations for Plant Traits Associated with Lodging 

Correlations were also performed between the plant traits associated with lodging (stem 

bending, recovery from canopy crushing, stem diameter, NDF, ADF, ADL) and the same plant 

traits previously correlated against lodging in Section 4.5.1.1. The results are presented for the 

combined analysis in Table 4.13. 
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Table 4.12 Pearson correlation coefficients and probability values correlated between lodging 
score and ten plant canopy characteristics for eight lentil genotypes in 2001, 2002, and both 
years combined. 

2001 2002 Combined 
analysis 

MaximumBM2 0.539 -0.439 -0.096 
(<.001) (<.001) (0.037) 

MaximumLP 0.533 -0.496 -0.087 
(<.001) (<.001) (0.056) 

Final branch number 0.366 -0.436 -0.081 
(<.001) (<.001) (0.078) 

Final plant height 0.724 -0.592 -0.006 
(<.001) (<.001) (0.895) 

Stem bending 0.043 0.008 0.034 
(0.559) (0.887) (0.457) 

Recovery from crushing 0.464 -0.130 0.092 
(<.001) (0.028) (0.045) 

Stem diameter 0.572 -0.508 -0.039 
(<.001) (<.001) (0.396) 

NDFX 0.476 0.106 0.213 
(<.001) (0.076) (<.001) 

ADFW 0.502 0.087 0.212 
(<.001) (0.146) (<.001) 

ADLV 0.461 0.151 0.230 
(<.001) (0.011) (<.001) 

z BM is biomass 
Y LI is light interception 
x NDF is neutral detergent fiber 
w ADF is acid detergent fiber 
v ADL is acid detergent lignin 
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Table 4.13 Pearson correlation coefficients and probability values correlated between plant traits associated with lodging and ten plant canopy 
characteristics for eight lentil genotypes for data combined over all data. 

Maximum Maximum Final Final plant Stem Recovery Stem 
BM LI branch height bending from diameter NDF ADF ADL 

number crushing 
Stem bending -0.134 -0.225 . -0.066 -0.150 0.122 -0.167 -0.142 -0.180 -0.101 --

(0.004) (<.001) (0.150) (0.001) (0.008) (0.001) (0.002) (<.001) (0.029) 

Recovery from 0.396 0.324 0.313 0.175 0.122 0.125 -0.299 -0.284 -0.310 --
crushing (<.001) (<.001) (<.001) (0.001) (0.008) (0.007) (<.001) (<.001) (<.001) 

Stem diameter 0.476 0.424 0.483 0.774 -0.167 0.125 0.216 0.232 0.140 --
(<.001) (<.001) (<.001) (<.001) (0.001) (0.007) (<.001) (<.001) (0.002) 

NDF -0.101 -0.021 -0.052 0.221 -0.142 -0.299 0.216 0.981 0.891 --
(0.030) (0.643) (0.262) (<.001) (0.002) (<.001) (<.001) (<.001) (<.001) 

Ul 
w 

ADF -0.049 0.038 -0.044 0.249 -0.180 -0.284 0.232 0.981 0.898 --
(0.295) (0.411) (0.339) (<.001) (<.001) (<.001) (<.001) (<.001) (<.001) 

ADL -0.139 -0.106 -0.085 0.135 -0.101 -0.310 0.140 0.891 0.898 
(0.003) (0.021) (0.061}_ __ (0.00~ (0.02_2) (<.001) (0.002) (<.001) (<.001) 



In the combined analysis, stem bending was significantly correlated with all canopy 

characteristics, with the exception of final branch number. With the exception of recovery from 

canopy crushing, a negative association existed between the canopy characteristics that were 

highly correlated with stem bending. Recovery from stem bending tended to decrease with an 

increase in maximum BM, maximum LI, final plant height, stem diameter, NDF, ADF, and 

ADL. However, none of these significant correlation values were greater than 0.5. 

In the combined analysis, recovery from canopy crushing was significantly correlated 

with all plant canopy characteristics (Table 4.13). Recovery from canopy crushing was 

positively associated with maximum BM, maximum LI, final branch number, final plant height, 

stem bending, and stem diameter. As these plant canopy characteristics increased, the ability of 

a plant's canopy to recover from canopy crushing also increased. Recovery from canopy 

crushing was negatively associated with NDF, ADF, and ADL. None of the correlation values 

for recovery from canopy crushing were greater than 0.5. 

Stem diameter was also significantly correlated with all plant canopy characteristics in 

the combined analysis (Table 4.13). With the exception of recovery from stem bending, the 

other plant canopy characteristics were positively associated with stem diameter. Plant height 

was the only canopy characteristic that had a correlation value (r=0.77) with stem diameter 

greater than 0.5. The other correlations had values less than 0.5. 

The NDF content of the plant stems was significantly correlated with all of the canopy 

characteristics with the exceptions of maximum LI and final branch number (Table 4.13). 

Maximum BM, stem bending, and recovery from canopy crushing were negatively associated 

with NDF content. Final plant height, stem diameter, ADF, and ADL were positively 

associated. NDF was highly correlated with both ADF and ADL content with correlation 

values of 0.98 and 0.89, respectively. 

The ADF content had similar correlation results as that ofNDF, with the exception that 

maximum BM was also not significantly correlated along with maximum LI and branch number 
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{Table 4.13). Recovery from stem bending and recovery from canopy crushing had a negative 

association with ADF. Final plant height, stem diameter, NDF, and ADL were positively 

associated. Similar to NDF, the only canopy characteristics that correlated with ADF with 

r>0.5 were NDF and ADL, with values of 0.98 and 0.90, respectively. 

ADL content of the plant stems was significantly correlated with all of the canopy 

characteristics except final branch number {Table 4.13). Maximum BM, maximum LI, stem 

bending, and recovery from canopy crushing were negatively associated with ADL. Final plant 

height, stem diameter, NDF, and ADF were positively associated. NDF and ADF both 

correlated with ADL with r>0.5. 

4.5.2 Simple Linear Regressions 

4.5.2.1 Simple Linear Regressions for Lodging 

Simple linear regressions were performed between lodging score (Y) and the same plant 

canopy characteristics used for the correlations. The results of the combined analysis and for 

the years 2001 and 2002 separately are presented in Table 4.14. In neither the combined 

analysis nor analysis by year did the plant canopy characteristics explain high variability in 

plant lodging. In 2001, plant height explained 52% of plant lodging variability; however, this 

was the highest percentage. This indicates that none of these canopy characteristics on a single 

variable basis could explain a high proportion of the lodging variability. 

4.5.2.2 Simple Linear Regressions for Plant Traits Associated with 

Lodging 

In the combined analysis, the plant traits associated with lodging were used as 

independent Y variables and regressed against each plant canopy characteristic. ADF was not 

used as an independent variable because of the high association with NDF content. The results 

of the simple linear regressions are presented in Table 4.15. Similar to the lodging score 

regressions, many of the dependent variables explained a low proportion of the variability in the 

plant traits associated with lodging on a single variable basis. The exception was final plant 
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Table 4.14 Simple Linear Regressions for lodging score presented in the form ofy= intercept+ 
slope (x variable), and the adjusted R2 (coefficient of determination) is in parenthesis for 2001, 
2002, and the combined analysis. 

2001 2002 Combined 
analysis 

MaximumBM2 -20.72 + 3.82(x) 14.76- 1.61(x) 9.30- 0.77(x) 
(0.287) (0.184) (0.028) 

MaximumLJY -1.63 + 0.08(x) 7.48- 0.05(x) 5.70- 0.02(x) 
(0.281) (0.244) (0.034) 

Final branch number -2.36 + 0.37(x) 10.33- 0.33(x) 5.44- 0.07(x) 
(0.129) (0.187) (0.005) 

Final plant height -2.72 + 0.23(x) 8.89- 0.15(x) 4.27- 0.002(x) 
(0.521) (0.349) (-0.002) 

Stem bending 3.47- 0.01(x) 4.21 + 0.01(x) 3.74 + 0.01(x) 
(-0.004) (-0.003) (-0.001) 

Recovery from -5.96 + 0.14(x) 5.93- 0.02(x) 2.82 + 0.02(x) 
crushing (0.212) (0.014) (0.006) 

Stem diameter -1.64 + 3.72(x) 8.19- 2.53(x) 4.55- 0.22(x) 
(0.324) (0.255) (-0.001) 

NDFX -9.10 + 0.22(x) 2.80 + 0.03(x) 0.36 + 0.07(x) 
(0.222) (0.008) (0.043) 

ADFW -7.64 + 0.25(x) 3.21 + 0.03(x) 0.85 + 0.08(x) 
(0.248) (0.004) (0.043) 

ADLV -5.68 + 0.86(x) 2.84 + 0.14(x) 1.30 + 0.26(x) 
(0.208) (0.019) (0.051) 

z BM is biomass 
Y LI is light inter.ception 
x NDF is neutral detergent fiber 
w ADF is acid detergent fiber 
v ADL is acid detergent lignin 

56 



Table 4.15 Simple linear regressions for combined analysis for plant traits associated with lodging presented in 
the form of y= intercept + slope (x variable), and the adjusted R2 (coefficient of determination) is in parenthesis. 

Maximum MaximumLI Final branch Final plant Stem bending 
BM number height 

Stem 88.86- 3.23(x) 76.56- 0.13(x) 73.3- 0.25(x) 75.1- 0.21(x) 

bending (0.015) (0.041) (0.001) (0.020) 

Recovery 24.39 + 7.67(x) 62.65 + 0.17(x) 50.47 + 1.29(x) 66.18 + 0.24(x) 66.31 + 0.11(x) 

from crushing (0.109) (0.083) (0.096) (0.029) (0.012) 

Stem -1.05 + 0.40(x) 0.96 + 0.01(x) 0.23 + 0.07(x) 0.36 + 0.04(x) 1.94- 0.01(x) 

diameter (0.225) (0.178) (0.232) (0.599) (0.026) 

NDF 68.89- 1.55(x) 59.47- 0.01(x) 61.48- 0.14(x) 52.90 + 0.20(x) 65.31 - 0.09(x) 
(0.008) (-0.002) (0.001) (0.047) (0.018) 

ADL 14.97- 0.58(x) 11.78- 0.01(x) 12.21- 0.06(x) 10.10 + 0.03(x) 12.31- 0.02(x) 
(0.017) (0.009) (0.005) (0.016) (0.008) 

Vl 
-.....) 

Recovery from Stem diameter NDF ADF ADL 
crushing 

Stem 59.0 + 0.13(x) 75.4- 4.26(x) 81.34- 0.21(x) 82.8- 0.31(x) 75.1 - 0.57(x) 

bending (0.012) (0.021) (0.017) (0.029) (0.008) 

Recovery -- 68.17 + 3.41(x) 100.11 - 0.45(x) 95.59- 0.50(x) 92.62- 1.74(x) 

from crushing (0.013) (0.087) (0.079) (0.094) 

Stem 1.19 + 0.01(x) -- 0.85 + 0.01(x) 0.90 + 0.01(x) 1.21 + 0.03(x) 

diameter (0.013) (0.042) (0.049} (0.017) 

NDF 73.37- 0.20(x) 52.97 + 3.92(x) -- 8.45 + 1.13(x) 22.26 + 3.31(x) 
(0.087) (0.045) (0.963) (0.794) 

ADL 15.14- 0.06(x) 10.05 + 0.69(x) -3.07 + 0.24(x) -1.37 + 0.28(x) 
(0.094) (0.018) (0.794) (0.807) 



height which was found to explain 60% of the variation in stem diameter. NDF, ADF, and 

ADL had high regression values, explaining >80%, of the variability in those traits. 

4.5.3 Multiple Linear Regressions 

Based on the low R2 values from simple linear regressions, multiple linear regressions 

were performed for both lodging score and stem diameter (Appendix 1). The results of the 

multiple linear regressions are presented in Table 4.16. The X variables that are presented were 

those left after elimination based on P-values <.20. These dependent variables, when combined 

together, gave higher R2 values than when individual dependent variables were used in the 

simple linear regressions. The weather influence on lodging score from 2001 and 2002 resulted 

in a R2 value of only 0.24 when lodging score was theY variable, using combined data. 

However, when the regressions were done on a per-year basis, the R2 for lodging score as theY 

variable increased to 0.60 and 0.40 for 2001 and 2002, respectively. 

The independent variable using stem diameter, and stem diameter as a function of lignin 

or fibre was also modelled. Results of the stem diameter multiple regressions produced R2 

values of0.60 to 0.78. Therefore, by combining different dependent variables together gave 

higher R2 values than when done as simple linear regressions, and stem diameter served as a 

more powerful independent variable than lodging. Stem diameter as a function of lignin 

roughly estimates stem stiffness as the width of stem per unit of lignin and explained variation 

similarly to stem width per unit of fiber, but both had R2 1ess than using stem diameter alone as 

theY variable. Stem diameter alone appeared to be a simpler and powerful descriptor of stem 

stiffness. Stem diameter was also reduced to a relationship without needing lodging score, and 

was adequately described by branch number, recovery from crushing, plant population, final 

plant height, fiber and lignin parameters with an R2 of0.67. 
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Table 4.16 Multiple linear regressions for lodging score and stem diameter for combined 
analysis and years 2001 and 2002 

Y Variable X Variables Analysis Adjusted R2 

Lodging Score Recovery from Canopy All Environments 0.24 
Crushing, NDF, ADF, Year 2001 0.60 
Stem Diameter, Final Plant Year 2002 0.40 
Height 

Stem Diameter Final Branch Number, All Environments 0.67 
Recovery from Canopy Year 2001 0.78 
Crushing, Plant Density, Year 2002 0.62 
Final Plant Height, NDF, 
ADF,ADL 

Stem Diameter/ ADL Recovery from Canopy All Environments 0.65 
Crushing, Plant Density, Year 2001 0.62 
Final Plant Height, NDF, Year 2002 0.66 
ADF, Recovery from Stem 
Bending 

Stem Diameter/ ADF Recovery from Canopy All Environments 0.65 
Crushing, Final Branch Year 2001 0.60 
Number, Final Plant Year 2002 0.66 
Height, Plant Density, 
NDF,ADL 
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5. Discussion 

5.1 Agronomic Performance of Genotypes 

Final seed yield of the unadapted lentil genotypes was significantly lower than the 

adapted genotypes. The highest yielding unadapted genotype, 2000-7L, had nearly half the 

yield of the lowest yielding adapted genotype, Crimson. The low grain yield of the unadapted 

genotypes could be explained by their poor adaptation to Saskatchewan day length and 

temperature. Whitehead et al. (2000) reported that the poor adaptation of the cultivar Laird to 

the environmental conditions at both Pullman, W A and Reading, UK resulted in excessively 

late flowering and relatively poor seed yields. 

The highest yielding adapted genotypes were CDC Plato and CDC Milestone, which 

yielded higher than either CDC Grandora or Crimson. These yield results are supported by the 

Saskatchewan regional yield trial data that indicate yield advantages for CDC Plato and CDC 

Milestone of 130 and 136% of the check variety Laird, respectively. Average yields for CDC 

Grandora and Crimson are reported at only 109 and 118% ofthe.check variety Laird, 

respectively (Saskatchewan Agriculture and Food, 2003). 

Seed yield responded positively to an increase in target plant population, with a steady 

yield increase from 60 to 140 plants m-2
• Wilson and Teare (1972) also reported that the highest 

seed yield in lentil was obtained with the highest plant population. In chickpea, Liu et al. 

(2003) reported a yield advantage of up to 27% with increased plant population densities of20 

to 50 plants m-2
• In contrast, Easson et al. (1993) reported yield reduction of up to 80% in 

winter wheat with increased seeding rates. This yield reduction was attributed almost entirely 

to severe early lodging that occurred with increased seeding rate. Increased plant lodging and 

disease severity with high plant populations have been recognized as having 
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detrimental effects on overall seed yield (Saskatchewan Agriculture and Food, 2001; Cooper, 

1971; Nagata, 1968). In our study, no yield reduction was observed with increased plant 

population, possibly because the planting densities used were not high enough to cause such 

effects and the drought conditions limited dense canopy production. 

Similar to the findings of another lentil study (McPhee et al., 1997), significant 

genotypic differences in this present study existed for maximum biomass accumulation. 

Biomass accumulation was greater for the adapted genotypes compared to the unadapted 

genotypes. CDC Plato and CDC Grandora accumulated the greatest biomass, reflecting their 

tall and dense bushy growth habit (Saskatchewan Agriculture and Food, 2001). Unadapted 

genotypes 96-4 7L and 2000-6L accumulated the least biomass, while 2000-7L accumulated the 

greatest biomass of the unadapted genotypes. Crimson had the lowest biomass accumulation of 

the adapted genotypes, and was not significantly different than 2000-7L. 

Biomass accumulation increased with the target plant population, although not 

significant at P<0.05. The greatest biomass accumulation was 505 g m-2 at 140 plants m-2
• In 

soybean, biomass accumulation was also reported to increase with increased plant population 

densities (Ballet al., 2000a; Gan et al., 2002). 

Harvest index values varied greatly between genotypes with an average range of 0.22 to 

0.40. Whitehead et al. (2000) also reported that twelve lentil genotypes had greatly varied 

harvest index values ranging from 0.07 to 0.56, and concluded that harvest index was largely 

determined by the genotype and environment. CDC Grandora and CDC Plato had the lowest 

harvest index values. CDC Grandora and CDC Plato were capable ·of producing large amounts 

of vegetative biomass, but were inefficient at further partitioning into seed yield. CDC 

Milestone had the highest harvest index and represented a very efficient genotype that produced 

relatively high amounts of vegetative biomass with high seed partitioning. Unadapted 

genotypes 96-47L and 96-25L had the next highest harvest indices. These genotypes were 
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efficient at partitioning but lacked biomass production and thus seed yield was relatively low 

compared to the adapted genotypes. 

Harvest index tended to be consistent across target plant populations, which has also 

been reported for indeterminate and determinate soybean (Ballet al., 2000b). 

5.2 Canopy Characteristics 

Significant genotypic differences were found for maximum LI, with a range of 46 to 

79% of light intercepted. The adapted genotypes had significantly higher maximum LI values 

than the unadapted genotypes, but the adapted genotypes intercepted only 60% to 80% of the 

incoming solar radiation. This means that the adapted genotypes were allowing 40 to 20% of 

incoming solar radiation to pass through the canopy onto the soil surface where it may be 

dissipated as latent heat, evaporate soil water, and increase weed competition. McKenzie and 

Hill (1991) reported that in New Zealand, autumn sown lentil were capable of intercepting a 

maximum of 95% incoming solar radiation. However, when lentil was planted in late spring, 

the maximum light intercepted was only 65%. Therefore, in our study, the low maximum LI 

values may have resulted from the delayed late-May seeding dates that resulted in less days to 

flowering and overall less vegetative growth than early seeded lentil, or the drought conditions 

that reduced the overall canopy growth. 

CDC Grandora and CDC Plato intercepted the highest proportion of incoming solar 

radiation, with LI values close to 80%. CDC Milestone and Crimson had the lowest LI values 

of the adapted genotypes with 68 and 61 °/o, respectively. 2000~ 7L intercepted a significantly 

higher portion of incoming solar radiation than the other unadapted genotypes, with an LI value 

of 56%. 96-47L intercepted the least amount of light, with a maximum LI of only 46%. 

Significant differences were found among genotypes for plant height and final branch 

number. Plant height ranged from 0.22 m up to 0.44 m, a two-fold difference. Erskine and 

Goodrich (1991) also reported significant genotypic differences in twenty-five lentil genotypes 

for plant height, with a height range of0.27 to 0.39 m, and significant differences for branch 
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number. CDC Grandora and CDC Plato were the tallest genotypes with heights >0.41 m and 

had the greatest number ofbranches with> 19 branches planf1
• CDC Milestone was also tall 

and highly branched, and ranked third behind CDC Grandora and CDC Plato for both traits. 

Unadapted genotypes 96-4 7L and 2000-6L were the shortest, and had the fewest number of 

branches. 2000-7L was the unadapted genotype with canopy characteristics most closely 

similar to the adapted genotypes. 2000-7L was the tallest and greatest branched unadapted 

genotype, and exceeded Crimson for both traits. 

Maximum LI differed significantly for target plant populations, with increased LI at the 

highest plant population. Wilson and Teare (1972) reported similar results where the highest 

plant densities developed closed canopies and intercepted as much as 90% of incoming solar 

radiation, whereas the lower plant densities had only partially closed or open canopies and 

intercepted only about 75 and 47% of the incoming solar radiation, respectively. 

Final plant height and branch number both decreased with increased target plant 

population, but the differences were not significant. Hoggard et al. ( 1978) also reported that 

two of the three determinate soybean cultivars tested had no significant height response to 

increased plant population. The third cultivar tended to grow taller with increased plant 

population. Board (200 1) has also reported a strong positive correlation between plant height 

and increased plant population in soybean. Our study also found the tendency for branch 

number to decrease with increased plant population, which has also been reported previously in 

lentil (Wilson and Teare, 1972). In soybean, increased branching with reduced plant population 

is a major reason for yield plasticity, whereby yields are generally consistent across a range of 

plant populations (Board et al., 1990). 

5.3 Lodging Characteristics 

In this study, lodging scores were highly variable between years. In the combined 

analysis of all locations, there were no significant differences among genotypes. When the data 

was analyzed for each year separately, genotypic differences existed for both 2001 and 2002 
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seasons. In 2001, the unadapted genotypes were the most lodging resistant with a range of 7 to 

27o/o plant lodging occurring within the plots. This compares to over 75% plant lodging for 

CDC Grandora and CDC Plato. CDC Grandora and CDC Plato were bushier and denser than 

the other genotypes and their stems were unable to withstand the heavy vegetative loads. This 

was supported by the significant positive correlation of lodging and biomass accumulation 

(Table 4.12). CDC Grandora and CDC Plato represent the large green lentil class, which tend 

to grow tall and are susceptible to lodging (Saskatchewan Agriculture and Food, 2001). In 

2001, Crimson had the third highest plot lodging with 50% of lentil plants lodged, commonly 

from stem basal lodging. In 2001, the stiff-stem unadapted genotypes combined with increased 

canopy openness and reduced vegetative load was evident in their low plant lodging scores. 

Extreme weather conditions in 2002 caused plant lodging to be highly variable 

compared to lodging in 2001. In 2002, extreme heat and drought in July followed by frequent 

rainstorms in August resulted in lentil canopies with reduced biomass accumulation. In 

previous research on lentil, sufficient vegetative biomass accumulation was required for lodging 

to occur (Erskine and Goodrich, 1988). The early maturing unadapted genotypes matured in the 

field during frequent rainstorms, resulting in possible saprophytic stem breakdown for the dry 

stems, but definitely resulting in stem breakage. The later-maturing adapted genotypes stems 

were still lush and thus stem breakage did not occur. Grafius et al. (1955) has reported that 

stem breakage is likely to occur only with senescent plants, as moist and turgid stems rarely 

break. Therefore, in 2002 the unadapted genotypes had the greatest percentage of plants 

lodged, and the adapted genotypes were the least lodged. 

Significant target plant population differences existed for the 2001 lodging data, with an 

increase in plant lodging with increased plant populations. Ibrahim et al. ( 1993) also reported in 

lentil that lodging increased with higher plant populations. In 2002, no significant differences 

for target plant population were found. 
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Based on the field observations, the 2001 lodging data were most likely to represent 

true genetic differences for lodging resistance. The unadapted genotypes produced less 

vegetative biomass, reduced branching, and grew shorter than the adapted genotypes. This 

resulted in less vegetative canopy load, and combined with the stiff stem trait, these genotypes 

were better able to withstand lodging. In contrast, the adapted genotypes CDC Grandora and 

CDC Plato accumulated the greatest vegetative biomass, grew the tallest, were the most 

branched, and had relatively high seed yields. This resulted in a very dense canopy that made 

the plants unable to withstand the heavy vegetative load, and stem bending occurred. In 2002, 

the lodging data were more representative of environmental influence than genetic differences, 

and timing of the environmental conditions had the greatest influence. 

Our lodging data supports other researchers' findings that lodging is a highly variable 

trait that is dependent, among other things, on environmental conditions. Therefore, it is 

important to determine which plant traits are consistently ranked among genotypes over 

environments and are highly associated with plant lodging. This would allow the use of these 

traits for determining accurate plant lodging ratings over years, regardless of weather conditions 

influencing lodging. Lodging is also based on a visual ranking of the plot, and a more definitive 

measurement would be more objective and easier to repeat in other experiments. 

The highly variable lodging scores reported in this study are similar to those observed 

in other crops (Mohr and Irvine, 2002; Mancuso and Caviness, 1991 ). Erskine and Goodrich 

(1988) grew 242 lentil lines at three locations that varied in rainfall accumulation. Rainfall was 

limited at one location and no lodging occurred. At the second location, mean lodging scores 

were similar for the small and large seeded lines, while at the third location, lodging was more 

severe for the small-seeded lines compared to the large-seeded. Such variation in results across 

environments support our findings that lodging score is also highly variable and inconsistent in 

lentil, and largely influenced by environmental conditions. 
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Due to the inconsistency reported in lodging score for lentil (Erskine and Goodrich, 

1988) and other legume crops ( eg. Mancuso and Caviness, 1991 ), looking for plant traits that 

are· associated with lodging score but not highly affected by the environment may lead to more 

consistent relationships. Indirect selection of lodging resistant lentil could be based on 

measuring only a few plants early in a breeding program, selection would have limited 

interference from environmental conditions. The plants ability to recover from stem bending, 

ability of the canopy to recover from crushing, stem diameter, fiber, and lignin analysis were all 

measured to determine if these traits showed genotypic differences and if these traits were 

significantly associated with lodging. 

Significant genotypic differences for recovery from stem bending at early pod fill were 

evident at the P<0.05. Even though significant genotypic differences were evident (P = 0.02), 

the range of recovery angles were quite small, from 66° to 73°. In 2001, recovery from stem 

bending was performed a second time during the late pod fill growth stage (Appendix 2), but 

adverse weather conditions did not allow the second recovery from stem bending measurements 

to occur in 2002. The 2001 late pod fill data showed a wider range in recovery angles of 31 o to 

65°, and P = <0.001. 

When lodging scores and recovery from stem bending were correlated together either 

by years or in a combined analysis, no significant association was found. Such contrary 

associations indicated that recovery for stem bending for lentil was not an effective 

measurement of lodging resistance in lentil. 

Plant recovery from stem angle bending was also performed on four soybean cultivars 

at the mid vegetative, early pod fill, late pod fill, and pod maturity (Mancuso and Caviness, 

1991). The angle of stem bending was negatively associated with lodging score at the late pod 

fill and pod maturity stages of development (P<0.01), but no significant correlation existed for 

the mid vegetative and early pod fill development stages. 
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In the present lentil study, the non-significant correlation between lodging score and 

recovery from stem angle bending may be the result of the development stage at which the lentil 

plants were measured. Only the early pod fill development stage was used. In contrast, 

Mancuso and Caviness (1991) used the four development stages (mid vegetative, early pod fill, 

late pod fill, and pod maturity) and found a significant correlation for only the two later stages 

closer to physiological maturity. Therefore, recovery from stem bending may be an effective 

method of measuring lodging resistance in lentil if it were used at a wider range of development 

stages, or minimally, later in the growing season. If recovery from stem bending were found to 

be associated with lodging score, it would be an effective method for measuring lodging 

resistance, as only a few plants are required and could be used early in a breeding program. 

Plant density did not affect the stem bending measurements, which would further support use of 

the measurement as an alternative lodging measurement. 

Significant genotypic differences were found for the ability of a plant canopy to recover 

from crushing. The adapted genotypes had the highest percentage of recovery from crushing 

compared to the unadapted genotypes. CDC Milestone and Crimson recovered the greatest 

from canopy crushing, while 96-4 7L and 2000-6L showed the least ability to recover. Recovery 

from canopy crushing was thought to be a possible measurement of ability to withstand lodging 

and would measure stem resiliency. This may be partially true, but it may also be equally 

representative of.maximum biomass accumulation. The adapted genotypes had the greatest 

biomass accumulation and the greatest ability to recover from canopy crushing. The unadapted 

genotypes produced lower biomass and recovered less readily from canopy crushing. 

Genotypes 96-4 7L and 2000-6L had the lowest biomass accumulation and the lowest ability to 

recover from canopy crushing with less than 70% recovery. To further support this, recovery 

from canopy crushing was found to increase, although not significantly, with plant population. 

The diameter of lentil stems was measured at two positions on the stem. Stem diameter 

was measured at 50 mm above the stem base and at half the plant height. No significant 
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changes in genotype ranking for stem diameter occurred when stem diameter measurements at 

50 mm above the stem base were compared to stem diameter measurements at half plant height. 

The correlation value between the two stem diameter measurement positions was positive and 

significant, and thus stem diameter at 50 mm above the stem base alone was an effective 

measurement. 

Significant genotypic differences were found for stem diameter, which has also been 

reported in many other studies (Dunn and Briggs, 1989; Erskine and Goodrich, 1988: Mancuso 

and Caviness, 1991 ). CDC Grandora and CDC Plato had significantly thicker stems than the 

other genotypes. In general, the unadapted genotypes had slender stems, with 96-47L and 

2000-6L producing the thinnest stems. Crimson was the adapted genotype with stem diameter 

most closely related to the unadapted genotypes, with stem diameter similar to 96-25L. 2000-

7L and CDC Milestone both had similar sizes of stem diameters. 

Stem diameter was significantly different for plant population treatments, with a 

decrease in stem diameter as the plant population increased. Board (200 1) and Ibrahim et al. 

( 1993) reported similar results where stem diameter was found to decrease as plant populations 

moved from low to high in soybean and lentil, respectively. 

When lodging score and stem diameter were correlated together, a significant 

association was observed. Based on the variable weather events between the two years, in 2001 

a significant positive association was evident, while in 2002 a significant negative association 

occurred. The 2001 lodging data were more representative of actual genotypic differences for 

lodging resistance, and therefore of the eight representative genotypes, the significant positive 

correlation between lodging susceptibility and stem diameter was more representative of a 

typical lentil canopy. In general, CDC Grandora and CDC Plato, the large green lentil 

genotypes, produced the greatest vegetative biomass, grew the tallest, produced the largest 

diameter stems, and lodged most readily of the genotypes tested. In contrast, Erskine and 

Goodrich (1988) reported a significant negative association between stem diameter and lodging 
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susceptibility when 25 diverse lentil lines were grown over one season. Woods (1975) and 

Rode (1972) also reported that in soybean, lodging tendency decreased as stem diameter 

increased. Mancuso and Caviness ( 1991) reported that basal stem diameter of four soybean 

cultivars was not significantly correlated with lodging score when measured at four different 

growth stages. When stem diameter of the eighth internode was measured at the early pod fill, 

late pod fill, and pod maturity stages of development, only the internode diameter at the pod 

maturity stage was significantly associated with lodging score. Similar to our results, it 

suggested a positive association between lodging susceptibility and stem diameter. 

Fiber analysis of lentil stems determined both neutral and acid detergent fiber content of 

the individual genotypes. Significant genotypic differences existed for both fiber analyses, with 

similar findings being reported in oil seed rape (Brassica napus) and field pea (Travis et al., 

1993; Banniza et al., 2003). CDC Grandora, CDC Milestone, and CDC Plato had the highest 

content of both neutral and acid detergent fiber. The lowest fiber contents were for 96-47L and 

2000-6L. Significant differences for both fiber analysis existed for plant population treatments. 

As population increased,. fiber content decreased. 

In the combined analysis, fiber content was significantly correlated with plant lodging, 

l;>ut explained less than 22% of the variation in lodging. In 2001, both NDF and ADF were 

significantly and positively correlated with lodging, explaining approximately 50% of lodging 

variation. In 2002, the variable weather events and the effect on lodging data resulted in no 

correlations between NDF and ADF with lodging scores. Banniza et al. (2003) also reported 

the fiber content of field pea to be significantly but negatively correlated with plant lodging: as 

fiber increased, pea lodging decreased. In this thesis on lentil, fiber content was positively 

associated with lodging susceptibility: as fiber increased, lodging increased. The significant 

positive association between lodging score and fiber content may be the result of higher fiber 

content in the stems of the large green lentil varieties that also grow the tallest, develop the most 

branches, and produce the greatest biomass, and thus lodge more readily. Therefore, higher 
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fiber content of the genotypes most susceptible to lodging in this study may be the result of 

greater overall plant size. In oil seed rape, fiber content was significantly higher in the variety 

less susceptible to lodging (Travis et al., 1993). In soybean, the cultivars that lodged most 

severely had lower NDF contents in their stems, thus causing reduced cellulose content 

(Redfearn et al., 1999). Kokubo et al. (1989) also reported in barley stems that a higher 

cellulose content was related to a greater maximum bending stress to cause lodging, and 

reduced lodging. 

Lignin content of plant stems was also analyzed, but genotypic differences were not 

significant. Travis et al. (1996) also reported that in wheat varieties varying in lodging 

resistance no significant differences in lignin content were evident. Significant differences 

existed for plant population and as population increased, lignin content decreased. 

Lignin content was found to have a significant and positive association with lodging 

susceptibility in the combined analysis, 2001, and 2002. However, the 2001 association 

explained the highest proportion of lodging variability at only 46%. In field pea, a negative 

association between lignin content and lodging was reported (Banniza et al., 2003). 

5.4 Interaction of Factors Affecting Lodging 

Lodging score was found to be correlated with only maximum biomass, recovery from 

crushing, NDF, ADF, and ADL in the combined analysis. None of these correlation values 

were greater than 0.5, probably due to the adverse weather conditions as explained previously. 

Correlations for lodging score performed by year resulted in everything being significant except 

for recovery from stem bending in both years, and NDF and ADF in 2002. Stem diameter and 

final plant height were the only canopy characteristics that had correlation values with lodging 

>0.5 over both years. These two traits appeared to be the most influential on lodging of the 

plant canopy characteristics measured. 
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The plant traits associated with lodging were also correlated against the same canopy 

characteristics that were used with lodging score. In the combined analysis, many of the 

correlations were significant, but few correlations produced values ofr>0.5. 

Simple linear regressions were then performed in the same combinations as the above 

correlations. Lodging score regressed against final plant height in 2001 gave an R2 of 0.52. 

However, this was the only trait that could explain over 50% variation in lodging, therefore, not 

any one single trait could explain a high proportion of the lodging variability. 

Similar results were found when the plant traits associated with lodging were regressed 

against the canopy characteristics. Stem diameter regressed against plant height could explain 

>50% of stem diameter variability. NDF, ADF, and ADL were found to explain a high 

variability among those traits with 80% or more of the variability explained by those 

combinations. 

In conclusion, none of the canopy measurements alone could explain a high proportion 

of the variability for lodging or the plant traits associated with lodging. Multiple linear 

regressions were then used to determine if a combination of the canopy characteristics could 

explain a higher proportion of the variability in lodging and the selected plant traits associated 

with lodging. The multiple linear regressions were performed for independent variables (Y) of 

lodging score and stem diameter. Stem diameter was the only plant trait associated with 

lodging that was further used in the multiple linear regressions. The reason was that it was the 

only trait associated with lodging that had correlation values >0.5 for both years and explained 

the highest proportion of lodging variability in both 2001 and 2002 of the plant traits associated 

with lodging. Therefore, stem diameter was believed to be the most influential trait associated 

with lodging. 

Findings from multiple linear regressions showed that the R2 increased compared to 

when we used simple linear regressions for both lodging score and stem diameter. Lodging 

score in the multiple linear regressions had adjusted R2 values of 0.24, 0.60, and 0.40 for the 
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combined, 2001, and 2002 analyses, respectively. Stem diameter in the multiple linear 

regressions produced higher R2 values than lodging score, with R2 values of0.67, 0.78, and 0.62 

for the combined, 2001, and 2002 analyses, respectively. The high R2 for stem diameter in the 

combined analysis indicates that stem diameter may be a better measurement than lodging as a 

higher proportion of variability in stem diameter could be explained over years. The variables 

that were found to affect stem diameter were final branch number, recovery from canopy 

crushing, plant density, final plant height, NDF, ADF, and ADL. 

5.5 Approaches to Improving Lodging Resistance in Lentil 

In this study, plant lodging was found to be highly influenced by both genetic 

differences among the genotypes and environmental conditions. The environmental influence 

makes it very difficult to select for lodging resistant genotypes because a genotype that may 

show resistance to lodging in one year, may be very susceptible the following year. From this 

thesis, a single plant trait, stem diameter, associated with lodging could be used to select for 

lodging resistance in lentil. Genotype ranking for stem diameter was found to be consistent 

from year to year, and regardless of the position on the plants stem it was measured. Therefore, 

determining the largest from the smallest stem diameters should be relatively simple. The use 

of stem diameter as a measurement of lodging resistance would allow for selection of lodging 

tolerance early in a breeding program based on only a few plants. 

Stem diameter alone was not found to have the only influence on the variability found 

in plant lodging. Several canopy characteristics were measured, correlated, and then regressed 

in simple linear and multiple regressions against lodging. For multiple linear regression, the 

influential X variables on plant lodging were recovery from canopy crushing, stem diameter, 

final plant height, NDF, and ADF. 

The results of this study indicate that lodging is a very complex trait and the lentil 

genotypes that accumulate the greatest above ground biomass, yield the highest, grow the 

tallest, and branch the most are more likely to lodge the most. Reduction in above ground dry 
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matter may lead to increased lodging tolerance by reducing plant branch number or height. 

However, lentil is already a short plant and further reduction in height would not be 

recommended. Therefore, reduction in the amount of biomass produced by the canopy, 

particularly in late season branching, should occur without the reduction in plant height. 
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6. Conclusions 

6.1 Performance of Genotypes 

The genotypes used in this study varied significantly for both agronomic performance 

and canopy characteristics. CDC Plato and CDC Grandora were representative of late-maturing 

large green lentil varieties. CDC Plato and CDC Grandora accumulated the greatest above 

ground biomass, grew the tallest, and had the most branches. These characteristics resulted in a 

denser and taller canopy growth than the other genotypes studied and allowed the highest 

percentage of incoming solar radiation to be intercepted. However, CDC Plato and CDC 

Gran dora also lodged the most readily in 2001 and had the lowest mean harvest index values. 

Despite high plant lodging and low harvest indices, CDC Plato and CDC Grandora were the 

first and third highest yielding genotypes. 

Drought conditions in both 2001 and 2002 resulted in reduced canopy growth for all 

eight genotypes tested compared to a growing season with average to above average rainfall. 

High moisture accumulation can result in excessive vegetative growth, especially for large 

green lentil varieties. Under high moisture conditions these lentil varieties have a greater 

tendency to lodge and the thick dense canopies retain moisture and create a cool 

microenvironment within the lentil canopy. These conditions are then favorable for the 

development of diseases such as ascochyta blight, anthracnose, and botrytis stem rot 

(Saskatchewan Agriculture and Food, 2001; Ye et al., 2002). In this thesis research the 

development of such diseases were very limited due to the drought conditions that resulted in 

reduced canopy fill and conditions unfavorable for the development and spread of diseases such 

as ascochyta blight and anthracnose. CDC Milestone was the second highest yielding genotype 

and had the highest harvest index. CDC Milestone ranked third behind CDC Plato and CDC 
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Grandora for the following traits: biomass accumulation, maximum light interception, 

plant height, and final branch number. In 2001 CDC Milestone lodged the .least of the adapted 

genotypes. Overall, CDC Milestone was high yielding with smaller canopy growth compared 

to CDC Plato and CDC Grandora, but was more efficient at partitioning and lodged less readily 

than either CDC Plato or CDC Grandora. 

Crimson was the poorest performing adapted genotype, with the lowest values for seed 

yield, biomass accumulation, and maximum light interception of the adapted genotypes. 

Crimson also grew shorter than 2000-7L and had fewer branches than both 2000-7L and 96-

25L. Crimson did have a higher harvest index and lodged less compared to both CDC Plato and 

CDC Grandora. 

2000-7L performed the best among the unadapted genotypes. 2000-7L yielded less 

than the adapted genotypes, but higher than the other unadapted genotypes. 2000-7L had a 

higher harvest index than either CDC Grandora or CDC Plato, and was not significantly 

different than Crimson. 2000-7L accumulated greater biomass, grew taller, and had more 

branches than the other unadapted genotypes. In 2001, 2000-7L was the second most lodging 

resistant genotype, behind only 96-4 7L. Of the unadapted genotypes, 2000-7L had the thickest 

and tallest canopy and was superior for yield, harvest index, and lodging. 

96-4 7L, 2000-6L, and 96-25L were the lowest yielding genotypes, accumulated the 

least biomass, and intercepted the least incoming solar radiation. 96-4 7L and 2000-6L were 

also the shortest and least branched. However, 96-4 7L had a higher harvest index than 

Crimson, CDC Gran dora, and CDC Plato and was the most lodging- resistant genotype in 2001. 

6.2 Recommendations for Improving Lodging Resistance 

The timing and severity of environmental conditions was highly influential on plant 

lodging. The 2001 lodging data were most representative of actual plant lodging and genetic 

differences in ability of lentil to resist lodging were most evident in these results. In 2001, the 

unadapted genotypes with the stiff-stem trait were the least susceptible to lodging, while the 

75 



large green lentil genotypes lodged the most. In 2002, lodging was influenced by the harsh rain 

and wind storms that occurred in August, conditions that most affected the early maturing 

unadapted genotypes. In 2002, no plant population treatment effects were observed, whereas in 

2001 lodging increased with higher plant populations. Overall, this would suggest that lodging 

patterns in 2001 were typical of rainfall distribution from historic weather patterns for 

Saskatchewan, and that 2002 plant lodging was an atypical effect more closely related to plant 

maturity and weather influence. 

Plant lodging in 2001 was found to be correlated with all the canopy characteristics 

except recovery from stem bending. Final plant height, stem diameter, maximum BM, 

maximum LI, and ADF were correlated with lodging at values greater than 0.5. The strong 

positive association would suggest that the larger denser growing genotypes were the most 

susceptible to plant lodging. The simple linear regressions of lodging score and single plant 

variables found that not a single variable by itself could explain a great proportion of the 

lodging variability. With the use of multiple linear regression, as much as 60% of lodging 

variability could be explained by recovery from canopy crushing, final plant height, stem 

diameter, NDF, and ADF. These canopy traits were the most influential on plant lodging in this 

study. 

Research done on other major world crops that are prone to lodging suggests that 

because of the variability of plant lodging between years and locations, other plant traits 

associated with lodging should be studied. Such traits would ideally be highly correlated with 

lodging, but with reduced environmental or location influence. This would allow for lodging 

selection in a breeding program to occur regardless of whether or not lodging occurs and allow 

for selection early in a breeding program based on a few plants. Plant traits associated with 

lodging in this thesis were recovery from stem bending, recovery from canopy crushing, stem 

diameter, NDF, ADF, and ADL. Recovery from stem bending was found to be the least related 

to lodging as it was not significantly correlated with lodging in either 2001 or 2002. The stem 
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bending measurements were taken at the beginning of pod fill and may have occurred too early 

in the plant's development to be an effective lodging predictor. If stem bending measurements 

were taken closer to full pod fill, it may have been more closely associated with plant lodging. 

Recovery from canopy crushing was used in the hypothesis that a canopy better able to 

recover from being crushed would have greater stem resiliency, and thus a greater ability to 

withstand lodging. However, a positive association between recovery from crushing and 

lodging suggest that as the ability of the canopy to recover from crushing increases, lodging also 

increases. This positive association may be explained by the significant positive association 

between recovery from crushing and maximum BM. The greater the aboveground biomass 

produced by a lentil canopy, the greater the ability to withstand crushing, and the higher the 

canopy recovery. Therefore, the ability of the canopy to recover from canopy crushing may be 

related to the ability to withstand lodging, but also may be influenced by the amount of biomass 

produced by the canopy. 

NDF and ADF contents were positively and significantly correlated with lodging score 

in 2001. This suggests that the greater the fiber content in the plant stems, the more likely 

lodging is to occur. ADL content was also found to be significantly and positively correlated 

with lodging in both years, but no significantly genotypic differences were found among the 

genotypes studied. Therefore, it would be difficult to use this plant trait for distinguishing 

between lodging resistant and lodging prone genotypes. 

Stem diameter was significantly correlated with lodging in both years with correlation 

values greater than 0.5. Stem diameter may be the best plant trait associated with lodging 

because in both years, genotype ranking was consistent. This would suggest that although stem 

diameter is density dependent, ranking of genotypic variability is consistent across the same 

plant population. Genotype ranking for stem diameter was also consistent for both stem 

diameter measurements at 50 mm above the stem base and at half the plant height. Therefore, 
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any measurement position on the plant could be used for determining the stem diameter ranking 

of genotypes, as long as it was consistently used. 

In the simple linear regressions, plant height on a single trait basis explained the highest 

proportion of stem diameter variability at only 60%. Multiple linear regression was also used 

for stem diameter, similar to that as for lodging. In 2001, as much as 78% of stem diameter 

variability could be explained by the following canopy traits: final branch number, recovery 

from canopy crushing, plant density, final plant height, NDF, ADF, and ADL. Stem diameter 

as a fraction of fiber and lignin explained less variability than stem diameter alone, suggesting 

use of stem diameter by itself. Overall, lodging results from 2001 suggest that as stem diameter 

increased, the plant's susceptibility to lodging also increased. In 2001, CDC Plato and CDC 

Grandora had the largest stem diameters and were most susceptible to lodging, and 96-47L had 

the smallest diameter of stem and the greatest lodging resistance. Therefore, in a breeding 

programs crosses between a lodging resistant genotype like 96-4 7L and a highly lodging 

susceptible genotype like CDC Grandora or CDC Plato, selection of the genotypes with the 

smallest stem diameters may be the most lodging resistant. 

In conclusion, plant lodging is a complex trait influenced by agronomic management, 

genotypic variability, and the environment. In a breeding program, the environmental influence 

can results in variable lodging results from location to location and year to year, making 

selection for lodging tolerance difficult. The use of an alternative method for measuring 

lodging potential of lentil could reduce the environment effect and allow selection for lodging 

tolerance in a breeding program based on only a few plants, reducing time and cost. Results 

from this study suggest that based on the 2001 lodging data, stem diameter may be an effective 

alternative method of selecting for lodging tolerance in lentil. Further research into the use of 

fiber content may also prove useful, as the measurement of fiber content is simple and fast and 

can be based on only a few plants. Late season branch number is also simple and fast, requiring 
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a few plants per plot at the end of a season, and may also prove useful as an alternative 

measurement. 
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Appendix 1. Regression coefficients for response surface models 

1. Predicted Lodging Score= ~0 + ~1X1 + ~2X2 + ...... + ~nXn 

where X1 is the recovery from crushing 
X2 is the neutral detergent fiber content (NDF) 
X3 is the acid detergent fiber content (ADF) 
Xt is the squared NDF 
Xs is the squared ADF 
x6 is the squared stem diameter 
X7 is the cross product of recovery from crushing and final plant height 
X8 is the cross product ofNDF and final plant height 

~0 
~I 
~2 
~3 
~4 
~5 
~6 
~7 
~8 
~9 
J3Io 

~II 
~12 

R2 

X9 is the cross product of ADF and final plant height 
X 10 is the cross product ofNDF and ADF 
XII is the cross product ofNDF and stem diameter 
X12 is the cross product of ADF and stem diameter 

2001 

Coefficient St. error 

-17.19 18.51 
0.080 0.056 
2.061 1.658 

-2.114 1.597 
-0.152 0.054 
-0.204 0.071 
0.505 1.181 

-0.001 0.002 
0.016 0.021 

-0.016 0.027 
0.349 0.120 

-0.266 0.371 
0.301 0.476 

0.596 
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Coefficient 

-0.436 
0.013 
1.395 

-1.591 
-0.043 
-0.050 
0.458 
-0.001 
-0.001 
-0.001 
0.094 
-0.255 
0.288 

0.402 

2002 

St. error 

4.991 
0.027 
0.744 
0.855 
0.027 
0.033 
0.326 
0.001 
0.009 
0.012 
0.059 
0.160 
0.209 



Combined Data 

Coefficient St. error 

~0 7.033 5.495 
~I 0.153 0.027 
~2 0.994 0.751 
~3 -1.875 0.818 
~4 -0.033 0.025 
~5 -0.054 0.029 
~6 0.253 0.371 
~7 -0.004 0.001 
~8 -0.018 0.009 
~9 0.030 0".0 11 
~10 0.090 0.052 
~11 -0.280 0.168 
~12 0.334 0.215 

R2 0.245 

2. Predicted Stem Diameter= ~0 + ~ 1XI + ~2X2 + ...... + ~nXn 

where X 1 is the final branch number 
X2 is the recovery from crushing 
x3 is the plant density 
~ is the final plant height 
Xs is the NDF 
x6 is the squared final branch number 
x7 is the squared plant density 
X8 is the squared final plant height 
X9 is the cross product of final branch number and plant density 
X10 is the cross product of final branch number and final plant height 
XII is the cross product of recovery from crushing and NDF 
X 12 is the cross product of recovery from crushing and ADF 
X 13 is the cross product of recovery from crushing and ADL 
X 14 is the cross product of plant density and NDF 
X 15 is the cross product of plant density and ADL 
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2001 2002 

Coefficient St. error Coefficient St. error 

~0 -1.806 1.535 -0.249 1.253 
~I 0.107 0.058 0.173 0.070 
~2 -0.006 0.021 -0.017 0.011 
~3 0.007 0.007 0.004 0.008 
~4 0.066 0.018 0.025 0.017 

~5 0.018 0.025 -0.011 0.015 

~6 -0.002 0.001 -0.005 0.002 

~7 0.001 0.001 0.001 0.001 

~8 -0.001 0.001 -0.001 0.001 

~9 -0.001 0.001 -0.001 0.001 

~10 -0.001 0.001 0.002 0.001 

~II 0.001 0.001 0.001 0.001 

~12 -0.001 0.001 0.001 0.001 

~13 -0.001 0.001 -0.002 0.001 

~14 -0.001 0.001 -0.001 0.001 

~15 0.001 0.001 0.001 0.001 

R2 0.778 0.620 

Combined Data 

Coefficient St. error 

~0 -0.122 0.830 
~1 0.137 0.044 
~2 -0.016 0.008 
~3 0.003 0.005 
~4 0.036 0.012 
~5 -0.010 0.011 
~6 -0.004 0.001 
~7 0.001 0.001 
~8 -0.001 0.001 
~9 -0.001 0.001 
~10 0.001 0.001 
~11 0.001 0.001 
~12 -0.001 0.001 
~13 -0.001 0.001 
~14 -0.001 0.001 
~15 0.001 0.001 

R2 0.667 
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3. Predicted Stem Diameter/ADL = ~o + ~ 1Xt + ~2X2 + ...... + ~nXn 

where X 1 is the recovery from crushing 
x2 is the plant density 

~0 
~1 
~2 
~3 
~4 
~5 
~6 
~7 
~8 
~9 
~10 
~11 
~12 
~13 
~14 

R2 

x3 is the final plant height 
~is the NDF 
X5 is the squared plant density 
X6 is the squared NDF 
X7 is the squared ADF 
X8 is the cross product of recovery from crushing and NDF 
X9 is the cross product of recovery from crushing and ADF 
X 10 is the cross product of plant density and final plant height 
X 11 is the cross product of final plant height and NDF 
X 12 is the cross product ofNDF and recovery from stem bending 
X 13 is the cross product of ADF and recovery from stem bending 
Xt4 is the cross product ofNDF and ADF 

2001 2002 

Coefficient St. error Coefficient 

0.332 0.207 0.467 
-0.002 0.002 -0.002 
-0.001 0.001 -0.001 
0.009 0.004 0.009 

-0.006 0.007 -0.010 
0.001 0.001 0.001 
0.001 0.001 0.001 
0.001 0.001 0.001 
0.001 0.001 0.001 
-0.001 0.001 -0.001 
-0.001 0.001 -0.001 
-0.001 0.001 -0.001 
-0.001 0.001 -0.001 
0.001 0.001 0.001 

-0.002 0.001 -0.001 

0.617 0.661 
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St. error 

0.162 
0.002 
0.001 
0.002 
0.004 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 



Combined Data 

Coefficient St. error 

~0 0.466 0.118 
~I -0.002 0.001 
~2 -0.001 0.001 
~3 0.008 0.001 
~4 -0.010 0.003 
~5 0.001 0.001 
~6 0.001 0.001 
~7 0.001 0.001 
~8 0.001 0.001 
~9 -0.001 0.001 
~10 -0.001 0.001 
~II -0.001 0.001 
~12 -0.001 0.001 
~13 0.001 0.001 
~14 -0.001 0.001 

R2 0.653 

4. Predicted Stem Diameter/ADF = ~0 + ~ 1X 1 + ~2X2 + ...... + ~nXn 

where X 1 is the final branch number 
X2 is the final plant height 
X3 is the NDF 
~ is the squared final branch number 
X5 is the squared plant density 
X6 is the squared NDF 
X 7 is the cross product of final branch number and plant density 
X8 is the cross product of final branch number and final plant height 
X9 is the cross product ofNDF and recovery from crushing 
X10 is the cross product of recovery from crushing and ADL 
X 11 is the cross product ofNDF and plant density 
X12 is the cross product of plant density and ADL 
X 13 is the cross product of final plant height and NDF 
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2001 2002 

Coefficient St. error Coefficient St. error 

~0 0.030 0.037 0.015 0.024 
~1 0.002 0.001 0.003 0.001 
~2 0.002 0.001 0.001 0.001 
~3 -0.001 0.001 -0.001 0.001 
~4 -0.001 0.001 -0.001 0.001 
~5 0.001 0.001 0.001 0.001 
~6 0.001 0.001 0.001 0.001 
~7 -0.001 0.001 -0.001 0.001 

~8 -0.001 0.001 0.001 0.001 
~9 0.001 0.001 0.001 0.001 
~10 -0.001 0.001 -0.001 0.001 
~11 -0.001 0.001 -0.001 0.001 

~12 0.001 0.001 0.001 0.001 
~13 -0.001 0.001 -0.001 0.001 

R2 0.600 0.660 

Combined Data 

Coefficient St. error 

~0 0.014 0.016 
~1 0.003 0.001 
~2 0.002 0.001 
~3 -0.001 0.001 
~4 -0.001 0.001 
~5 0.001 0.001 
~6 0.001 0.001 
~7 -0.001 0.001 
~8 0.001 0.001 
~9 0.001 0.001 
~10 -0.001 0.001 
~11 -0.001 0.001 
~12 0.001 0.001 
~13 -0.001 0.001 

R2 0.650 
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