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ABSTRACT 

A major agronomic problem in wheat that has far-reaching economic consequences is lodging. 

Development of selective breeding tools that are dependent on abiotic and biotic factors could be 

the only reliable way to limit lodging. The objective of this research was to investigate new lines 

derived from a cross breeding of two wheat cultivars; AC Cadillac and Carberry, and observe the 

yield, traits and their correlation to lodging. The effect of moisture on the biomechanical traits was 

also investigated.   The biomechanical traits of the selected lines were investigated using a three-

point bending test procedure. The values for the biomechanical properties measured (bending 

strength, modulus of elasticity, and flexural rigidity) showed to decrease with increase in moisture 

content. The parent AC Cadillac showed to have higher strength values compared to Carberry in 

all blocks. The biomechanical values calculated for these lines were correlated with the lodging 

scores and morphological traits. Internode bending strength was positively correlated with density 

(r = 0.70, P < 0.05), slenderness ratio (r = 0.44, P < 0.05), and stem height (r = 0.43, P < 0.05) 

while flexural rigidity was positively correlated with stem wall thickness (r = 0.57, P < 0.05), and 

modulus of elasticity was positively correlated with density (r = 0.55, P < 0.05). At 14% moisture 

content, root lodging was positively correlated with bending strength, modulus of elasticity, and 

flexural rigidity (r = 0.41, P < 0.05, r = 0.39, P < 0.05 and r = 0.36, P < 0.05 respectively) while 

at 22% moisture content the lodging scores were positively correlated with bending strength, 

modulus of elasticity, and flexural rigidity (r = 0.17, P < 0.05, r = 0.24, P < 0.05 and r = 0.20, P 

< 0.05 respectively). Difference in strength values was found within replicates of the same line, 

which could be because of soil heterogeneity and anisotropicity of the wheat stems.  

 The morphological traits of these selected lines were investigated using a laser length measuring 

device, weighing balance, and an imaging device. Lodging scores/numbers were assigned based 

on observation and discretion using a scale of 1-9. The morphological traits measured were stem 

height, length of the second internode, slenderness ratio, density, thickness, and volume. The 

height of the wheat stems, the slenderness ratio of the second internode, and density of the wheat 

stems showed positive correlation with lodging scores (r = 0.52, r = 0.30, r = 0.35 respectively, P 

< 0.05).  

The effect of insoluble carbohydrates (cellulose, hemicellulose and lignin) on lodging, 

morphological traits, and biomechanical traits were investigated using Fourier Transform Infrared 



iii 
 

Spectroscopy (FTIR). Twelve wheat stem lines were selected based on their bending strength 

values to be investigated for variation of insoluble carbohydrates, and their effect on lodging. Lines 

having high, intermediate, and low bending strength values were picked within the parents and the 

entire new population derived. It was observed that there was no significant correlation between 

these insoluble carbohydrates and lodging. Stem height and density of wheat stem are key 

morphological traits to look at when considering plant breeding techniques in creating a lodging 

resistant variety. However other internal components could be researched and correlated to lodging 

as insoluble carbohydrates showed no significant correlation to lodging in this study. 
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1 Introduction 

1.1 Background 

The demand for food globally is expected to double by 2050, while natural resources and arable 

lands continuously shrink and deteriorate because of increase in population growth (Barrett 2010). 

Sustainable food security in the context of continued population growth and changing diets is a 

major challenge given the world’s changing climate (Govindan and Singh 2013). Estimates predict 

global demand for crops to increase; one of the world’s staple foods, wheat, is predicted to increase 

from 696 million tonnes in 2009 to 914 million tonnes in 2020 to meet global demands (Ortiz et 

al. 2007; Govindan and Singh 2013). Hence, not only does wheat play a key role in current global 

food security but it will also contribute to poverty alleviation and future food security (Govindan 

and Singh 2013). Wheat is a food crop that is widely cultivated because it produces good yield per 

unit area, has a short growing season, and grows well in temperate climates. It is grown on more 

than 218 million hectares (540 million acres) ("FAOStat", 2018), a larger area than for any other 

crop. Canada was among the top ten countries that exported the highest dollar value worth of wheat 

during 2017, placing third with a dollar value of $5.1 billion and contributing 13% of total wheat 

exports (worldstopexports.com, 2017, https://www.trademap.org/Index.aspx) as shown in Table 

1.1. 
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Table 1.1 World’s top ten wheat exporters and the corresponding dollar value. 

Country US Dollar Value of Export  

($ billion) 

World Total Percentage  

United States 6.1 15.7% 

Russia  5.8 14.8% 

Canada 5.1 13% 

Australia 4.7 11.9% 

France 3 7.7% 

Ukraine 2.8 7.1% 

Argentina 2.4 6.1% 

Germany 1.6 4.1% 

Romania 1.1 2.9% 

Bulgaria 0.77 2% 

Source: http://www.worldstopexports.com/wheat-exports-country/ 

 A quarter of global agricultural lands are used for wheat cultivation, equaling more than 

660 million metric tonnes of grain produced annually making wheat second to maize in terms of 

production. Classification in wheat is performed based on growth habit, species, and commercial 

types (Charles 2016). With reference to this classification, there are three growth habits (spring 

wheat, winter wheat, or facultative wheat), sixteen species, and two commercial types: macaroni 

(Triticum durum) and bread wheat (Triticum aestivum) (Charles 2016). There are sixteen species 

of wheat, however, the major species of wheat cultivated are: a) spelt (T. spelta), a hexaploid 

species cultivated in limited quantities; b) emmer (T. dicoccum): a tetraploid species which is no 

longer in widespread use; c) einkorn (T. monococcum), a diploid species; d) durum (T. durum), a 

tetraploid and second most widely planted wheat species; and e) common or bread wheat (T. 

aestivum), another hexaploid, and the most widely cultivated wheat species (Charles 2016). 

Despite the diversity of wheat varieties, the major aerial portions of wheat plants are the grain, 

straw (stem), leaves, and chaff; the major underground organ is the roots (Figure 1.1) (Edet 2015).  

The grain is the source of food production and the wheat straw is the major residual part that can 

be used for many purposes such as livestock bedding, animal feed, basket making (Tehmina and 

Umarah 2012) as well as biofuel production (Ruiz et al. 2012). 
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Figure 1.1 Schematic diagram of a wheat plant. 

Since increases to arable land are limited due to population expansion, future incremental 

growth in wheat production needs to be achieved through enhancement of productivity per unit 

area and this can be achieved through cultivar development and plant breeding (Govindan and 

Ravi 2013). Plant breeding is the science of modifying traits in plants to achieve the desired 

beneficial features or characteristics through the process of selection (Sleper and Poehlman 1995; 

Deppe 2000). Usually, breeding begins with a genetic cross, parent A x parent B, and successive 

rounds of propagation occur, through generations of filial populations, to select plants with 

desirable features and cull those with less desirable features (Deppe 2000). The most important 

aims of breeding include high grain yield, high grain quality, moisture and heat tolerance, disease 

and insect resistance, yield stability, abiotic and biotic stresses tolerance or resistance, and end-use 

quality characteristics (Calderini and Slafer 1999). However, lodging in wheat plants has been the 

major deterrent in breeding for high yield in wheat plants. With importance to yield and yield 



4 
 

stability, a key trait of focus during plant breeding is plant standability – it is always assessed 

during cultivar development. The stems and roots of the plant must be able to support the weight 

of the grain-bearing reproductive structures – the  failure of stems or roots results in a phenomenon 

known as lodging. This thesis will focus on the relationship between morphological properties, 

biomechanical properties, and lodging scores. The knowledge of this relationship will aid in 

selecting the best cultivar to resist lodging in wheat breeding. 

 Hundreds of new cultivars have been derived from the selective propagation process in 

Canada, cultivars such as Katepwa, AC Cadillac, Carberry, Alsen, Superb, to name but a few. AC 

Cadillac is a hard-red spring wheat (Triticum aestivum L.) developed by the Lethbridge Research 

Centre, Lethbridge, AB and Semi-arid Prairie Agricultural Research Centre, Swift Current, SK 

(DePauw et al. 1998). It was derived from the cross of two lines, BW90 and BW553. This cross 

was initiated to combine the characteristics of BW553 having resistance to common bunt due to 

the presence of Bt10 gene, and BW90 having high protein concentration and high yield potential 

(DePauw et al. 1998).  AC Cadillac showed taller stems compared to other checks and its yield 

and agronomic performance over two locations were outstanding compared to the checks based 

on the field tests done by the Western Bread Wheat Cooperative in 1993-1995 (Table 1.2).  

The disease reaction test for AC Cadillac gave a good result with reference to the initial 

breeding priorities as it showed resistant to the prevalent races of stem rust, common bunt, leaf 

rust and loose smut, and moderate resistance to common root rot (DePauw et al. 1998). AC 

Cadillac is also characterized as red-colored kernel with resistance to shattering, like Katepwa 

variety (one of the checks) and its end-use suitability based on the 3 years of trials by the Western 

Bread Wheat Cooperative. AC Cadillac also displayed high grain quality like the Neepawa 

cultivar, and thus was eligible for grading as a Canadian Western Red Spring.  
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Table 1.2  Performance of AC Cadillac and check cultivars in Western Canada (DePauw et al. 

1998) (data reproduced with permission from Canadian Science Publishing). 

Cultivars Yield (kg ha-1)  Days to Maturity 

 Zone 1 Zone 2 Mean  Zone 1 Zone 2 Mean 

AC Cadillac 3480 4240 4120  103.9 106.5 106.2 

AC Eatonia 3230 3840 3730  103.5 107.2 106.7 

Katepwa 3310 3920 3810  103.3 105.7 105.3 

Laura 3400 4250 4100  105.0 108.5 108.1 

Neepawa 3270 3910 3800  102.7 105.7 105.3 

LSD(P<0.05)   1.33    0.8 

#tests 6 27 33  3 22 25 

Cultivars Height 

(mm) 

Lodging (1-9) Test Weight (kg hL-1) Kernel weight (mg) 

AC Cadillac 1030 2.3 82.3 37.5 

AC Eatonia 980 3.2 80.9 33.6 

Katepwa 1000 1.8 80.0 32.8 

Laura 980 2.7 80.3 33.4 

Neepawa 1000 1.9 80.1 32.8 

LSD(P<0.05) 1.0 0.4 0.5 0.5 

#tests 29 18 32 32 

Zone 1: Stewart Valley and Swift Current, SK; Zone 2: Watrous, SK, Scott, SK, Regina, SK, 

Elrose, SK, Ellerslie, AB, Lethbridge, AB, Kernen, SK, Indian Head, SK, Beiseker, AB, Melfort, 

SK, Acme, AB. 

 

Carberry on the other hand, a hard red spring wheat (Triticum aestivum L.) was developed 

by Semi-arid Prairie Agricultural Research Centre (SPARC), Swift Current, SK (DePauw et al. 

2011). It was derived from the cross of Alsen/Superb with a designation of B0065 in 2000 at Swift 

Current, Saskatchewan by SPARC, AAFC (DePauw et al. 2011). It is a doubled haploid line 

generated through the maize pollen method (Knox et al. 2000). B0065&AK043 (Carberry) was 

selected out of other lines from the population because of its early maturity, strong stems and 

acceptable height, high grain protein concentration, resistance to diseases like fusarium head blight 
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(FHB), leaf and stem rust, and loose smut and common bunt (DePauw et al. 2011). The 

experimental line B0065&AK043 was also known as BW874 through field testing done by the 

Western Bread Wheat Cooperative (WBWC). Carberry has shorter stems and displayed the 

greatest lodging resistance compared to other checks, with yield and agronomic performance over 

three locations outstanding compared to the check lines during testing by the Western Bread Wheat 

Cooperative from 2006-2008 (Table 1.3).  

The disease reaction test for Carberry cultivar was good and showed high resistant to 

common bunt, moderate resistance to loose smut, and resistance to field stem rust. Carberry also 

showed resistance to FHB and its end-use suitability had improved protein concentration, better 

crumb structure as compared to the mean of check lines and other suitable quality parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Table 1.3 Grain yield of Carberry compared with check cultivars in Western Canada over three-

year period (2006-2008) (DePauw et al. 2011) (data reproduced with permission from Canadian 

Science Publishing). 

Yield (kgha-1) 

Cultivar 

Name 

Zone 1  Zone 2  Zone 3  Mean 

 2006 2007 2008  2006 2007 2008  2006 2007 2008  2006-

2008 

AC 

Barrie 

2663 2586 2905  3299 3453 4192  5547 4605 6305  3859 

Katepwa 2425 2400 2885  3430 3294 4205  5004 4110 5840  3742 

Laura 2009 2283 3270  3690 3281 4532  5526 4374 5990  3916 

Lillian 2165 2435 3165  3371 3239 4072  5032 4166 5748  3689 

Superb 2529 2966 3566  3543 3834 4898  5619 4474 6987  4250 

Mean of 

Checks 

2358 2534 3158  3467 3420 4380  5346 4346 6174  3891 

Carberry 3357 2932 3263  3901 3944 4563  5698 4546 6562  4266 

Cultivar 

Name 

Height 

(mm) 

Lodging 

(1-9) 

Maturity(d) Test weight 

(kg hL-1) 

Protein (%) Kernel size (mg) 

2006-

2008 

2006-

2008 

2006-2008 2006-2008 2006-2008 2006-2008 

AC 

Barrie 

970 2.1 98.6 79.6 15.2 33.8 

Katepwa 1010 3.1 97.5 78.4 14.9 32.0 

Laura 1000 3.8 100.0 79.0 15.0 31.9 

Lillian 970 3.1 98.8 78.1 16.3 35.0 

Superb 900 2.1 100.8 79.5 14.7 32.0 

Mean of 

Checks 

970 2.8 99.1 78.9 15.2 34.2 

Carberry 850 1.7 101.0 80.8 15.2 35.0 

Zone 1: Swift Current, Stewart Valley, SK; Zone 2: Watrous, Scott, Regina, SK, Neapolis, 

Lethbridge, AB, Kindersley, SK, Irricana, AB, Indian Head, SK, Beiseker, AB; Zone 3: Melfort, 

SK, Lacombe, AB. 
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1.1.1 Lodging 

Lodging is the permanent displacement of plant shoots from an upright position, which can be 

induced by external forces such as wind, rain, or hail. The stem may remain straight throughout 

the length but bent at one position or become curved in various forms – the overall effect is that 

the plants rest more towards a horizontal position. Movement from a vertical position can affect 

photosynthesis and increase moisture and disease around the grains thereby causing yield 

reductions as high as 50% (Stapper and Fischer 1990) and loss of bread making quality (Berry et 

al. 2004). 

Lodging may lower grain yield directly by interfering with the accumulation of dry matter 

or indirectly reduce the yield owing to the difficulties that it may cause during harvest (Pinthus 

1974). Pinthus (1974) also reported that the severity of lodging and the degree of losses due to 

lodging depend on the environment in which the crop is grown and the growth stage at which 

lodging occurs. Hence favorable growing conditions, promotion of grain yield, and crop 

development will cause the manifestation and increase the severity of lodging. According to 

Pinthus (1974), when considering other estimates on the frequency and severity of lodging, it may 

be ascertained that in high yield potential regions the damage due to lodging is at least as great as 

that due to insect pests and other cryptogamic diseases. In order to control lodging, past scientists 

are given credit for an outstanding achievement in increasing lodging resistance by using shorter-

strawed cultivars, however instead of eliminating the problem, it has rather concentrated it into a 

narrower range of conditions and transferred into a higher level of yields (Pinthus 1974). There 

are two main forms of lodging which can be as a result of over-turning of the anchorage system or 

buckling of the stem base (Berry 2015).  Over-turning of the anchorage system is termed root 

lodging and buckling of the stem base is termed stem lodging.  

1.1.1.1 Root lodging: Root anchorage and the extent of the plant root system contribute 

significantly to plant standability and resistance to lodging. Root lodging occurs when the root 

system is not able to resist the forces of the wind and rain due to stress created by the above ground 

portions of the plant. When irrigation or rain occurs, the upper layer of the soil tends to soften up, 

hence the anchorage of the plants is weakened, and a breeze of lighter intensity may even exert a 

sufficient torque to induce lodging (Udagawa and Oda 1967). During root lodging, the root system 

uproots or rotates in the soil (Sterling et al. 2003) because of the forces exerted from or on the 
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above-ground plant portions. Root lodging can occur earlier in the season before cereal maturity 

such as during the flowering stage, and it is the most common type of lodging that occurs in cereals 

(Sterling et al. 2003). It was shown by Ennos (1991) that the anchorage of spring wheat depends 

on a thick basal region of roots including coronal roots rather than on the finer and more distal root 

regions in the plant. It was also reported by Crook and Ennos (1993) that, the 10-20 coronal roots 

that emerge from the base of the stem have been heavily lignified around their perimeter making 

them resistant to bending. This phenomenon is not applicable to winter wheat as it has different 

root morphology (Crook and Ennos 1993). Overall, rain or sprinkler irrigation may promote 

lodging, through increase in soil moisture and since wetting the plants increases the weight of the 

above-ground biomass which in turn increases torque (Pinthus 1974). It can be inferred that root 

lodging is the predominant type of lodging that occurs during crucial growth stages of the wheat 

plant and the main agents are rain and irrigation that weaken the anchorage of plants by moistening 

the soil (Pinthus 1974). 

1.1.1.2 Stem lodging: Stem lodging results from the bending or buckling of the lower stem 

internodes due to external or internal factors (Neenan and Spencer Smith 1997). Wheat can 

partially recover after wind damage while growing if there is enough access to water and nutrients 

(Berry et al. 2016). Experiments conducted in wind tunnels (Bauer 1964; Udagawa and Oda 1967) 

show that for stem lodging to occur, high wind velocities between 15 to 30 ms-1 are necessary but 

even under these wind forces, it was observed that if the intact stems were moist and turgid, they 

rarely broke (Pinthus 1974). Hence, lodging due to stem fracture is only expected to occur at the 

senescence stage of plants after ripening has occurred (Pinthus 1974). Berry et al (2003a) validated 

a model predicting lodging risk and predicted that stem lodging occurs when the failure moment 

of the stem base is exceeded by the leverage of the shoot. 

During the green revolution, plant breeders reduced lodging risks by introducing semi-

dwarfing genes, such as Rht-B1b and Rht-D1b, into breeding programs to produce cultivars with 

greater resource partitioning to the grain and plants with shorter height and stem length (Wilhelm 

et al. 2013). Additional agronomic methods that have been used to reduce lodging include: 

introducing plant growth regulators to shorten crops, delaying sowing time, reducing seed rate, 

reducing and delaying nitrogen fertilizer application, and rolling the soil (Berry et al. 2004). 

However, shortening plants with growth regulators through sequential application may leave 
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harmful residues on the grain (Berry et al. 2004). Thus, if there is limited scope to further reduce 

plant height, it follows that the strength of structures supporting the plant must be improved upon 

to decrease lodging risks. Hence, improvements to plant standability to counter the escalating 

lodging risk, must be accomplished in breeding programs if higher harvest yields are to be 

achieved. 

The characteristics of a wheat plant for lodging avoidance have to do with improvements 

in stem failure moment and anchorage failure moment; that is increasing the stem and anchorage 

strengths so that the moment of failure is increased (Berry et al. 2007). To maximize stem strength 

for the least investment in dry matter, increases in the stem diameter and materials of the stem wall 

is of high necessity (Berry et al. 2015). Assuming the wheat stem as a cylindrical rod, certain 

mechanical properties can give an insight to the strength properties of the wheat stem in relation 

to lodging. These strength properties (bending strength, flexural rigidity, and modulus of elasticity) 

relate to stem traits and phenotypes that can assist plant breeders in development of lodging 

resistant cultivars – identification of gene markers and discovery of the genes responsible for 

beneficial stem strength traits will further this goal.  

1.1.2 Mechanical Properties of Wheat Stems 

The knowledge of the mechanical properties of wheat stems can help to objectively differentiate 

strength properties amongst wheat cultivars; thus, pinpointing the cultivar with the strongest stem 

resistant to lodging. 

1.1.2.1 Bending strength: Sclerenchyma cells are responsible for resisting bending stress on plant 

stems; these cells appear near the outside of stems where the bending stress is the highest (Evans 

et al. 2007). A comparison made between the bending strength of a frame supported wheat stem 

and a free supported wheat stem showed that the free-standing wheat stem had more strength and 

lodging resistance, although the difference was significant it was not a pronounced difference 

(Crook and Ennos 1996). The mechanical properties of stems are a function of the biological and 

physiological properties of the plant (Persson 1987; Tavakoli et al. 2009a). Moisture content and 

internode position have significant effects on the strength properties of the plant. Increased 

moisture content leads to a decrease in bending strength, and bending strength decreases from the 

first to third internode based on results derived using a three-point bending strength test (Edet 

2015; Esehaghbeygi et al. 2009; Takavoli et al. 2008, 2009a).  
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1.1.2.2 Straw stiffness and straw strength:  Straw stiffness can be referred to as flexural rigidity of 

the stem (Pinthus 1974). According to Pinthus (1974), flexural rigidity of the stem can be estimated 

by numerous methods such as: using a spring balance to measure the force required to pull 

horizontally a certain number of stems growing closely in the field to the reclining position at a 

certain angle; and also the snap test (i.e. grading of plants in the field according to the force 

required to pull a handful of stems to a reclining position and their resilience in the process). The 

snap test is the most widely used method in determining straw stiffness (Pinthus 1974). According 

to Pinthus (1974), a high value for the flexural rigidity of the stem may be due to both modulus of 

Elasticity (E) and moment of inertia (I) since its derivation depends on the product of the two, 

which in wheat originates mainly because of the high value from modulus of elasticity (E). Hence, 

high flexural rigidity may contribute more to lodging resistance as a result of its effect on the straw 

strength i.e., the highest bending moment resistance of the stem (Pinthus 1974). 

1.1.2.3 Breaking strength: Breaking strength refers to the force required to break a section or part 

of a certain length of the basal stem internodes (Pinthus 1974). According to Pinthus (1974), 

breaking strength changes during the developmental period from heading to maturation and the 

values obtained are solely dependent on the growth stage of the plant during the time the testing 

was conducted.  Pinthus (1974) also reported that the same principle is applicable to calculating 

other characteristics associated with lodging, which also vary according to the time of plant 

development, such as the straw strength and chemical composition. It can be deduced that the 

breaking strength may also indicate lodging resistance since it is associated with stem lodging 

following fracture of the stems as well as its relation to the elastic limit and flexural rigidity which 

both can affect lodging (Pinthus 1974).  

According to Christopher et al. (2005), for a 3- and 4-point bend test, modulus of elasticity 

can be calculated using derived equations from standard beam theory for specimens with circular 

surfaces respectively (Gere and Timoshenko 1990). 

To determine the modulus of elasticity of a material using a three-point bending test, the 

mathematical relationship is shown in (1.1); 

E =   
b

b

dI

FL

48

3

                                                                                                      (1.1) 
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As for cases where the four-point bending test is used in analyzing the modulus of elasticity 

of a material, the mathematical relationship is (1.2).  

E = 
b

b

dI

aF

48
(3L2 – 4a2)                                                                                                 (1.2) 

where: 

E= modulus of elasticity of the stem (GPa), 

L = the distance between the support points (mm), 

d = the deflection of the stem (mm), 

a = the distance between the support and the load points (mm), 

Fb = the bending force (N), and 

Ib = second moment of the area (mm4). 

Edet (2015) reported that O’Dogherty et al. (1995), Tavakoli et al. (2009), and 

Mostafavand and Kamgar (2010) used the equations below to determine the maximum bending 

strength. 

σb = 

b

ab

I

lrF

4
                                                                                                                            (1.3) 

where:  

σb = the bending strength (MPa), and 

ra = the axis of the cross section (outer radius) (mm). 

The calculation of the second moment of area for the solid and hollow stem samples (1.4 

and 1.5 respectively) was carried out as follows (Shrivastava et al. 1994): 

Ib = ( )4

64
fD


                               Circular solid stem                                            (1.4)                                                                                              

Ib = ( )tD f

3

32

3
                              Circular hollow stem                                             (1.5) 
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where: 

Df = Fiber diameter (mm) = 2Rf, 

Rf  = Radius from the neutral axis of the stem to the most distant load carrying fiber (mm), and 

t = stem thickness (mm). 

1.1.3 Stem Wall Properties of Wheat Stem 

The outermost layer of plant cells is composed mostly of cell walls that provide a protective 

physical barrier against stresses such as harsh biotic and abiotic stresses, and this cell wall can 

determine important properties like mechanical strength, texture, capacity to bind molecules and 

sequester toxic ions as well as resistance to pathogenic microorganisms (Ana et al. 2011). They 

also play an essential role in controlling cell growth, provision and build-up of useful molecules 

or protein in the case of pathogen attack and other environmental stresses. According to Jian et al. 

(2012), wheat stem cell walls are mainly composed of cellulose, lignin, protein, and pectin. 

Kokubo et al. (1991) and Li et al. (2003) reported that the content of cellulose in the cell wall was 

significantly correlated with stem strength while others (Li et al. 2003; Jones et al. 2001) suggested 

that lignin may also contribute to cell wall strength (Jian et al. 2012).  

1.1.4 Knowledge Gap 

Wheat plants as a biological entity are anisotropic (possessing different properties in different 

directions) and variable in nature. However, assumptions on the wheat plant being homogenous 

have been used in predicting the pattern of its growth and possible yield in this study.  For a wheat 

plant to have high yield potential and stability, the stem needs to be strong enough to withstand all 

forms of external forces, e.g. wind, that cause bending or failure of the stem, and root system- or 

lodging. Plant standability becomes a greater challenge in the context of climate change, and the 

fact that loss of crops due to extreme weather events are on the rise (Godfray et al. 2010; Powell 

and Reinhard 2016). The importance of developing wheat cultivars with the highest lodging 

resistance cannot be understated. The strength of the wheat stem and its ability to maintain an 

upright position needs to be given careful and dissecting consideration when hoping to achieve 

higher yield potentials. To optimize the stem strength of a wheat plant, strength inducing properties 

need to be characterized and related to lodging resistance. Knowledge of beneficial stem 
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biomechanical traits will help plant breeders identify the genes responsible for these traits, and 

thus enabling incorporation of these genetic factors into the newest cultivars to reduce or eradicate 

lodging. 

1.2 Research Objectives 

The aim of this research is to determine the variability in the strength properties of wheat plants 

and correlate these properties to lodging score. To carry out this aim, the following specific 

objectives are set: 

1. To investigate the morphological traits of 208 genetic lines of a bi-parental population derived 

from the wheat cultivars Carberry and AC Cadillac and its relation to lodging. 

2. To investigate the biomechanical traits of 208 genetic lines of a bi-parental population derived 

from the wheat cultivars Carberry and AC Cadillac, with emphasis on the second internode as 

a function of stem moisture content using the three-point bending test and; 

3. To investigate the effect of insoluble carbohydrate amount on lodging and other measured 

properties. 

1.3 Organization of the Thesis 

This thesis is organized and formatted according to the guidelines for manuscript-style theses of 

the College of Graduate Studies and Research at the University of Saskatchewan. It has six 

chapters, three of which are research manuscripts. Within each of these three manuscripts, a 

transition section on the “Contribution of the MSc Candidate” is incorporated. One of the three 

manuscripts (chapter 3) was presented at the CSBE/SCGAB Annual General Meeting and 

Technical Conference, Guelph, ON, July 22-25. CSBE Paper No. 18-101. The other three chapters 

(chapters 2_4) include this introductory section, a fifth chapter containing general discussion and 

a final chapter consisting of conclusions and recommendations for future research (Chapter 6). A 

list of references is provided after Chapter 6. The Appendix contains supplementary data for the 

manuscript chapters. 
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2 Identification of Stem Morphological and Mechanical Traits Associated 

with Lodging in a Bi-parental (AC Cadillac and Carberry) Population of 

Wheat (Triticum aestivum L.) 

Contribution of the MSc Candidate  

The MSc candidate conducted the literature review, analyzed the outcomes, and prepared this 

manuscript on the identification of morphological and mechanical traits associated with lodging 

in wheat plants derived from a bi-parental population (Cadillac and Carberry). The research 

supervisor, Lope G. Tabil, provided guidance during the planning of the methodology and editorial 

advice during manuscript preparation. Co-supervisors, Bagher Emadi from Saskatchewan 

Polytechnic, provided guidance in structuring the paper, while Allan Feurtado from NRC (National 

Research Council, Canada) and research team, Parul Jain, Lanette Ehman, and Daiqing Huang 

collected the stem material and provided data on lodging and plant height. Germplasm was 

provided by Richard Cuthbert and Ron Knox from the Swift Current Research and Development 

Centre of AAFC; Santosh Kumar and Andrew Burt of the Brandon Research and Development 

Centre of AAFC contributed to the field trail experiments in Saskatoon. Reizelle Mae Malenab, 

and Irvin Christian Capada from the University of Saskatchewan assisted in experiments involving 

the measurement of the bearable load and diameter of the wheat stems.  

2.1 Abstract 

The objective of this research was to investigate and characterize the morphological traits of a 

doubled haploid population derived from wheat parental cultivars AC Cadillac and Carberry and 

determine the effect of the morphological traits on lodging with the goal to identify a trait (s) that 

can be utilized in selection of lodging resistant cultivars. The morphological traits measured were 

stem height, length, slenderness ratio, stiffness, density, diameter, thickness, and volume. The 

measured morphological traits for these lines were correlated with root lodging scores and 

biomechanical traits. The height and density of the wheat stems showed a positive correlation with 

lodging scores (r = 0.50 and r =0.35 respectively) (P<0.05). The density also showed a strong 

positive correlation with bending strength (r = 0.70). It was observed that AC Cadillac had the 

strongest, tallest and most dense wheat stems amongst the checks (AC Cadillac, Carberry, and 

Glenn). The stem wall thickness showed negative correlation to density, and this may be due to 

the porous nature of the wheat stems. The denser and taller wheat stems will be susceptible to 
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lodging if the root system is not strong and deeply embedded in the soil. This study shows wheat 

stems having heavier biomass above the ground are prone to lodging. In order to mitigate lodging 

and have a large portion of above-ground biomass, the root system needs to be investigated and 

ways to increase anchorage strength researched upon. 

2.2 Introduction 

Wheat is one of the most important cultivated food crops in the world (Mohammad et al. 2011). 

The importance of wheat, and exponential increase in the world’s population during the 20th 

century led plant breeders to seek a ‘green-revolution’ that significantly increased the yield 

potential of this world-renowned crop (Mohammad et al. 2011). Extensive research has occurred 

to discover morphological traits that can increase biomass and assimilate partitioning to the 

reproductive structures in order to increase grain yields (Mohammad et al. 2011). Khan and Naqvi 

(2012) reported that grain yield could be increased through the selection of plants with more 

spikelets per spike and taller plant heights. Shah et al. (2003) reported a negative correlation 

between plant height and harvest index. Grain yield can be increased through introduction of the 

reduced height (Rht) or dwarfing genes which reduce plant height and also affect wheat spike 

morphology and grain number and size. The three commonly adopted dwarfing genes worldwide 

are Rht-B1, Rht-D1, and Rht8 (Youssefian et al. 1992). The first two, Rht-B1 and Rht-D1, have 

had a tremendous impact on vegetative dry-matter accumulation and stem elongation and are 

gibberellin (GA) insensitive dwarfing genes which dominantly inhibit the GA signaling pathway 

(Youssefian et al. 1992). Semi-dwarf plants possess a larger portion of assimilates allocated to the 

developing spikes compared to the tall plants, which gives rise to increased grain number per spike 

and improved spikelet fertility (Youssefian et al. 1992; Flintham et al. 1997).   

Grain yield is significantly reduced by various abiotic stresses, diseases, insects, and plant 

lodging (Pinthus 1974). Lodging is the permanent displacement of plant shoots from an upright 

position due to impact from an external force such as wind, rain, or hail. Lodging reduces grain 

quality and results in significant to severe yield losses due to: a) reduced canopy photosynthesis; 

b) reduced translocation of carbon and nutrients for grain filling; c) increased respiration; and d) 

increased susceptibility to diseases and pests (Pinthus 1974). In wheat, lodging can be caused by 

buckling of the stem base or over-turning of the anchorage system (Berry 2015).  Buckling of 

stems at the base is termed stem lodging while over-turning of the anchorage system in the soil is 
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termed root lodging. Studies have shown that basal internode length and thickness, culm wall 

thickness, plant height, sheath wrapping, and thickness of the leaf all contribute to lodging 

resistance in cereals (Chang and Vergara 1972; Hojyo 1974; Matsuda et al. 1983).  According to 

Zuber et al. (1999), in spring wheat, higher correlations were found between lodging resistance 

and morphological traits in wheat stems harvested at anthesis as compared to those harvested after 

maturity. They further discovered that stem fresh weight traits had a higher correlation to lodging 

resistance as compared to its corresponding dry matter parameter, with significant correlation 

noticed in the stem weight per length of the stem (gcm-1), thus concluding heavier stems indicated 

better lodging resistance (Zuber et al. 1999). In barley, lodging resistant was found to be associated 

with the thickness of the sclerenchyma ring and culm wall thickness (Dunn and Briggs 1989). 

However, as wheat breeding and selection intensified in the 20th century, there has been a shift in 

the causes of lodging from reports of stem failure to a focus on root anchorage failure (Zuber et al. 

1999). Structural failure in wheat stems occurs as a result of buckling in the stem rather than 

weakness in the anchorage strength (Neenan and Spencer-Smith 1975), whereas, Crook and Ennos 

(1993) proved that the occurrence of stem lodging was rare due to the selection of more rigid and 

short-stemmed varieties within the past 40 years. As a result selection and breeding for higher 

yields, modern varieties have smaller root to shoot ratios, shorter plants, and higher harvest indexes 

as compared to older varieties, thus contributing to a shift in the prevalence of stem and root 

lodging (Siddique et al. 1990, Zuber et al. 1999). Zuber et al. (1999) reported that the diminishing 

water content in wheat stems and other aerial parts may be responsible for the reduced correlation 

values with lodging scores as higher correlation was observed at anthesis as compared to after 

maturity. They also reported a positive correlation between plant height (r=0.49), stem length 

(r=0.51), and lodging score, but Baier (1965) observed significant positive correlation between 

stem length of the three lower internodes of the barley stem and lodging resistance (r=0.50-0.73), 

while Backes et al. (1995) observed no correlation between plant height and lodging resistance for 

250 double haploid barley lines. 

Thus, a key aspect to increase yield and reduce lodging, is to determine which 

morphological traits of wheat stems are beneficial for lodging resistance and optimize plant 

standability. The objective of this thesis chapter is to investigate the relationship between lodging 

scores, stem morphological characteristics (second internode length, volume, stem wall thickness, 

height, slenderness ratio, and density), and stem bending strength properties of wheat lines derived 
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from the bi-parental population of AC Cadillac, a tell-stemmed cultivar, and Carberry, a short-

stemmed cultivar.  

2.3 Materials and Methods 

2.3.1 Plant Material and Field Experiments  

A 208-line subset of a 775 line doubled haploid population derived from wheat parental cultivars 

AC Cadillac and Carberry was used in this study. One hundred lines, of the 208, were randomly 

selected, and an additional 108 lines normalized for plant height and maturity were selected for 

greater sensitivity to lodging. An augmented randomized complete block design was used with 

AC Cadillac, Carberry, and Glenn cultivars serving as check entries in each block. Glenn was 

selected as a check cultivar because its medium height stem and good yield properties.  Sixteen 

blocks were generated, with 4 blocks per range, and each block containing sixteen 4’ x 11’ five-

rowed plots for a total of 256 plots in an experimental field test on Llewellyn farm in Saskatoon, 

SK (52°11'02.0"N) grown from May to September 2017 (Fig. 2.1). A plot was designated to each 

line of the two hundred and eight experimental lines from the population. AC Cadillac, Carberry, 

and Glenn cultivars were planted in different plots within a block and randomly repeated in plots 

of other blocks.  

2.3.2 Lodging Score 

Plant lodging was observed at maturity and scores (1-9) were assigned to lines based on the angle 

of deviation from stems in the upright vertical position. The scores were an assessment of the entire 

plot from an experimental line and rated based on the percentage and degree of lodging across the 

plot, with 1 assigned to stems within the plot that were standing at a totally upright position, 2-8 

was assigned to stems deviating away from the upright position based on severity, while 9 was 

assigned to plots that were 100% lodged with stems of the first internodes lying close to the 

horizontal position on the field. Lodging scores were assigned based on discretion and observation 

for all 208 lines plus check cultivars, Carberry, AC Cadillac, and Glenn.  

2.3.3 Sample Preparation 

Five wheat stems were collected from each of the 208 experimental lines and 48 check entry 

cultivars, making 256 samples in total for analyses. The labeled samples were kept in plastic 

bins. These plastic bins were placed in a controlled environment, set at 30% relative humidity 

and temperature of 4°C to maintain harvest condition. 
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Table 2.1 An excerpt of the random distribution of the check cultivars on the field. 

Block 1  C1 C3  C2 ………  

Block 2 C2   C3  ……… C1 

Block 3   C2 C1 C3 ………  

Block 4 C1    C2 ………  

Block 5  C3 C1   ……… C2 

. 

. 

. 

     ……… 

……… 

……… 

 

Block 15    C2  ……… C3 

Block 16 C3 C2   C1 ………  

C1= Carberry, C2= AC Cadillac, C3= Glenn (check cultivars). 
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a) Image of experimental lines planted in blocks on the field. 

 

b) Image of harvested experimental lines after maturity. 

Figure 2.1 Cultivation of wheat lines in block arrangement in Llewellyn farm, Saskatoon (a), and 

image of the harvested stems (b). 
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2.3.4 Morphological Properties 

All 256 lines were measured for morphological traits. The height h (mm) of each wheat stem from 

each line was measured from the base of the plant to the bottom of the panicle, and the second 

internode length L (mm) were recorded using a Leica DistoTM D2 laser distance meter (Leica 

Geosystems Inc. Norcross, GA). The internal and external diameter (mm) of the second internode 

was measured using the Wild Heerbrugg stereoscope with a magnification of 8x (Wild M3Z, Wild 

Heerbrugg, Gais, Switzerland), Paxcam3 camera (Midwest Information Systems, Villa Park, IL), 

and Intralux 500 light source. Approximately eight points were taken at random across the edges 

of the internode cross-section running through the centre, an average was taken as the diameter to 

account for the irregularity in the wheat stem’s cross-sectional surface as shown in Figure 2.2.  

The weights (g) of the cut second internode and the entire length of each stem sample for each line 

were recorded using a precision balance (0.01 g) (Mettler Toledo, Mississauga, Canada).   

Internode volume, density, and slenderness ratio were then estimated using the equations 

2.1, 2.2, and 2.3 respectively: 

 

V = 𝜋(𝑅2 – r2) L                    (2.1) 

where: 

V = volume of the second internode portion of the wheat stem (mm3), 

R = outer diameter of the second internode of the stem section (mm), 

L = length of the second internode of the stem section (mm), 

r = inner diameter of the second internode of the stem section (mm), and 

ρ = 
𝑚

𝑉∗10−9
                                    (2.2) 

where: 

ρ = density of the wheat stem at second internode (kg/m3), and 

m = mass of the second internode of the wheat stem section (kg). 

Slenderness ratio = 
𝐿

√
𝐼

𝐴

          (2.3) 

where: 

A = surface area of the cross-section of the second internode of the stem section (mm2), and 

I = second moment of the area (mm4) (using eqn. 1.5). 
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2.3.5 Mechanical Analysis Using a Three-Point Bending Test 

After measurement of morphological traits, a 30 mm length section from the second internode of 

the stems was cut at the area close to the base of the node and placed in a labeled plastic tube. The 

initial moisture content (%w.b.) of the stem sections was determined by oven drying a weighed 

portion of the samples at 103°C for 24 h and then reweighed after drying using ASABE standard 

S358.2 (Edet 2015). The samples were then placed in a humidifier (Model SH-841, Espec Corp, 

Kita-ku, Osaka, Japan) for 72 h at 25°C and a relative humidity of 78% to derive a moisture content 

of 14% (Edet 2015). The samples were taken out and kept in the controlled environment mentioned 

above to stop any form of moisture loss or gain prior to further testing. 
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a) Schematic diagram of the measured stem. 

 

b) Cross-section image of the cut stem. 

 

c) The Wild Heerbrugg stereoscope for imaging cross-section of wheat samples. 

Figure 2.2 Wheat stem thickness measurement showing the schematic diagram of the stem, (a) 

the captured image of a sample of the wheat stem taken by a Paxcam3 camera (b), and test set up 

on the Wild Heerbrugg stereoscope (c). 
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2.3.5.1 Biomechanical test: To determine the bending force on the wheat stem samples, a three-

point linkage bending equipment like the one described by Tavakoli et al. (2009) and Zareiforoush 

et al. (2010) was used (Figure 2.3.a). The Texture Analyzer (TAXT2, Texture Technologies Corp. 

Hamilton, MA) was used to carry out the three-point bending test (Figure 2.3.b). Force was applied 

at the center of the stem with a loading rate of 120 mm min-1 by a rectangular steel blade (Edet 

2015). Imaging of the transverse section of the stem was carried out using the Wild Heerbrugg 

stereoscope as detailed above in 2.3.4 (Figure 2.2.c). A cross-sectional image was taken and about 

twelve diameter lines were drawn from one edge of the outer part of the stem to the other, and the 

average diameter was recorded as outer diameter. The same procedure was performed to get the 

internal diameter of the stem, except that the lines were drawn from the edges of the inner part of 

the stem where the hollowness started.  

2.3.5.2 Flexural properties: The equation (1.2) was used in evaluating the bending strength 

properties of the wheat stems. In calculating the second moment of area for hollow stem samples 

equation (1.5) was used.  The equation (1.1) was used to evaluate the modulus of elasticity of the 

wheat stems, while the equation (2.4) below was used to evaluate the flexural rigidity of the wheat 

stems.                   

 EIb =  
𝐹𝑏𝑙

3

48𝛿∗109
             (2.4) 

where: 

EIb= flexural rigidity (Nm2, the result of the above equation divided by 106), 

E= modulus of elasticity of the stem (GPa, the result of the above equation divided by 103), 

l = distance between the support points (mm), 

δ = deflection of the stem (mm), 

Fb = bending force (N), and 

Ib = second moment of the area (mm4) (using eqn. 1.5). 
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2.3.6 Statistical Analysis 

All data were statistically analyzed using SAS 9.4 software (SAS software. Version 9.4 SAS 

Institute Inc. Cary, NC) at the 5% significance level. Missing data were estimated for using the 

Restricted Maximum Likelihood (REML) method. A log transformation was applied to the 

mechanical traits of the second internode to meet the normality assumption of the analysis of 

variance and mixed model tests while the morphological traits were used directly. A multiple linear 

regression model was fit to test for effects due to genotype and plot arrangement. Least square 

means were estimated for the genotypes to compare the morphological and biomechanical 

properties of the second internodes of the 256 plots from the field test. The Duncan’s Multiple 

Range Test (DMRT) was performed following the ANOVA tests to test for variation in the means 

for the biomechanical traits in each block. Since significant differences were present between 

blocks, DMRT was done within the blocks. To compare the relative effects of genotypes on 

biomechanical and morphological traits, the statistical model was: 

 

Yij = µ + βi +Cj +Ʈk(i) + Ɛij         (2.5)  

 

  

where: 

µ = grand mean,  

Ʈk(i) = fixed effect due to new entries,  

βi = random effect due to blocks, 

Cj = fixed effect due to checks, and 

Ɛijk = random error component. 

To estimate the Empirical Best Linear Unbiased Predictors (EBLUPs), the model in Eq. 

2.5 was the same except the new entries (Ʈk(i)) were considered as random effects instead of fixed. 

Robust correlation coefficients were estimated for the biomechanical and morphological properties 

of the wheat stems using the raw non-normally distributed data. 
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a) A schematic diagram of the 3-point bending test set-up. 

 

b)  Image of the three-point bending test set-up 

 

c) Force-deformation curve of the stem 

Figure 2.3 Three-point bending test of wheat stems showing the schematic diagram of the test 

(a), the test set-up on the Texture Analyzer (b), and a typical force-deformation curve generated 

during the test (c). 
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2.4 Results and Discussion 

2.4.1 Stem Morphological Properties 

No significant differences were detected in the thickness of the stem wall, length of second 

internodes, and slenderness ratio among the genotypes across the blocks (P<0.05), but there was 

a significant difference in the stem height across the blocks (P<0.05) (Table 2.2). There were no 

significant differences (P<0.05) within the blocks for the morphological properties (Table 2.2), 

except for the height of the stem. This could mean there was no variation due to the location of 

planting in the field. In general, variation existed between genotypes in the same plots. The 

thickness of the wheat stems observed between the checks showed no significant difference 

(P<0.05). 

The experimental lines of the population had varying degrees of stem thickness, with some thicker 

than the parents, while some were not (Table 2.3). AC Cadillac had the greatest length of second 

internode, and highest slenderness ratio amongst the checks and entire population except for one 

line (AW064), which was slightly higher (Appendix: Tables A.2-A.25). Carberry had smaller 

length of second internode and lower slenderness ratio as compared to Glenn, except for one 

inconsistency in the slenderness ratio (Figures 2.4 and 2.5).  
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Table 2.2 Analysis of variance of morphological characteristics of wheat stems (N=5). 

A. Dependent Variable: Length of Internode 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 17.44 6.27 1.84 0.075 

Check Entry 2 120.52 55.53 95.62 <0.0001 

New Entry 207 605.25 2.92 4.64 0.011 

R-Square C V RMSE Length of Internode 

0.98 5.87 0.79 135.3 

B. Dependent Variable: Height of Stem 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 236.86 15.79 2.11 0.04 

Check Entry 2 3140.8 1570.40 209.82 <0.0001 

New Entry 207 12494.98 60.36 8.07 0.01 

R-Square CV RMSE Height of Stem 

0.99 3.33 2.74 821.9 

C. Dependent Variable: Thickness of Stem 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.11 0.008 1.84 0.08 

Check Entry 2 0.0005 0.0003 0.06 0.94 

New Entry 207 2.16 0.01 2.56 0.002 

R-Square CV RMSE Thickness of Stem 

0.95 8.19 0.06 0.78 

D. Dependent Variable: Slenderness Ratio 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 9.81 0.65 1.50 0.17 

Check Entry 2 70.98 35.49 81.34 <0.0001 

New Entry 207 273.87 1.32 3.03 0.0003 

R-Square CV RMSE Slenderness Ratio 

0.97 7.85 0.66 84.2 

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS = 

Sum of Squares, Pr = Probability. 
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Figure 2.4 Average length of second internode of stems in the check cultivars for samples from 

16 blocks (n=5). 

 

Figure 2.5 Average slenderness ratio of stems in the check cultivars for samples from 16 blocks 

(n=5). 
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AC Cadillac was also observed to be the tallest cultivar of the entire population except for two 

experimental lines, BC012 and AC009, which were slightly higher. Glenn had stem heights in the 

mid-range of the data as compared to Carberry which was among the shortest stems compared to 

the experimental lines (Table 2.3). The volume of the internodes was significantly different 

(P<0.05) across the blocks with some lines having higher values compared to the checks 

(Appendix Table A.1). The volume of AC Cadillac stems was greater compared to the other two 

checks with inconsistencies observed in some blocks where other checks were more voluminous 

(Appendix: Figure A.1), which may be because of the anisotropic nature of the stems. The cross-

sectional area, however, showed no significant difference within the blocks (P<0.05) (Appendix: 

Table A.1). 

In measuring the density, a total of 242 lines were selected from the population. There were no 

significant differences in the density of the lines across the blocks but significant differences were 

observed in the genotypes and checks (Appendix: Table A.1). Generally, AC Cadillac had denser 

stems compared to the other two checks, Carberry and Glenn, as shown in Figure 2.6, and the 

entire population, except for a total of sixteen lines that were slightly higher (Appendix Tables 

A.18-A.21).  

2.4.2 Bending Strength Properties 

There were significant differences in the bending strength values among the genotypes across the 

blocks (P<0.01) as shown in ANOVA Table 2.4. The bending strength values for the stem samples 

varied across the blocks. Out of the 208 lines, 36 lines were observed to have higher bending 

strength values as compared to the values of the checks (Appendix: Tables B.2-B.9). 
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 Table 2.3 Average morphological and bending strength values (n=5) of the lines in block one 

Block One 

Block Two 
Line Length of 

internode 

(mm)* 

Slenderness 

ratio 

(mm/mm)* 

Bending 

strength (14%) 

(MPa)* 

Thickness 

(mm)* 

Height of stem 

(mm)* 

BE029 120.4abc(6.10) 77.8abc(2.9) 4.32a(0.81) 0.77abc(0.10) 780.2bcd(35.9) 

AM001 124.8bcd(13.5) 77.3abc(12.2) 4.63ab(0.63) 0.80abc(0.14) 790.8cd(21.8) 

AF044 161.2h(9.90) 99.1e(11.3) 5.26abc(0.64) 0.81abc(0.22) 990.4g(46.4) 

AC023 136.2cdef(20.7) 80.6abcd(15.6) 6.55bcd(1.78) 0.94c(0.12) 878.8e(27.3) 

AC056 103.8a(11.7) 66.3a(6.3) 6.30abcd(1.45) 0.94c(0.18) 706.2a(32.9) 

AZ056 121.8abcd(2.5) 78.2abc(4.1) 6.54bcd(0.97) 0.78abc(0.11) 761.8bc(17.4) 

AD012 145.4efgh(24.1) 89.4cde(10.1) 6.92cd(2.88) 0.84bc(0.19) 873.6e(60.4) 

Carberry 111.2ab(8.0) 68.1a(9.4) 4.96abc(0.22) 0.77abc(0.15) 701.8a(33.4) 

Cadillac 154.6fgh(6.2) 100.9e(13.8) 6.28abcd(2.88) 0.80abc(0.18) 917.6ef(26.7) 

BB115 128.6bcde(11.9) 79.5abc(9.50) 4.29a(1.54) 0.75abc(0.12) 780.0abc(38.8) 

AT116 140.6defg(2.5) 88.5cde(5.80) 4.47ab(1.00) 0.60a(0.07) 797.0cd(17.5) 

Glenn 135.8cdef(13.2) 88.3bcde(8.10) 6.02abcd(0.77) 0.77abc(0.10) 826.2d(16.9) 

AG033 103.4a(16.3) 73.0ab(12.6) 7.72d(2.21) 0.87bc(0.13) 790.0cd(51.5) 

AZ014 157.6gh(15.1) 102.1e(9.50) 5.94abcd(0.70) 0.65ab(0.10) 935.4f(22.7) 

AT064 116.8abc(10.8) 72.7a(4.90) 4.35a(1.12) 0.89c(0.08) 736.4ab(41.0) 

AA080 146.4efgh(2.42) 94.6de(18.9) 5.41abc(1.25) 0.92c(0.27) 902.2ef(20.7) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Figure 2.6 Average density of stems in the check cultivars for samples from the blocks (n=5). 

 

In addition, AC Cadillac had higher bending strength values in the blocks compared to Glenn and 

Carberry (Figure 2.7). 

Table 2.4 Analysis of variance of bending strength values of wheat stems at 14% MC. 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.12 0.008 3.00 <0.0051 

Check Entry 2 0.25 0.13 47.70 <0.0001 

New Entry 207 1.13 0.005 2.05 0.011 

R-Square CV RMSE Bending Strength  

0.96 7.71 0.052 0.67 

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS = 

Sum of Squares, Pr = Probability. 
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Figure 2.7 Average bending strength of stems in the check cultivars for samples from 16 blocks 

(N=5). 

 

2.4.3 Correlation Tests 

The bending strength values for the experimental lines were correlated with the length of internode, 

volume, and density of the second internodes. Little or no lodging was observed through the 2017 

field experimental test due to a dry year with little moisture, and thus lodging scores tended to be 

the same amongst the checks and displayed little variation across the experimental lines of the 

population. Lodging numbers were given from 1-9, with 1 meaning standing upright and 9 

representing fully lodged stems as shown in Table 2.5.  
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Table 2.5 Lodging scores of wheat plants at harvest. 

Block One  Block Two  Block Three 

Line Lodging 

Score 

 Line Lodging 

Score 

 Line Lodging 

Score 

BE029 2  AH105 3  AD005 2 

AM001 2  Glenn 3  Cadillac 4 

AF044 3  AF023 3  BE118 2 

AC023 3  AS059 6  AX086 3 

AC056 3  BC109 5  AP013 2 

AZ056 2  AR089 3  AN063 3 

AD012 3  AW064 2  BF036 3 

Carberry 2  AE022 2  BD073 2 

Cadillac 4  AZ087 2  Glenn 3 

BB115 2  AG153 2  BC069 3 

AT116 2  Cadillac 4  BE033 4 

Glenn 2  AQ042 2  Carberry 2 

AG033 7  AT069 2  BF075 3 

AZ014 2  AD072 2  AB122 4 

AT064 2  AX109 4  AC039 3 

AA080 4  Carberry 2  BE009 2 

 

Lodging scores were positively and significantly (P<0.05) correlated with the morphological 

properties: length of internode, density of stem, height of stem, volume of the second internode, 

cross-sectional area of the cut stem, and stem wall thickness. The resulting correlation was weak 

(r <0.5), and this could be because of the large population size. However, a decrease in selected 

lines for testing may show higher correlation values. It was observed that density is positively 

correlated with bending strength (r=0.68), modulus of elasticity (r=0.50), flexural rigidity (r=0.30) 
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(P<0.5), and lodging (r= 0.28) (Table 2.6).  Stem height was observed to be positively correlated 

with lodging (r=0.50) (Table 2.6) which is similar as that reported by Zuber et al. (1999) and Kong 

et al. (2013) in their investigation of morphological traits in relation to lodging in wheat. Crooks 

and Ennos (1994) also reported that the lodging resistance of cultivars depends on the height and 

weight distribution of the tillers. The stem height was also observed to show positive correlation 

to bending strength (r=0.43), modulus of elasticity (r=0.22), flexural rigidity (r =0.15), and density 

(r=0.43) (Table 2.6). This implies that, the taller the wheat stems, the denser and stronger they are. 

This follows the engineering principle in designing of columns, increase in the height of a column 

should be followed by increase in the thickness to avoid failure, hence the introduction of 

slenderness ratio in designing. Slenderness ratio is used to checkmate this height to thickness ratio 

in column designs for structures. The wheat stem is like a column in the structure of the wheat 

plant bearing a load (the head containing the grains) and pinned at the base (done by the root 

system). The slenderness ratio of the second internode was observed to be positively correlated 

with lodging (r=0.30), bending strength (r= 0.44), and modulus of elasticity (r=0.36) (Table 2.6). 

The stem wall thickness was also observed to be positively correlated with flexural rigidity 

(r=0.57) and lodging scores (r=0.15) but negatively correlated to density (r=-0.30) (Table 2.6). 

Correlation between stem internode mass per length of internode showed positive correlation with 

stem wall thickness, density, cross-sectional area, lodging scores, bending strength, and flexural 

rigidity (P<0.05) (r=0.54, r=0.51, r=0.62, r=0.25, r=0.35, and r=0.62 respectively). A total of 36 

experimental lines from the population were observed to have higher bending strength values 

compared to the three checks in their respective blocks. Cross-section area of the second internode 

was observed to show a negative correlation to the modulus of elasticity, density, and bending 

strength (r=-0.34, r=-0.34, and r=-0.22 respectively) and a positive correlation to flexural rigidity 

(r=0.41) (P<0.05). From this correlation, it can be deduced that thickness of a stem wall doesn’t 

imply stronger and denser stems. This is because biological matter have pores in them and the 

more porous they are, the less dense they become irrespective of the thickness. More so, the denser 

stems tend to show higher bending strength and positive correlation to lodging scores. This can be 

questionable, however, the lodging observed in the study was root lodging, and root lodging occurs 

when the anchorage fails due to inability to withstand the weight of the biomass partition above 

the ground when external force like wind acts upon it. Thus, the heavier the biomass partition 

above the ground, the more susceptible a plant is to lodging. AC Cadillac was observed to have 
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significantly higher values for strength and morphological properties as compared to the other two 

checks in most of the blocks except in a few instances where Glenn was higher. Some experimental 

lines, such as AZ087, AZ014, AW064, and AD072, were tall in stem height and had high lodging 

resistance as compared to the other experimental lines and checks. Variations observed within the 

morphological and biomechanical properties of the replicates of these wheat stems could be 

because of a plant’s stem’s anisotropic nature. 
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Table 2.6 Correlation values for morphological, biomechanical properties, and lodging scores 

values (n=5). 

Pearson Correlation Coefficients 

Prob > |r| under H0: Rho=0 

 LOI WOI WPL Volume Thickness S.Ratio HOS Area Density 

LOI 1.00000 0.66461 

<.0001 

0.00423 

0.9529 

0.57602 

<.0001 

-0.36562 

<.0001 

0.92863 

<.0001 

0.81814 

<.0001 

-0.26388 

0.0002 

0.30334 

<.0001 

Weight of internode 0.66461 

<.0001 

1.00000 0.74502 

<.0001 

0.76960 

<.0001 

0.16274 

0.0223 

0.50924 

<.0001 

0.73019 

<.0001 

0.28835 

<.0001 

0.57449 

<.0001 

WPL 0.00423 

0.9529 

0.74502 

<.0001 

1.00000 0.51577 

<.0001 

0.54234 

<.0001 

-0.14176 

0.0469 

0.25409 

0.0003 

0.62162 

<.0001 

0.50866 

<.0001 

Volume 0.57602 

<.0001 

0.76960 

<.0001 

0.51577 

<.0001 

1.00000 0.43054 

<.0001 

0.32262 

<.0001 

0.55161 

<.0001 

0.62566 

<.0001 

-0.06944 

0.3322 

Stem Wall Thickness -0.36562 

<.0001 

0.16274 

0.0223 

0.54234 

<.0001 

0.43054 

<.0001 

1.00000 -0.42552 

<.0001 

-0.14870 

0.0370 

0.87063 

<.0001 

-0.29403 

<.0001 

S.Ratio 0.92863 

<.0001 

0.50924 

<.0001 

-0.14176 

0.0469 

0.32262 

<.0001 

-0.42552 

<.0001 

1.00000 0.76422 

<.0001 

-0.48667 

<.0001 

0.38118 

<.0001 

HOS14 0.81814 

<.0001 

0.73019 

<.0001 

0.25409 

0.0003 

0.55161 

<.0001 

-0.14870 

0.0370 

0.76422 

<.0001 

1.00000 -0.10440 

0.1443 

0.43469 

<.0001 

Area -0.26388 

0.0002 

0.28835 

<.0001 

0.62162 

<.0001 

0.62566 

<.0001 

0.87063 

<.0001 

-0.48667 

<.0001 

-0.10440 

0.1443 

1.00000 -0.34383 

<.0001 

Density 0.30334 

<.0001 

0.57449 

<.0001 

0.50866 

<.0001 

-0.06944 

0.3322 

-0.29403 

<.0001 

0.38118 

<.0001 

0.43469 

<.0001 

-0.34383 

<.0001 

1.00000 

Lodging Scores 0.16773 

0.0185 

0.29141 

<.0001 

0.24645 

0.0005 

0.14823 

0.0376 

0.14809 

0.0123 

0.30120 

0.0011 

0.49587 

<.0001 

0.04616 

0.5195 

0.27628 

<.0001 

BS 0.19151 

0.0070 

0.38435 

<.0001 

0.34977 

<.0001 

-0.05900 

0.4102 

0.04933 

0.4912 

0.44478 

<.0001 

0.42707 

<.0001 

-0.22383 

0.0016 

0.67835 

<.0001 

Flexural Rigidity -0.11768 

0.0996 

0.38338 

<.0001 

0.61796 

<.0001 

0.23009 

0.0011 

0.57365 

<.0001 

-0.07527 

0.2932 

0.15368 

0.1394 

0.40846 

<.0001 

0.30470 

<.0001 

MOE 0.01837 

0.7978 

0.07415 

0.3004 

0.08537 

0.2329 

-0.29990 

<.0001 

0.02341 

0.7441 

0.36381 

<.0001 

0.21970 

0.0006 

-0.34404 

<.0001 

0.50401 

<.0001 

(LOI=Length of Internode, HOS=Height of wheat stem, BS=Bending strength, MOE= Modulus 

of elasticity, S.Ratio= Slenderness ratio, WPL= Stem weight per length of internode, WOI= 

Weight of internode). 

 

2.5 Conclusions 

It can be concluded that a thicker stem doesn’t invariably mean denser stems because of the porous 

nature of wheat stems, thus a less porous thick stem means denser and stronger stems. The wheat 

plant grows according to engineering principle such that, the taller the stems, the denser it is. 

Finally, the denser the stems, the more susceptible it is for the plant to lodge. This result will help 

plant breeders genetically modify wheat stems for stronger and deeper root system to withstand 
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any above the ground weight or loading, thus, mitigating occurrence of root lodging.  However, 

with wheat stem being a biological matter, moisture variation is imminent on the field. This study 

did not take into account the effect of moisture content variation on the wheat stems because the 

stems were tested at 14% MC. Does increase in moisture make the wheat stems stronger or weaker 

in resistance to external forces like wind, hail, etc.? Studies on the effect of moisture content on 

strength properties is a necessity as this will give a hindsight on possible events and reasons for 

lodging occurrence on the field.  
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3 Effect of Moisture Content on the selected Biomechanical Properties of 

Wheat Stems (Triticum aestivum L.). 

Much of the content of this chapter was presented at the 2018 CSBE/SCGAB Annual General 

Meeting and Technical Conference: 

• Kareem, S. H., L. G. Tabil, A.J. Feurtado, R. M. Malenab, I. C. Capada, A. Burt, S. 

Kumar, J. M. Fetch, L. Ehman, P. Jain, D. Huang, A. Cutler, R. Knox, R. Cuthbert. 2018. 

Effect of Moisture on Biomechanical Properties of Wheat stem, presented at the 

CSBE/SCGAB Annual General Meeting and Technical Conference, Guelph, ON, July 22-

25. CSBE Paper No. 18-101. 

 

Contribution of the MSc Candidate  

The MSc candidate conducted the literature review, analyzed the outcomes, and prepared this 

manuscript on the effect of moisture content on the flexural strength properties of wheat stems. 

His research supervisor, Lope G. Tabil, provided guidance during the planning of the methodology 

and editorial advice during manuscript preparation. Co-supervisors, Bagher Emadi from 

Saskatchewan Polytechnic, provided guidance in structuring the paper, while Allan Feurtado from 

NRC (National Research Council, Canada) and research team, Parul Jain, Lanette Ehman, and 

Daiqing Huang collected the stem material and provided data on lodging and plant height. 

Germplasm was provided by Richard Cuthbert and Ron Knox from the Swift Current Research 

and Development Centre of AAFC; Santosh Kumar and Andrew Burt of the Brandon Research 

and Development Centre of AAFC contributed to the field trail experiments in Saskatoon. Reizelle 

Mae Malenab, and Irvin Christian Capada from the University of Saskatchewan assisted in 

experiments involving the measurement of the bearable load and diameter of the wheat stems.  

3.1 Abstract 

This study investigated the effect of moisture content on some selected biomechanical properties 

of wheat stems. Wheat stems were harvested, conditioned to 14% and 22% wet basis (w.b.), and 

tested for biomechanical properties (bending strength, modulus of elasticity, and flexural rigidity). 

It was observed that the biomechanical properties decreased with increased MC. At 14% MC, AC 

Cadillac’s bending strength, flexural rigidity, and modulus of elasticity were investigated to be 

ranging from 4.26-7.23 MPa, 0.001160-0.002248 Nm2 and 0.14-0.29 GPa respectively, with 
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Carberry ranging from 2.62-4.96 MPa, 0.000724-0.001813 Nm2 and 0.06-0.15 GPa respectively, 

and the selected lines ranged from 2.86-7.72 MPa in bending strength, 0.07-0.33 GPa in modulus 

of elasticity, and 0.000778-0.002412 Nm2 in flexural rigidity. At 22% MC, AC Cadillac’s bending 

strength, flexural rigidity, and modulus of elasticity were investigated to be ranging from 2.58-

5.05 MPa, 0.000839-0.001387 Nm2, and 0.09-0.19 GPa respectively, with Carberry ranging from 

1.92-4.46 MPa, 0.000579-0.001049 Nm2 and 0.04-0.14 GPa respectively, and the selected lines 

ranged from 1.9-5.61 MPa in bending strength, 0.05-0.19 GPa in modulus of elasticity, and 

0.000507-0.001792 Nm2 in flexural rigidity. At 14% and 22% MC, the lodging score showed 

positive correlation with bending strength, modulus of elasticity, and flexural rigidity (r = 0.41 and 

0.17, P<0.05; r = 0.39 and 0.24, P<0.05; and r = 0.36 and 0.20, P<0.05, respectively). It was 

observed that increase in moisture content closed the gap in the difference in biomechanical 

properties between AC Cadillac and Carberry. Moisture variation in the same wheat stem led to 

strength variation, thus the reason for failure at these points. To mitigate lodging in wheat stems, 

moisture variation should be eliminated if possible. 

3.2 Introduction 

The leading food crop produced, consumed and traded across the globe is wheat (Enghiad et al. 

2017). As a food crop that is widely cultivated because it produces a good yield per unit area, 

wheat has a short growing season and grows well in temperate climates. It is however often 

difficult to obtain optimal grain yields due to limiting factors such as climatic and environmental 

stresses, pests, diseases, and lodging (Pinthus 1974). Lodging is the permanent displacement of 

plant shoots from an upright position. It causes a reduction in grain yields of up to 50% (Stapper 

and Fischer 1990) and can cause loss of bread making quality (Berry et al. 2004). It lowers grain 

yield directly by interfering with the accumulation of dry matter or indirectly reducing the yield 

owing to the difficulties that it may cause, during harvest (Pinthus 1974). In wheat, lodging can 

arise from over-turning of the anchorage system or buckling of the stem base (Berry et al. 2004). 

In many parts of the world, lodging is the major reason for economic losses and yield reductions 

of cereal crops (Sterling et al. 2003). As a result of this, plant breeders worldwide always assess 

the trait during germplasm development - working to develop cultivars with the highest lodging 

resistance. During the green revolution, breeders reduced lodging risks by introducing the semi-

dwarfing genes Rht-B1b and Rht-D1b into wheat to produce dwarf cultivars with shorter stem 

https://en.wikipedia.org/wiki/Temperate_climate
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length (Wilhelm et al. 2013). Additional agronomic methods that have been used to reduce lodging 

include a) introducing plant growth regulators to shorten crops, b) delaying sowing time, c) 

reducing seeding rate, d) reducing and delaying nitrogen fertilizer application, and e) rolling the 

soil (Berry et al. 2004). However, shortening plants with growth regulators through sequential 

application may leave harmful residues absorbed into the grain (Berry et al. 2004). Thus, if there 

is limited scope to further reduce plant height, it follows that the strength of structures supporting 

the plant must be improved upon to decrease lodging risks and produce wheat of the highest 

productivity. However, since wheat plant is a biological matter, moisture variation in the structure 

is bound to occur. There have been numerous investigations into the mechanical processing of 

wheat straws, such as briquetting, chopping and baling, however, there is still relatively little 

information on the physical properties governing its mechanical behavior (O’Dogherty et al. 1995) 

and how it is associated to lodging.  

Research into the physical and biomechanical properties of agricultural products can be classified 

into a) adaptation of procedures originally designed and developed for non-agricultural products 

on agricultural materials, and b) application of the fundamental principles of mechanics to predict 

and estimate the mechanical behavior of these agricultural materials (El Hag et al. 1971). Plant 

anatomy, harvest optimization, lodging processes, animal nutrition, decomposition of wheat straw 

in the soil, and industrial applications have all been focus areas of wheat as an agricultural product 

(Nazari et al. 2008). Some important physical properties of a cellular material such as bending, 

compression, density, friction, and tension all depend on the stalk diameter, maturity, cellular 

structure, moisture content, cellular composition, and cultivar (Bright and Kleis 1964; Pearson 

1987). However, since plants are anisotropic in nature, these physical properties tend to vary along 

the length of the plant stem (Nazari et al. 2008). Mohsenin (1970) described the methods and 

procedures required for determining the rheological and mechanical properties of agricultural 

materials. Moisture plays a vital role in determining the mechanical properties of plant stalks. 

Recent work by O’Dogherty et al. (1995) concentrated on measuring tensile strength, shear 

strength, rigidity, and Young’s modulus of plant stem to predict its behavior during harvest and 

other straw mechanical processes. O’Dogherty et al. (1995) reported that the tensile strength of 

wheat straws increased from 9-32 MPa at MC ranging from 10-14 % (w.b.). However, Galedar et 

al. (2008) reported a reduction in tensile strength for grass stems from increasing moisture content 

but at a decreasing rate. Research on bending strength of wheat stems conducted by Esehaghbeygi 
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et al. (2009) indicated that stem moisture has a significant effect on the bending stress of wheat 

straw. A decrease in the bending strength values from 26.77 to 17.74 MPa at increased moisture 

content of 15 to 45% (w.b.) was recorded by Esehaghbeygi et al. (2009). Increase in moisture 

content resulted in increase in compressive, shearing, cutting and tensile strength values but 

showed decrease in the bending strength values of wheat stems at different internode positions 

with some experiments showing no consistent trend (Edet 2015). Since bending strength was 

investigated to be affected by moisture content, a need for its effect on wheat stems in relation to 

stem buckling or root lodging is of importance, as this may explain some physical and logical 

concepts behind lodging and hopefully mitigated. The objective of this paper is to investigate the 

effect of moisture content on the biomechanical properties (bending strength, flexural rigidity, and 

modulus of elasticity) of selected wheat stem lines and ascertain their relationship to plant lodging. 

The studied lines are from a bi-parental wheat population derived from AC Cadillac and Carberry. 

3.3 Materials and Methods 

3.3.1 Plant Material and Field Experiments 

The plant material used and field experiments carried out to get the plant material is the same 

procedure as that described in chapter 2, sub-section 2.3.1. 

3.3.2 Sample Preparation 

Ten wheat stem samples were collected from each of the 208 experimental lines and 48 check 

entry cultivars for 256 lines in total. The labeled samples were kept in plastic bins. These plastic 

bins were placed in a controlled environment, set at 30% relative humidity and temperature of 4°C 

to maintain harvest condition. Samples were cut at the second internode of the stems and placed 

in plastic tubes. Within the second internode of the 256 total lines, 5 stem sections of length 30 

mm were cut for each of the two moisture contents, for a total of 1280 straw samples (Figure 3.1). 
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Figure 3.1 Samples kept in test tubes ready for moisture conditioning. 

3.3.3 Moisture Content 

When studying the biomechanical properties of a biological matter, a major physical property to 

be considered is moisture content. The initial moisture content (% w.b.) of the wheat stems were 

determined as described in chapter 2, section 2.3.5. The samples were placed in a humidifier 

(Model SH-841, Espec Corp, Kita-ku, Osaka, Japan) calibrated at 78% and 95% relative humidity, 

temperature at 25°C for 72 h to adjust the sample moisture content to 14% and 22% (w.b.), 

respectively (Edet 2015). The samples were then taken out and kept in the controlled environment 

mentioned above throughout the research to restrict changes in moisture content prior to further 

testing. This humidifier is shown in Figure 3.2. 
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Figure 3.2 Espec humidifier used for moisture conditioning. 

According to Edet (2015), the equation used to determine the moisture content at storage 

and after conditioning of the samples is shown below: 

 

                                     MW= 
𝑚𝑖−𝑚𝑓

𝑚𝑖
                                                                                   (3.1)                  

 

where: 

MW = moisture content of the sample (one decimal value, wet basis), 

mi = initial mass of the sample (g), and 

mf = final mass of the sample (g). 

 

3.3.4 Biomechanical Test 

To determine the bending force on the wheat stem samples, the procedures described in chapter 2 

section 2.3.5.1 was used.  



45 
 

3.3.5 Flexural Properties 

 To determine the modulus of elasticity, the maximum bending strength, and the flexural rigidity 

of the stems, equations (1.1), (1.2), and (2.4) were used respectively. 

3.3.6 Statistical Analysis 

All data were statistically analyzed using SAS 9.4 software (SAS software. Version 9.4 SAS 

Institute Inc. Cary, NC) at the 5% significance level. Missing data were estimated for using the 

Restricted Maximum Likelihood (REML) method. A log transformation was applied to the 

mechanical traits of the second internode to meet the normality assumption of the analysis of 

variance and mixed model tests. A multiple linear regression model was fit to test for the effects 

due to moisture, genotype and block arrangement. Least Square Means were estimated for the 

genotypes in each block to compare the biomechanical properties of the second internodes of the 

256 plots from the field test. The Duncan’s Multiple Range Test (DMRT) was performed following 

the ANOVA tests to test for variation in the means for the biomechanical traits in each block. Since 

significant differences were present between blocks, DMRT was done within the blocks. To 

compare the relative effects of genotypes on biomechanical traits, the statistical model was:  

Yij = µ + βi +Cj +Ʈk(i) + Mo + Ɛij                          (3.2)   

where: 

 µ = grand mean 

 Ʈk(i) = fixed effect due to new entries 

 βi = random effect due to block, 

Mo = fixed effect due to moisture content, 

 Cj = fixed effect due to checks, and 

 Ɛijk = random error component. 

To estimate the Empirical Best Linear Unbiased Predictors (EBLUPs), the model in Eq. 3.6 was 

the same except the new entries (Ʈk(i)) was considered as a random effect instead of fixed one. 

Robust correlation coefficients were estimated for the biomechanics properties of the wheat stems 

using the raw non-normally distributed data. 
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3.4 Results and Discussion 

3.4.1 Biomechanical Tests 

In the whole experiment using all blocks, significant differences were detected in the 

biomechanical properties of the wheat stems among all cultivars (P). Differences were observed 

in the biomechanical properties of the wheat stem’s replicates, and within block variations were 

detected amongst cultivars. This is shown in the ANOVA Table 2.3. 

The significant difference between blocks could be due to variations in abiotic and biotic factors 

across the experimental field test. In general, wheat stems of taller cultivars are prone to lodging 

as compared to shorter or semi-dwarf varieties (Francisco et al. 2017). In this context, it was 

expected that the semi-dwarf variety (Carberry) would have the higher bending strength value of 

the three check cultivars since it was the least susceptible to lodging as compared to the two taller 

cultivars, Cadillac and Glenn. However, it was AC Cadillac that had higher overall bending 

strength, flexural rigidity, and modulus of elasticity compared to Carberry (semi-dwarf cultivar), 

and Glenn across the blocks except for a few inconsistencies as shown results in Figures 3.3, 3.4, 

and 3.5. This is so because AC Cadillac is a tall-stemmed variety which makes it require more 

reinforcements in terms of material constituent to be able to stand upright. When designing 

columns in engineering for load bearing purpose, bending strength, flexural rigidity, and modulus 

of elasticity are parameters that are considered of importance to avoid failure. In addition, to 

increase strength in longer columns, reinforcement with compositional materials to increase the 

girth or thickness will also help to avoid buckling, since this will lead to reduction in slenderness 

ratio. Engineering principles in designing columns were learnt from nature and this can be seen 

from the result of the strength properties of AC Cadillac and Carberry. This result also supports 

the reason behind AC Cadillac having denser stems than Carberry. In summary, a longer column 

is expected to have similar slenderness ratio (length: thickness) with a shorter column to avoid 

failure or buckling. 

3.4.2 Moisture Content Effect: The storage moisture content (MC) for most agricultural materials 

is 14%, and its green moisture starts mostly in the 22% range. However, strength properties such 

as compressive, shearing, cutting, and tensile strength increase in value with increase in moisture 

content, while bending stress decreases with increase in moisture content (Esehaghbeygi et al. 

2009).  
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Figure 3.3 Average flexural rigidity of stems in the check cultivars for samples from 16 blocks 

(n=5). 

 

Figure 3.4 Average modulus of elasticity of stems in the check cultivars for samples from 16 

blocks (n=5). 
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Figure 3.5 Average bending strength of stems in the check cultivars for samples from 16 blocks 

(n=5). 

 

Table 3.1 Analysis of variance of bending strength values of wheat stems as affected by moisture. 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.28 0.02 5.89 <0.0001 

MC 1 4.99 4.99 1574.39 <0.0001 

Block*MC 15 0.33 0.02 6.91 <0.0001 

R-Square Coeff Var Root MSE Bending Strength Mean  

0.91 9.86 0.06 0.57 

DF= Degree of Freedom. 

The ANOVA shown in Table 3.1 indicates a significant difference in the effect of moisture content 

on the bending strength properties of the wheat stems. The results of this study showed that the 

stems having the moisture content of 14% (w.b.) have higher bending strength than those at 22% 

(w.b.) which is the same result as that reported by Edet (2015), O’Dogherty et al. 1995, and 

Esehaghbeygi et al. 2009 (Appendix Tables B.2-B.25). It was observed that there were significant 
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differences in the effect of moisture on the modulus of elasticity and flexural rigidity of the wheat 

stems (Appendix Table B.1). 

It was observed that the biomechanical properties (bending strength, flexural rigidity, and modulus 

of elasticity) for the bi-parental population of wheat cultivar decreased with increase in moisture 

content as shown in Figures 3.6, 3.7, and 3.8.  

 

Figure 3.6 The effect of moisture on the bending strength of wheat stems. 
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Figure 3.7 The effect of moisture on the flexural rigidity of wheat stems. 

 

Figure 3.8 The effect of moisture on the modulus of elasticity of wheat stems. 
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3.4.3 Correlation Tests 

Little or no lodging occurred through the field experimental test, and thus lodging scores used to 

assess the stem positions tended to be the same amongst the checks and displayed little variation 

across the experimental lines of the population. Lodging scores were assigned based on discretion 

and the standing state of the wheat stems at harvest. These scores were assigned in ascending order 

based on how close the stems were to maintain an upright position, with 1 assigned to stems that 

were totally standing at an upright position, 2-8 was assigned to stems deviating away from the 

upright position based on severity, while 9 was assigned to stems that were lying flat on the field. 

Lodging scores were assigned based on discretion and observation for all the lines as shown in 

Table 2.4.  

Plant lodging scores showed positive correlation with the biomechanical properties: bending 

strength, flexural rigidity, and modulus of elasticity. The resulting correlation value (r) was below 

0.5 as shown in Figure 3.9, and this may be due to heterogeneity in abiotic and biotic factors across 

the experimental field including the soil. This can be seen in the high values calculated as the 

standard deviation of the same lines, as well as variation in the investigated biomechanical 

properties among the same checks in different blocks. However, an increase in sample size may 

help reduce the calculated deviation values. More so, a loosely packed soil sample tends to have 

lesser grip on a standing plant as compared to tightly packed soil. It is possible for a part of the 

field to have loose soil compartment as compared to others due to wind, rain or animal action, and 

this can interfere with the actual strength characteristics of the root system of a wheat stem line, 

making the wheat have higher root lodging score as compared to others. Thus, due to the large 

population size, it can be a little difficult to monitor the type of soil compaction an area on the field 

possesses during growth of the wheat stems.  

From Figure 3.9, at 14% moisture content, lodging scores showed weak positive correlation with 

bending strength (BS14), modulus of elasticity (MOE14), and flexural rigidity (Rigidity14) (r = 

0.39, P<0.05, r = 0.37, P<0.05 and r = 0.35, P<0.05 respectively) while at 22% moisture content, 

lodging scores also showed a positive correlation with bending strength (BS22), modulus of 

elasticity (M.O.E.22), and flexural rigidity (Rigidity22)(r = 0.17, P< 0.05, r = 0.23, P<0.05 and r 

= 0.19, P<0.05 respectively), however, the degree of correlation between the two moisture 

contents and lodging scores vary. The low values of correlation may likely be due to the large 
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sample size of the population or the anisotropic nature of plants. However, it was observed that 

the wide gap between the bending strength values of AC Cadillac and Carberry at 14% moisture 

content reduced at 22% moisture content, making their range almost similar. This implies that at 

high moisture content, AC Cadillac strength’s property is rate of reduction is higher as compared 

to Carberry, thus, the higher root lodging score result or it may be because of the anisotropic nature 

of plants. Finally, increased in moisture content will mean increase in density of the wheat stems 

because the pores of the wheat stems will be filled with water making it heavier than normal, thus 

adding more load on the bearable load of the root system, which will in turn lead to failure if 

allowable load is exceeded. With this in view, it is best that wheat stem is at equilibrium moisture 

content always on the field, because failure to be at equilibrium moisture content can lead to 

strength variation, and this can cause failure at that point of variation on the stem when subjected 

to loading from external force. 

 

(BS14= bending strength at 14% MC, MOE14= modulus of elasticity at 14% MC, Rigidity14= 

flexural rigidity at 14% MC, BS22= bending strength at 22% MC, MOE22= modulus of 

elasticity at 22% MC, Rigidity22= flexural rigidity at 22% MC, Lodging= assigned lodging 

scores, Corr. = Correlation value). 

 

Figure 3.9 Correlation between lodging score and biomechanical properties. 
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3.5 Conclusions 

It can be concluded from this research that moisture content plays an important role in the strength 

properties of wheat stems because increase in moisture content led to a decrease in the bending 

strength, modulus of elasticity, and flexural rigidity properties of wheat stems. Moisture variation 

means strength variation in stems. When wheat stems are not at equilibrium moisture content, 

strength variation occurs within the stem of the same plant, thus leading to failure at the point of 

low strength characteristics when acted upon by external force. Furthermore, it was observed that 

there was a positive correlation of lodging to the biomechanical properties at 14% MC and 22% 

MC (P<0.05). With this in view, this may mean at low temperature and high humidity, lodging is 

imminent in the field. This study shows that moisture variation can be one of the actions that might 

have happened before lodging precedes. Further studies should be perfomed on the compositional 

characteristics (cellulose, hemicellulose, and lignin) of wheat stems to ascertain its correlation with 

stem strength and lodging.   
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4 Investigating the Effect of Cell Wall Insoluble Carbohydrates on Stem 

Strength and Lodging in a Bi-parental (AC Cadillac and Carberry) 

Population of Wheat (Triticum aestivum L.) 

Contribution of the MSc Candidate  

The MSc candidate conducted the literature review, analyzed the outcomes, and prepared this 

manuscript on investigating the effect of cell wall insoluble carbohydrates on stem strength and 

lodgingin a bi-parental population (AC Cadillac and Carberry). His research supervisor, Dr. Lope 

G. Tabil, provided guidance during the planning of the methodology and editorial advice during 

manuscript preparation. Co-supervisors, Dr. Bagher Emadi from Saskatchewan Polytechnic, 

provided guidance in structuring the paper, while Dr. Allan Feurtado from NRC (National 

Research Council, Canada) and research team, Dr. Parul Jain, Lanette Ehman, and Daiqing Huang 

collected the stem material and provided data on lodging and plant height. Germplasm was 

provided by Richard Cuthbert and Ron Knox from the Swift Current Research and Development 

Centre of AAFC; Santosh Kumar and Andrew Burt of the Brandon Research and Development 

Centre of AAFC contributed to the field trail experiments in Saskatoon.  

4.1 Abstract 

This study was conducted to investigate the compositional characteristics of wheat stems, and their 

effect on lodging and biomechanical properties. This study concentrates on the major insoluble 

carbohydrates present in the stem cell walls, most importantly in the sclerenchyma cell of the stem 

cell wall. With sclerenchyma cells being the cells responsible for resisting bending stress in plant 

stems, insoluble carbohydrates (cellulose, lignin, and hemicellulose) were investigated using FTIR 

(Fourier Transform Infrared Spectroscopy) micro-spectrometer. Six wheat genotypes were 

selected from a bi-parental population based on their flexural strength properties and tested to see 

if insoluble carbohydrates were factors contributing to flexural strength and lodging. Flexural 

strength was measured using a 3-point bending test, with the aid of a texture analyzer and stem 

imaging device. The estimated insoluble carbohydrates were correlated with biomechanical 

properties and lodging scores. It was observed that no significant correlation existed between the 

insoluble carbohydrates, biomechanical properties (bending strength, modulus of elasticity, 

flexural rigidity), and lodging (P<0.05). Cellulose absorbance level in AC Cadillac was observed 

to range between 1.20 and 1.40, Carberry was observed to range between 1.08 and 1.50, and Glenn 
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was investigated to range between 1.13 and 1.39, while the three newly generated lines ranged 

between 1.20 and 1.48. Hemicellulose absorbance level in AC Cadillac was observed to range 

between 0.38 and 0.46, Carberry was observed to range between 0.35 and 0.47, and Glenn was 

investigated to range between 0.39 and 0.48, while the three newly generated lines ranged between 

0.39 and 0.53. Lignin absorbance level in AC Cadillac was observed to range between 1.37 and 

1.68, Carberry was observed to range between 1.28 and 1.78, and Glenn was investigated to range 

between 1.33 and 1.53, while the three newly generated lines ranged between 1.54 and 1.70. The 

correlation between the biomechanical properties and lodging scores between these six selected 

lines was observed to show positive correlation, with bending strength, modulus of elasticity, and 

flexural rigidity at r = 0.76, r = 0.79, and r = 0.76 respectively (P<0.05).  

4.2 Introduction 

The human population will reach 9.4 billion by 2050; thus, the world must develop various means 

to feed the expanded population within the next three decades to ensure food security (Foulkes et 

al. 2010). Furthermore, if this can be achieved without proportionate increases in fertilizer or water 

usage, then the detriments associated with environmental expansion of the global cropping area 

will be reduced (Foulkes et al. 2010). In cereal production, grain yield and quality can be reduced 

by up to 40% due to the negative effect of lodging (Pinthus 1973, Easson et al. 1993). Lodging is 

the displacement of stems from their upright position and in cereals can be caused by wind, rain, 

or insects (Foulkes et al. 2010). Lodging can occur in the stem or root of a plant. Buckling of a 

cereal plant in the stem is known as stem lodging, while lodging due to root anchorage failure is 

referred to as root lodging. Wheat is a cereal or grain crop grown in abundance across the globe 

(Mohammad et al. 2011). Wheat includes three major parts; the reproductive heads, stems and 

leaves, and roots. Edet (2015) reported that despite the availability of countless wheat cultivars, 

the major parts of mature wheat plants are the grain, straw, and chaff. The major source of food 

production is the grain, which can be found in the head, while the straw is majorly the dry stalk or 

residual part of the plant after the removal of the grain and chaff (Khan and Mubeen 2012). The 

straw alone is more than half of the wheat plant (Ruiz et al. 2012) and predominantly contains 33-

40% cellulose, 20-25% hemicelluloses, and 15-20% lignin, as well as 4% ash (McKendry 2002). 

The stem is an important organ in wheat closely related to yield since it mechanically maintains 

the heads and is a major storage tissue (Jian et. al 2006). The major constituent of a wheat stem is 
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inner ground tissue (parenchyma) surrounding the hollow core, hypoderm and the epidermis 

(Percival 1921). The parenchyma is a soft tissue that extends from the hypoderm to the hollow 

core of the wheat straw, and it surrounds the vascular bundles which are arranged around the 

hollow core in a ring-type pattern (Hamman et al. 2005). The hypoderm, however, consists of 

about 4 µm thick-walled cylinder of strong tissue (sclerenchyma) which encloses both the bands 

of chlorophyll tissues and small vascular bundles (Hamman et al. 2005). The epidermis is a 

cellulose-rich, rigid, hard outer layer containing tiny pores (stomata), which allow for gas 

exchange between the atmosphere and the plant; the epidermal thickness in wheat straws varies 

between 25 and 30 µm (Hamman et al. 2005). Distributed on the transverse section of the stems 

are two sets of vascular bundles, with the large vascular bundles placed among the inner 

parenchyma tissues while the small vascular bundles are placed in the outer area of the 

sclerenchyma tissues (Jian et al. 2006). In cereal breeding, for high yield to be achieved and 

lodging to be reduced, the supporting structure of wheat plants need to be studied and characterized 

in-depth. An important characteristic of cereal breeding is stem mechanical strength (Jian et al. 

2006). Numerous studies have detailed the mechanical strength of wheat, with most focusing 

mainly on physiological and developmental mechanisms of stem strength, measurement 

technology, and structural and morphological features of the stem, with little information on the 

relationship between cell wall components and mechanical characteristics (Jian et al. 2006). 

Sclerenchyma cells are the cells responsible for resisting bending stress in the stem; these cells 

appear near the outside of the stem where the bending stress is the highest (Evans et al. 2007). 

There are mainly three polymers: lignin, hemicellulose, and cellulose, with pectin, protein, 

extractives, and ash in small amounts in the sclerenchyma cells (Bajpai 2016). Wheat leaves and 

straw possess more hemicellulose as compared to hardwoods that possess greater amounts of 

cellulose as shown in Table 4.1. The constituents in a single plant vary with stage of growth, tissue, 

and other conditions. The main structural fiber in the plant kingdom that has good mechanical 

properties for a polymer is cellulose (Gibson 2012).  It has a tensile strength of 1 GPa, and Young’s 

modulus of elasticity of 130 GPa while lignin has the strength of approximately 50 MPa and 

modulus of elasticity of about 3 GPa. The cellulose fibers reinforce the hemicellulose matrix and 

either the pectin or lignin in one or more layers, with the orientation and volume fraction of the 

cellulose fibers varying in each layer within the cell wall (Gibson 2012). Gibson (2012) also 

reported that as a plant cell grows, there is a reduction in the yield strength of the cell wall by some 
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enzymes, to give room for significant deformation of the cell. However, at the completion of the 

growth stage, the strength and stiffness of the cell wall increases (Gibson 2012). With this in view, 

it is important to ascertain if this insoluble carbohydrates contribute immensely to the mechanical 

properties wheat stem and hopefully, selection through breeding or genetic engineering can be 

accomplished, once the trait(s) and underlying genes responsible are identified. Thus, the creation 

of a strong, high yielding and lodging resistant cultivar will be achievable. This section of the 

thesis investigates whether there is an association between the insoluble carbohydrates (cellulose, 

hemicellulose, and lignin) and lodging score or bending strength. 

Table 4.1 Major polymer contents in lignocellulose biomass (Bajpai 2016).  

Biomass Cellulose (%) Hemicellulose (%) Lignin (%) 

Corn cobs 45 35 15 

Grasses 25-40 35-50 10-30 

Hardwoods 40-55 24-40 18-25 

Softwoods 45-50 25-35 25-35 

Switchgrass 45 31.4 12 

Wheat straw 30 50 15 

 

4.3 Materials and Methods 

4.3.1 Plant Material and Field Experiments  

Six cultivars were selected based on strength properties from the plant materials gotten using the 

procedures explained in chapter 2, sub-section 2.3.1. Three new lines from the bi-parental 

population having the highest, intermediate, and lowest flexural strength values were selected, 

alongside the check entries (Cadillac, Carberry, and Glenn) with the highest, intermediate, and 

lowest flexural strength. The three checks of high, intermediate and low strength values were 

selected to observe if the insoluble carbohydrates were responsible for varying strength values 

occurring within the same cultivar but different block location on the field, given rise to twelve 

selected samples. A plot was designated to each line of experimental lines from the subset.  
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4.3.2 Lodging Score 

Same procedures as described in chapter 2, section 2.3.2. 

4.3.3 Sample Preparation 

Three wheat stems were collected from each of the 3 experimental lines and 9 check entry 

cultivars, making 12 samples in total. The labeled samples were kept in plastic bins. These plastic 

bins were placed in a controlled environment, set at 30% relative humidity and temperature of 4°C 

to maintain harvest condition. The wheat stems were cut at the second internode with the sheath 

removed prior to further testing. 

4.3.4 Biomechanical Test 

 To determine the bending force on the wheat stem samples, the procedures described in chapter 2 

section 2.3.5.1 was used. The flexural properties (modulus of elasticity, bending strength, and 

flexural rigidity) of the selected wheat stems were measured using equations (1.1), (1.2), and (2.4) 

respectively. 

Table 4.2 Lodging score of selected wheat stems used for FTIR analysis. 

Line Lodging Score Block 

AG033 7 1 

Cadillac 4 3 

Carberry 2 3 

Glenn 3 3 

BF075 3 3 

Cadillac 4 6 

Carberry 2 6 

Glenn 3 6 

AN085 2 6 

Cadillac 4 13 

Carberry 2 13 

Glenn 3 13 
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4.3.5. Insoluble Carbohydrate Measurement 

From the results of the biomechanical properties of the second internode of the wheat stems, the 

checks, Cadillac, Carberry and Glenn, having the highest, intermediate and lowest bending 

strength values, respectively, were selected. In addition to the check cultivars, three experimental 

lines that showed high, intermediate and low bending strength values were also selected from 

different blocks in the field experiment. The stem insoluble carbohydrates, cellulose, lignin, and 

hemicellulose, were estimated through integration and interpretation of the area under the peaks 

based on the FTIR spectrograms generated. In total, 12 samples were measured and analyzed with 

three replicates for each sample in the experiment (Table 4.3).  

Table 4.3 Selected lines based on flexural strength values from the 256 measured wheat stem lines 

(n=3). 

Lines Entry Block Flexural strength level 

AG033 New 1 Highest 

Cadillac Check 3 Lowest 

Glenn Check 3 Highest 

Carberry Check 3 Intermediate 

BF045 New 3 Intermediate 

AN065 New 6 Lowest 

Carberry Check 6 Lowest 

Cadillac Check 6 Intermediate 

Glenn Check 6 Lowest 

Carberry Check 13 Highest 

Cadillac Check 13 Highest 

Glenn Check 13 Intermediate 

 

4.3.5.1 Sample preparation: To determine the amount of cellulose, hemicellulose, and lignin 

present in the biomass, samples were first dried for 72 h using a freeze dryer (vacuum drying) 

(Labconco 4.5 FreeZone, Labconco Corp. Kansas City, MO) as shown in Figure 4.1, before 

chopping to small pieces using a pair of scissors in preparation for milling. 
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Figure 4.1 The freeze-drying set-up. 

The chopped samples were placed in labeled tubes along with eight pieces of round metallic 314 

stainless steel balls of 5/32 inches in diameter. These tubes were placed in aluminum trays in a 

cryo-station (Model 2600, SPEX® SamplePrep, Metuchen, NJ) filled with liquid nitrogen for ten 

minutes to freeze the samples in preparation for milling to reduce heat generation during milling, 

thus preventing damage of the compounds in the biomaterial. The aluminum trays housing the 

tubes were taken out of the cryo-station and placed in a Geno-grinder (Model 2010, SPEX® 

SamplePrep, Metuchen, NJ) for milling, to obtain a powdered sample consistency as shown in 

Figure 4.2. 
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a) Cryo-station set-up in preparation for the freezing of samples. 

 

b) Geno-grinder used in milling frozen samples. 

 

Figure 4.2 Conversion of wheat stem material to fine powder. The sample freezing set-up using 

the cryo-station (a), and the milling machine utilized for pulverization (b). 
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4.3.5.2 Sample testing: Fourier Transform Infrared Spectroscopy (FTIR) was used to determine 

relative insoluble carbohydrates amounts. An amount of about 2-8 mg of the sample was weighed 

and mixed with 100 mg of KBr (potassium bromide). The mixture was placed in another tube 

along with eight pieces of round metallic 314 stainless steel balls having 5/32 inches in diameter 

and placed in a cryo-station for freezing before grinding/mixing using the Geno-grinder. After 

uniform mixing using the Geno-grinder, 1.2-1.3 mg was weighed using a precision balance (0.001 

g) (Mettler Toledo, Mississauga, Canada) and placed in an evacuable KBr die which served as the 

mold, before a 13 mm clear disk was made through pressing with the aid of a hydraulic press 

(Auto-CrushIR, PIKE Technologies, Madison, WI) to form a KBr pellet as shown in Figure 4.3. 

The pelletized sample was placed quickly in a cell holder (Universal Demountable Cell), to avoid 

moisture gain as KBr is a deliquescent substance, and the cell holder was inserted into the mid-IR 

machine (FTIR) (Model 600, Agilent Technologies, Santa Clara, CA) and scanned at a range of 

350-4000 nm. Spectogram interpretation was accomplished based on the standard wavenumbers 

of the insoluble carbohydrates, with lignin having wavenumber range of 1490.0–1526.0 cm-1, 

hemicellulose, 1043.0-1070.0 cm-1, cellulose, 1145.0-1175.0 cm-1, and KNO3, 1354.0-1404.0 cm-

1 as shown in Figure 4.4.  The spectogram showed peaks of different wave numbers and the ones 

for the insoluble carbohydrates were identified using an orange biolab miniconda software (Toplak 

et al. 2017, 2018) and the peaks were integrated to give dimensionless absorbance values for each 

line.  
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a) The hydraulic pellet press. 

 

b) Evacuable KBr die set-up. 

Figure 4.3 Pellets production from milled samples showing the hydraulic pellet press (a), and the 

pellet mold set-up (b). 
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a) The universal cell (pellet) holder. 

 

b) The FTIR machine used in imaging the pellets. 

 

Figure 4.4 FTIR imaging of the pellet samples showing, the universal cell (pellet) holder 

(a), the FTIR imaging machine (b) 
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4.3.6 Statistical Analysis 

All data were statistically analyzed using SAS 9.4 software (SAS software. Version 9.4 SAS 

Institute Inc. Cary, NC) at the 5% significance level. Missing data were estimated for using the 

Restricted Maximum Likelihood (REML) method. A log transformation was applied to the 

mechanical traits of the second internode to meet the normality assumption of the analysis of 

variance and mixed model tests. A multiple linear regression model was fit to test for the effects 

due to genotype and block arrangement. Least Square Means were estimated for the genotypes in 

each block to compare the insoluble carbohydrates of the second internode of the 12 samples. The 

Duncan’s Multiple Range Test (DMRT) was performed following the ANOVA tests to test for 

variation in the means for the biomechanical traits in each block. Since significant differences were 

present between blocks, DMRT was done within the blocks. To compare the relative effects of 

genotypes and blocks on insoluble carbohydrates, the statistical model was the same as (2.5). 

Robust correlation coefficients were estimated for the biomechanical and insoluble carbohydrate 

properties of the wheat stems using the raw non-normally distributed data. 

4.4 Results and Discussion 

4.4.1 Insoluble Carbohydrates 

From the statistical analysis, it was observed that there was no significant difference in the 

insoluble carbohydrates (cellulose, lignin, and hemicellulose) within the blocks. There was also 

no significant difference observed in the hemicellulose absorbance level of the twelve lines, 

however, a significant difference in cellulose and lignin absorbance was observed at P<0.05 just 

as reported by Kong et al. (2013). This is shown in Table 4.3. Due to this significant difference in 

the lines observed, DMRT was performed (Table 4.4).  

AC Cadillac was observed to be the strongest amongst the checks except for in block 3, where 

Glenn was having higher bending strength value (Table 4.4). This exception or inconsistency may 

be due to the anisotropic nature of plants of some biotic factors influence. However, an inconsistent 

trend was observed in the insoluble carbohydrate absorbance levels, with AC Cadillac having 

higher cellulose absorbance level in some blocks and lower in others but no significant difference 

was observed at P<0.05 between the insoluble carbohydrates in the check cultivars (Figures 4.6, 

4.7, and 4.8). The selected integrated peaks according to wave numbers of the insoluble 

carbohydrates are shown in Figure 4.5. The insignificant difference in the insoluble carbohydrates 
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observed could be as a result of possible degradation of these carbohydrates over time before 

testing. 

Table 4.4 Analysis of variance for the insoluble carbohydrate properties of wheat stems (N=3). 

A. Dependent Variable: Cellulose 

Source DF SS Mean Square F Value Pr>F 

Block 3 0.11 0.04 1.47 0.25 

Entry 11 0.57 0.07 2.89 0.021 

Checks 2 0.16 0.05 2.21 0.11 

R-Square C V RMSE Cellulose Mean 

0.53 12.17 0.16 1.29 

B. Dependent Variable: Lignin 

Source DF SS Mean Square F Value Pr>F 

Block 3 0.10 0.03 1.14 0.35 

Entry 11 0.61 0.12 4.03 0.01 

Checks 2 0.15 0.05 1.68 0.20 

R-Square C V RMSE Lignin Mean 

0.54 11.56 0.17 1.50 

C. Dependent Variable: Hemicellulose 

Source DF SS Mean Square F Value Pr>F 

Block 3 0.02 0.01 1.47 0.25 

Entry 11 0.04 0.01 1.88 0.14 

Checks 2 0.14 0.01 3.10 0.05 

R-Square C V RMSE Hemicellulose Mean 

0.49 14.92 0.07 0.44 

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS = Sum of 

Squares, Pr = Probability. 
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4. 4.2 Correlation 

There was no significant correlation between the lodging score and the insoluble carbohydrates 

estimated at P<0.05 (Figure 4.10).  

Table 4.5 Average insoluble carbohydrate estimated values (n=3) of the twelve selected lines. 

Lines (Block) Cellulose* Lignin* Hemicellulose* Bending 

Strength 

(MPa)* AG033 (1) 1.20efgh(0.15) 1.58ABCD(0.12) 0.39EF(0.05) 8.22m(2.52) 

Cadillac (3) 1.40fgh(0.17) 1.68BCD(0.26) 0.46EFG(0.06) 4.40ijk(1.21) 

Glenn (3) 1.13ef(0.14) 1.33A(0.12) 0.39EF(0.05) 5.79kl(1.80) 

Carberry (3) 1.17efg(0.12) 1.43ABC(0.06) 0.42EFG(0.04) 3.57ijk(0.71) 

BF045 (3) 1.44gh(0.16) 1.70BD(0.12) 0.53G(0.07) 4.43ijk(0.14) 

AN065 (6) 1.48gh(0.27) 1.54ABCD(0.24) 0.51FG(0.13) 3.22ij(0.16) 

Carberry (6) 1.50h(0.13) 1.78D(0.14) 0.47EFG(0.05) 2.60i(0.40) 

Cadillac (6) 1.20efgh(0.22) 1.37ABC(0.29 0.38E(0.06) 5.23jk(0.17) 

Glenn (6) 1.25efgh(0.10) 1.35AB(0.16) 0.46EFG(0.06) 4.16ijk(0.62) 

Carberry (13) 1.08e(0.14) 1.28A(0.20) 0.35E(0.06) 4.22ijk(0.90) 

Cadillac (13) 1.25efgh(0.14) 1.43ABC(0.20) 0.42EFG(0.06) 7.56lm0.91) 

Glenn (13) 1.39efgh(0.11) 1.53ABCD(0.10) 0.48EFG(0.04) 4.61ijk(1.36) 

*mean values of values at n=3, with standard deviation values in parenthesis. Lines not 

connected by the same letter are significantly different at (P<0.05) according to Duncan Multiple 

Range Test (DMRT). 

 

These insoluble carbohydrates-lodging-and-bending strength correlations were observed to be 

insignificant at P<0.05, which is the same as reported by Kong et al. (2013). However, other 

scientists reported that cellulose had more effect on bending stress than lignin (Jian et al. 2006). 

These contradicting findings of researchers may be because of variation in sample sizes. For 

instance, Jian et al. (2006) worked with three genotypes of wheat, while Kong et al.  (2013) who 

reported no significant correlation worked with four genotypes of wheat (P<0.05). 
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Figure 4.5 Peaks of insoluble carbohydrates according to wave numbers in integrated spectra 

lines derived from FTIR micro-spectroscopy showing wavenumber range 1490.0–1526.0 cm-1 

for lignin, 1043.0-1070.0 cm-1, for hemicellulose, and 1145.0-1175.0 cm-1 for cellulose.

 
Figure 4.6 Cellulose absorbance level for checks in the blocks (cellulose at 1145.0-1175.0 cm-1). 
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Figure 4.7 Lignin absorbance level for checks in the blocks (lignin at 1490.0–1526.0 cm-1). 

 

Figure 4.8 Hemicellulose absorbance level for checks in the blocks (hemicellulose at 1043.0-

1070.0 cm-1). 
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Figure. 4.9 Correlation between insoluble carbohydrates in the stem cell wall, biomechanical 

properties, morphological properties, and lodging scores (BS=bending strength, Corr. =correlation 

values, LOI=Length of second internode, WOI=weight of second internode, WPL= weight per 

length of second internode, TOI=thickness of second internode, MOE=modulus of elasticity, 

HC=hemicellulose, KNO3=potassium nitrate). 

 

For instance, Jian et al. (2006) worked with three genotypes of wheat, while Kong et al.  (2013) 

who reported no significant correlation worked with four genotypes of wheat (P<0.05). 

Contradictions may also be because of different genotypes as Jian et al. (2006) reported that results 

showed that different genotypes could not be explained by a uniform model, thus we should be 

particulate about wheat breeding and screening, different adaptations of wheat cultivars, stem wall 

thickness, etc. These inconsistencies and contradictions may also be because of the anisotropic 

nature of wheat plants.  
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Cellulose showed positive correlation to lignin (r=0.83) and hemicellulose (r=0.94) which 

corresponds to the report given by Kong et al. (2013). The positive correlation observed between 

cellulose, lignin, and hemicellulose, may be due to their association to one another in forming the 

required hetero-matrix needed in lignocellulose materials as reported by Bajpai (2016). However, 

significant correlation was observed between biomechanical properties and lodging scores at 

P<0.05 (bending strength, r= 0.76, flexural rigidity, r= 0.76, modulus of elasticity, r= 0.79). Huge 

values of positive correlation was observed for the six cultivars. This could be because higher 

biomechanical properties values meant heavier wheat stems, and this resulted in heavier biomass 

partition above the ground adding more load on the bearable load of the root, thus, leading to 

failure in the root anchor (root lodging). 

4.5 Conclusions 

From the research, it was observed that cellulose and lignin showed significant difference within 

the entries but no significant difference within the checks while hemicellulose showed no 

significant difference within the entries and checks (P<0.05). An inconsistent trend was observed 

in the insoluble absorbance level of the check cultivars (Cadillac, Carberry, and Glenn), and this 

can be due to the anisotropic nature of plants or probably insoluble carbohydrate degradation 

before the actual testing.  

These insoluble carbohydrates showed no significant correlation with lodging scores, 

morphological, and biomechanical properties (P<0.05). However, reduction of investigated 

samples led to higher correlation values between lodging and biomechanical properties. 
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5 General Discussion 

5.1 Introduction 

This research project focused on the characterization of morphological and biomechanical traits of 

stems derived from a double haploid wheat population from the parents Carberry and AC Cadillac 

in order to address these questions: 

1. Is moisture content level a significant entity when measuring biomechanical properties of 

wheat stems as well as lodging? 

2. Are morphological or biomechanical traits significant characteristics to be considered in 

plant breeding for selecting lodging resistant variety? 

3. Are the insoluble carbohydrates, lignin, cellulose, or hemicellulose, associated with 

changes in stem bending strength? Or do these insoluble carbohydrates play an important 

role in lodging resistance? 

This general discussion chapter aims to address these three questions with supporting evidence in 

the form of technical results from the characterization of the wheat stems derived from a double 

haploid population experiment conducted for this research project. 

5.2 Physiological Properties of Wheat Stems 

In engineering, important components like columns and beams are given special consideration and 

focus, especially as they make up the framework of any structure. They are important because they 

dictate the strength of the structure and estimate the maximum load a structure can withstand over 

a period. A column and beam in a structure can either be, free at one end and fixed at the other, or 

free at one end and pinned at the other or fixed at both ends depending on the purpose of the 

structure. In designing a column or beam for maximum load tolerance, factors like duration of 

loading, material, size, shape, and slenderness ratio all play important roles.   

A wheat plant can be viewed as a structure-wide member, where the wheat stem is the column 

bearing a load (the head). However, the wheat stem is hinged at the root and free at the top carrying 

the head. The wheat stem can be categorized as a biomaterial just like wood, thus it is expected 

that different species will possess different strength properties due to its anisotropic nature. Since 

the wheat plant is a structure designed based on nature, characterization of these wheat stems is of 
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importance, to be able to attribute these findings to buckling or failure of the wheat stems. This 

failure in agriculture is termed lodging. To have a wide scope of these wheat stems, two plants 

were selected for plant breeding. A tall wheat stemmed variety (AC Cadillac) and a short wheat 

stemmed variety (Carberry) were studied. It is known by plant breeders that when two different 

plant varieties cross each other, the filial generation produced will have characteristics associated 

to either of the parents or both of their parents. The breeding gave rise to 775 lines in which 208 

lines were selected for testing. The wheat stems serving as supports (columns) for these wheat 

plants were characterized for the morphological characteristics as discussed in chapter 2 and 

biomechanical properties as discussed in chapter 3.  

In measuring the morphological traits, stem height, length of the second internode, stem 

wall thickness, the volume and cross-sectional area of the stem, slenderness ratio, and density were 

studied. A significant difference was observed in the wheat stem’s height of the entire derived 

population at P<0.05 which is the same result as that reported by Akbar et al. (2000), Mohammad 

et al. (2001), and Ahmad et al. (2003). However, some lines in the derived population were 

observed to share close similarities with some traits and a huge difference in other traits at P<0.05 

and this is shown in chapter 2. The significant difference in the morphological traits may be due 

to biotic and abiotic factors or anisotropic nature of plants.  In designing of engineering structures, 

longer columns with high slenderness ratio are known to fail easily as compared to shorter columns 

with low slenderness ratio. This research brought engineering into plant breeding to help 

characterize wheat stems based on the strength and load-bearing capacity.  In the characterization 

of these wheat stems, morphological traits were measured and correlated with bending strength 

and plant lodging scores. It was observed that height and density of wheat stems showed a 

significant correlation to bending strength and plant lodging scores which is established in chapter 

2. The similar results are reported by Crooks and Ennos (1994), Zuber et al. 1999, and Kong et al. 

(2013) in their investigation of morphological traits in relation to lodging in wheat. However, in 

measuring biomaterials, moisture content is a factor that varies when not controlled. A question of 

the effect of moisture content on strength properties arose and this was elaborated in chapter 3. 

Biomaterials absorb moisture from the environment and chapter 3 data analysis shows results of 

the effect of moisture content increase on biomechanical properties of the wheat stem. In chapter 

3, flexural rigidity, bending strength, and modulus of elasticity were the measured biomechanical 

properties of the wheat stems.  
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This study considered two different moisture contents, 14%, and 22%, and it was 

established that the decrease in moisture content led to increasing biomechanical strength 

properties and a significant difference was observed in the effect of moisture content on the 

biomechanical properties. These results support the reports written by Edet (2015), O’Dogherty et 

al. (1995), and Esehaghbeygi et al. (2009). It was observed that of the two parents, AC Cadillac, 

the tall stemmed variety had higher flexural properties as compared to Carberry. Correlation 

between biomechanical properties and lodging scores showed a positive correlation. In columns 

made with concrete, some sort of framework is put in place to reinforce the concrete, while in 

biomaterials, certain components like lignin are responsible for binding together cellulose fibers 

in the cell wall. In wheat stems, these components are known as insoluble carbohydrates and are 

present in the sclerenchyma cells of the stem’s cell wall. These insoluble carbohydrates were 

investigated for the wheat stems having high bending strength properties to know its correlation 

with strength. A significant difference was observed in the integrated cellulose and lignin peak of 

the selected wheat stems at P<0.05, which supports the findings of Kong et al. (2013), however, 

no significant difference was observed in the integrated hemicellulose peaks at P<0.05. In 

investigating the correlation between the insoluble carbohydrates and lodging scores, no 

significance was observed at P<0.05, with cellulose and hemicellulose showing a negative 

correlation to lodging while lignin showed a positive correlation to lodging. These results support 

the report given by Kong et al. (2013). 

 This thesis has observed that for lodging to occur in plants, so many factors has to interact, factors 

like height, density, slenderness ratio, strength of stems, root anchorage strength, and moisture 

content. Having investigated all these, to mitigate lodging, selection based on these morphological 

parameters has to be observed. A tall, dense, low slenderness ratio, no moisture variation stems, 

with high biomechanical properties, and deeply spread root rhizosheaths wheat plants will resist 

lodging. This thesis also confirmed previous findings of the effect of moisture on bending strength 

and also confirms the height and density as one of the important morphological properties 

responsible for strength and failure in plants. This thesis also confirmed some findings on the effect 

of insoluble carbohydrates on strength properties, as contradicting findings were observed in the 

study.   
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5.3 Closing the Knowledge Gap 

The primary knowledge gap prior to this research was the uncertainty to know the gene responsible 

for the strength traits in wheat stems, and how the wheat stem strength correlates to plant lodging. 

Chapter 2 summarizes all the morphological characteristics associated with lodging and bending 

strength of wheat stems. The results of this research will aid plant breeders in mapping out genes 

responsible for plant strength traits just like the way they mapped out genes responsible for height 

trait in wheat stems. Data analysis reported in Chapter 3 summarizes the effect of moisture content 

level on wheat stem’s strength properties and its association with lodging. The results of this 

chapter will help all researchers working on using wheat straws for load bearing platforms to 

ensure control of moisture is taken into consideration before usage and analysis. Chapter 4 

summarizes the effect of insoluble carbohydrates on bending strength and lodging. The results of 

this research will provide plant breeders and scientists the need another for further research to 

examine some other characteristics of the stem cell wall and their correlation to strength and 

lodging in wheat stems, as the data analysis proves no significant correlation existed between 

insoluble carbohydrates, bending strength, and lodging.  All these information helps plant breeders 

to map out the gene responsible for strength traits in plant and also investigate other possible 

anatomical properties responsible for strength in wheat stems aside insoluble carbohydrates 

present in sclerenchyma cells. This can help in selecting wheat plant that can be resistant to 

lodging, invariably increasing wheat harvest yield across the globe. 
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6 Conclusions and Recommendations  

The main objectives of this MSc project were: (i) to investigate the morphological traits of 208 

genetic lines derived from a bi-parental population of the wheat cultivars Carberry and AC Cadillac 

and its relation to lodging; (ii) to investigate the biomechanical traits of 208 genetic lines derived 

from a bi-parental population of the wheat cultivars Carberry and AC Cadillac (emphasis on the 

second internode) as a function of stem’s moisture content; and (iii) to investigate the effect of the 

insoluble carbohydrates in the cell wall on lodging and other measured properties. 

In accomplishing the first objective, cross-breeding was done using two bread wheat, AC Cadillac 

and Carberry. The morphological properties of the double haploid lines derived after the cross-

breeding was measured and correlated to lodging. 

The second internodes of the harvested double haploid wheat stem lines derived from the cross-

breeding operation were conditioned to two different moisture levels (14% and 22%) to meet the 

second objective, and the effect of the moisture levels on the biomechanical properties was 

observed. 

The insoluble carbohydrates of a subset of the double haploid lines, selected based on strength 

properties were estimated and correlated to lodging scores to satisfy the third objective. 

6.1 Conclusions 

The 208 derived double haploid lines were measured for morphological properties to know the 

variation in characteristics of the lines and their parents, and to ascertain each morphological 

property’s correlation to lodging.  

There was a significant difference (P<0.05) in the characteristics of the lines as compared to their 

parents. A weak positive correlation was observed at P<0.05 between the height of the stem, 

density of the second internode of the stem, and slenderness ratio of the second internode of the 

stem and lodging scores (r=0.5, r=0.35, and r=0.3 respectively). The investigated biomechanical 

characteristics showed a weak positive correlation to lodging score (bending strength (r = 0.39), 

modulus of elasticity (r = 0.37), and flexural rigidity(r = 0.35) at P<0.05). 

The increase in moisture content led to a decrease in the biomechanical properties (bending 

strength, modulus of elasticity, and flexural rigidity) of wheat stems, with AC Cadillac having 

bending strength values ranging from 4.26-7.23 MPa, Carberry having 2.62-4.96 MPa at 14% 



77 
 

while at 22% MC, the bending strength values reduced with AC Cadillac having bending strength 

values ranging from 2.58-5.05 MPa, and Carberry having 2.46-4.83 MPa respectively.  

The taller of the parents (AC Cadillac) had higher strength values at the second internode compared 

to the semi-dwarf variety, Carberry at moisture contents 14% and 22%. A weak positive 

correlation of lodging to the biomechanical properties at 14% MC and 22% MC (P<0.05) was 

observed.  

In investigating the insoluble carbohydrates present in the selected wheat stems, it was observed 

that there was no significant difference in the absorbance level of cellulose and lignin between the 

checks (AC Cadillac, Carberry, and Glenn), but a significant difference was observed in the 

hemicellulose absorbance level (P<0.05). However, between the entries, a significant difference 

was observed in the absorbance level of cellulose and lignin while hemicellulose showed no 

significant difference (P<0.05). These insoluble carbohydrates (cellulose, lignin, and 

hemicellulose) showed no significant correlation with lodging, morphological, and biomechanical 

properties (P<0.05), which was similar to reported result (Kong et al. 2013).  

6.2 Recommendations for Future Research 

The sample size for this study was huge as compared to other studies, and with the studied material 

being anisotropic in nature, inconsistencies were observed in some of the results. To verify the 

reasons for these inconsistencies, further research is recommended. 

a) Future research should be performed on a lesser population size with more replicates to 

reduce the deviations in the measured values of the morphological properties. 

b) It was observed that the wheat stems were tapered, thus future research should inculcate 

this in the study.  

c) Research on root structure and its correlation to lodging should be investigated. 

d) The effect of the thickness of the leaf sheath on strength properties of the cultivars should 

be researched. 

e) The biomechanical properties of wheat stems using four-point bending test is also an area 

to be investigated since plant stems are heterogeneous in nature.   
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Appendix A: Supplementary Material for Chapter 2 

Table A.1 Analysis of variance of morphological characteristics of wheat stems (n=5). 

A. Dependent Variable: Volume 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.08 0.005 3.58 0.0014 

Check Entry 2 0.10 0.05 31.96 <0.0001 

New Entry 207 1.39 0.007 4.45 <0.0001 

R-Square C V RMSE Volume 

0.97 7.54 0.04 0.51 

B. Dependent Variable: Area 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 4.07 0.27 2.03 0.048 

Check Entry 2 0.73 0.36 2.72 0.14 

New Entry 207 55.49 0.27 2.00 0.01 

R-Square CV RMSE Area 

0.94 9.51 0.37 3.85 

C. Dependent Variable: Density 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.01 0.001 1.42 0.21 

Check Entry 2 0.03 0.02 22.03 <0.0001 

New Entry 196 0.27 0.001 1.99 0.02 

R-Square CV RMSE Area 

0.95 8.27 0.03 0.32 

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS = 

Sum of Squares, Pr = Probability. 
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Table A.2 Average morphological properties values (n=5) of the wheat stem lines. 

Block One Block Two 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

BE029 120.4abc(6.1) 77.8abc(2.9) AH105 153.0f(13.4) 99.8f(9.0) 

AM001 124.8bcd(13.5) 77.3abc(12.2) Glenn 135.8cdef(18.4) 86.3cdef(10.5) 

AF044 161.2h(9.9) 99.1e(11.3) AF023 147.8ef(21.3) 88.2cdef(16.7) 

AC023 136.2cdef(20.7) 80.6abcd(15.6) AS059 112.0ab(5.8) 70.9abc(4.7) 

AC056 103.8a(11.7) 66.3a(6.3) BC109 141.0def(15.6) 89.7def(13.6) 

AZ056 121.8abcd(2.5) 78.2abc(4.1) AR089 144.6def(15.7) 94.3ef(20.3) 

AD012 145.4efgh(24.1) 89.4cde(10.1) AW064 188.8g(7.9) 124.0g(11.4) 

Carberry 111.2ab(8.0) 68.1a(9.4) AE022 124.2bcd(19.6) 77.9abcde(11.5) 

Cadillac 154.6fgh(6.2) 100.9e(13.8) AZ087 156.4f(15.7) 97.7f(14.5) 

BB115 128.6bcde(11.9) 79.5abc(9.5) AG153 130.4bcde(2.9) 73.6abcd(3.6) 

AT116 140.6defg(2.5) 88.5cde(5.8) Cadillac 183.6g(4.7) 118.2g(5.7) 

Glenn 135.8cdef(13.2) 88.3bcde(8.1) AQ042 127.6bcde(8.6) 75.2abcd(8.1) 

AG033 103.4a(16.3) 73.0ab(12.6) AT069 135.2cdef(9.2) 84.5bcdef(9.6) 

AZ014 157.6gh(15.1) 102.1e(9.5) AD072 140.6def(21.8) 87.2cdef(14.3) 

AT064 116.8abc(10.8) 72.7a(4.9) AX109 93.8a(27.4) 65.2a(16.7) 

AA080 146.4efgh(24.2) 94.6de(18.9) Carberry 117.6bc(11.8) 68.6ab(8.6) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.3 Average morphological properties values (n=5) of the wheat stem lines. 

Block Three Block Four 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

AD005 118.0a(12.1) 70.7a(6.6) BA029 116.4ab(20.5) 69.5a(13.8) 

Cadillac 154.0def(22.8) 94.4cde(21.1) AW080 126.6abc(12.1) 74.2ab(9.7) 

BE118 127.2abc(1.6) 75.1ab(2.6) BD104 119.2ab(9.4) 81.0ab(6.6) 

AX086 124.2abc(20.5) 78.2ab(3.7) BD047 126.0abc(3.9) 75.6ab(2.8) 

AP013 117.2a(7.8) 73.7ab(6.2) AC078 131.2bc(34.1) 90.4bc(32.7) 

AN063 122.4ab(20.5) 75.4ab(12.6) BA033 140.8c(21.1) 90.2bc(13.2) 

BF036 170.8f(17.7) 105.4de(11.3) Carberry 117.8ab(6.6) 71.2a(2.2) 

BD073 137.8bcd(10.3) 84.7bc(4.3) BB060 132.0bc(6.7) 80.9ab(6.5) 

Glenn 146.2cde(11.5) 92.6cd(6.6) AE002 126.4abc(11.5) 81.8ab(6.7) 

BC069 141.8bcd(14.1) 83.8abc(5.4) BC093 125.2abc(8.2) 76.3ab(6.1) 

BE033 123.4ab(18.7) 78.4ab(13.4) AX018 117.2ab(4.2) 73.9ab(5.1) 

Carberry 127.4abc(11.7) 75.8ab(3.6) Glenn 133.6bc(10.1) 91.3bc(7.5) 

BF075 162.0ef(12.7) 103.5de(2.6) AU045 107.0a(5.2) 65.3a(2.1) 

AB122 164.4ef(7.6) 105.6e(2.6) Cadillac 161.0d(13.7) 102.0c(12.2) 

AC039 132.6abc(7.0) 77.8ab(4.3) BF143 12.68abc(1.53) 7.48ab(1.06) 

BE009 133.4abc(9.3) 77.4ab(5.7) AB051 11.52ab(1.45) 6.87a(0.83) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.4 Average morphological properties values (n=5) of the wheat stem lines. 

Block Five Block Six 

Lines Length of 

Internode (mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode (mm)* 

Slenderness 

Ratio 

AH092 134.2cd(17.9) 76.2defg(10.7) BF123 156.0efg(2.2) 96.8f(7.6) 

BF057 130.8cd(12.1) 78.3defgh(10.1) AY072 109.4a(10.7) 76.2abc(12.9) 

AH082 125.0c(10.2) 80.5defgh(6.0) AK039 150.4def(7.7) 90.9def(6.8) 

AH009 94.6a(9.1) 57.2ab(4.4) AC025 120.2ab(22.6) 71.0ab(13.9) 

AU056 126.0c(11.2) 74.4def(6.7) AN065 121.8ab(4.8) 78.2abcd(8.9) 

BB048 138.6cd(8.9) 89.8hi(9.1) AT013 142.6cdef(9.8) 89.7cdef(9.7) 

Cadillac 160.2e(16.9) 100.2i(12.2) BF114 140.8cde(4.6) 88.6cdef(4.6) 

AH157 138.6cd(4.6) 87.8fghi(6.9) AJ004 126.2bc(8.4) 77.1abcd(6.9) 

BD012 127.8c(17.7) 80.5defgh(11.1) Carberry 123.2ab(13.9) 67.6a(3.6) 

BF022 97.6a(17.7) 61.3abc(12.6) Cadillac 168.8g(16.3) 102.0f(9.6) 

AJ012 88.2a(16.6) 51.6a(8.5) Glenn 153.0ef(11.2) 93.7ef(14.8) 

AV031 106.4ab(13.1) 67.4bcd(9.0) AX072 151.8ef(9.7) 88.8cdef(14.6) 

BF138 125.8c(3.3) 73.2cde(3.0) AS044 157.6fg(4.8) 94.1ef(4.9) 

Glenn 135.4cd(18.6) 81.5efgh(14.0) BB075 134.8bcd(11.3) 78.6abcd(6.1) 

Carberry 120.2bc(5.8) 73.4cde(4.9) BE092 134.0bc(8.6) 82.2bcde(11.9) 

BC002 147.6de(16.8) 88.0ghi(10.7) AG060 127.2bc(17.7) 73.3ab(8.9) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.5 Average morphological properties values (n=5) of the wheat stem lines. 

Block Seven Block Eight 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

AZ070 148.4cd(15.1) 91.9bc(13.4) AB031 112.4a(37.5) 76.9abc(24.2) 

AQ027 99.4a(17.4) 62.4a(12.7) AH030 139.8bcd(10.3) 89.6bcde(9.3) 

Glenn 148.0cd(19.2) 93.3bc(13.9) AR019 123.4ab(6.3) 71.3ab(2.2) 

AX125 143.8cd(13.3) 93.0bc(15.7) Cadillac 170.0ef(3.7) 108.5f(6.9) 

BA020 135.8bcd(7.3) 90.2bc(11.8) Glenn 152.2de(8.3) 97.7def(15.0) 

AG028 140.2bcd(7.0) 91.5bc(9.4) AY026 129.4abc(19.9) 85.6abcde(20.6) 

AX017 117.0ab(38.9) 77.4ab(26.8) AR081 116.4a(4.8) 71.1ab(5.1) 

Carberry 145.0bc(20.4) 97.0bc(21.4) BE012 183.0f(15.5) 109.5f(10.1) 

AW094 140.6bcd(17.9) 95.4bc(20.5) AC041 149.0cde(20.4) 92.4cdef(15.8) 

AX078 128.2bc(9.4) 77.0ab(6.4) AX118 161.4e(20.0) 101.0ef(20.1) 

AJ011 127.0bc(5.9) 85.6bc(7.1) AS039 121.8ab(9.2) 76.9abc(4.4) 

AB072 135.8bcd(13.4) 81.2abc(7.9) Carberry 130.4abc(5.7) 77.2abc(7.0) 

Cadillac 154.4d(16.8) 100.8c(9.8) BF101 169.4ef(11.0) 109.5f(8.9) 

AZ095 139.2bcd(11.9) 80.9abc(8.3) AN044 123.0ab(11.9) 86.4abcde(16.4) 

AB029 136.8bcd(11.3) 101.9c(22.2) BF006 122.2ab(4.3) 69.0a(1.9) 

BF062 134.0bcd(22.3) 88.0bc(18.7) AB114 132.4abcd(12.4) 81.5abcd(7.3) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.6 Average morphological properties values (n=5) of the wheat stem lines. 

Block Nine Block Ten 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Carberry 120.8b(4.1) 66.7ab(4.2) Carberry 114.6bc(15.7) 66.0abc(6.9) 

Glenn 126.4b(7.3) 78.7b(7.0) AZ017 115.8bc(13.9) 60.3a(6.9) 

BE068 131.4b(7.2) 82.7b(3.8) Cadillac 149.2d(12.4) 91.1ef(10.3) 

AS025 120.8b(9.5) 76.1b(7.7) AA037 112.0abc(17.1) 68.5abc(11.9) 

AZ010 120.0b(18.1) 78.4b(14.3) AU055 134.6cd(20.5) 82.1cdef(11.8) 

BF180 121.8b(2.0) 70.0ab(2.0) AR044 88.8a(22.6) 57.5a(16.1) 

AP030 124.4b(13.0) 77.2b(7.8) BC031 103.6ab(18.4) 72.0abcd(14.2) 

AD033 127.6b(19.8) 78.5b(10.7) AA021 133.2cd(15.1) 78.1bcde(8.6) 

AH033 115.4a(21.1) 70.6ab(15.5) AH156 148.0d(19.3) 91.8ef(17.6) 

AV028 129.8b(31.3) 80.6b(19.9) BA099 142.0d(19.0) 88.1def(12.7) 

Cadillac 174.6c(10.0) 112.1c(7.8) AW009 141.4d(27.7) 82.5cdef(17.3) 

AH047 124.6b(2.7) 75.8b(5.9) BB054 151.2d(5.9) 97.7f(3.3) 

AT072 113.0a(15.0) 77.8b(11.6) AC037 110.8abc(23.4) 70.9abc(9.8) 

AZ029 93.8a(24.5) 56.3a(17.6) AU003 126.4bcd(15.0) 80.5cde(9.9) 

AG057 122.0b(40.2) 78.6b(28.1) Glenn 134.4cd(5.9) 81.1cdef(3.4) 

BF104 165.6c(6.3) 98.7c(7.3) AA085 113.2abc(17.7) 62.7ab(11.4) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.7 Average morphological properties values (n=5) of the wheat stem lines. 

Block Eleven Block Twelve 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

AX023 126.2b(5.4) 70.8ab(5.8) AM030 139.8defg(20.0) 85.0abcd(13.9) 

BB055 167.4e(4.2) 112.3g(9.1) AX108 119.8abc(9.4) 78.3abc(10.5) 

AH152 108.2a(21.8) 72.4ab(14.8) AY087 160.0h(8.0) 97.1de(6.2) 

Cadillac 161.6de(16.9) 107.1fg(18.9) BC088 126.6bcd(9.6) 85.1abcd(8.4) 

AR031 166.6e(8.5) 94.6def(10.2) AB060 138.4cdefg(14.2) 89.0bcd(12.3) 

AT073 134.2bc(8.0) 78.6bc(3.7) Glenn 131.8bcde(12.6) 83.3abcd(9.7) 

BF089 160.6de(4.3) 95.8def(7.1) AD028 133.0bcdef(26.1) 90.5cd(20.2) 

AE010 135.0bc(12.5) 87.7cde(9.8) Carberry 130.0bcde(4.2) 77.0abc(5.0) 

Glenn 144.8c(9.1) 92.4cde(5.3) AZ025 148.4efgh(20.7) 94.6de(14.7) 

BB062 131.6bc(4.5) 82.2bcd(4.4) AT043 135.0cdef(3.7) 85.2abcd(4.4) 

BF032 132.6bc(7.2) 81.6bcd(8.3) BA037 136.6cdef(6.0) 87.4bcd(9.7) 

AU050 148.2cd(15.6) 96.5ef(14.9) Cadillac 164.0h(4.8) 108.5e(8.3) 

AQ072 96.0a(15.4) 60.0a(9.1) AN055 115.4ab(6.6) 73.8ab(3.9) 

Carberry 126.8b(4.1) 72.8ab(2.0) AY100 102.8a(7.7) 70.1a(3.3) 

AL009 138.2bc(16.3) 92.9de(10.7) AX123 152.2fgh(22.9) 98.7de(16.2) 

AG074 132.2bc(10.2) 82.0bcd(6.5) AT095 156.6gh(7.6) 94.5de(8.8) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the same letter 

are significantly different at (P<0.05) according to Duncan’s Multiple Range Test (DMRT). 
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Table A.8 Average morphological properties values (n=5) of the wheat stem lines. 

Block Thirteen Block Fourteen 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

AT011 151.4efg(16.1

) 

99.4cd(19.8) AX012 154.4de(10.3

) 

101.0ef(13.9) 

AR069 159.4fgh(9.7) 98.3cd(6.3) AY013 125.2a(7.9) 73.4a(5.4) 

Carberry 126.8bcd(18.

1) 

82.7abc(18.0

) 

AX129 125.0a(2.0) 76.1a(5.6) 

AN024 127.4bcd(15.

4) 

77.1abc(6.0) Carberry 133.0ab(9.7) 77.7a(1.3) 

BB039 110.8ab(14.0

) 

64.9a(10.8) AL014 134.0ab(17.9

) 

82.9abcd(10.3

) AH038 133.2bcde(10.

3) 

79.3abc(6.8) AT125 131.6a(10.1) 79.1ab(4.3) 

AK046 101.8a(22.2) 64.6a(16.6) AC027 158.4def(13.3

) 

101.5ef(17.4) 

Cadillac 176.6h(15.5) 120.2e(23.4) AG023 157.6def(2.3) 94.3de(4.5) 

BF121 167.6gh(1.68

) 

112.6de(17.8

) 

AF008 150.6d(7.5) 92.6bcde(7.8) 

BF169 152.4efg(22.2

) 

96.2bcd(18.3

) 

Glenn 148.2cd(12.8

) 

86.3abcd(12.7

) AE051 147.4cdefg(14

.1) 

95.0bcd(19.3

) 

BF017 167.8efg(10.7

) 

110.1f(8.5) 

AB077 147.8cdefg(21

.5) 

97.2bcd(19.8

) 

BB080 169.4fg(14.2

) 

112.9f(16.2) 

BE035 123.8bc(5.4) 74.5ab(2.8) BA019 130.6a(8.1) 79.7abc(8.9) 

AR103 125.0bc(7.5) 80.0abc(5.8) Cadillac 174.6g(7.2) 108.6f(5.5) 

BC104 142.2cdef(22.

3) 

89.0bc(20.4) AG022 146.8bcd(9.2) 93.3cde(2.4) 

9( Glenn 149.6defg(18.

2) 

90.2bc(11.9) AY081 135.4abc(9.7) 85.8abcds(11.

1) *Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.9 Average morphological properties values (n=5) of the wheat stem lines. 

Block Fifteen Block Sixteen 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

Lines Length of 

Internode 

(mm)* 

Slenderness 

Ratio 

BB103 116.6abc(4.3) 73.0abc(5.8) Cadillac 159.2de(13.3) 99.6de(17.1) 

AC009 164.6fg(21.5) 103.7f(14.5) Carberry 136.2abc(13.0) 78.0abc(11.4

) AD035 134.8cde(5.7) 87.7cdef(5.8) Glenn 144.0bcd(7.2) 84.9abcd(6.6) 

AY057 120.8bc(26.2) 71.2abc(18.1

) 

AW103 140.2bcd(21.5) 83.1abcd(15.

7) Cadillac 169.0g(12.1) 103.4f(16.9) BF044 144.0bcd(19.5) 92.0bcde(16.

9) Carberry 137.4cde(4.4) 82.1bcde(4.3) BF014 153.0cde(27.1) 89.5abcd(18.

2) AF034 97.4a(27.6) 55.7a(18.7) AT100 126.2ab(17.9) 76.7abc(17.7

) AD031 144.2def(9.6) 86.2bcdef(2.4

) 

AB019 118.0a(4.5) 76.3ab(2.8) 

AC019 131.2cd(5.6) 75.7bcd(3.0) BC013 143.6bcd(10.1) 85.2abcd(11.

4) Glenn 146.6def(17.5) 92.8def(19.4

) 

AZ054 130.2ab(7.6) 72.6a(7.1) 

AM026 106.2ab(12.4) 68.2ab(9.1) BE028 125.8ab(9.5) 73.2a(5.3) 

AN015 138.4cde(10.0) 78.1bcd(8.6) AM020 142.5bcd(13.8) 95.1cde(8.6) 

AW095 144.2def(27.1) 87.0cdef(19.

7) 

AX090 133.8abc(13.2) 87.2abcd(9.3) 

AZ052 128.2cd(6.6) 72.9abc(5.5) AW085 137.4abc(12.2) 73.1a(8.3) 

BF039 159.4efg(6.6) 96.9ef(12.5) BF034 166.6e(5.3) 108.9e(10.3) 

BA004 137.8cde(14.4) 72.9abc(10.2

) 

BF051 138.2abcd(13.5

) 

81.1abc(14.2

) *Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.10 Average morphological properties values (n=5) of the wheat stem lines. 

Block One Block Two 

Lines Height of 

Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode 

(mm)* 

Thickness of 

stem (mm)* 

BE029 780.2bcd(35.9) 0.77abc(0.10) AH105 917.4fg(37.9) 0.82bcde(0.10) 

AM001 790.8cd(21.8) 0.80abc(0.14) Glenn 815.0d(46.4) 0.76abcd(0.09) 

AF044 990.4g(46.4) 0.81abc(0.22) AF023 980.2hi(17.1) 0.74abc(0.13) 

AC023 878.8e(27.3) 0.94c(0.12) AS059 855.6e(12.8) 0.96def(0.09) 

AC056 706.2a(32.9) 0.94c(0.18) BC109 899.0f(31.1) 0.88bcdef(0.14) 

AZ056 761.8bc(17.4) 0.78abc(0.11) AR089 794.6cd(21.0) 1.02ef(0.26) 

AD012 873.6e(60.4) 0.84bc(0.19) AW064 900.2f(16.3) 0.60a(0.07) 

Carberry 701.8a(33.4) 0.77abc(0.15) AE022 768.4bc(49.3) 0.82bcde(0.12) 

Cadillac 917.6ef(26.7) 0.80abc(0.18) AZ087 955.8gh(15.4) 0.71ab(0.12) 

BB115 780.0abc(38.8) 0.75abc(0.12) AG153 790.2cd(20.5) 0.83bcdef(0.17) 

AT116 797.0cd(17.5) 0.60a(0.07) Cadillac 1003.0i(15.0) 0.68ab(0.06) 

Glenn 826.2d(16.9) 0.77abc(0.10) AQ042 769.4bc(40.8) 0.88bcdef(0.13) 

AG033 790.0cd(51.5) 0.87bc(0.13) AT069 802.0cd(33.6) 0.66ab(0.18) 

AZ014 935.4f(22.7) 0.65ab(0.10) AD072 881.8ef(57.3) 0.94cdef(0.20) 

AT064 736.4ab(41.0) 0.89c(0.08) AX109 668.2a(7.0) 1.04f(0.21) 

AA080 902.2ef(20.7) 0.92c(0.27) Carberry 741.4b(13.2) 0.81(0.16) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.11 Average morphological properties values (n=5) of the wheat stem lines. 

Block Three Block Four 

Lines Height of 

Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode 

(mm)* 

Thickness of 

stem (mm)* 

AD005 868.6u(48.9) 0.79ij(0.14) BA029 749.0abc(72.5) 0.88def(0.19) 

Cadillac 947.6v(49.1) 0.87j(0.12) AW080 774.2bcd(43.3) 0.89def(0.15) 

BE118 740.0q(24.5) 0.67ij(0.05) BD104 743.4abc(59.1) 0.71de(0.12) 

AX086 753.8q(29.6) 0.85j(0.15) BD047 736.0abc(25.7) 0.95f(0.08) 

AP013 681.2p(26.7) 0.83ij(0.10) AC078 867.4e(38.7) 0.80def(0.33) 

AN063 810.0rst(18.6) 0.75ij(0.20) BA033 843.6e(10.6) 0.73def(0.06) 

BF036 937.4v(52.1) 0.72ij(0.13) Carberry 717.8ab(23.3) 0.86def(0.10) 

BD073 855.8tu(23.9) 0.76ij(0.12) BB060 765.0bcd(43.4) 0.91ef(0.31) 

Glenn 820.6rst(33.1) 0.73ij(0.07) AE002 812.6de(49.9) 0.69de(0.05) 

BC069 776.0qr(33.4) 0.60i(0.16) BC093 700.0a(32.4) 0.68de(0.13) 

BE033 843.8stu(31.1) 0.78ij(0.21) AX018 743.2abc(46.4) 0.86def(0.03) 

Carberry 745.4q(29.5) 0.75ij(0.12) Glenn 779.6cd(19.8) 0.71de(0.09) 

BF075 945.2v(31.2) 0.74ij(0.15) AU045 695.4a(36.8) 0.95f(0.07) 

AB122 945.0v(29.0) 0.67ij(0.06) Cadillac 935.6f(27.1) 0.76def(0.11) 

AC039 806.6rs(26.2) 0.86j(0.12) BF143 843.2e(31.0) 0.87def(0.10) 

BE009 787.4qr(44.8) 0.82ij(0.37) AB051 718.4ab(36.2) 0.78def(0.10) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.12 Average morphological properties values (n=5) of the wheat stem lines. 

Block Five Block Six 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

AH092 887.4g(35.6) 1.05e(0.14) BF123 906.0fg(13.7) 0.72abc(0.06) 

BF057 745.8cd(19.3) 0.81abcd(0.09) AY072 662.6a(42.8) 0.59a(0.15) 

AH082 756.0cde(50.5) 0.76ab(0.07) AK039 871.4b(48.5) 0.79abc(0.11) 

AH009 804.4ef(31.7) 1.00de(0.10) AC025 776.6bc(28.3) 0.93bcd(0.37) 

AU056 726.2bc(23.5) 0.94bcde(0.19) AN065 698.4a(12.9) 0.80abc(0.32) 

BB048 788.2def(25.7) 0.63a(0.15) AT013 852.8de(10.9) 0.66ab(0.14) 

Cadillac 942.0h(47.4) 0.75ab(0.09) BF114 761.0b(37.9) 0.76abc(0.11) 

AH157 755.2cde(25.0) 0.88bcde(0.12) AJ004 803.0bc(44.7) 1.15d(0.12) 

BD012 814.0f(23.3) 0.94bcde(0.18) Carberry 756.6b(42.4) 0.91bcd(0.10) 

BF022 630.0a(47.0) 0.82abcd(0.26) Cadillac 968.6h(44.8) 0.90bcd(0.20) 

AJ012 690.0b(30.0) 0.98cde(0.08) Glenn 852.4de(18.2) 0.82abc(0.17) 

AV031 719.2bc(33.4) 0.94bcde(0.13) AX072 889.2efg(40.3) 0.85abc(0.20) 

BF138 740.0abc(17.8) 0.84bcd(0.09) AS044 911.6fg(15.5) 0.76abc(0.19) 

Glenn 810.2f(55.0) 0.85bcde(0.15) BB075 788.0bc(45.2) 0.96cd(0.13) 

Carberry 706.6bc(35.8) 0.79abc(0.09) BE092 817.4cd(30.2) 0.69abc(0.12) 

BC002 872.2g(33.9) 0.84bcde(0.14) AG060 927.0gh(14.0) 0.92bcd(0.19) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.13 Average morphological properties values (n=5) of the wheat stem lines. 

Block Seven Block Eight 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

AZ070 917.4g(32.9) 0.66abcd(0.08) AB031 820.8cde(44.7) 0.91b(0.25) 

AQ027 716.2a(39.1) 0.77cdef(0.09) AH030 837.2cde(29.4) 0.61a(0.12) 

Glenn 878.0fg(25.9) 0.67abcd(0.07) AR019 785.4bcd(44.1) 0.71ab(0.04) 

AX125 860.6efg(26.8) 0.70abcde(0.18) Cadillac 978.6fg(14.6) 0.74ab(0.13) 

BA020 761.2ab(22.1) 0.54a(0.18) Glenn 846.0de(33.1) 0.70ab(0.12) 

AG028 796.2bcd(29.4) 0.80cdef(0.15) AY026 836.0cde(28.8) 0.74ab(0.29) 

AX017 843.2def(61.6) 0.94f(0.18) AR081 709.8a(15.6) 0.82ab(0.07) 

Carberry 810.8bcde(53.3) 0.60abc(0.13) BE012 1030.0g(38.9) 0.68ab(0.06) 

AW094 902.6g(46.3) 0.88ef(0.25) AC041 936.2f(80.4) 0.85ab(0.25) 

AX078 798.0bcd(44.3) 0.74bcdef(0.07) AX118 859.2e(13.6) 0.79ab(0.19) 

AJ011 817.2bcde(35.1) 0.75bcdef(0.12) AS039 776.0bc(52.1) 0.63a(0.15) 

AB072 837.4cdef(34.8) 0.73abcde(0.10) Carberry 789.8bcd(23.9) 0.77ab(0.25) 

Cadillac 910.0g(65.8) 0.84def(0.06) BF101 928.4f(70.1) 0.70ab(0.10) 

AZ095 822.0cdef(46.7) 0.83def(0.08) AN044 733.4ab(45.0) 0.83ab(0.07) 

AB029 779.0bc(23.0) 0.56ab(0.18) BF006 734.2ab(34.6) 0.91b(0.22) 

BF062 841.0def(47.3) 0.85def(0.13) AB114 802.0cde(55.2) 0.78ab(0.16) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.14 Average morphological properties values (n=5) of the wheat stem lines. 

Block Nine Block Ten 

Lines Height of Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

Carberry 728.0abcde(16.8) 0.84ab(0.11) Carberry 737.2abcd(24.5) 0.87de(0.26) 

Glenn 739.0bcde(20.8) 0.80ab(0.14) AZ017 794.6e(68.1) 1.07f(0.08) 

BE068 755.6cde(41.3) 0.62a(0.05) Cadillac 892.6fg(8.8) 0.91e(0.05) 

AS025 743.2bcde(47.0) 0.69ab(0.15) AA037 723.4abc(27.0) 0.89e(0.13) 

AZ010 771.8de(47.3) 0.76ab(0.26) AU055 855.2f(28.8) 0.81cde(0.15) 

BF180 702.6abc(21.0) 0.85ab(0.07) AR044 694.0a(37.8) 0.84cde(0.16) 

AP030 727.0abcde(41.8) 0.85ab(0.19) BC031 784.8de(18.3) 0.78bcde(0.10) 

AD033 786.0ef(95.4) 0.85ab(0.10) AA021 770.2cde(42.7) 0.86de(0.14) 

AH033 717.2abcd(30.4) 0.80ab(0.17) AH156 861.2fg(20.5) 0.71abcd(0.12) 

AV028 833.8f(56.7) 0.84ab(0.11) BA099 773.2cde(54.6) 0.63ab(0.11) 

Cadillac 951.0g(41.7) 0.69ab(0.11) AW009 880.8fg(66.3) 0.71abcd(0.13) 

AH047 751.4cde(21.0) 0.80ab(0.14) BB054 907.0g(27.3) 0.59a(0.04) 

AT072 683.6ab(26.6) 0.78ab(0.08) AC037 709.0ab(28.3) 0.74abcde(0.13) 

AZ029 666.2a(39.2) 0.79ab(0.21) AU003 731.4abc(16.2) 0.68abc(0.06) 

AG057 898.8g(47.2) 0.87b(0.26) Glenn 802.0e(16.5) 0.78bcde(0.06) 

BF104 937.2g(33.9) 0.75ab(0.13) AA085 753.2bcde(36.8) 0.71abcd(0.08) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.15 Average morphological properties values (n=5) of the wheat stem lines. 

Block Eleven Block Twelve 

Lines Height of Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

AX023 721.8b(30.9) 0.81bcd(0.11) AM030 860.2ef(25.3) 0.67a(0.18) 

BB055 924.4f(57.1) 0.66ab(0.11) AX108 692.6ab(30.7) 0.72ab(0.16) 

AH152 833.6de(32.8) 0.80abcd(0.17) AY087 938.8hi(39.7) 0.81ab(0.11) 

Cadillac 919.6f(36.4) 0.71ab(0.17) BC088 728.6bc(41.3) 0.83ab(0.19) 

AR031 917.2f(19.7) 0.72abc(90.08) AB060 803.8d(47.4) 0.63a(0.19) 

AT073 764.0bc(10.6) 0.74abcd(0.05) Glenn 814.2d(31.0) 0.83ab(0.03) 

BF089 833.0de(26.4) 0.83bcd(0.09) AD028 909.2gh(21.6) 0.76ab(0.10) 

AE010 888.6f(26.0) 0.77abcd(0.12) Carberry 761.6c(19.3) 0.67ab(0.07) 

Glenn 831.6de(23.6) 0.69ab(0.13) AZ025 876.8fg(38.0) 0.72ab(0.18) 

BB062 787.2cd(42.8) 0.67ab(0.09) AT043 831.2de(31.8) 0.79ab(0.10) 

BF032 774.0c(31.9) 0.91cd(0.11) BA037 837.0def(25.2) 0.69ab(0.12) 

AU050 877.8ef(61.8) 0.75abcd(0.11) Cadillac 960.4i(31.5) 0.72ab(0.06) 

AQ072 631.8a(34.4) 0.93d(0.28) AN055 759.8c(20.6) 0.78ab(0.12) 

Carberry 762.0bc(13.4) 0.76abcd(0.07) AY100 652.8a(37.5) 0.89b(0.15) 

AL009 790.0cd(53.3) 0.61a(0.09) AX123 918.0ghi(35.3) 0.77ab(0.18) 

AG074 792.0cd(52.4) 0.71abc(0.17) AT095 937.0hi(26.7) 0.83ab(0.19) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.16 Average morphological properties values (n=5) of the wheat stem lines. 

Block Thirteen Block Fourteen 

Lines Height of Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of 

Internode (mm)* 

Thickness of 

stem (mm)* 

AT011 941.4fg(19.7) 0.84ab(0.25) AX012 974.8e(39.6) 0.75ab(0.18) 

AR069 946.8fg(31.1) 0.71a(0.10) AY013 764.2abc(39.8) 0.68ab(0.05) 

Carberry 764.0ab(60.5) 0.65a(0.08) AX129 742.0a(25.4) 0.69ab(0.16) 

AN024 781.2b(24.8) 0.82ab(0.04) Carberry 751.6ab(77.0) 0.70ab(0.09) 

BB039 720.8a(46.0) 0.74ab(0.16) AL014 897.2d(57.8) 0.93c(0.12) 

AH038 776.6ab(46.0) 0.70a(0.15) AT125 798.8bc(33.6) 0.82cd(0.06) 

AK046 719.6a(40.0) 0.96b(0.26) AC027 947.4e(24.6) 0.75ab(0.14) 

Cadillac 954.2g(29.5) 0.70a(0.05) AG023 972.2e(23.6) 0.79bc(0.07) 

BF121 919.8efg(52.3) 0.66a(0.17) AF008 887.8d(37.5) 0.70ab(0.12) 

BF169 894.0def(55.8) 0.73a(0.18) Glenn 866.2d(21.7) 0.78bc(0.09) 

AE051 860.0cd(45.1) 0.85ab(0.26) BF017 970.6e(23.6) 0.70ab(0.06) 

AB077 845.2cd(56.1) 0.63a(0.13) BB080 968.8e(42.4) 0.65ab(0.16) 

BE035 807.8bc(25.1) 0.78ab(0.07) BA019 785.8abc(36.7) 0.77b(0.19) 

AR103 808.8bc(8.2) 0.72a(0.06) Cadillac 988.8e(26.3) 0.70ab(0.08) 

BC104 917.8efg(31.5) 0.79ab(0.09) AG022 867.6d(32.4) 0.65ab(0.11) 

Glenn 867.4de(66.3) 0.73ab(0.15) AY081 811.2c(29.1) 0.58a(0.05) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.17 Average morphological properties values (n=5) of the wheat stem lines. 

Block Fifteen Block Sixteen 

Lines Height of Internode 

(mm)* 

Thickness of 

stem (mm)* 

Lines Height of Internode 

(mm)* 

Thickness of 

stem (mm)* 

BB103 669.2a(13.8) 0.78cd(0.19) Cadillac 937.8gh(35.0) 0.79abc(0.12) 

AC009 1007.8h(35.1) 0.75bcd(0.08) Carberry 799.0bcde(40.1) 0.72ab(0.11) 

AD035 823.0e(28.6) 0.55a(0.08) Glenn 847.8ef(19.90) 0.78abc(0.10) 

AY057 823.8e(28.6) 0.76cd(0.17) AW103 85.64ef(39.8) 0.94bc(0.20) 

Cadillac 965.2gh(53.7) 0.71abcd(0.19) BF044 819.8cde(44.1) 0.71a(0.09) 

Carberry 762.6cd(29.4) 0.73abcd(0.07) BF014 946.8h(21.5) 0.81abc(0.06) 

AF034 736.2bc(43.6) 0.87d(0.13) AT100 754.4ab(56.0) 0.81abc(0.17) 

AD031 819.2e(23.0) 

2.30 

0.57ab(0.07) AB019 728.8a(40.8) 0.64a(0.11) 

AC019 811.6de(14.7) 0.68abc(0.07) BC013 888.6fg(37.6) 0.95c(0.20) 

Glenn 808.0de(24.8) 0.74bcd(0.11) AZ054 821.6cde(13.3) 0.78abc(0.07) 

AM026 696.0ab(27.3) 0.80cd(0.15) BE028 779.6abcd(18.5) 0.69a(0.08) 

AN015 814.6e(63.2) 0.80cd(0.15) AM020 889.5fg(55.5) 0.80abc(0.31) 

AW095 928.6fg(38.4) 0.77cd(0.13) AX090 831.6def(22.4) 0.84abc(0.17) 

AZ052 802.0de(22.0) 0.76cd(0.11) AW085 836.8def(57.9) 0.80abc(0.11) 

BF039 918.8fg(23.0) 0.67abc(0.07) BF034 949.4h(78.2) 0.66a(0.09) 

BA004 911.4f(40.7) 0.90d(0.10) BF051 763.0abc(36.6) 0.86abc(0.20) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.18 Average morphological properties values (n=5) of the wheat stem lines. 

Block One Block Two 

Lines Volume of 

Internode (mm3)* 

Cross 

Sectional Area 

of stem 

(mm2)* 

Lines Volume of 

Internode (mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

BE029 440abc(110)  3.61ab(0.71) AH105 570bc(100)  3.74abc(0.55) 

AM001 490abcd(90)  3.97ab(0.84) Glenn 490abc(70)  3.64abc(0.52) 

AF044 640d(150)  4.03ab(1.09) AF023 570bc(110)  3.88abc(0.76) 

AC023 640d(170)  4.74b(1.06) AS059 490abc(60)  4.37bc(0.39) 

AC056 440abc(90)  4.25ab(0.58) BC109 570bc(80)  4.09bc(0.73) 

AZ056 450abc(50)  3.67ab(0.38) AR089 640c(120)  4.53c(1.27) 

AD012 600bcd(170)  4.09ab(0.99) AW064 540bc(80)  2.89a(0.47) 

Carberry 430ab(60)  3.87ab(0.82) AE022 490abc(110)  3.90abc(0.51) 

Cadillac 580bcd(160)  3.77ab(1.19) AZ087 550bc(100)  3.57abc(0.80) 

BB115 480abcd(80)  3.73ab(0.69) AG153 590bc(110)  4.50c(0.89) 

AT116 430ab(60)  3.04a(0.44) Cadillac 600bc(50)  3.27ab(0.21) 

Glenn 490abcd(80)  3.59ab(0.47) AQ042 580bc(130)  4.51c(0.87) 

AG033 370a(90)  3.52ab(0.32) AT069 450ab(120)  3.37abc(1.00) 

AZ014 490abcd(80)  3.14a(0.47) AD072 620c(110)  4.42bc(0.89) 

AT064 490abcd(70)  4.20ab(0.35) AX109 370a(110)  4.00abc(0.88) 

AA080 610cd(210)  4.18ab(1.38) Carberry 500abc(120)  4.28bc(1.01) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.19 Average morphological properties values (n=5) of the wheat stem lines. 

Block Three Block Four 

Lines Volume of 

Internode 

(mm3)* 

Cross 

Sectional Area 

of stem 

(mm2)* 

Lines Volume of 

Internode (mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

AD005 470d(90) 4.03a(0.66) BA029 500bcdef(60) 4.41cd(0.89) 

Cadillac 660(110) 4.35a(0.98) AW080 580ef(130) 4.55d(0.84) 

BE118 460d(30) 3.59a(0.23) BD104 380a(60) 3.17b(0.49) 

AX086 500de(100) 4.01a(0.73) BD047 590f(80) 4.64d(0.55) 

AP013 470d(70) 3.96a(0.38) AC078 450abcd(130) 3.83bcd(2.34) 

AN063 450d(80) 3.71a(0.89) BA033 490abcdef(90) 3.48bcd(0.27) 

BF036 610de(70) 3.60a(0.56) Carberry 500bcdef(70) 4.24bcd(0.50) 

BD073 520de(120) 3.78a(0.66) BB060 550cdef(50) 4.19bcd(0.54) 

Glenn 520de(70) 3.54a(0.38) AE002 420ab(60) 3.30bc(0.30) 

BC069 470d(170) 3.26a(1.00) BC093 440abc(100) 3.49bcd(0.69) 

BE033 460d(140) 3.73a(1.06) AX018 480abcdef(60) 4.06bcd(410) 

Carberry 500de(140) 3.91a(0.72) Glenn 420ab(50) 3.16b(0.43) 

BF075 580de(150) 3.60a(0.92) AU045 490abcdef(60) 4.56d(0.43) 

AB122 530de(20) 3.24a(0.18) Cadillac 590f(50) 3.69bcd(0.66) 

AC039 580de(60) 4.41a(0.53) BF143 560def(60) 4.45cd(0.58) 

BE009 560de(200) 4.18a(1.42) AB051 460abcde(110) 4.01bcd(0.67) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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 Table A.20 Average morphological properties values (n=5) of the wheat stem lines. 

Block Five Block Six 

Lines Volume of 

Internode (mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

Lines Volume of 

Internode (mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

AH092 720f(170) 5.34e(0.76) BF123 560bcd(80) 3.59abc(510) 

BF057 540bcde(40) 4.12bcd(0.46) AY072 290a(80) 2.72a(0.91) 

AH082 450abcd(40) 3.59ab(0.35) AK039 600bcd(40) 3.98abcd(0.43) 

AH009 450abcd(90) 4.77de(0.70) AC025 540bc(130) 4.63bcd(1.62) 

AU056 580de(60) 4.65cde(0.76) AN065 460ab(80) 3.79abcd(1.56) 

BB048 430ab(110) 3.09a(0.86) AT013 470ab(90) 3.30ab(0.72) 

Cadillac 580de(60) 3.66abc(0.45) BF114 520bc(90) 3.67abcd(0.56) 

AH157 570de(70) 4.10bcd(0.58) AJ004 650bcd(40) 5.20d(0.49) 

BD012 550bcde(100) 4.32bcd(0.76) Carberry 620bcd(150) 4.99cd(0.72) 

BF022 380a(160) 3.94abcd(1.27) Cadillac 750d(0.24) 4.44bcd(1.12) 

AJ012 430ab(100) 4.88de(0.31) Glenn 630bcd(170) 4.16abcd(1.20) 

AV031 460abcd(80) 4.28bcd(0.50) AX072 680cd(180) 4.52bcd(1.37) 

BF138 550bcde(60) 4.37bcd(0.49) AS044 620bcd(160) 3.94abcd(1.01) 

Glenn 570cde(100) 4.23bcd(0.60) BB075 660bcd(150) 4.86cd(0.88) 

Carberry 480abcd(90) 3.95abcd(0.65) BE092 480abc(90) 3.60abc(0.85) 

BC002 620ef(60) 4.25bcd(0.58) AG060 610bcd(180) 4.79bcd(1.20) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.21 Average morphological properties values (n=5) of the wheat stem lines. 

Block Seven Block Eight 

Lines Volume of 

Internode (mm3)* 

Cross 

Sectional 

Area of stem 

(mm2)* 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

AZ070 500bcde(70) 3.39abcd(0.61) AB031 400a(110) 3.73ab(0.87) 

AQ027 370ab(60) 3.76cd(0.51) AH030 420ab(40) 2.99a(0.29) 

Glenn 490bcde(70) 3.31abcd(0.37) AR019 480abcde(40) 3.85ab(0.19) 

AX125 490bcde(130) 3.42abcd(1.02) Cadillac 610ef(130) 3.57a(0.76) 

BA020 360ab(130) 2.64ab(0.99) Glenn 520abcdef(130) 3.45a(0.82) 

AG028 530cde(140) 3.74bcd(0.93) AY026 430abcd(120) 3.48a(1.41) 

AX017 460abcd(100) 4.04cd(0.49) AR081 470abcde(30) 4.07ab(0.38) 

Carberry 420abc(110) 2.91abc(0.82) BE012 660f(90) 3.59ab(0.43) 

AW094 530cde(120) 3.89cd(1.30) AC041 590def(80) 4.10ab(1.13) 

AX078 490bcde(60) 3.83cd(0.43) AX118 620ef(150) 3.92ab(1.12) 

AJ011 430abc(70) 3.37abcd(0.61) AS039 390a(110) 3.19a(0.82) 

AB072 520cde(110) 3.80cd(0.23) Carberry 520abcdef(140) 4.00ab(1.25) 

Cadillac 590de(80) 3.80cd(0.23) BF101 570bcdef(110) 3.35a(0.52) 

AZ095 610e(100) 4.37d(0.68) AN044 430abc(40) 3.51a(0.57) 

AB029 330a(120) 2.49a(1.04) BF006 590cdef(140) 4.81b(1.06) 

BF062 500bcde(30) 3.84cd(0.63) AB114 520abcdef(140) 3.90ab(1.00) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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 Table A.22 Average morphological properties values (n=5) of the wheat stem lines. 

Block Nine Block Ten 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

Carberry 560cde(90) 4.68c(0.73) Carberry 510bcd(90) 4.48d(0.61) 

Glenn 490abcde(90) 3.91abc(0.69) AZ017 700f(100) 6.06e(0.22) 

BE068 410abc(50) 3.13a(0.32) Cadillac 660ef(80) 4.40cd(0.40) 

AS025 410abc(90) 3.39ab(0.76) AA037 480bcd(70) 4.35cd(0.77) 

AZ010 420abc(120) 3.56abc(1.27) AU055 550cde(170) 4.04bcd(0.92) 

BF180 550cde(30) 4.49bc(0.24) AR044 340a(90) 3.89bcd(0.89) 

AP030 500abcde(100) 4.06abc(0.63) BC031 340a(40) 3.34ab(0.36) 

AD033 530bcde(140) 4.16abc(0.65) AA021 590def(100) 4.40cd(0.51) 

AH033 460abcd(100) 4.02abc(0.90) AH156 520bcd(60) 3.61abcd(0.85) 

AV028 530bcde(150) 4.06abc(0.63) BA099 450abcd(90) 3.21ab(0.67) 

Cadillac 580de(110) 3.33ab(0.65) AW009 530bcd(80) 3.81bcd(0.76) 

AH047 500abcde(110) 4.02abc(0.88) BB054 440abc(20) 2.91a(0.12) 

AT072 380ab(50) 3.38ab(0.36) AC037 400ab(130) 3.50abc(0.71) 

AZ029 370a(100) 4.09abc(1.11) AU003 420abc(90) 3.34ab(0.43) 

AG057 470abcd(140) 3.97abc(1.20) Glenn 530cde(70) 3.95bcd(0.37) 

BF104 640e(120) 3.90abc(0.76) AA085 460abcd(80) 4.06bcd(0.46) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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 Table A.23 Average morphological properties values (n=5) of the wheat stem lines. 

Block Eleven Block Twelve 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

AX023 560cd(100) 4.47d(0.85) AM030 480ab(130) 3.47a(0.97) 

BB055 510abc(50) 3.04ab(0.37) AX108 400ab(60) 3.40a(0.82) 

AH152 380a(80) 3.56abcd(0.73) AY087 650cd(90) 4.04a(0.50) 

Cadillac 530bc(140) 3.35abc(0.98) BC088 460ab(120) 3.67a(0.99) 

AR031 660d(70) 4.01bcd(0.62) AB060 420ab(90) 3.09a(0.95) 

AT073 530bc(140) 3.91bcd(0.46) Glenn 520abc(60) 3.93a(0.30) 

BF089 680d(90) 4.25cd(0.61) AD028 440ab(70) 3.36a(0.41) 

AE010 480abc(80) 3.59abcd(0.56) Carberry 470ab(70) 3.61a(0.53) 

Glenn 490abc(120) 3.36abc(0.72) AZ025 510abc(140) 3.50a(0.98) 

BB062 450abc(90) 3.38abc(0.61) AT043 510abc(50) 3.79a(0.43) 

BF032 580cd(80) 4.35cd(0.52) BA037 460ab(100) 3.38a(0.76) 

AU050 520bc(110) 3.53abcd(0.72) Cadillac 550bcd(40) 3.33a(0.33) 

AQ072 410ab(90) 4.30cd(1.12) AN055 420ab(60) 3.67a(0.53) 

Carberry 520bc(60) 4.13cd(0.43) AY100 390a(110) 3.77a(0.84) 

AL009 400ab(100) 2.87a(0.62) AX123 530abcd(70) 3.57a(0.70) 

AG074 470abc(90) 3.55abcd(0.82) AT095 650d(160) 4.19a(1.10) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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 Table A.24 Average morphological properties values (n=5) of the wheat stem lines. 

Block Thirteen Block Fourteen 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

Lines Volume of 

Internode 

(mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

AT011 580b(160) 3.89ab(1.33) AX012 540abcd(160) 3.54abc(1.05) 

AR069 570b(110) 3.59ab(0.55) AY013 460abc(40) 3.67abc(0.33) 

Carberry 400a(60) 3.18ab(0.57) AX129 440ab(110) 3.56abc(0.88) 

AN024 520ab(100) 4.09ab(0.38) Carberry 500abcd(120) 3.76abc(0.66) 

BB039 430ab(100) 3.96ab(0.92) AL014 590bcd(130) 4.41c(0.58) 

AH038 490ab(110) 3.69ab(0.82) AT125 550abcd(100) 4.15bc(0.51) 

AK046 440ab(110) 4.39b(1.15) AC027 570bcd(140) 3.66abc(0.98) 

Cadillac 560ab(40) 3.17ab(0.37) AG023 630d(50) 4.02bc(0.30) 

BF121 510ab(140) 3.08a(0.85) AF008 530abcd(100) 3.55abc(0.72) 

BF169 530ab(70) 3.57ab(0.92) Glenn 610cd(70) 4.18bc(0.72) 

AE051 590b(180) 4.06ab(1.48) BF017 550abcd(70) 3.30ab(0.40) 

AB077 450ab(130) 3.02a(0.71) BB080 510abcd(120) 3.09ab(0.95) 

BE035 490ab(60) 3.98ab(0.42) BA019 510abcd(160) 3.90abc(1.12) 

AR103 440ab(90) 3.49ab(0.60) Cadillac 610cd(60) 3.50abc(0.33) 

BC104 540ab(50) 3.91ab(0.70) AG022 480abcd(130) 3.22ab(0.72) 

Glenn 560ab(90) 3.78ab(0.79) AY081 400a(50) 2.92a(0.41) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.25 Average morphological properties values (n=5) of the wheat stem lines. 

Block Fifteen Block Sixteen 

Lines Volume of 

Internode 

(mm3)* 

Cross 

Sectional Area 

of stem 

(mm2)* 

Lines Volume of 

Internode (mm3)* 

Cross Sectional 

Area of stem 

(mm2)* 

BB103 440abc(110) 3.81abcd(0.97) Cadillac 610bcd(100) 3.89abc(0.85) 

AC009 590def(70) 3.62abcd(0.39) Carberry 530abcd(60) 3.93abc(0.42) 

AD035 360a(30) 2.71a(0.34) Glenn 590bcd(140) 4.11abc(0.82) 

AY057 470abcde(100) 4.01bcd(0.86) AW103 660cd(190) 4.73bc(1.17) 

Cadillac 620ef(180) 3.71abcd(1.21) BF044 490ab(60) 3.44ab(0.56) 

Carberry 520bcde(80) 3.80abcd(0.49) BF014 650bcd(100) 4.25abc(0.47) 

AF034 440abcd(80) 4.70de(0.91) AT100 520abcd(130) 4.15abc(1.12) 

AD031 450abcd(100) 3.10ab(0.53) AB019 370a(80) 3.10a(0.62) 

AC019 490abcde(100) 3.73abcd(0.59) BC013 680d(150) 4.79c(1.31) 

Glenn 530bcde(50) 3.65abcd(0.69) AZ054 570bcd(80) 4.39abc(0.60) 

AM026 400ab(100) 3.75abcd(0.82) 

 

BE028 470ab(90) 3.76abc(0.61) 

AN015 610ef(150) 4.43cde(1.02) AM020 510abcd(210) 3.51abc(1.21) 

AW095 560cde(130) 3.97bcd(1.00) AX090 500abc(60) 3.80abc(0.61) 

AZ052 530bcde(80) 4.17bcd(0.64) AW085 640bcd(40) 4.69bc(0.70) 

BF039 550cde(70) 3.48abc(0.52) BF034 520abcd(80) 3.15a(0.59) 

BA004 710f(80) 5.22e(0.68) BF051 620bcd(120) 4.53bc(1.24) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.26 Average density values (n=5) of the wheat stem lines. 

Block One Block Two Block Three 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

BE029 280ab(40) AH105 340abcde(50) AD005 290ab(80) 

AM001 310abcde(40) Glenn 360cde(30) Cadillac 290ab(30) 

AF044 350bcde(60) AF023 340abcde(60) BE118 320ab(30) 

AC023 390e(50) AS059 340abcde(60) AX086 300ab(50) 

AC056 360bcde(80) BC109 280ab(40) AP013 240a(40) 

AZ056 390e(40) AR089 270a(60) AN063 420c(110) 

AD012 370cde(70) AW064 390e(50) BF036 310ab(80) 

Carberry 300abcd(40) AE022 340abcde(60) BD073 320ab(70) 

Cadillac 320abcde(90) AZ087 330abcde(40) Glenn 340bc(40) 

BB115 280ab(60) AG153 290abc(50) BC069 330abc(40) 

AT116 310abcde(50) Cadillac 370de(50) BE033 370bc(130) 

Glenn 320abcde(40) AQ042 300abcd(50) Carberry 290ab(50) 

AG033 380de(90) AT069 350bcde(80) BF075 330abc(40) 

AZ014 370cde(30) AD072 280abc(50) AB122 330abc(30) 

AT064 260a(40) AX109 330abcde(40) AC039 310ab(30) 

AA080 290abc(60) Carberry 280ab(40) BE009 280ab(40) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.27 Average density values (n=5) of the wheat stem lines. 

Block Four Block Five Block Six 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

BA029 250a(30) AH092 310ab(110) BF123 310cd(30) 

AW080 300abc(30) BF057 290ab(40) AY072 320d(10) 

BD104 350cd(20) AH082 300ab(30) AK039 280bcd(30) 

BD047 270ab(20) AH009 310ab(50) AN065 230a(50) 

AC078 350d(40) AU056 270a(40) AT013 300bcd(60) 

BA033 370de(40) BB048 320ab(60) BF114 300bcd(40) 

Carberry 280ab(30) Cadillac 320ab(40) AJ004 280bcd(20) 

BB060 310bcd(40) BD012 310ab(50) Carberry 270ab(10) 

AE002 410e(50) BC002 340b(60) Glenn 270bc(10) 

BC093 290abc(50)     

AX018 320bcd(30)     

Glenn 360de(40)     

AU045 290ab(30)     

Cadillac 370de(50)     

BF143 320bcd(30)     

AB051 310bcd(30)     

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.28 Average density values (n=5) of the wheat stem lines. 

Block Seven Block Eight Block Nine 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

AZ070 330abcd(50) AB031 390de(40) Carberry 240ab(10) 

AQ027 270a(30) AH030 400e(20) Glenn 270abc(60) 

Glenn 310abcd(20) AR019 350cde(30) BE068 290abcd(20) 

AX125 350bcd(60) Cadillac 340bcde(50) AS025 260ab(40) 

BA020 320abcd(60) Glenn 320abc(20) AZ010 310bcd(70) 

AG028 280a(30) AY026 390e(40) BF180 280abcd(30) 

AX017 330abcd(40) AR081 310abc(70) AP030 240ab(50) 

Carberry 290ab(40) BE012 330abc(40) AD033 340de(50) 

AW094 310abcd(50) AC041 330abcd(30) AH033 240a(40) 

AX078 300abc(20) AX118 350bcde(60) AV028 340de(40) 

AJ011 350bcd(40) AS039 320abc(20) Cadillac 340de(40) 

AB072 330abcd(30) Carberry 270a(20) AH047 290abcd(20) 

Cadillac 370d(70) BF101 340bcde(40) AT072 250ab(40) 

AZ095 320abcd(40) AN044 310abc(60) AZ029 330cde(60) 

AB029 360cd(80) BF006 290ab(30) AG057 380e(50) 

BF062 350bcd(40) AB114 310abc(30) BF104 310bcd(60) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.29 Average density values (n=5) of the wheat stem lines. 

Block Ten Block Eleven Block Twelve 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Carberry 310ab(30) AX023 290abcd(40) AM030 320bcd(50) 

AZ017 300ab(30) BB055 370f(50) AX108 300ab(30) 

Cadillac 300ab(30) AH152 350ef(20) AY087 320bcd(30) 

AA037 270a(50) Cadillac 330cdef(60) BC088 250a(60) 

AU055 290ab(30) AR031 260ab(40) AB060 370cd(40) 

AR044 280ab(40) AT073 280abc(20) Glenn 260a(50) 

BC031 280ab(40) BF089 250a(30) AD028 330bcd(40) 

AA021 260a(40) AE010 340def(60) Carberry 300ab(40) 

AH156 310ab(30) Glenn 300abcd(40) AZ025 350bcd(30) 

BA099 290ab(50) BB062 290abcd(290) AT043 290ab(30) 

AW009 330b(50) BF032 280abc(30) BA037 290ab(30) 

BB054 340b(30) AU050 330cdef(30) Cadillac 380d(20) 

AC037 310ab(50) AQ072 280abc(50) AN055 320bc(40) 

AU003 260a(50) Carberry 250a(40) AY100 290ab(40) 

Glenn 260a(40) AL009 310bcde(40) AX123 370cd(50) 

AA085 310ab(20) AG074 270ab(40) AT095 330bcd(70) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.30 Average density values (n=5) of the wheat stem lines. 

Block Thirteen Block Fourteen Block Fifteen 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

Lines Density 

(kg/m3)* 

AT011 350abc(60) AX012 330abcd(70) BB103 270ab(20) 

AR069 410c(50) AY013 340bcd(20) AC009 380de(20) 

Carberry 300a(30) AX129 360cdef(20) AD035 420e(50) 

AN024 340abc(40) Carberry 290ab(50) AY057 400e(70) 

BB039 350abc(30) AL014 310abc(30) Cadillac 340cd(80) 

AH038 330abc(50) AT125 280a(20) Carberry 260ab(10) 

AK046 330ab(50) AC027 340bcd(10) AF034 260ab(20) 

Cadillac 380bc(40) AG023 340bcd(50) AD031 340cd(40) 

BF121 390bc(70) AF008 350cde(40) AC019 280ab(20) 

BF169 360abc(70) Glenn 320abcd(10) Glenn 290abc(30) 

AE051 380abc(80) BF017 370cdef(50) AM026 250a(20) 

AB077 410c(70) BB080 410f(40) AN015 310bc(30) 

BE035 320ab(20) BA019 320abcd(20) AW095 330bc(50) 

AR103 350abc(30) Cadillac 380def(20) AZ052 250a(40) 

BC104 390bc(390) AG022 290ab(70) BF039 300abc(20) 

Glenn 330ab(40) AY081 400ef(30) BA004 260ab(30) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table A.31 Average density values (n=5) of the wheat stem lines. 

Block Sixteen 

Lines Density (kg/m3)* 

Cadillac 350bc(40) 

Carberry 270a(40) 

Glenn 280a(20) 

AW103 320abc(30) 

BF044 380c(70) 

BF014 380c(30) 

AT100 370c(60) 

AB019 380c(60) 

BC013 380c(70) 

AZ054 300ab(30) 

BE028 340abc(20) 

AM020 380c(110) 

AX090 290ab(20) 

AW085 370c(50) 

BF034 370c(40) 

BF051 310abc(10) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Pearson Correlation Coefficients 

Prob > |r| under H0: Rho=0 

 Lodging 

Score 
B. S Flexural 

Rigidity 
MOE 

Lodging 

Score 
1.00000 0.36636 

<.0001 

0.32800 

<.0001 

0.35268 

<.0001 

B. S 0.36636 

<.0001 

1.00000 0.67788 

<.0001 

0.84358 

<.0001 

Flexural 

Rigidity 

0.32800 

<.0001 

0.67788 

<.0001 

1.00000 0.64249 

<.0001 

MOE 0.35268 

<.0001 

0.84358 

<.0001 

0.64249 

<.0001 

1.00000 

(B. S=Bending strength, MOE= Modulus of elasticity). 
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Figure A.1 Average volume of stems in the check cultivars for samples from 16 blocks (N=5). 
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Appendix B: Supplementary Material for Chapter 3 

Table B.1 Analysis of variance of modulus of elasticity and flexural rigidity values of wheat stems as 

affected by moisture. 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.28 0.02 5.89 <0.0001 

MC 1 4.99 4.99 1574.39 <0.0001 

Block*MC 15 0.33 0.02 6.91 <0.0001 

R-Square Coeff Var Root MSE Modulus of Elasticity Mean  

0.91 9.86 0.06 0.57 

Source DF Type III SS Mean Square F Value Pr>F 

Block 15 0.14 0.01 1.87 0.03 

MC 1 4.36 4.36 899.37 <0.0001 

Block*MC 15 0.21 0.01 2.83 0.00 

R-Square Coeff Var Root MSE Flexural Rigidity Mean  

0.87 6.63 0.07 1.05 

DF= Degree of Freedom 
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Table B.2 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%) 

Block One Block Two 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BE029 4.32a(0.81)1 3.21p(0.45) AH105 6.44g(1.32) 4.47n(1.06) 

AM001 4.63ab(0.63) 3.95pqr(0.76) Glenn 5.66efg(1.77) 3.57lmn(0.56) 

AF044 5.26abc(0.64) 5.20rs(0.64) AF023 4.68efg(1.39) 3.54lmn(1.12) 

AC023 6.55bcd(1.78) 4.77qrs(0.24) AS059 5.65efg(0.51) 4.49n(1.04) 

AC056 6.30abcd(1.45) 4.57pqrs(0.94) BC109 4.04e(0.91) 3.14jkl(0.75) 

AZ056 6.54bcd(0.97) 4.25pqrs(0.29) AR089 5.08efg(1.99) 2.97ijkl(0.47) 

AD012 6.92cd(2.88) 5.61s(2.34) AW064 6.40g(1.14) 4.43mn(0.90) 

Carberry 4.96abc(0.22) 4.46pqrs(0.89) AE022 5.33efg(1.37) 3.47lmn(0.47) 

Cadillac 6.28abcd(2.88) 4.89qrs(1.34) AZ087 5.07efg(1.32) 3.34klm(0.56) 

BB115 4.29a(1.54) 3.38pq(0.53) AG153 4.38ef(0.97) 2.24ij(0.70) 

AT116 4.47ab(1.00) 3.79pqr(0.62) Cadillac 5.91fg(0.91) 3.41lmn(0.19) 

Glenn 6.02abcd(0.77) 4.83qrs(0.64) AQ042 4.13ef(0.96) 2.05i(0.15) 

AG033 7.72d(2.21) 4.25pqrs(1.68) AT069 4.26ef(0.84) 2.29ijk(0.81) 

AZ014 5.94abcd(0.70) 4.45pqrs(0.79) AD072 4.89efg(0.84) 3.56lmn(0.70) 

AT064 4.35a(1.12) 3.57pq(0.56) AX109 6.36g(1.65) 4.49n(1.29) 

AA080 5.41abc(1.25) 3.74pqr(1.12) Carberry 3.98e(0.73) 2.97ijkl(0.26) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.3 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%) 

Block Three Block Four 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AD005 3.85a(0.39)1 3.37p(1.25) BA029 3.46g(0.30) 2.70n(0.45) 

Cadillac 4.77ab(1.00) 3.59pqr(0.72) AW080 4.23efg(0.72) 3.00lmn(0.49) 

BE118 3.68abc(0.56) 3.14rs(0.75) BD104 5.21efg(0.84) 3.30lmn(0.31) 

AX086 3.86bcd(0.56) 2.08qrs(0.47) BD047 3.60efg(0.43) 3.07n(0.87) 

AP013 2.86abcd(0.44) 2.99pqrs(0.95) AC078 6.28e(1.22) 5.08jkl(0.75) 

AN063 4.43bcd(0.84) 3.26pqrs(0.77) BA033 5.59efg(1.56) 4.39ijkl(1.04) 

BF036 4.16cd(0.97) 2.66s(0.41) Carberry 4.22g(0.84) 2.52mn(0.26) 

BD073 4.85abc(1.54) 3.38pqrs(0.59) BB060 5.31efg(0.53) 3.34lmn(0.85) 

Glenn 5.91abcd(1.30) 3.24qrs(0.69) AE002 6.56efg(1.04) 4.98klm(1.32) 

BC069 3.73a(0.40) 2.07pq(0.57) BC093 3.71ef(1.18) 2.96ij(0.71) 

BE033 6.03ab(2.37) 3.08pqr(0.48) AX018 4.58fg(1.04) 3.43lmn(0.65) 

Carberry 3.48abcd(0.54) 2.48qrs(0.27) Glenn 5.65ef(0.97) 3.67i(0.78) 

BF075 4.75d(0.46) 3.50pqrs(0.38) AU045 3.92ef(0.77) 3.65ijk(0.23) 

AB122 4.39abcd(0.51) 2.55pqrs(0.79) Cadillac 5.26efg(1.06) 4.19lmn(1.09) 

AC039 4.34a(0.39) 2.87pq(0.85) BF143 4.22g(0.45) 4.29n(1.14) 

BE009 3.69abc(0.40) 1.90pqr(0.28) AB051 3.74e(0.70) 3.08ijkl(0.41) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT).  
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Table B.4 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%) 

Block Five Block Six 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AH092 3.99ab(0.72) 3.32ab(1.10) BF123 5.01ef(0.98) 3.82fg(0.25) 

BF057 4.32abc(1.03) 2.83ab(1.09) AY072 4.37de(0.35) 3.46efg(0.12) 

AH082 4.75abc(0.69) 2.70ab(0.45) AK039 4.20de(0.38) 4.18g(0.42) 

AH009 4.91bc(0.99) 2.59ab(0.48) AC025 4.00cde(0.47) 3.35cdef(0.94) 

AU056 4.00ab(0.56) 2.89ab(0.63) AN065 3.00abc(0.57) 2.28a(0.69) 

BB048 4.59abc(0.50) 2.79ab(0.59) AT013 3.88bcd(0.71) 2.71abcde(0.65) 

Cadillac 5.40c(1.33) 3.31ab(0.96) BF114 3.69bcd(0.68) 2.29a(0.64) 

AH157 3.79ab(0.87) 3.14ab(0.52) AJ004 5.36f(0.61) 3.40def(0.58) 

BD012 4.91bc(0.84) 3.22ab(0.34) Carberry 2.62a(0.41) 2.57abc(0.49) 

BF022 3.88ab(0.49) 2.66ab(0.48) Cadillac 5.56f(1.52) 2.79abcde(0.71) 

AJ012 4.79abc(0.76) 3.30ab(0.57) Glenn 4.02cde(0.63) 2.64abcd(0.26) 

AV031 3.81ab(1.00) 3.55b(1.13) AX072 4.30de(0.50) 2.76abcde(0.66) 

BF138 3.94ab(0.63) 3.10ab(0.71) AS044 3.57abcd(1.20) 2.52ab(0.63) 

Glenn 4.43abc(0.50) 3.45b(0.79) BB075 2.88ab(0.38) 2.86abcde(0.14) 

Carberry 3.60a(1.02) 2.21a(0.47) BE092 4.32de(0.54) 3.12bcdef(0.35) 

BC002 5.00bc(0.94) 3.66b(1.20) AG060 3.37abcd(0.77) 2.49ab(0.58) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.5 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%) 

Block Seven Block Eight 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AZ070 4.87ab(0.66) 3.72d(0.75) AB031 7.08f(1.79) 2.85bcd(0.82) 

AQ027 5.30abcd(0.71) 3.24bcd(0.64) AH030 5.33abcde(1.06) 3.11bcde(0.19) 

Glenn 5.54abcd(0.78) 2.82abcd(0.47) AR019 5.58bcdef(1.25) 4.24f(1.28) 

AX125 5.20ab(0.89) 2.20ab(0.65) Cadillac 6.10cdef(1.46) 4.06f(0.92) 

BA020 4.90ab(0.86) 2.04a(0.75) Glenn 4.53abc(0.44) 2.74bc(0.21) 

AG028 4.43a(0.58) 2.46abc(0.75) AY026 5.20abcde(0.84) 5.07g(0.90) 

AX017 6.13bcd(1.00) 2.74abcd(0.45) AR081 4.07ab(1.36) 2.25ab(0.27) 

Carberry 4.38a(0.18) 2.69abcd(0.51) BE012 4.36ab(0.95) 3.67def(0.25) 

AW094 5.91abcd(1.27) 3.21bcd(0.48) AC041 5.31abcde(1.29) 2.89bcd(0.31) 

AX078 4.91ab(0.61) 3.33bcd(0.42) AX118 5.38abcde(0.64) 3.89ef(0.58) 

AJ011 6.31bcd(1.44) 3.22bcd(1.29) AS039 4.15ab(0.10) 1.79a(0.29) 

AB072 5.25abc(0.94) 3.62d(1.10) Carberry 3.88a(0.34) 2.23ab(0.12) 

Cadillac 6.83cd(1.76) 5.05e(1.02) BF101 6.27ef(0.50) 3.62cdef(0.80) 

AZ095 4.68ab(0.70) 3.51cd(0.67) AN044 6.17def(2.09) 3.77def(0.30) 

AB029 5.16ab(1.19) 3.32bcd(0.39) BF006 4.60abcd(0.59) 3.09bcde(1.00) 

BF062 6.87d(2.19) 3.73d(1.15) AB114 4.93abcde(0.61) 2.32(0.40) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.6 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%). 

Block Nine Block Ten 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

Carberry 3.50ab(0.50) 2.02a(0.70) Carberry 4.07ab(1.95) 2.09a(0.37) 

Glenn 4.38abc(1.14) 2.46abc(0.48) AZ017 3.75a(1.04) 2.31ab(1.12) 

BE068 3.82abc(0.44) 2.38ab(0.55) Cadillac 4.36ab(0.93) 2.58abcd(0.67) 

AS025 3.03a(0.32) 1.90a(0.34) AA037 4.45ab(0.65) 2.66abcde(0.43) 

AZ010 5.08cd(1.29) 2.78abcde(0.16) AU055 4.62ab(0.93) 4.07f(1.14) 

BF180 5.13cd(0.85) 2.49abc(1.11) AR044 4.29ab(0.52) 3.36cdef(0.29) 

AP030 3.75abc(0.59) 2.65abcd(0.42) BC031 5.29b(0.46) 3.49def(0.71) 

AD033 6.75e(1.25) 3.93f(1.21) AA021 4.82ab(0.55) 2.75abcde(0.29) 

AH033 3.00a(0.50) 2.61abcd(0.38) AH156 4.89ab(0.54) 3.59ef(0.89) 

AV028 4.70bc(1.04) 3.31cdef(0.47) BA099 3.64a(0.67) 2.48abc(0.50) 

Cadillac 4.76bc(0.78) 3.50ef(0.30)O AW009 4.82ab(0.54) 2.55abcd(0.75) 

AH047 4.01abc(0.50) 2.04a(0.28) BB054 5.34b(0.59) 2.05a(0.26) 

AT072 3.87abc(0.71) 3.41def(0.39) AC037 4.43ab(1.40) 2.28ab(0.53) 

AZ029 4.44abc(1.01) 2.47abc(0.22) AU003 4.19ab(0.88) 1.94a(0.43) 

AG057 6.32de(2.60) 3.13bcdef(0.82) Glenn 4.25ab(0.84) 3.10bcde(0.80) 

BF104 4.38abc(0.78) 2.55abc(0.43) AA085 3.80a(0.40) 2.24ab(0.45) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.7 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%). 

Block Eleven Block Twelve 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AX023 3.87ab(0.66) 2.50ab(0.57) AM030 5.09abc(1.76) 3.21def(1.01) 

BB055 6.90d(2.85) 2.35ab(0.48) AX108 4.67ab(0.46) 2.81bcd(0.54) 

AH152 6.71d(1.78) 3.78de(0.88) AY087 5.47bc(0.33) 2.45abcd(0.47) 

Cadillac 5.23bcd(0.93) 4.40ef(0.83) BC088 4.41ab(0.95) 2.29abc(0.39) 

AR031 3.00a(0.81) 2.35ab(0.41) AB060 5.54bc(0.93) 2.14ab(0.16) 

AT073 3.75ab(0.26) 2.43ab(0.44) Glenn 4.85ab(0.83) 3.75ef(1.12) 

BF089 4.31ab(0.71) 4.62f(0.62) AD028 5.39bc(1.30) 2.99bcde(0.71) 

AE010 6.22cd(1.31) 2.67ab(0.45) Carberry 3.81a(0.57) 1.92a(0.41) 

Glenn 4.98bc(0.96) 2.65ab(0.37) AZ025 5.71bcd(1.24) 3.17cde(0.21) 

BB062 3.77ab(0.98) 2.37ab(0.66) AT043 4.82ab(1.02) 2.82bcd(0.53) 

BF032 4.34ab(1.10) 2.58ab(0.18) BA037 4.70ab(0.40) 2.72abcd(0.55) 

AU050 5.39bcd(0.90) 3.53cd(0.33) Cadillac 6.91d(0.83) 4.01f(0.40) 

AQ072 4.98bc(1.16) 3.05bc(0.31) AN055 4.81ab(0.75) 2.43abcd(0.44) 

Carberry 3.78ab(0.87) 3.41cd(0.24) AY100 4.67ab(0.81) 3.00bcde(0.23) 

AL009 4.54abc(0.33) 2.20a(0.30) AX123 6.32cd(0.65) 3.05cde(0.70) 

AG074 3.79ab(1.00) 2.59ab(0.28) AT095 5.04abc(1.43) 3.30def(0.63) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.8 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%). 

Block Thirteen Block Fourteen 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AT011 5.44abc(1.10) 2.94def(0.54) AX012 4.61b(1.08) 2.61abc(0.49) 

AR069 6.61cd(0.65) 3.40f(0.68) AY013 4.00ab(0.61) 2.11ab(0.25) 

Carberry 4.42a(0.70) 2.42abcd(0.36) AX129 4.13ab(0.61) 2.00a(0.20) 

AN024 5.35abc(1.05) 2.97def(0.66) Carberry 3.07a(0.63) 2.23ab(0.44) 

BB039 4.44a(0.85) 1.91a(0.28) AL014 4.83bc(0.82) 2.90abcde(0.84) 

AH038 4.63a(0.14) 2.04ab(0.38) AT125 3.86ab(0.34) 2.95bcde(0.92) 

AK046 4.94ab(0.90) 2.84cdef(0.46) AC027 4.87bc(0.95) 3.03bcde(1.03) 

Cadillac 7.23d(0.80) 2.93def(0.50) AG023 4.95bcd(0.51) 2.70abcd(0.32) 

BF121 6.24bcd(1.95) 2.62bcde(0.31) AF008 4.84bc(1.03) 2.76abcd(0.42) 

BF169 5.06abc(1.44) 2.41abcd(0.44) Glenn 4.02ab(0.57) 3.01bcde(0.91) 

AE051 5.70abc(1.36) 2.54abcd(0.51) BF017 6.00cde(0.49) 3.34cde(0.65) 

AB077 6.40bcd(1.31) 3.26ef(0.62) BB080 6.18e(0.59) 3.53de(0.58) 

BE035 4.67a(0.60) 2.47abcd(0.16) BA019 3.99ab(1.07) 1.99a(0.29) 

AR103 5.12abc(0.53) 2.21abc(0.18) Cadillac 6.10de(1.19) 3.76e(0.90) 

BC104 5.73abc(0.99) 2.82cdef(0.40) AG022 4.41b(1.48) 2.46abc(0.16) 

Glenn 4.58a(1.03) 2.85cdef(0.48) AY081 5.10bcde(0.93) 2.26ab(0.33) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.9 Average bending strength values (n=5) of the lines at two moisture levels (14% and 

22%). 

Block Fifteen Block Sixteen 

Lines Bending Strength (MPa)* Lines Bending Strength (MPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BB103 3.31ab(0.49) 2.52abcde(0.60) Cadillac 6.14gh(0.58) 3.52de(0.43) 

AC009 5.59e(0.82) 3.27ef(0.94) Carberry 3.57ab(1.07) 2.21a(0.39) 

AD035 4.59d(0.92) 2.75cdef(0.80) Glenn 4.17abcde(0.51) 2.82abcd(0.53) 

AY057 4.38cd(0.92) 2.17abc(0.60) AW103 4.87cdef(0.73) 3.40cde(0.17) 

Cadillac 4.26bcd(0.95) 2.75cdef(0.54) BF044 5.49fg(0.93) 2.64abc(0.40) 

Carberry 3.22a(0.55) 1.94ab(0.37) BF014 5.47fg(0.82) 2.69abc(0.47) 

AF034 3.70abcd(0.71) 2.80cdef(0.66) AT100 4.74bcdef(0.64) 2.94abcd(0.71) 

AD031 4.24bcd(0.56) 2.93cdef(0.23) AB019 5.14defg(0.72) 2.77abcd(0.54) 

AC019 3.15a(0.17) 2.71bcdef(0.28) BC013 5.14defg(0.89) 3.92e(1.04) 

Glenn 4.07abcd(0.37) 3.18def(0.27) AZ054 3.45a(0.71) 2.15a(0.38) 

AM026 3.50abc(0.92) 2.20abc(0.21) BE028 3.81abc(0.63) 2.24a(0.41) 

AN015 3.70abcd(0.48) 2.38abcd(0.34) AM020 6.94h(1.51) 4.06e(0.47) 

AW095 4.51cd(0.70) 3.39f(0.94) AX090 5.22efg(1.20) 2.49ab(0.21) 

AZ052 3.26ab(0.34) 1.85a(0.34) AW085 3.93abcd(0.87) 3.08bcd(0.88) 

BF039 4.03abcd(0.89) 3.30ef(0.39) BF034 5.36efg(0.91) 2.92abcd(0.61) 

BA004 3.16a(0.63) 2.16abc(0.32) BF051 4.20abcde(0.30) 2.39ab(0.35) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.10 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block One Block Two 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity 

(GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BE029 0.15a(0.05) 0.11ab(0.02) AH105 0.20ab(0.06) 0.17d(0.10) 

AM001 0.15a(0.04) 0.12abc(0.02) Glenn 0.19ab(0.09) 0.12abcd(0.02) 

AF044 0.15a(0.05) 0.13abc(0.03) AF023 0.14ab(0.09) 0.10abc(0.05) 

AC023 0.19a(0.07) 0.12abc(0.02) AS059 0.15ab(0.05) 0.16cd(0.05) 

AC056 0.22a(0.06) 0.16abc(0.07) BC109 0.12ab(0.05) 0.09ab(0.03) 

AZ056 0.19a(0.07) 0.14abc(0.03) AR089 0.17ab(0.09) 0.10abc(0.02) 

AD012 0.21a(0.15) 0.16abc(0.12) AW064 0.23bc(0.11) 0.13bcd(0.04) 

Carberry 0.13a(0.03) 0.14abc(0.06) AF022 0.18ab(0.06) 0.11abcd(0.04) 

Cadillac 0.18a(0.07) 0.19c(0.11) AZ087 0.13ab(0.04) 0.09abc(0.03) 

BB115 0.12a(0.05) 0.09a(0.03) AG153 0.11a(0.03) 0.06ab(0.03) 

AT116 0.12a(0.03) 0.10ab(0.02) Cadillac 0.18ab(0.03) 0.09abc(0.02) 

Glenn 0.22a(0.06) 0.18bc(0.03) AQ042 0.12ab(0.05) 0.05a(0.01) 

AG033 0.33b(0.08) 0.17abc(0.08) AT069 0.13ab(0.08) 0.06a(0.03) 

AZ014 0.15a(0.05) 0.12abc(0.03) AD072 0.14ab(0.04) 0.10abc(0.02) 

AT064 0.13a(0.07) 0.12abc(0.03) AX109 0.30c(0.16) 0.17d(0.10) 

AA080 0.21a(0.08) 0.09ab(0.04) Carberry 0.10a(0.03) 0.08ab(0.02) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.11 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block three Block four 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AD005 0.12abc(0.03) 0.12cde(0.07) BA029 0.12abc(0.04) 0.08ab(0.03) 

Cadillac 0.14abc(0.06) 0.13e(0.03) AW080 0.12abc(0.03) 0.10abcd(0.03) 

BE118 0.10ab(0.02) 0.10abcde(0.05) BD104 0.19cde(0.06) 0.11abcd(0.02) 

AX086 0.12abc(0.03) 0.06ab(0.01) BD047 0.11abc(0.03) 0.10abcd(0.03) 

AP013 0.09a(0.03) 0.11bcde(0.05) AC078 0.25e(0.11) 0.17e(0.09) 

AN063 0.14abc(0.03) 0.08abcde(0.02) BA033 0.16abcd(0.06) 0.15de(0.04) 

BF036 0.10ab(0.01) 0.07abcd(0.02) Carberry 0.13abc(0.03) 0.06a(0.01) 

BD073 0.16bc(0.08) 0.10abcde(0.02) BB060 0.16abcd(0.04) 0.09abc(0.02) 

Glenn 0.17c(0.05) 0.09abcde(0.02) AE002 0.23de(0.07) 0.16e(0.05) 

BC069 0.11ab(0.05) 0.06a(0.02) BC093 0.12abc(0.04) 0.09abc(0.05) 

BE033 0.15abc(0.05) 0.07abc(0.02) AX018 0.19bcde(0.12) 0.12bcde(0.03) 

Carberry 0.10ab(0.03) 0.07ab(0.01) Glenn 0.21de(0.07) 0.12bcde(0.03) 

BF075 0.15abc(0.05) 0.12de(0.02) AU045 0.13abc(0.03) 0.12bcde(0.03) 

AB122 0.15abc(0.03) 0.08abcd(0.02) Cadillac 0.16abcd(0.05) 0.13bcde(0.04) 

AC039 0.13abc(0.03) 0.10abcde(0.05) BF143 0.11ab(0.03) 0.14cde(0.03) 

BE009 0.09a(0.01) 0.05a(0.01) AB051 0.10a(0.03) 0.09abc(0.03) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.12 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Five Block six 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AH092 0.11abc(0.03) 0.09ab(0.04) BF123 0.15bcd(0.06) 0.10bcde(0.02) 

BF057 0.13abc(0.06) 0.10ab(0.03) AY072 0.17d(0.04) 0.13de(0.01) 

AH082 0.17c(0.04) 0.09ab(0.02) AK039 0.11abcd(0.01) 0.14e(0.01) 

AH009 0.14abc(0.06) 0.06a(0.02) AC025 0.10abc(0.02) 0.11cde(0.06) 

AU056 0.11abc(0.03) 0.09ab(0.04) AN065 0.10abc(0.03) 0.07abc(0.03) 

BB048 0.13abc(0.03) 0.08ab(0.03) AT013 0.12bcd(0.02) 0.09abc(0.03) 

Cadillac 0.17abc(0.07) 0.10ab(0.04) BF114 0.13bcd(0.04) 0.06a(0.02) 

AH157 0.12abc(0.04) 0.11ab(0.05) AJ004 0.17d(0.04) 0.10bcde(0.03) 

BD012 0.17bc(0.06) 0.10ab(0.03) Carberry 0.06a(0.02) 0.07ab(0.02) 

BF022 0.14abc(0.02) 0.09ab(0.04) Cadillac 0.16cd(0.05) 0.09abcd(0.04) 

AJ012 0.14abc(0.03) 0.10ab(0.02) Glenn 0.10abc(0.04) 0.07ab(0.01) 

AV031 0.11abc(0.03) 0.10ab(0.04) AX072 0.13bcd(0.06) 0.07ab(0.02) 

BF138 0.10ab(0.04) 0.10ab(0.03) AS044 0.09ab(0.04) 0.08abc(0.03) 

Glenn 0.11abc(0.03) 0.12ab(0.05) BB075 0.10ab(0.04) 0.10abcd(0.04) 

Carberry 0.10a(0.04) 0.07ab(0.03) BE092 0.12abcd(0.04) 0.08abc(0.00) 

BC002 0.12abc(0.02) 0.13b(0.09) AG060 0.10ab(0.05) 0.07ab(0.02) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.13 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Seven Block Eight 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AZ070 0.14ab(0.04) 0.11abc(0.06) AB031 0.29bc(0.12) 0.09abc(0.04) 

AQ027 0.16abc(0.03) 0.13cd(0.06) AH030 0.16ab(0.09) 0.11abc(0.03) 

Glenn 0.15abc(0.05) 0.07abc(0.01) AR019 0.18abc(0.09) 0.14bcd(0.12) 

AX125 0.16abc(0.07) 0.05a(0.02) Cadillac 0.19abc(0.06) 0.15cd(0.05) 

BA020 0.18abc(0.09) 0.06ab(0.04) Glenn 0.15ab(0.03) 0.08a(0.02) 

AG028 0.12a(0.02) 0.09abc(0.03) AY026 0.18abc(0.09) 0.19d(0.04) 

AX017 0.24bcd(0.06) 0.09abc(0.02) AR081 0.13a(0.09) 0.06a(0.02) 

Carberry 0.13ab(0.03) 0.08abc(0.03) BE012 0.12a(0.03) 0.10abc(0.04) 

AW094 0.22abcd(0.09) 0.11abc(0.02) AC041 0.19abc(0.06) 0.07a(0.01) 

AX078 0.14ab(0.06) 0.10abc(0.02) AX118 0.18abc(0.07) 0.10abc(0.02) 

AJ011 0.21abcd(0.05) 0.11abc(0.06) AS039 0.13a(0.05) 0.05a(0.01) 

AB072 0.14abc(0.06) 0.10abc(0.05) Carberry 0.09a(0.02) 0.06a(0.01) 

Cadillac 0.25cd(0.12) 0.18d(0.09) BF101 0.22abc(0.05) 0.15cd(0.02) 

AZ095 0.14abc(0.04) 0.09abc(0.03) AN044 0.31c(0.26) 0.15bcd(0.05) 

AB029 0.30d(0.19) 0.12abc(0.02) BF006 0.10a(0.01) 0.10abc(0.06) 

BF062 0.21abcd(0.08) 0.13bcd(0.06) AB114 0.17ab(0.06) 0.08ab(0.01) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.14 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Nine Block Ten 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

Carberry 0.09a(0.04) 0.04a(0.02) Carberry 0.15bcd(0.12) 0.07a(0.04) 

Glenn 0.13ab(0.04) 0.09abcd(0.04) AZ017 0.07a(0.03) 0.06a(0.06) 

BE068 0.11ab(0.03) 0.07abc(0.02) Cadillac 0.14abc(0.05) 0.09abc(0.05) 

AS025 0.09a(0.02) 0.05a(0.01) AA037 0.17cd(0.03) 0.08ab(0.02) 

AZ010 0.18abc(0.06) 0.09abcd(0.2) AU055 0.14abc(0.04) 0.15d(0.07) 

BF180 0.15ab(0.05) 0.07abc(0.03) AR044 0.16bcd(0.02) 0.12bcd(0.02) 

AP030 0.12ab(0.02) 0.09abcd(0.02) BC031 0.22d(0.03) 0.14cd(0.05) 

AD033 0.20bc(0.05) 0.16e(0.12) AA021 0.12abc(0.01) 0.07ab(0.02) 

AH033 0.10ab(0.03) 0.07abc(0.01) AH156 0.17cd(0.06) 0.09abc(0.02) 

AV028 0.15ab(0.05) 0.09abcd(0.02) BA099 0.12abc(0.04) 0.08ab(0.03) 

Cadillac 0.15ab(0.04) 0.11bcde(0.01) AW009 0.13abc(0.02) 0.08ab(0.04) 

AH047 0.12ab(0.02) 0.05ab(0.01) BB054 0.17cd(0.04) 0.07a(0.01) 

AT072 0.16ab(0.04) 0.12cde(0.03) AC037 0.19cd(0.09) 0.07ab(0.02) 

AZ029 0.13ab(0.03) 0.08abcd(0.01) AU003 0.12abc(0.04) 0.06a(0.02) 

AG057 0.26c(0.22) 0.13de(0.06) Glenn 0.12abc(0.03) 0.10abcd(0.03) 

BF104 0.13ab(0.04) 0.07abc(0.01) AA085 0.09ab(0.01) 0.05a(0.02) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.15 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Eleven Block Twelve 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AX023 0.12abc(0.03) 0.06a(0.03) AM030 0.14ab(0.04) 0.07abc(0.02) 

BB055 0.30d(0.21) 0.09abc(0.05) AX108 0.17ab(0.05) 0.10bcde(0.04) 

AH152 0.23cd(0.07) 0.17ef(0.07) AY087 0.15ab(0.03) 0.06ab(0.01) 

Cadillac 0.18abc(0.04) 0.19f(0.03) BC088 0.16ab(0.03) 0.09bcd(0.03) 

AR031 0.08a(0.03) 0.06a(0.02) AB060 0.15ab(0.03) 0.06ab(0.02) 

AT073 0.11ab(0.04) 0.08abc(0.03) Glenn 0.15ab(0.01) 0.12de(0.03) 

BF089 0.13abc(0.04) 0.16def(0.05) AD028 0.19bc(0.06) 0.11cde(0.04) 

AE010 0.21bcd(0.05) 0.07ab(0.03) Carberry 0.11a(0.02) 0.05a(0.02) 

Glenn 0.17abc(0.06) 0.09abc(0.03) AZ025 0.15ab(0.05) 0.10bcde(0.02) 

BB062 0.11ab(0.04) 0.07ab(0.01) AT043 0.13ab(0.03) 0.09abcd(0.02) 

BF032 0.13abc(0.06) 0.09abc(0.03) BA037 0.16ab(0.05) 0.07abc(0.02) 

AU050 0.19abc(0.05) 0.11bcd(0.02) Cadillac 0.24c(0.05) 0.13e(0.03) 

AQ072 0.21bcd(0.12) 0.12cde(0.04) AN055 0.17ab(0.05) 0.07abc(0.01) 

Carberry 0.10ab(0.03) 0.09abc(0.02) AY100 0.18b(0.09) 0.10bcde(0.02) 

AL009 0.17abc(0.05) 0.07abc(0.01) AX123 0.19bc(0.06) 0.11cde(0.03) 

AG074 0.10ab(0.02) 0.08abc(0.04) AT095 0.14ab(0.07) 0.10bcde(0.02) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.16 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Thirteen Block Fourteen 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AT011 0.18abc(0.09) 0.09bc(0.04) AX012 0.17bcde(0.11) 0.08abcde(0.05) 

AR069 0.20abc(0.02) 0.09abc(0.02) AY013 0.10ab(0.03) 0.05a(0.01) 

Carberry 0.12a(0.02) 0.06abc(0.01) AX129 0.11abc(0.03) 0.05a(0.02) 

AN024 0.19abc(0.06) 0.07abc(0.02) Carberry 0.07a(0.01) 0.06abc(0.02) 

BB039 0.12a(0.03) 0.05a(0.02) AL014 0.14bcde(0.05) 0.08abcde(0.03) 

AH038 0.12a(0.05) 0.05ab(0.01) AT125 0.11abc(0.04) 0.07abcd(0.02) 

AK046 0.15ab(0.08) 0.09abc(0.02) AC027 0.16bcde(0.06) 0.09abcde(0.05) 

Cadillac 0.29c(0.16) 0.09abc(0.02) AG023 0.13abcd(0.02) 0.06abcd(0.01) 

BF121 0.23abc(0.09) 0.09abc(0.02) AF008 0.14abcd(0.03) 0.07abcd(0.02) 

BF169 0.15ab(0.04) 0.06abc(0.03) Glenn 0.11abc(0.03) 0.10bcde(0.05) 

AE051 0.19abc(0.08) 0.07abc(0.02) BF017 0.21e(0.02) 0.11de(0.03) 

AB077 0.25bc(0.17) 0.10c(0.05) BB080 0.19de(0.05) 0.11cde(0.05) 

BE035 0.14ab(0.02) 0.08abc(0.02) BA019 0.11abc(0.04) 0.06ab(0.01) 

AR103 0.18abc(0.04) 0.07abc(0.03) Cadillac 0.17cde(0.04) 0.12e(0.04) 

BC104 0.17ab(0.07) 0.08abc(0.03) AG022 0.14abcd(0.08) 0.07abcd(0.01) 

Glenn 0.13ab(0.04) 0.08abc(0.01) AY081 0.15bcde(0.04) 0.06abcd(0.01) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.17 Average modulus of elasticity values (n=5) of the wheat stems at two moisture 

levels. 

Block Fifteen Block Sixteen 

Lines Modulus of Elasticity (GPa)* Lines Modulus of Elasticity (GPa)* 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BB103 0.11abc(0.02) 0.09abcd(0.02) Cadillac 0.17bcdef(0.05) 0.12def(0.04) 

AC009 0.20e(0.20) 0.11bcd(0.04) Carberry 0.10abc(0.07) 0.06a(0.03) 

AD035 0.17de(0.17) 0.09abcd(0.04) Glenn 0.13abcd(0.05) 0.07abc(0.02) 

AY057 0.14bcd(0.09) 0.06abc(0.03) AW103 0.14abcde(0.05) 0.11cdef(0.03) 

Cadillac 0.14bcd(0.09) 0.10bcd(0.05) BF044 0.18cdef(0.03) 0.09abcde(0.02) 

Carberry 0.10abc(0.03) 0.05a(0.01) BF014 0.14abcd(0.03) 0.06ab(0.02) 

AF034 0.09abc(0.03) 0.10abcd(0.07) AT100 0.14abcd(0.03) 0.08abcd(0.02) 

AD031 0.11abcd(0.02) 0.08abcd(0.02) AB019 0.20def(0.08) 0.10bcdef(0.01) 

AC019 0.08ab(0.02) 0.07abc(0.02) BC013 0.16abcdef(0.06) 0.12ef(0.05) 

Glenn 0.14bcde(0.05) 0.13d(0.04) AZ054 0.09ab(0.03) 0.07ab(0.02) 

AM026 0.14bcde(0.04) 0.08abcd(0.03) BE028 0.12abcd(0.05) 0.06a(0.03) 

AN015 0.09abc(0.04) 0.05ab(0.01) AM020 0.24f(0.06) 0.13f(0.02) 

AW095 0.15cde(0.05) 0.11cd(0.06) AX090 0.22ef(0.09) 0.06ab(0.01) 

AZ052 0.08ab(0.01) 0.06ab(0.02) AW085 0.08a(0.03) 0.07abc(0.04) 

BF039 0.11abcd(0.03) 0.09abcd(0.03) BF034 0.19def(0.07) 0.09abcde(0.04) 

BA004 0.07a(0.02) 0.06ab(0.02) BF051 0.13abcd(0.02) 0.07abc(0.02) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 
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Table B.18 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block One Block Two 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BE029 11.96abc(2.02) 10.99abcde(3.12) AH105 17.39b(5.49) 13.74f(3.40) 

AM001 15.69abcde(3.15) 14.53cdef(2.95) Glenn 15.72ab(4.76) 9.26abcdef(2.42) 

AF044 15.97abcde(4.83) 12.72abcde(1.92) AF023 14.00ab(5.33) 13.41ef(5.62) 

AC023 24.12f(8.25) 17.92f(5.42) AS059 16.04ab(5.55) 12.66def(3.27) 

AC056 21.77ef(1.96) 13.12bcde(1.01) BC109 11.72ab(2.87) 8.80abcde(0.66) 

AZ056 17.36bcdef(5.40) 12.31abcde(2.44) AR089 16.49ab(5.25) 11.84cdef(5.18) 

AD012 19.68cdef(5.13) 12.78abcde(1.84) AW064 14.45ab(2.23) 10.69bcdef(2.93) 

Carberry 13.42abcd(2.59) 10.49abcd(1.52) AE022 17.23b(3.08) 10.04bcdef(2.12) 

Cadillac 15.31abcde(3.19) 13.87cdef(3.53) AZ087 11.57ab(2.30) 10.35bcdef(2.11) 

BB115 11.24ab(2.97) 9.67abc(3.06) AG153 15.35ab(4.26) 6.34ab(2.69) 

AT116 9.22a(2.36) 8.35ab(1.40) Cadillac 14.31ab(1.29) 9.47abcdef(2.69) 

Glenn 18.95bcdef(7.74) 11.41abcde(2.21) AQ042 15.25ab(4.58) 8.19abcd(2.04) 

AG033 23.63f(6.78) 15.72ef(6.01) AT069 10.08a(2.20) 5.21a(0.50) 

AZ014 11.51ab(2.85) 8.16a(1.89) AD072 15.09ab(1.95) 11.22cdef(1.81) 

AT064 13.86abcd(5.20) 14.69def(5.77) AX109 23.27c(9.04) 12.70def(4.87) 

AA080 20.59def(9.97) 10.03abcd(2.81) Carberry 11.89ab(3.81) 7.73abc(1.30) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.19 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Three Block Four 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AD005 12.93def(3.60) 9.01ghi(2.54) BA029 13.72pq(3.64) 11.26abcd(2.51) 

Cadillac 15.68f(3.45) 12.49j(2.38) AW080 15.65pq(3.77) 9.79abcd(1.62) 

BE118 10.13de(2.42) 8.61ghi(1.99) BD104 13.65pq(5.85) 9.18abcd(3.28) 

AX086 12.11def(3.82) 7.30g(2.12) BD047 13.88pq(3.96) 8.87abc(2.25) 

AP013 8.73d(2.09) 8.98ghi(2.03) AC078 18.04q(5.70) 13.05bcd(7.82) 

AN063 13.72def(5.31) 13.45j(1.78) BA033 13.18pq(4.28) 13.68cd(2.25) 

BF036 9.17d(1.25) 7.02g(1.34) Carberry 14.47pq(3.24) 8.75ab(3.33) 

BD073 14.18def(5.10) 10.86hij(2.72) BB060 18.21q(5.48) 9.16abcd(2.32) 

Glenn 14.80ef(2.72) 12.23j(4.80) AE002 17.45q(2.64) 10.63abcd(2.12) 

BC069 8.89d(2.22) 6.91g(1.22) BC093 10.51p(2.17) 7.76a(2.29) 

BE033 13.22def(4.58) 9.13ghi(2.31) AX018 17.91q(5.85) 11.06abcd(3.18) 

Carberry 10.27de(1.24) 7.72gh(2.24) Glenn 13.86pq(2.83) 10.76abcd(3.02) 

BF075 12.60def(3.46) 11.62ij(1.65) AU045 15.36pq(2.09) 10.63abcd(2.21) 

AB122 11.59def(2.43) 7.77gh(1.76) Cadillac 14.28pq(3.25) 11.92abcd(3.19) 

AC039 16.66f(4.26) 7.28g(1.43) BF143 13.08pq(2.64) 13.83d(2.63) 

BE009 11.40def(5.53) 6.25g(0.84) AB051 10.73p(3.00) 7.50a(2.83) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.20 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Five Block Six 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AH092 18.43cd(3.88) 10.13abcd(2.53) BF123 13.09bc(3.10) 9.29abc(2.13) 

BF057 14.28abcd(4.19) 8.66abc(1.23) AY072 9.09ab(2.53) 8.17abc(2.23) 

AH082 14.58abcd(1.47) 10.74bcd(1.99) AK039 12.39abc(2.57) 11.18cd(2.89) 

AH009 17.23bcd(2.52) 10.35abcd(2.68) AC025 13.14bc(2.52) 9.81abc(1.52) 

AU056 14.45abcd(4.48) 9.50abcd(4.20) AN065 8.73a(2.80) 7.15a(4.11) 

BB048 9.51a(2.61) 6.69a(1.41) AT013 9.88ab(2.13) 7.15a(1.93) 

Cadillac 14.82abcd(4.28) 8.69abc(2.36) BF114 11.10ab(1.28) 6.69a(1.81) 

AH157 12.26ab(3.43) 10.74bcd(1.13) AJ004 23.49e(5.56) 13.41d(3.25) 

BD012 17.39bcd(2.75) 12.10bcd(2.52) Carberry 9.35ab(1.54) 7.53ab(1.38) 

BF022 14.32abcd(7.15) 8.78abc(2.20) Cadillac 17.91d(1.84) 9.40abc(1.36) 

AJ012 19.32d(3.29) 12.32cd(1.50) Glenn 11.07ab(2.82) 8.63abc(0.89) 

AV031 12.14ab(5.02) 9.39abcd(4.20) AX072 15.95cd(3.88) 10.76bcd(2.95) 

BF138 13.41abc(4.80) 8.40ab(2.05) AS044 8.73a(1.32) 7.90ab(0.30) 

Glenn 12.84abc(2.33) 11.67bcd(2.34) BB075 13.10bc(3.75) 9.53abc(2.04) 

Carberry 10.39a(2.48) 8.67abc(0.62) BE092 10.72ab(2.41) 7.28a(0.18) 

BC002 14.68abcd(2.89) 12.95d(2.84) AG060 12.28abc(1.64) 7.74ab(1.84) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.21 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Seven Block Eight 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AZ070 12.30abc(4.38) 8.50bc(1.62) AB031 22.02c(9.15) 8.90abc(4.40) 

AQ027 15.28abcd(3.50) 13.07c(5.14) AH030 11.74ab(5.64) 7.53ab(2.75) 

Glenn 12.48abc(2.65) 10.61bc(3.20) AR019 19.95bc(6.66) 9.13abc(1.40) 

AX125 12.35abc(2.63) 8.13abc(3.32) Cadillac 16.17abc(1.60) 11.39bc(2.64) 

BA020 9.58a(3.47) 3.58a(1.67) Glenn 13.01abc(4.67) 7.16ab(1.24) 

AG028 10.35ab(3.20) 8.55bc(4.27) AY026 13.13abc(2.82) 16.09d(4.29) 

AX017 22.07d(4.91) 7.99abc(2.53) AR081 13.88abc(7.28) 5.67a(0.74) 

Carberry 8.25a(2.06) 6.55ab(2.64) BE012 11.57ab(2.80) 9.45abc(0.93) 

AW094 18.44bcd(7.56) 9.38bc(2.25) AC041 22.52c(14.61) 7.14ab(1.35) 

AX078 14.18abcd(5.48) 11.12bc(3.18) AX118 17.88abc(6.32) 12.14cd(2.42) 

AJ011 15.56abcd(3.54) 8.14abc(1.48) AS039 9.62a(1.36) 5.98a(1.12) 

AB072 14.91abcd(5.44) 11.75c(5.33) Carberry 10.39ab(3.09) 5.79a(0.83) 

Cadillac 22.48d(10.58) 12.81c(5.54) BF101 17.05abc(1.62) 12.27cd(4.74) 

AZ095 18.86bcd(7.77) 10.24bc(1.89) AN044 19.07abc(7.88) 12.16cd(5.72) 

AB029 12.38abc(5.94) 8.27abc(3.43) BF006 15.45abc(5.65) 12.28cd(4.82) 

BF062 19.60cd(9.64) 9.54bc(2.57) AB114 16.77abc(5.80) 7.43ab(3.00) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.22 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Nine Block Ten 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

Carberry 14.15abc(6.68) 6.31ab(2.72) Carberry 18.13bc(13.68) 7.27abc(2.07) 

Glenn 13.14ab(3.19) 7.74ab(3.25) AZ017 15.79abc(5.58) 11.50cd(8.30) 

BE068 8.92a(3.05) 7.53ab(2.79) Cadillac 15.87abc(3.61) 10.06abcd(1.55) 

AS025 7.78a(1.15) 5.31a(0.95) AA037 20.43c(4.64) 6.49abc(2.21) 

AZ010 13.72ab(2.92) 9.28abcd(2.31) AU055 14.59abc(4.17) 13.14d(3.10) 

BF180 20.17bcd(7.08) 8.58abc(2.99) AR044 15.03abc(3.74) 10.78bcd(2.35) 

AP030 12.95ab(3.76) 8.46abc(3.27) BC031 15.32abc(3.40) 8.43abcd(3.66) 

AD033 22.14d(7.16) 12.46cd(5.69) AA021 14.83abc(1.19) 8.22abc(1.58) 

AH033 10.99a(2.62) 7.37ab(1.70) AH156 15.37abc(5.41) 10.99bcd(5.53) 

AV028 14.96abcd(3.82) 10.05bcd(3.40) BA099 9.64a(1.46) 7.10abc(1.59) 

Cadillac 11.60a(2.65) 8.39abc(1.89) AW009 14.79abc(5.41) 6.70abc(3.16) 

AH047 12.77ab(2.72) 6.77ab(0.84) BB054 12.13ab(2.90) 5.11a(0.53) 

AT072 10.89a(2.26) 7.99ab(2.36) AC037 15.22abc(8.87) 7.86abc(1.71) 

AZ029 15.48abcd(6.42) 6.21ab(3.13) AU003 9.37a(0.94) 6.86abc(2.31) 

AG057 21.45cd(13.29) 12.88d(4.72) Glenn 13.15abc(2.81) 9.57abcd(3.61) 

BF104 13.42ab(1.82) 8.59abc(1.97) AA085 11.90ab(1.86) 6.33ab(1.82) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.23 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Eleven Block Twelve 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AX023 16.71abcd(4.34) 7.78ab(2.54) AM030 13.35ab(5.74) 9.96ab(2.82) 

BB055 19.19cd(11.07) 8.92abc(2.90) AX108 13.22ab(3.17) 10.26ab(2.71) 

AH152 17.39bcd(3.17) 13.55d(3.62) AY087 16.29ab(3.08) 8.69ab(4.56) 

Cadillac 13.36abc(4.66) 11.10bcd(4.36) BC088 12.56ab(3.72) 9.19ab(3.26) 

AR031 9.71a(3.08) 6.28a(1.11) AB060 12.26ab(6.82) 6.68a(0.63) 

AT073 12.06abc(1.19) 6.50a(0.72) Glenn 15.44ab(3.12) 11.80b(4.99) 

BF089 15.25abcd(2.88) 12.45cd(3.39) AD028 13.40ab(2.03) 6.94a(1.20) 

AE010 17.57bcd(2.65) 9.52abc(4.78) Carberry 11.11a(1.80) 6.99a(1.61) 

Glenn 13.64abc(2.83) 8.68abc(1.89) AZ025 12.63ab(3.75) 9.15ab(2.39) 

BB062 9.66a(2.96) 7.25ab(2.10) AT043 12.56ab(2.05) 7.35ab(1.83) 

BF032 14.66abcd(6.68) 10.91bcd(1.84) BA037 14.06ab(6.42) 8.10ab(2.54) 

AU050 16.48abcd(7.03) 9.31abc(2.24) Cadillac 18.10b(3.57) 10.74ab(1.95) 

AQ072 20.88d(6.89) 9.96abcd(4.08) AN055 15.98ab(7.04) 8.96ab(1.87) 

Carberry 12.86abc(3.25) 8.58abc(0.77) AY100 14.35ab(2.45) 10.00ab(4.21) 

AL009 10.55ab(2.16) 6.16a(0.87) AX123 15.62ab(1.93) 11.48ab(6.38) 

AG074 9.48a(2.10) 6.75a(1.24) AT095 14.37ab(2.45) 7.89ab(1.50) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 
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Table B.24 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Thirteen Block Fourteen 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

AT011 14.30abc(3.26) 11.51d(3.01) AX012 11.79abcd(1.95) 7.66abc(1.27) 

AR069 19.38bc(6.05) 10.49bcd(2.97) AY013 10.43abc(3.84) 6.43ab(1.55) 

Carberry 8.99a(2.03) 8.41abcd(1.98) AX129 10.36abc(4.95) 6.43ab(0.93) 

AN024 21.06c(6.34) 11.07cd(2.78) Carberry 7.24a(1.81) 6.57ab(1.59) 

BB039 15.09abc(8.08) 5.86a(1.27) AL014 15.68cd(3.76) 13.17d(7.32) 

AH038 12.36ab(3.72) 6.61a(2.81) AT125 12.41abcd(1.36) 12.03cd(3.56) 

AK046 15.57abc(4.19) 6.45a(2.04) AC027 12.91bcd(3.28) 9.37abcd(3.26) 

Cadillac 18.86bc(3.10) 10.07bcd(3.22) AG023 14.26bcd(2.40) 10.23bcd(2.47) 

BF121 16.43bc(8.66) 8.98abcd(1.96) AF008 12.58abcd(3.42) 8.14abc(2.25) 

BF169 12.84ab(2.46) 6.55a(1.81) Glenn 12.98bcd(3.72) 9.23abcd(2.84) 

AE051 17.36bc(4.53) 8.06abc(1.44) BF017 16.13d(2.56) 13.18d(6.08) 

AB077 15.75abc(5.57) 10.33bcd(2.31) BB080 13.79bcd(5.77) 9.22abcd(2.60) 

BE035 15.28abc(3.45) 8.02abc(0.84) BA019 11.48abcd(4.91) 5.24a(0.72) 

AR103 15.35abc(2.24) 7.35ab(1.51) Cadillac 15.90cd(4.71) 9.85abcd(4.26) 

BC104 16.11abc(3.81) 8.76abcd(1.66) AG022 9.60ab(1.07) 7.07ab(1.19) 

Glenn 13.19ab(4.68) 10.50bcd(3.40) AY081 11.51abcd(5.13) 7.10ab(0.87) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 

 

 



142 
 

Table B.25 Average flexural rigidity values (n=5) of the wheat stems at two moisture levels 

Block Fifteen Block Sixteen 

Lines Flexural Rigidity (Nm2)*+ Lines Flexural Rigidity (Nm2)*+ 

 14%(M.C) 22%(M.C)  14%(M.C) 22%(M.C) 

BB103 10.49abc(2.85) 10.56e(2.23) Cadillac 16.77ab(4.32) 11.20bcd(1.91) 

AC009 18.35e(2.87) 10.64e(3.46) Carberry 11.62a(5.13) 6.30a(2.17) 

AD035 10.78abc(3.22) 7.81abcde(1.55) Glenn 15.04ab(4.98) 9.78abcd(2.01) 

AY057 14.01cd(2.53) 5.07a(1.24) AW103 18.99ab(4.72) 8.29abcd(2.03) 

Cadillac 12.53abcd(3.12) 8.81bcde(0.29) BF044 14.98ab(2.62) 7.01ab(0.60) 

Carberry 9.93ab(1.86) 6.60abcd(1.61) BF014 16.61ab(2.69) 10.78abcd(1.93) 

AF034 12.66bcd(1.34) 10.32de(2.84) AT100 15.77ab(4.84) 12.25d(3.86) 

AD031 9.48ab(1.60) 8.20abcde(1.75) AB019 13.86ab(3.49) 11.37bcd(3.84) 

AC019 8.60a(1.13) 8.97bcde(2.66) BC013 20.06b(2.62) 11.67cd(4.17) 

Glenn 13.08bcd(5.04) 11.13e(1.77) AZ054 13.30ab(5.23) 7.63abc(2.75) 

AM026 12.42abcd(2.02) 9.70cde(3.16) BE028 13.04ab(4.26) 7.08abc(1.18) 

AN015 11.49abc(1.69) 7.83abcde(1.87) AM020 19.67b(11.38) 11.64cd(4.17) 

AW095 15.49de(3.29) 10.10de(4.90) AX090 19.53b(6.91) 10.37abcd(1.25) 

AZ052 10.45abc(0.23) 5.44ab(2.36) AW085 14.00ab(4.39) 10.87abcd(5.42) 

BF039 10.48abc(1.69) 8.40abcde(2.00) BF034 13.68ab(3.09) 7.98abcd(3.69) 

BA004 12.30abcd(3.74) 5.99abc(3.26) BF051 17.95ab(6.34) 8.39abcd(1.89) 

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the 

same letter are significantly different at (P<0.05) according to Duncan’s Multiple Range Test 

(DMRT). 

+ Mean values (n=5) and standard deviation multiplied by 104. 

 

 

 


