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ABSTRACT 

Breeding for Improved Drought Tolerance in Red Clover (Trifolium pratense L.) 

Karrie Boucher      Advisor: Stephen Bowley 

University of Guelph, 2016 

 

Four red clover (Trifolium pratense L.) and two Medicago truncatula L. varieties were 

compared for their response to a two-week drought stress at three, five, and seven weeks 

of age in a controlled environment.  The clovers had greater (P<0.05) combined crown 

and root biomass, and shoot biomass compared to the medics at 80, 30, and 15% field 

capacity (FC).  Combined crown and root weights of the medics did not change as 

moisture stress increased, whereas the red clover crown and root weights declined.  For 

both species, shoot weight decreased as moisture stress increased.  Three cycles of 

recurrent selection at 30% FC soil moisture were conducted within three populations of 

red clover.  Evaluation of the selection cycles at 15 and 30% FC revealed there was 

increased combined crown and root weight in one population and increased shoot weight 

in two of the populations.  However, this biomass increase was also detected in non-stress 

conditions (80% FC).  Selection for plant vigour under reduced soil moisture conditions 

resulted in improved growth in both moisture limited and non-limiting conditions.   
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Chapter 1. Introduction and Literature Review 

The success of red clover (Trifolium pratense L.) as an under-seeded cover crop for 

cereals such as wheat (Triticum aestivum L. em. Thell.) is variable due to inconsistent 

establishment of red clover stands (Queen et al., 2009).  For this review, a clover stand was 

considered established at the time when the wheat crop, to which it had been under-seeded, was 

removed.  A major cause of the inconsistency in establishment of red clover has been attributed 

to low-moisture stress (Queen et al., 2009).  The objective of this study was to examine 

differences between single cut and double cut varieties of red clover and to breed a variety of red 

clover that is more drought tolerant than current varieties.  

 

1.1.1 Literature Review: 

Red clover is an important forage legume to world agriculture.  There are 20 million 

hectares grown world-wide each year, seven million of which are grown in North America 

(Smith et al., 1995).  The annual yield for red clover hay is typically greater than four tons per 

hectare (Smith et al., 1995).  Red clover originated in southeastern Europe and Asia Minor and 

was later brought to America by European colonists (Smith et al., 1995).  Cultivation of red 

clover first began in northern Europe around 1650 (Smith et al., 1995).     

Red clover is a short-lived perennial legume, meaning that it is only productive for two to 

three years (OMAFRA, 2011).  Red clover grows to between 20 and 60 centimeters in height and 

prefers cool, moist conditions (OMAFRA, 2011).  The stems regrow from a crown which forms 

above and slightly beneath the soil surface a few weeks following emergence (Bowley et al., 

1984).  The optimal soil pH range for growing red clover is between 6.0 and 7.0 (Rice et al., 
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1977).  Red clover is a naturally cross-pollinated species that is diploid with a chromosome 

number of 2n=14 (Smith et al., 1995).  Red clover is generally considered a quantitative long day 

plant but there is variation among and within varieties with respect to their day length 

requirement (Taylor and Quesenberry, 1996). There are many varieties of red clover and they are 

grouped into either single cut (SC) or double cut (DC) types.  Single cut types, also called 

“Mammoth”, require longer photoperiods (at least 14 h) to induce flowering when compared to 

double cut types (13-14 h) (Bowley et al., 1984, Smith et al., 1995).  The species does not require 

vernalization, though some types adapted to northern latitudes may flower faster following a cold 

treatment (Taylor and Quesenberry, 1996).  

Double cut types produce fewer internodes to the first flower on the main stem when 

compared with single cut types (Smith et al., 1995).  Single cut types form 10 or more stem 

internodes before the position of the first flower, whereas double cut types only have five to 

seven stem internodes to the formation of the first flower (Bowley et al., 1984).  Single cut types 

have a larger root biomass than double cut (Smith et al., 1995) and a greater percentage of their 

total biomass is allocated to the root system when compared to double cut types (Dr. Stephen 

Bowley, Personal communication, November 13, 2016).  A two year study in Southern Ontario 

comparing double cut and single cut varieties resulted in a root to shoot ratio of 4.22 for single 

cut types and 0.94 for double cut types (Christie et al., 1992).  For forage use, double cut 

varieties are preferred over single cut varieties in much of North America due to their greater 

forage yields and the ample seed availability (Smith et al., 1995).  In fact, seasonal herbage 

yields of double cut varieties were 15 to 40% higher compared to single cut varieties (Wheaton, 

2015).  However, single cut varieties have more acreage in Alberta and Saskatchewan likely due 

to the fact that they are more winter hardy than double cut varieties (Government of Alberta, 
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2016).  Greater herbage yield of double cut types compared to single cut is due to the additional 

re-growths with stem and flower formation within the season of the double cut type.  Both single 

and double cut varieties of red clover are generally productive for two to three seasons (Smith et 

al., 1995).   

 Red clover can be grown for stored feed such as hay and haylage and as a rotational crop 

for plow-down and soil improvement (Smith et al., 1995).  Red clover can be under-seeded with 

winter and spring cereals for clover forage, weed suppression, improvement to soil structure and 

as a source of nitrogen for the cereal it is grown with and for subsequent crops (Singer et al., 

2006; Queen et al., 2009).  Nitrogen is made available naturally through red clover’s nitrogen 

fixation process utilizing a symbiotic relationship with Rhizobium trifolii (Gil and Fick, 2001, 

Queen et al., 2009).  When grown with winter wheat, red clover is frost seeded into the wheat 

stand in February or March (OMAFRA, 2011).  If grown with a spring cereal, red clover is 

seeded with the cereal in April or May (OMAFRA, 2011).  Following harvest of the companion 

crop, red clover accumulates biomass and can be harvested as a forage crop, plowed under, or 

chemically controlled (Queen et al., 2009). 

Alfalfa, or Medicago sativa L., is known through much of North America as the “Queen 

of Forages” (Government of Alberta, 2015).  Approximately 32 million hectares are grown 

worldwide each year, 15 million hectares of which are grown in North America (Volenec, et al., 

2002).  Alfalfa has five to 25 stems per crown and will grow 40 to 60 cm in height (OMAFRA, 

2012).  Despite it being the “Queen of Forages”, there are many disadvantages to growing alfalfa 

in place of red clover as an under-seeded cover crop.  Red clover establishes more easily and has 

greater shade tolerance than alfalfa (OMAFRA, 2011).  Red clover is able to grow in fields that 

are too acidic or wet to successfully grow alfalfa, and alfalfa growth is limited by frequent winter 
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kill and poor drainage (OMAFRA, 2011).  Comparing animal feed quality, bypass protein of red 

clover haylage is 25-35% and is greater than the 15-25% range for alfalfa, and red clover 

generally has higher fibre digestibility (OMAFRA, 2011).  Alfalfa seed is also more expensive 

then red clover seed (OMAFRA, 2011).  Yet, alfalfa will out-yield red clover in ideal growing 

conditions (OMAFRA, 2011) and has greater drought tolerance than red clover (Peterson et al., 

1992).  The greater drought tolerance of alfalfa has been largely attributed to its ability to extract 

moisture from a depth of three to four metres (Jefferson and Cutforth, 1997).  Alfalfa is a close 

relative of the model legume species, Medicago truncatula L. (Zhang et al., 2005).   

A cover crop with wheat in a crop rotation provides many benefits.  Cover crops reduce 

soil erosion by rain and wind, increase soil organic matter and soil fertility, suppress weed 

growth, improve soil water-holding capacity and act as a non-host for pests prevalent in other 

crops within a rotation (Gaudin et al., 2013).  Red clover provides other specific benefits.  Red 

clover has a light compensation of between 60 µmol s
-1

 m
-2 

(Hesketh, 1963) to 120 µmol s
-1

 m
-2

 

(McKee, 1962), giving it excellent shade tolerance and allowing it to survive under low light 

conditions, such as those encountered when under-seeded with winter or spring cereals (Riday, 

2008).  As previously indicated, red clover contributes a large amount of naturally produced 

nitrogen to the soil for use by companion grasses or subsequent crops (Bowley et al., 1984, 

Singer et al., 2006, Queen et al., 2009).  It has been estimated that the nitrogen that is naturally 

fixed by forage legumes through their symbiotic relationship with Rhizobium trifolii is greater 

than the total amount of nitrogenous fertilizers applied to crops each year (Gil and Fick, 2001).  

It has been estimated that the total nitrogen credits of red clover when used as a cover crop are 

approximately 75-175 lbs N acre
-1

 [85 – 200 kg N ha
-1

] (Ketterings et al., 2011).  The legumes 

maintain and/or increase the soil-organic nitrogen, which supplies subsequent crops in following 
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years due to its slow rate of decomposition (Riesinger and Herzon, 2010).  The symbiotic 

nitrogen fixation relationship between legumes and Rhizobium trifolii supplies agriculture with 

much needed nitrogen fertilizer and is a crucial nitrogen source for organic farming (Riesinger 

and Herzon, 2010).  Red clover is a poor host of soybean cyst nematode (Heterodera glycines), 

corn rootworm (Diabrotica spp.) and European corn borer (Ostrinia nubilalis) and when used in 

a complex crop rotation system often breaks these pest cycles, resulting in less insect pressure 

and a decrease in use of pesticides (Branson and Ortman, 1970; Lambert et al., 1987; Warnke et 

al., 2008). 

 In cold-temperate and boreal climates, red clover and white clover (Trifolium repens L.) 

are the legume species that are most frequently grown for the purpose of forage or nitrogen 

supply (Riesinger and Herzon, 2010).  Red clover and white clover are suitable for under-seeding 

due to their slow development and growth and their perennial nature (Bergkvist et al., 2011).  

Producers can affordably and easily establish legumes with grass crops as Rhizobium trifolii 

inoculants and legume seed are low cost and easily available (Gil and Fick, 2001).   

 More complex crop rotation systems provide greater crop yields than when a simple crop 

rotation system is utilized (Gaudin et al., 2013).  When the complex crop rotation system 

includes red clover, the result is an even greater yield for all crops (Gaudin et al., 2015).  In fact, 

subsequent corn crops have yielded up to 40% more in a complex crop rotation system 

containing red clover as a cover-crop with winter wheat than when the wheat contains no red 

clover cover-crop (Robinson et al., 2014).  Fewer inputs such as herbicides and fertilizers are 

needed in a crop rotation that contains wheat under-seeded with red clover (Davis et al., 2012).  

Crop rotation systems in Ontario often consist of wheat under-seeded with a red clover cover 
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crop proceeding corn (Zea mays L.) as the red clover supplies nitrogen to the subsequent corn 

crop, significantly reducing the nitrogen otherwise required (Queen et al., 2009).   

In an Ontario study, comparisons of corn nitrogen response were measured for corn 

grown a year after under-seeded red clover and corn grown without red clover the year before.  It 

was estimated that red clover under-seeded with small grains and subsequently incorporated with 

tillage provided 82 kg N ha
-1

 to the following corn crop (Queen et al., 2009).  The use of red 

clover under-seeded with a cereal crop before corn in a crop rotation was also associated with an 

increase in corn yield and other economic returns that were independent of the nitrogen effect 

(Queen et al., 2009).  Yield increase independent from the nitrogen effect is likely due to the 

complex crop rotation that results in lower weed stress, fewer pest problems from the breaking of 

pest and disease cycles, soil moisture conservation and altered mycorrhizal populations (Gaudin 

et al., 2013). 

 Under-seeded red clover also reduces nitrate leaching and soil erosion, and improves soil 

structure (Queen et al., 2009, Riesinger and Herzon, 2010).  In addition to improved soil 

structure, there are economic benefits associated with the use of red clover under-seeded with 

cereals.  Annual net returns increased from fifty-one dollars per hectare to sixty-four dollars per 

hectare when wheat was under-seeded with red clover due to a five percent increase in yield of 

both the wheat and the subsequent corn crop (Meyer-Aurich et al., 2006).  Most significantly, red 

clover under-seeded with a cereal crop had no negative impact on the yield of the cereal (Queen 

et al., 2009) or specifically winter wheat yield (Gaudin et al., 2013).   

 Although it has many positive aspects, the use of red clover as a cover crop under-seeded 

with cereals is problematic due to the inconsistent establishment of clover plants (Queen et al., 
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2009).  Previous studies have indicated red clover establishment failure rates to be between 30 

and 40 percent (Riday, 2008).  Variable establishment leads to inconsistent nitrogen levels 

throughout a field.  Consequently, growers apply nitrogen at uniform rates across the field, not 

adjusting for the inconsistent nitrogen levels, resulting in nitrogen to be over-applied in some 

areas thereby increasing the risk for harmful environmental effects (Queen et al., 2009).  

Although there is improved soil structure in areas where the clover established, the nitrogen 

credit from the clover is not fully realized by this practice.  Inconsistent establishment leading to 

non-uniform nitrogen application and application of inorganic nitrogen though not entirely 

necessary can lead to a lack of economic gain, often cited as a reason that farmers do not plant a 

cover crop such as red clover (Gaudin et al., 2013). 

 

1.1.2 Inconsistent establishment 

Red clover generally grows best on friable surface soil with permeable subsoil, which 

also supports sufficient root growth and is needed for healthy establishment and growth of cereal 

crops with legumes (Riesinger and Herzon, 2010).  The variability of red clover growth and the 

symbiotic nitrogen fixation relationship of red clover with Rhizobium trifolii can be due to crop 

age, weather conditions, soil properties and crop management (Riesinger and Herzon, 2010).   

Under-seeding of red clover with various cereal crops reduces the herbage yield of clover and the 

total amount of symbiotic nitrogen fixation conducted by the legume when compared with a 

stand containing only red clover (Riesinger and Herzon, 2010). 

 Previous studies have indicated that the non-uniformity of red clover establishment was 

not due to poor germination and emergence (Queen et al., 2009), but due to reduced precipitation 

and low soil moisture levels when under-seeded to wheat (Queen et al., 2009).  In fact, when 
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drought and light competition were imposed it was found that both drought conditions and light 

competition impeded the establishment and subsequent biomass accumulation of red clover 

(Singer et al., 2006; Queen et al, 2009; Bergkvist et al., 2011).  In a series of on-farm trials, the 

competition for moisture had a greater effect than did competition for light on biomass 

accumulation (Queen et al., 2009).   

 Frost seeding red clover, in place of early spring seeding, reduced light competition 

effects and increased drought tolerance by enhancing root development before onset of moisture 

stress (Queen et al., 2009).  When the seeding rate of the cereal crop was decreased by 50 to 75 

percent, a more uniform red clover crop was attained (Singer et al., 2006).  In the thinner cereal 

stand the clover would have less competition for both light and moisture.  Higher precipitation 

and a longer growing season for the clover have been attributed to increased red clover biomass 

and stand density (Gaudin et al., 2013).  Several multi-year studies showed that red clover 

biomass weight was lower in years with less than average precipitation, suggesting that red 

clover may be susceptible to drought stress (Westra, 2015).  Thus, improvement of red clover 

tolerance for reduced moisture may improve stand establishment under wheat and therefore, 

breeding for drought tolerance may offer a practical method of improving stand establishment.   

 As stated earlier, red clover originated in southeastern Europe and Asia Minor and was 

later brought to America by European colonists (Smith et al., 1995).  In contrast, most annual 

species of Medicago, such as Medicago truncatula L., are well adapted to drier summer climates 

like those found in the Middle East (Small, 1972).  Medicago species, commonly called Annual 

Medics, develop mature seeds before the soil surrounding the plants’ roots becomes too dry 

(Small, 1972).  Many perennial Medicago species use a summer dormancy to evade drought 

stress (Small, 1972).  During such stresses, plants grow slowly and, if necessary, drop leaves 



9 
 

(Small, 1972).  Perennial Medicago species that are drought tolerant tend to be coarse and have 

tough stems with small, narrow, firm leaflets that are better adapted to resist wilting and dissipate 

heat efficiently (Smith, 1972).  These drought tolerant species also have a deeply penetrating root 

system (Ivanov, 1980).   

 

1.1.3 Population improvement 

Recurrent selection is a breeding system that involves repeated cycles of selection 

designed to increase the frequency of alleles that are associated with a particular quantitatively 

inherited characteristic (Poehlman and Sleper, 1995).  Drought tolerance is one such trait that has 

shown quantitative inheritance (Mukeshimana et al., 2014).  For recurrent selection to be 

successful, the superior genotype or phenotype must be identifiable for the trait being improved 

in a population (Poehlman and Sleper, 1995).  Draper and Wilsie (1965) used recurrent selection 

within and among families to improve seed size in birdsfoot trefoil (Lotus corriculatus L.) by an 

average of up to 20% per cycle over four cycles.  Twamley (1971, 1974) found that selection 

within and among families was a more efficient method of selection compared to simple 

phenotypic mass selection.  Provided genetic variance is present, recurrent selection within and 

among families would therefore, be a suitable method of improving drought tolerance in red 

clover. 

 

1.2 Hypotheses and Objectives: 

Single cut varieties of red clover have greater root biomass compared to double cut 

varieties, which makes them more drought tolerant than double cut varieties.  Provided there is 
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genetic variability within red clover populations for drought tolerance, through recurrent 

selection drought tolerance can be improved. 

The objectives of this study were: (1) to compare two double cut red clover types, two 

single cut red clover types and two annual medics for their response to a two-week drought stress 

at 80, 30 and 15% FC, at three different stages of seedling development, and (2) to conduct three 

cycles of recurrent selection within three populations of red clover, two double cut and one 

single cut, and to evaluate the selected and initial populations for drought tolerance.  

 

Chapter 2. Materials and Methods 

2.1 Drought comparison of species: 

2.1.1 Design 

A controlled environment study was conducted to expose seedlings to three different 

levels of moisture stress (15%, 30% and 80% of Field Capacity) at three different stages of 

development (three, five and seven weeks post-planting).  Two double-cut types (Tempus and 

DC common), two single-cut types (Altaswede and SC common) and two Medicago truncatula 

varieties (Lynx and Cheetah) were used in this experiment.  The design was a split-split plot, 

where the stage of stress was the main plot, the stress level (individual pots) was the subplot and 

six populations, two of each variety, was a sub-subplot.  Each subplot was a five gallon pot 

subdivided into six triangular quadrants with the apex at the centre; each quadrant was a sub-

subplot (Figure 2.1.1.1). The six varieties were randomly assigned to the sub-subplots. Six 
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seedlings were systematically positioned equidistant in the quadrant, one near the apex, three 

toward the edge of the pot, and the other two between, resulting in 36 plants total per pot.   

 

Figure 2.1.1.1: A diagram illustrating the planting 

arrangement within the pot. Each pot was subdivided 

into six triangular quadrants within which six 

seedlings of an entry were systematically positioned, 

one near the apex, three toward the edge of the pot, 

and the other two between, resulting in 36 total plants 

per pot. 

 

At three, five and seven weeks, five pots each were stressed at 80, 30 and 15% Field 

Capacity (FC); water was reduced to the required stress level per pot and the stress was 

maintained for two weeks once the pots reached the required stress level.  After two weeks, 

normal watering to 80% FC was resumed for another two weeks.  The plants were excavated 

from the growing medium and the roots washed.  The root and crown as a single unit were 

separated from the shoot and both were dried at 50°C for three days and dry weights determined.  

Within each experiment, five replicates were completed and the entire experiment was repeated 

four times.
1
   

 

 

                                                           
1
 Future studies running a similar experiment might consider ensuring each pot is watered for exactly two weeks.  

In this experiment, 18 pots had to reach the required stress treatment level and then two weeks of stress began.  
In some instances there were pots that were stressed for much longer than others, possibly causing further 
drought stress than expected, and therefore affecting the stress response measured in this experiment. 
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2.1.2 Methods 

Two days prior to planting each experiment, approximately 130 seeds from each of the 

six seed lots were scarified and placed in individual 90 x 15 mm petri dishes (Fisherbrand 

Polystyrene Petri Dishes, Cat. No. FB0875714G) on wet filter paper (Fisherbrand Filter Paper, 

Cat. No. 09-795C) with a lid and seed was allowed to germinate.  These forage species all 

produce a high frequency of seeds that do not imbibe water until the seed coat is worn down or 

cracked.  For the first three repetitions, liquid nitrogen was used to scarify seeds.  Scarification 

using liquid nitrogen is a popular and well used method for legume seeds (Kimura and Islam, 

2012).  Seed was placed in a 1.5 mL plastic test tube with screw-on cap and submerged in liquid 

nitrogen for 45 seconds.  However, over-treatment with liquid nitrogen can lead to injury 

(Kimura and Islam, 2012) and after injury to clover cotyledons was observed during the third 

repetition of the experiment, seed scarification was instead performed using 220-grit sand paper.  

The sand paper was placed on a sanding block and the seed was sanded with the block with 

minimal pressure (just enough not to break the seed) for 10 seconds.  The seed was then 

redistributed and sanded for 10 more seconds.  Sand paper scarification was used for the 

remainder of the study.     

The growing medium was a blend of two parts sand and one part soilless mix growing 

media (ProMix PGX) blended by a commercial lab.  A sample of the soilless mix was put into a 

paper bag, the sample weighed and put into a dryer at 50°C for two days.  The sample was 

weighed and percent moisture content of soilless mix was calculated using the following 

equation: 

((Fresh weight - dry weight) / fresh weight) x 100% 
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Pots were weighed, then filled with the growing medium and reweighed.  The adjusted 

dry weight was calculated as:  

Dry weight – percent soil moisture content 

Pots were watered until saturated (water dripping from the bottom) and after allowing 

pots to drain completely, the pots were weighed and saturated weights were recorded.  Adjusted 

saturated weight of each pot was calculated as:  

Saturated weight – pot weight. 

Each pot was watered normally until the allotted stress period.  During the stress period 

pots were weighed and watered daily.  When all pots reached the target moisture stress (target 

stress level is applied using equation below) the stress was maintained for two weeks.  After the 

two week stress period normal watering resumed for two additional weeks.   

Target weight was the weight of the pot containing plants at the appropriate stress 

percentage.  The equation for the target weight was computed as: 

Pot weight + adjusted dry weight + weight of plant material + soil water content (adjusted 

saturated weight – adjusted dry weight) 

In this study the weight of the plant material was assumed negligible so a weight of zero 

grams for plant material was used in the calculation.  The soil water content targets were 0.15, 

0.3 and 0.8 FC. 
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2.1.3 Analyses 

A variance analysis of shoot dry weight, combined crown and root dry weight, and ratio 

of the combined crown and root weight to the shoot weight was conducted using SAS version 

9.3 with a mixed model.  The design of each experiment was a split-split plot with five 

replications, where the stage of stress (three, five, and seven weeks) was the main plot, the stress 

level (80, 30 and 15% FC) was the subplot and population (double-cut, single-cut and medic) 

was the sub-subplot. The pooled average of the six plants for each population in each sub-subplot 

was analyzed.  There were four repetitions of the experiment conducted over time.  Moisture 

stress, species type, population nested within type, moisture stress by type and moisture stress by 

population nested within type were all treated as fixed effects in the model.  Repetition, blocks 

nested within repetition, moisture stress by repetition and moisture stress by block nested within 

repetition were treated as random effects.  Heterogeneous errors over species type were detected 

and a heterogeneous covariance structure was therefore fitted.  Shoot and combined crown and 

root dry weight were analyzed with normal distribution, identity link, using Proc Mixed, and 

combined crown and root to shoot ratio was analyzed using a generalized linear mixed model 

with a beta distribution, logit link, using the Proc Glimmix procedure.  Linear and quadratic 

partitions over moisture stress were determined for each species type and stage of development 

combination. Type III F-tests, adjusted using the Kenward-Roger correction, were used to 

determine significance of fixed effects.  Plots of studentized residuals and predicted values were 

used to confirm assumptions of the variance analysis.  Least square means estimates were 

obtained and compared pairwise using a Tukey adjustment.  A type I error of 0.05 was used for 

all tests of significance. 
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2.2 Recurrent selection: 

Recurrent selection was applied within three experimental red clover populations from 

the University of Guelph forage breeding program; one was a single-cut (SC) and the other two 

were double-cut (DC) red clover populations.  The SC population was derived from a 50:50 

blend of the variety Altaswede and a common SC seedlot sourced from Speare Seeds, Harriston 

ON.  One DC population, DC#1, traced to the varieties Laser and Ram and was derived from 

recurrent selection for forage yield and winter persistence.  The second DC population, DC#2 

was an equal blend of seed of the variety Tempus and two common seed lots sourced from two 

Ontario seed dealers, General Seed Company (Alberton, ON) and Speare Seeds (Harriston, ON).   

Each of the three populations was kept separate for selection and mating. Seedlings from 

each population were subjected to a soil water content of 30% FC at three weeks post-planting.  

One stress treatment (three weeks post-planting) was used for selection.  Data from the previous 

study indicated that moisture stress versus time had a similar relationship for the single cut and 

double cut types at five and seven weeks (Figure 3.1.10), therefore, any of the three stress times 

could be used.  To reduce the time required for each cycle of selection, stress was imposed at 

three weeks post-planting.  After each cycle, selected plants were retained, repotted and allowed 

to flower.  These were then crossed with other selected plants using controlled (hand) 

pollination.  Seed harvested from each plant (maternal half-sib families) was used to initiate 

subsequent cycles of selection. The first cycle of selection was mass selection while the two 

subsequent cycles were a combined within and among half-sib family recurrent selection. For 

each cycle 18 plants from each family were evaluated under the stress. Three cycles of recurrent 

selection were performed.  Table 2.2.1 summarizes the number of families and plants evaluated 

and selected in each cycle. 
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Table 2.2.1: The number of families and plants that were evaluated in each of the generations for 

the Double cut #1, Double cut #2, and the Single cut population. 

  Double Cut (#1) Single Cut Double Cut (#2) 

Cycle 
Plants 
Grown 

# 
Families 

# Plants 
Selected 

# 
Plants 
Grown 

# 
Families 

# Plants 
Selected 

# 
Plants 
Grown 

# 
Families 

# Plants 
Selected 

1 625 -  25 432 - 24 625 - 25 
2 625 25 46 324 18 79 342 19 60 
3 378 21 72 234 13 98 342 19 80 

 

A random number of hand-pollinations between plants over four to 17 weeks (Table 

2.2.2) were completed to ensure equal opportunity of mating among all plants during each cycle.  

All seed harvested from a single plant resulted in a single maternal half-sib family.  There were 

25 (DC#1), 24 (SC) and 25 (DC#2) half-sib families created following the first cycle of recurrent 

selection, 46 (DC#1), 79 (SC) and 60 (DC#2) following the second cycle, and 72 (DC#1), 98 

(SC) and 80 (DC#2) following the third cycle (Table 2.2.2).  Following pollination and seed 

harvest, 18-25 families were selected based on seed yield, vigour and disease tolerance of the 

female parent, and these were used to initiate the subsequent cycles of selection. At each cycle, 

18 seedlings from each half-sib family were planted in half a pot and stressed as described 

above. 
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Table 2.2.2:  The number of families and plants crossed within and among half-sib families for 

each of the three populations, Double cut(#1), Double cut(#2) and Single cut, and the 

range of dates each group was pollinated. 

Population Generation # Families # Plants Selection Crossing dates 

DC#1 1 - 25 Jan. 12/11 Feb. 15/11 -> May 6/11 

 2 25 46 Oct. 25/11 Nov. 29/11 -> Dec. 29/12 

 3 21 72 July 18/12 Nov. 5/12 -> Jan. 30/13 

SC 1 - 24 Aug. 5/11 Sept. 9/11 ->Nov. 13/11 

 2 18 79 Sept. 22/12 Dec. 10/12 -> Apr. 16/13 

 3 13 98 Sept. 5/13 Oct. 31/13 -> Feb. 19/14 

DC#2 1 - 25 Aug. 2/11 Sept. 22/11 -> Nov. 13/11 

 2 19 60 Oct. 9/12 Nov. 13/12 -> Jan. 28/13 

 3 19 80 June 6/13 Aug. 7/13 -> Oct. 17/13 

 

 

2.3 Evaluation of Recurrent Selection Cycles: 

Evaluation of the recurrent selection populations was a controlled environment study that 

exposed seedlings to three different levels of moisture stress (15%, 30% and 80% FC) at the 

three week post-planting stage of development.  Growth under drought stress was assessed for 

each of the cycles of selection within each of the three populations.   

Five gallon pots were subdivided into four triangular quadrants with nine seedlings from 

each generation of a population, systematically planted equidistant in each quadrant, resulting in 

36 plants per pot (Figure 2.3.1).   
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Figure 2.3.1: A diagram illustrating the planting 

arrangement within the pot. Each pot was subdivided 

into four triangular quadrants within which nine 

seedlings of an entry were systematically positioned, 

two near the apex, four toward the edge of the pot, and 

the other three between, resulting in 36 total plants per 

pot. 

 

Fifteen planted pots were stressed at each of the three stress levels: 80 (control), 30 and 

15% FC.  At three weeks water was reduced to the required stress level per pot, which was 

imposed for two full weeks after the last pot reached target stress.  After two weeks of stress 

normal watering was resumed for another two weeks.  The plants were removed from the 

growing medium and the roots washed.  The root and crown as a single unit were removed from 

the shoot and dry weights of each were recorded.  Fifteen replicates were performed.
2
   

 A variance analysis of shoot dry weight, combined crown and root dry weight and 

combined crown and root to shoot ratio of four generations of three red clover populations (one 

single cut and two double-cut) was conducted using SAS version 9.3 with a mixed model.  The 

design of the experiment was a split-plot with fifteen replications, where the stress level 

(individual pot) was the main plot and generation (0, 1, 2, and 3) was the subplot.  The pooled 

average of the nine plants for each generation in each subplot was used for analysis.  Data for 

each of the three populations were analyzed separately. Moisture stress, generation, and 

                                                           
2
 Future studies running a similar experiment might consider ensuring each pot is watered for exactly two weeks.  

In this experiment, 15 pots had to reach the required stress treatment level and then two weeks of stress began.  
In some instances there were pots that were stressed for much longer than others, possibly causing further 
drought stress than expected, and therefore affecting the results of this experiment. 
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generation by stress interaction were treated as fixed effects in the model.  Repetition and 

repetition by stress interaction were treated as random effects.  Shoot and combined crown and 

root dry weights were analyzed with normal distribution, identity link, using Proc Mixed, and 

combined crown and root to shoot ratio was analyzed using a generalized linear mixed model 

with a beta distribution, logit link, using the Proc Glimmix procedure.  Type III F-tests adjusted 

using the Kenward-Roger correction were used to determine significance of fixed effects.  Plots 

of studentized residual and predicted values were used to confirm assumptions of the variance 

analysis.  Least square means estimates were obtained.  Mean comparisons over generation were 

sliced into the three main effect stress levels (80%, 30% and 15% FC) for comparison.  A type I 

error of 0.05 was used for all tests of significance. 

 

Chapter 3. Results 

3.1 Drought comparison of types 

There were no significant three-way interactions based on the F-tests of fixed effects 

(Table 3.1.1).  The stress by stage of development interaction was significant for two of the three 

dependent variables: shoot dry weight and combined crown and root to shoot ratio (Table 3.1.1).  

However, the relative relationship of shoot development over the three stages (single cut > 

double cut > medics) was consistent for the three species types (Figure 3.1.1).  Thus, the 

interaction was due to the degree of difference among the entries and not due to cross-over 

differences in response.  A similar pattern was also found for combined crown and root to shoot 

ratio in which the clovers were greater than the medics.  Due to this finding, for the recurrent 

selection study only one stage of development was used for stress selection: stress imposed at the 
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three-week stage.  Selection at this stage also allowed the recurrent selection cycles to be 

completed in a shorter amount of time. 

Figure 3.1.1: Least square means (+/- se) of shoot weight of two varieties of double cut red 

clover, two varieties of single cut red clover and two varieties of Medicago truncatula L. 

versus stage of stress application at 30% FC (n=40). 

 

 

The stage by species type interaction was significant for shoot weight and combined 

crown and root weight (Table 3.1.1).  Again, this was due to the degree of difference between the 

groups, not due to cross-over patterns (compare Figures 3.1.2, 3.1.3, and 3.1.4).  The moisture 

stress by species type interaction was not significant for each of the three dependent variables 

(Table 3.1.1). Group mean contrasts between the stress and non-stress (80% FC treatment) at 

each of the stages for each species type revealed differences in most cases for shoot weight, 

though relatively few significant differences for combined crown and root weight and for 
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combined crown and root to shoot ratio (Table 3.1.1).  There was no difference between the 

varieties of each type, indicating there was no difference between the two single cut types, 

Altaswede and SC Common, no difference between the double cut types, Tempus and DC 

common, and no difference between the Medicago types, Lynx and Cheetah (Table 3.1.1). 

Therefore the means of the three species types, pooled over varieties, were used for comparisons. 

Table 3.1.1:  Type III test of fixed effects summary of combined crown and root weight, shoot 

weight, and ratio of combined crown and root weight to shoot weight of two varieties 

each of double cut red clover, single cut red clover and Medicago truncatula following 

15% FC, 30% FC and 80% FC stress applied at three, five and seven weeks post-

planting. SDW is shoot dry weight and RDW is combined crown and root dry weight.  

  Den DF Pr>F 

Type III Test of Fixed 
Effects DF RDW SDW RDW:SDW RDW SDW RDW:SDW 

Stage of development 2 5.96 5.91 5.76 0.0097 0.0029 0.0031 
Moisture stress 2 5.98 6.03 6.01 0.3267 0.0011 0.1566 

Moisture stress*Stage 4 11.9 11.59 12.14 0.6508 0.0473 0.0108 
Species Type 2 15.06 15.13 14.67 <0.0001 0.0004 0.0306 
Variety(type) 3 15.06 15.13 14.67 0.4981 0.2844 0.9265 
Type*Stage 4 30.21 29.33 29.58 0.0003 <0.0001 0.0932 

Stage*Variety(type) 6 30.2 29.32 29.59 0.7940 0.8199 0.5792 
Type*Moisture stress 4 872.4 778.3 82.92 0.3672 0.0879 0.8880 

Moisture 
stress*Variety(type) 

6 872.2 777.4 82.88 0.8937 0.0443 0.6917 

Type*Stage*Moisture 
stress 

8 872.6 778.3 82.87 0.1581 0.1322 0.3320 

3 week: SC Stress vs 0.8 1 38.94 50.29 75.43 0.0029 0.0155 0.9721 
3 week: DC Stress vs 0.8 1 39.19 50.61 76.07 0.0036 0.0002 0.2393 
3 wk: Medic Stress vs 0.8 1 39.8 51.39 77.21 0.4643 0.0052 0.6662 
5 week: SC Stress vs 0.8 1 36.84 47.51 70.48 0.6371 0.0542 0.4805 
5 week: DC Stress vs 0.8 1 37.69 48.6 72.56 0.8727 0.0289 0.0108 
5 wk: Medic Stress vs 0.8 1 38.28 49.36 73.97 0.8463 0.1367 0.7836 
7 week: SC Stress vs 0.8 1 38.91 50.25 75.39 0.0217 <0.0001 0.3567 
7 week: DC Stress vs 0.8 1 39.86 51.49 77.89 0.9244 <0.0001 0.0520 
7 wk: Medic Stress vs 0.8 1 41.03 52.99 80.38 0.4495 0.0055 0.0233 
Moisture stress * Stage 

* Variety (type) 
12 872.2 777.5 82.83 0.9965 0.1740 0.6223 
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The mean combined crown and root dry weights for the clovers were greater than the 

medics across all moisture levels (Figure 3.1.2).  When stress was applied at the three week 

stage, the combined crown and root yield of the medics did not change as the moisture stress 

increased.  However, there was a significant decline in combined crown and root biomass as 

moisture stress increased for both the single-cut and double-cut types (Table 3.1.1).  The 

combined crown and root weight of the single-cut types was numerically greater than the double 

cut types at each moisture level.  However, this difference was not statistically significant 

(Figure 3.1.2). 

Figure 3.1.2:  Least square means (+/- se) of combined crown and root weight of two varieties 

each of double cut red clover, single cut red clover and Medicago truncatula L. following 

15% FC, 30% FC and 80% FC stress applied at three weeks post-planting (n=40). 
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When the stress was applied at five weeks post-planting there were no significant 

changes in combined crown and root weight of the medics over the three moisture levels (Figure 

3.1.3).  There was no significant decline in combined crown and root weight for the clovers as 

moisture stress increased.  Similar to the response when stress was applied at the 3 week stage, 

the combined crown and root weights of the single-cut types were not significantly different 

from the double-cut types.  

Figure 3.1.3:  Least square means (+/- se) of combined crown and root weight of two varieties 

of double cut red clover, two varieties of single cut red clover and two varieties of 

Medicago truncatula L. following 15% FC, 30% FC and 80% FC stress applied at five 

weeks post-planting (n=40). 

 

 
 

Following stress application at seven weeks post-planting, there was little to no change in 

the combined crown and root weight of the medics as moisture stress increased (Figure 3.1.4).  
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Figure 3.1.4:  Least square means (+/- se) of combined crown and root weight of two varieties 

each of double cut red clover, single cut red clover and Medicago truncatula L. following 

15% FC, 30% FC and 80% FC stress applied at seven weeks post-planting (n=40). 
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Figure 3.1.5:  Least square means (+/- se) of shoot weight of two varieties each of double cut red 

clover, single cut red clover and Medicago truncatula L. following 15% FC, 30% FC and 80% 

FC stress applied at three weeks post-planting (n=40).
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Figure 3.1.6:  Least square means (+/- se) of shoot weight of two varieties each of double cut red 

clover, single cut red clover and Medicago truncatula L. following 15% FC, 30% FC and 

80% FC stress applied at five weeks post-planting (n=40). 
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Figure 3.1.7:  Least square means (+/- se) of shoot weight of two varieties each of double cut red 

clover, single cut red clover and Medicago truncatula L. following 15% FC, 30% FC and 

80% FC stress applied at seven weeks post-planting (n=40). 
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decreased both shoot and combined crown and root weight (Figures 3.1.4 and 3.1.7).  The 

numerical increase in combined crown and root to shoot ratio indicated there may also be a slight 

increase in biomass partitioning to root development.   

Figure 3.1.8:  Ratio of combined crown and root weight to shoot weight of two varieties each of 

double cut red clover, single cut red clover and Medicago truncatula L. following 15% 

FC, 30% FC and 80% FC stress applied at three weeks post-planting (n=40).  
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Figure 3.1.9: Ratio combined crown and root weight to shoot weight of two varieties each of 

double cut red clover, single cut red clover and Medicago truncatula L. following 15% 

FC, 30% FC and 80% FC stress applied at five weeks post-planting (n=40). 
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Figure 3.1.10: Ratio of combined crown and root weight to shoot weight of two varieties each of 

double cut red clover, single cut red clover and Medicago truncatula L. following 15% 

FC, 30% FC and 80% FC stress applied at seven weeks post-planting (n=40). 
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Table 3.2.1: Summary of F-tests of fixed effects for shoot dry weight, combined crown and root 

dry weight, and ratio of combined crown and root weight to shoot weight of four 

recurrent selection generations of one population of single cut red clover (SC) and two 

populations of double cut red clover (DC#1 and DC#2) at 15% FC, 30% FC and 80% FC 

stress applied three weeks post-planting. 

Measurement Effect Stress 
Num 
DF 

 
Den df 

 

 
Pr>F 

 

SC DC#1 DC#2 SC DC#1 DC#2 

Crown and 
Root Weight 

Stress 
 

2 78.9 82.6 86.4 <.0001 0.075 <.0001 

 
Gen(Stress) 0.8 3 55.9 47.3 55.9 0.1507 0.0200 0.4483 

 
Gen(Stress) 0.3 3 54.5 43.1 47.6 0.0028 0.5400 0.1217 

 
Gen(Stress) 0.15 3 39.2 37.8 43 0.0091 0.6800 0.2660 

          
Shoot Weight Stress 

 
2 91.8 81 87 <.0001 0.0768 <.0001 

 
Gen(Stress) 0.8 3 52.7 45.7 54.7 0.5105 0.0177 0.0380 

 
Gen(Stress) 0.3 3 46.9 43.2 35.3 <.0001 0.3311 0.0161 

 
Gen(Stress) 0.15 3 40.1 29.9 44.4 0.0006 0.7266 0.0264 

          
Crown and 
Root:Shoot 

Stress 
 

2 86.4 89 94.5 <.0001 0.2454 0.0031 

 
Gen(Stress) 0.8 3 55.4 48.2 55.5 0.2572 0.1650 0.3448 

 
Gen(Stress) 0.3 3 53 46.3 44.8 0.3426 0.7675 0.2226 

 
Gen(Stress) 0.15 3 46.2 40.5 36.5 0.0291 0.1085 0.0010 

 

3.2.1 SC Population 

Under the no-stress 80% FC treatment, there were increases in combined crown and root 

weight (0.28 to 0.43 g pot
-1

), shoot weight (0.35 to 0.40 g pot
-1

) and combined crown and root to 

shoot ratio (0.78 to 1.05) over the four cycles of recurrent selection (Table 3.2.2).  However, 

these increases were not significant (Figure 3.2.1, Figure 3.2.2 and Figure 3.2.3).   
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Table 3.2.2: Mean combined crown and root weight, shoot weight, and ratio of combined crown 

and root weight to shoot weight for the first and fourth recurrent selection generations of 

the SC, DC#1, and DC#3 red clover populations following 15% FC, 30% FC and 80% 

FC stress applied at three weeks post-planting. 

Measurement Stress Gen 
Estimate-

SC 
Estimate-

DC#1 
Estimate-

DC#2 
Standard 
Error-SC 

Standard 
Error-
DC#1 

Standard 
Error-
DC#2 g pot-1 

Crown and 
Root Weight  

0.8 0 0.2786 0.0396 0.2933 0.05905 0.00697 0.089 
0.8 3 0.4255 0.0674 0.4578 0.05905 0.00697 0.089 
0.3 0 0.0734 0.049 0.05 0.01583 0.01056 0.007 

0.3 3 0.1437 0.0699 0.0705 0.01583 0.01056 0.007 
0.15 0 0.0405 0.0363 0.04 0.00515 0.01049 0.0044 
0.15 3 0.0532 0.0516 0.0507 0.00515 0.01049 0.0044 

         

Shoot  
Weight  

0.8 0 0.3458 0.0566 0.2172 0.0277 0.0171 0.0212 
0.8 3 0.3991 0.1422 0.2914 0.0277 0.0171 0.0212 

0.15 0 0.0833 0.044 0.0391 0.0127 0.0225 0.0048 
0.15 3 0.1253 0.0957 0.0542 0.0127 0.0226 0.0048 
0.3 0 0.1403 0.0865 0.0576 0.1687 0.0199 0.0075 
0.3 3 0.2438 0.1189 0.0861 0.1687 0.0199 0.0075 

         

   
g g-1 

   

Crown and 
Root : Shoot 
ratio   

0.8 0 0.776 0.8123 1.26 0.1365 0.1107 0.2587 
0.8 3 1.046 0.487 1.41 0.1365 0.1107 0.2587 
0.3 0 0.525 0.5864 0.898 0.05456 0.0648 0.0472 
0.3 3 0.579 0.5847 0.8186 0.05456 0.0648 0.0472 

0.15 0 0.495 0.8368 1.0329 0.02832 0.0835 0.0448 

0.15 3 0.448 0.5402 0.9507 0.02832 0.0835 0.0448 
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Significant linear increases over cycles of selection were detected in combined crown and 

root and shoot weight in the single cut population when the generations were evaluated under a 

15% FC and in shoot weight when the generations were evaluated under a 30% FC moisture 

stress (Table 3.2.1 and Figures 3.2.1 and 3.2.2).  There was a significant difference found in 

combined crown and root to shoot ratio over the cycles of selection when evaluated under a 15% 

FC (Table 3.2.1 and Figure 3.2.3).   

Figure 3.2.1: Mean combined crown and root dry weight over four cycles of recurrent selection 

within population SC following 15% FC, 30% FC and 80% FC stress applied at three 

weeks post-planting with standard error bars (n=15, *=significant regression, NS=not 

significant regression).  
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Figure 3.2.2: Mean shoot dry weight over four cycles of recurrent selection within population 

SC following 15% FC, 30% FC and 80% FC stress applied at three weeks post-planting 

with standard error bars (n=15, *=significant regression, NS=not significant regression). 
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Figure 3.2.3: Combined crown and root to shoot ratio over four cycles of recurrent selection 

within population SC following 15% FC, 30% FC and 80% FC stress applied at three 

weeks post-planting with standard error bars (n=15, *=significant regression, NS=not 

significant regression).  

 

 

3.2.2 DC#1 Population 

As indicated earlier, no significant differences over cycles of selection were found in the 

double cut (1) population for combined crown and root weight, shoot weight, or combined crown 

and root to shoot ratio (Table 3.2.1).  The graphs illustrating the responses over generations for 

combined crown and root weight (Figure 3.2.4), shoot weight (Figure 3.2.5) and combined 

crown and root to shoot ratio (Figure 3.2.6) have been included for completeness.  The base 

population may not have had sufficient additive genetic variability in order for selection gain to 

be realized for tolerance to 30% stress. 
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Figure 3.2.4: Mean combined crown and root dry weight over four cycles of recurrent selection 

within population DC#1 following 15% FC, 30% FC and 80% FC stress applied at three 

weeks post-planting with standard error bars (n=15, *=significant regression, NS=not 

significant regression). 
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Figure 3.2.5: Mean shoot dry weight over four cycles of recurrent selection within population 

DC#1 following 15% FC, 30% FC and 80% FC stress applied at three weeks post-

planting with standard error bars (n=15, *=significant regression, NS=not significant 

regression). 

 

 

 

y = 0.029x + 0.063 * y = 0.01x + 0.087 NS 

y = 0.019x + 0.044 NS 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 1 2 3 4

Sh
o

o
t 

D
ry

 W
ei

gh
t 

(g
/p

la
n

t)
 

Cycles 

DC #1 - SDW 

80%FC

30%FC

15%FC



38 
 

Figure 3.2.6: Combined crown and root to shoot ratio over four cycles of recurrent selection 

within population DC#1 following 15% FC, 30% FC and 80% FC stress applied at three 

weeks post-planting with standard error bars (n=15, *=significant regression, NS=not 

significant regression). 

 

3.2.3 DC#2 Population 

Under the no-stress 80% FC treatment, there were increases in combined crown and root 

weight (0.29 to 0.46 g pot
-1

), shoot weight (0.22 to 0.29 g pot
-1

) and combined crown and root to 

shoot ratio (1.26 to 1.41) over the four cycles of recurrent selection (Table 3.2.2).  A significant 

linear response over cycles was detected for shoot weight under the no-stress 80% FC treatment 

(Table 3.2.1 and Figure 3.2.8).  

Significant linear increases over cycles of selection were detected for shoot dry weight 

when the generations were evaluated under a 15% FC and 30% FC moisture stress (Table 3.2.1 

and Figure 3.2.8).  A significant linear response was detected in the combined crown and root to 

shoot ratio over cycles of selection when generations were evaluated under a 15% FC moisture 

stress (Table 3.2.1 and Figure 3.2.9). 
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Figure 3.2.7: Mean combined crown and root dry weight over four cycles of selection within 

population DC#2 following 15% FC, 30% FC and 80% FC stress applied at three weeks 

post-planting with standard error bars (n=15, *=significant regression, NS=not significant 

regression). 
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Figure 3.2.8: Mean shoot dry weight over four cycles of recurrent selection within population 

DC#2 following 15% FC, 30% FC and 80% FC stress applied at three weeks post-

planting with standard error bars (n=15, *=significant regression, NS=not significant 

regression). 
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Figure 3.2.9: Combined crown and root to shoot ratio over four cycles of recurrent selection 

within population DC#2  following 15% FC, 30% FC and 80% FC stress applied at three 

weeks post-planting with standard error bars (n=15, *=significant regression, NS=not 

significant regression). 
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The clovers had greater combined crown and root, and shoot biomass compared to the 

medics across all moisture levels.  The single-cuts were numerically higher than the double cut 

types for both combined crown and root, and shoot weights, however, these differences were not 

statistically significant, contrary to past publications.  There was a sizable plant to plant variation 

observed and six plants may not have been a large enough experimental unit in order to separate 

these two species types.  

When moisture stress was applied, the combined crown and root weights of the medics 

did not change as the moisture stress increased; this was consistent over all three stages of plant 

development.  However, there was a significant decline in combined crown and root biomass as 

moisture stress increased for both the single-cut and double-cut types.  In contrast, for all three 

species types shoot weight decreased as the moisture stress increased.  This pattern was 

consistent for all three stages of development.  Concurrently, there were slight numerical 

increases in combined crown and root to shoot ratio as the level of stress increased, though for 

most cases, these changes were not statistically significant.  This indicated that the biomass 

partitioning between the crown and root system and the shoot remained constant in this study. 

 The medics are generally regarded as tolerant to reduced soil moisture (Small, 1972).  In 

the present study their root weights remained relatively constant as drought stress increased.  

This may explain the greater tolerance of medics to reduced soil moisture.  In contrast, both 

clover types had reduced root development as moisture stress increased.  Perhaps this is a feature 

to alter in clovers to enhance their tolerance to reduced soil moisture. 

 A second objective was to conduct three cycles of recurrent selection within three 

populations of red clover, two double cut and one single cut, and to evaluate the initial and 
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selected populations for their response to moisture stresses.  One of the double cut populations 

(DC#1) did not have any change in combined crown and root or shoot weight over the four 

generations of selection.  These results indicate that this population did not contain sufficient 

additive genetic variation to realize selection gain under 30% FC moisture conditions. 

In contrast, both the SC and DC#2 populations showed responses to selection.  Although 

the selection was performed following a 30% FC stress application, an increase in shoot weight 

was detected at 80% FC in the double cut (2) population.  This indicates that the recurrent 

selection procedure resulted in increased seedling vigour in the population.  Improvements in 

seedling vigour have been found in other species (Twamley, 1971, 1974; Nowak et al., 1993; 

Viesselmann et al., 2014).  However, these selections were conducted at full watered conditions, 

similar to the 80% FC treatment.  In the present study, selection at reduced moisture (30% FC) 

also led to improvements in seedling vigour when the materials were evaluated at 80% FC. 

 When the cycles were evaluated following the 15% FC and 30% FC stress events, an 

improvement in combined crown and root weight and shoot weight were detected for the SC 

population.  There was a genetic gain in drought tolerance in the SC population.  Improvements 

in shoot weight were detected in the DC#2 population when evaluated under the 15% FC and 

30% FC stress events.  The 80% FC moisture level is considered by most to be a well-watered 

condition in which the plants are unlikely being subjected to moisture deficiency.  Unfortunately, 

because an increase in plant size was evident when the DC#2 material was evaluated at an 80% 

FC moisture, it is not possible to separate a selection gain for tolerance to reduced soil moisture 

from selection gain for seedling vigour.  Although improvements were noted over the cycles of 

recurrent selection, the responses at lower soil moisture may simply be a reflection of plants with 

a larger root system that inherently have greater vigour and tolerance to a wide range of stresses.  
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Researchers have found associations between root size and tolerance to various stresses in other 

crops, such as maize (Yu et al., 2015), including reduced water availability (Doheny-Adam et al., 

2012).  The results give strong evidence that drought improvement may be a component of 

seedling vigour. 

 

Chapter 5. Conclusions 

Seedlings of two double cut red clover types, two single cut red clover types and two 

annual medics were evaluated and compared for their response to a two-week drought stress at 

three different stages of seedling development at three different stress levels.  The single cut 

types had numerically greater plant mass than the double cut types at nearly all measured stages 

of development and stress.  Both the clover types have a significantly greater combined crown 

and root, and shoot biomass than the annual medics.  Under reduced soil moisture, the combined 

crown and root weight of the medics remained relatively stable.  This may be one possible 

reason to explain the greater tolerance of medics to reduced soil moisture.  In contrast, both 

clover types had reduced root development as moisture stress increased.  Perhaps this may be a 

feature to alter in clovers to enhance their tolerance to reduced soil moisture.    

Three cycles of recurrent selection following 30% FC soil moisture stress were conducted 

within three populations of red clover.  Selection gains were detected in the single cut clover 

population and one of the double cut clover populations.  Improvements in shoot weights for 

both populations were detected.  Since improvements were found when the DC#2 material was 

assessed at 80% FC, it was not possible to separate a selection gain for tolerance to reduced soil 

moisture from selection gain for seedling vigour.  The improved tolerance to lower soil moisture 

may simply be a reflection of plants with a larger root system that inherently have greater vigour 



45 
 

and tolerance to a wide range of stresses.  This conclusion gives strong evidence that drought 

improvement may be a component of seedling vigour.  There was no improvement in the SC 

population when assessed at the 80% FC moisture stress, yet there was improvement in both the 

combined crown and root, and shoot weight at 15%FC and 30% FC, therefore there was genetic 

gain for drought tolerance over the cycles of selection for the SC population.   

 Currently, for forage use, double cut varieties are preferred over single cut varieties in 

much of North America, due to their greater forage yields and the ample seed available (Smith et 

al., 1995).  However, single cut types have been shown to have greater winter hardiness and 

stability of stand uniformity in under-seeding to wheat (Westra, 2015).  This study indicated that 

selection for plant vigour under reduced soil moisture conditions can result in improved growth 

in both moisture limited and non-limiting conditions.  

 Recent work by Dr. Stephen Bowley (Personal communication, August 13, 2016) at the 

University of Guelph has shown that clover that is left beneath wheat to flowering in mid to late 

June is at or below red clover’s light compensation point of approximately 60 µmol s
-1

 m
-2

.  

Stand density was recorded as approximately 60 plants per square metre at that time.  

Unfortunately, Dr. Bowley found that if additional stresses are applied during this phase there 

can be a massive reduction in the plant density even if the wheat is removed.  Thus, field 

response to moisture stress in underseeding conditions must also consider the concurrent 

irradiance and light quality stress also present during this period. 

A recurrent selection program for drought similar to the program performed in this 

experiment, with the addition of selection at an irradiance level of approximately 60 µmol s
-1

 m
-2 

may lead to the development of varieties which are higher yielding under reduced soil moisture 
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and light conditions.  These may be better adapted to those conditions seen when red clover is 

under-seeded as a cover crop such as wheat.  In conjunction with their attributes of nitrogen 

fixation and improvements to soil quality, such varieties will contribute to a more sustainable 

crop rotation system.  
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