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Red clover (Trifolium pratense L.), when included in corn (Zea mays)-soybean (Glycine max)-

winter wheat (Triticum aestivum L. em. Thell) rotations in relay cropping with winter wheat, has 

been shown to increase organic matter, soil tilth, yield and productivity of the rotation and to 

decrease soil erosion, nitrate leaching and synthetic nitrogen fertilizer requirements.  In spite of 

these benefits, red clover inclusion into crop rotation has declined, largely due to non-uniformity 

of red clover stands.  In Ontario, causes of heterogeneous red clover stands have not been 

conclusively determined although the effects of tillage and shifts in competition for light and 

nutrients between wheat and clover during relay cropping have been investigated. As suggested 

by the high year effect across those studies, variation in soil moisture during relay cropping 

likely has a large effect on red clover stand uniformity. We conducted a field experiment 

repeated over three years to test the impact of different soil moisture deficits on the 

establishment of clover varieties with different growth habits (single-cut and double-cut). Low 

soil moisture, beginning either late May or late June, under winter wheat decreased red clover 

stand densities and above-ground biomass. A second field experiment more specifically 

examined the effect of water exclusion on red clover stand uniformity over a large area under 



 
 

irrigated and non-irrigated conditions.  In 2015, low soil moisture in spring increased stand non-

uniformity in non-irrigated plots. Differences between varieties in response to drought and 

drought tolerance mechanisms were investigated in growth room studies. The double-cut variety 

Belle had greater leaf area and shoot water content during mild to moderate drought conditions 

compared to the single-cut variety Altaswede. In contrast, Altaswede had significantly higher 

survival rates than Belle after moderate to severe drought stress.  Differences in drought response 

and recovery were also observed between other single-cut and double-cut varieties. By 

demonstrating that red clover growth and stand uniformity can be impacted by drought 

mechanisms, effective strategies for the development of improved varieties through breeding or 

screening efforts can be identified. 
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1 Introduction 

Cover cropping has been in practice for centuries but is not being utilized to the same extent 

today as it was historically. The reduction in cover crop use is largely due to the introduction of 

synthetic fertilizer and other inputs that reduced short-term labour and costs (Tonitto et al, 2006; 

Deen et al, 2016) and the de-coupling of livestock systems from cash cropping (Naylor et al, 

2005). A long term concern in agriculture has been that of soil erosion and soil structure 

degradation due to intensive row cropping (Dapaah & Vyn, 1998; Thiessen-Martens, 2001; Lobb 

et al, 2010) as well as a global reliance on non-renewable resources, such as synthetic nitrogen 

fertilizer, and non-sustainable agricultural practices (Vance, 2001).  To help combat these issues, 

cover crops, such as red clover, can be incorporated into crop rotations. A common rotation in 

Ontario is Corn (Zea mays L.) – Soybean (Glycine max L. Merr.) – Winter wheat (Triticum 

aestivum L. em. Thell) inter-seeded with red clover (Trifolium pratense L). Red clover is a 

popular choice among Ontario farmers as it is easy to manage and adapted to a wide variety of 

soil types and conditions. Red clover is more shade tolerant than other cover crops (Gist and 

Mott, 1957), can yield between 0.7 and 5.3 t/ha and reduce the maximum economic rate of 

nitrogen required for corn by 44-64 kg N/ha (Gaudin et al, 2013). Increased cropping system 

diversity leads to overall yield increases and better system resiliency to various environmental 

stresses including soil moisture extremes (Lin et al, 2011; Gaudin et al, 2015a).  

The use of red clover by farmers, however, has substantially decreased in the last 20 years 

despite substantial environment benefits including weed control (Mutch et al, 2003; Blaser et al, 

2011), improved water infiltration and conservation (Hartwig and Ammon, 2002), increased soil 

stability (Raimbault and Vyn, 1991; Dapaah & Vyn, 1998), decreased system nitrogen losses 

(Meyer-Aurich et al, 2006a) increased soil carbon (Ladoni et al, 2016), increased cropping 

system diversity (Gaudin et al, 2013) and increased nitrogen credit which can decrease nitrogen 

fertilizer application to subsequent crops in the rotation (Vyn et al, 2000). Decreased use of red 

clover is largely due to the increased occurrence of non-uniform stands which limit the ability of 

farmers to decrease nitrogen application to subsequent corn fields, thus decreasing the economic 

incentive to plant red clover. Additionally, not limiting nitrogen application to non-uniform 

fields of red clover substantially increases soil nitrogen in patches where red clover has survived. 
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High amounts of soil nitrogen can cause not only nitrogen leaching but increases in nitrous oxide 

emissions into the atmosphere (Wagner-Riddle et al, 2007). 

Studies have been conducted to investigate factors that affect red clover growth under winter 

wheat. Research has associated lower red clover biomass and stand density with decreased light 

availability under winter wheat varieties with high leaf area indices (Blaser et al, 2011) and 

under winter wheat with higher nitrogen fertilizer rates (Gaudin et al, 2014). However, studies 

into optimal seeding rates suggest there is little effect of wheat seeding rate on final red clover 

densities and biomass (Blaser et al, 2006). Additionally, tillage methods and compost 

amendment treatments did not affect red clover biomass or plant density (Blaser et al, 2012). 

However, many studies have observed lower red clover biomass production during dry years 

(Mutch et al, 2003; Blaser et al, 2006; Singer et al, 2006; Queen et al, 2009). Westra (2015) also 

found that increased stand variability was observed in a year with lower than average 

precipitation. Other studies have associated decreased red clover biomass specifically with dry 

springs (Singer et al, 2006) or with the period of wheat anthesis when wheat is likely to be a 

stronger competitor for moisture (Queen et al, 2009). However, no studies have directly 

measured the effect of both drought stress and the timing of drought stress on red clover 

biomass, stand density and stand uniformity. 

There are different mechanisms through which legumes tolerate drought and variation 

between varieties for drought tolerance. In addition to variety differences in red clover biomass 

accumulation and stand density under winter wheat (Mutch et al, 2003; Singer et al, 2006), it has 

also been observed that these variety and genotype differences are more pronounced when 

growing conditions are unfavourable, for example low soil moisture in spring (Singer et al, 

2006). Westra (2015) discusses the potential ability of red clover to survive drought periods by 

sustaining and re-growing from the crown when moisture conditions become favourable, similar 

to the re-growth from crown buds occurring in the spring after red clover over-winters (Fergus 

and Hollowell, 1960). However, drought tolerance mechanisms have not been studied 

extensively in red clover and no research has addressed red clover survival and recovery from 

periods of low soil moisture under winter wheat.  

The following study aims to directly measure the effect of low soil moisture, in a controlled 

experiment, and to test the impact of different soil moisture deficits on the survival of red clover 
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varieties with different growth habits inter-seeded to winter wheat. Additionally, water stress 

effects on red clover stand uniformity are investigated in large, irrigated and non-irrigated plots. 

Controlled environment studies aim to determine red clover drought tolerance mechanisms and 

to assess the variability between varieties and seedlots to tolerate and recover from drought 

stress. Understanding the impact of low soil moisture on red clover growth under winter wheat 

and the mechanisms by which red clover plants tolerate drought could lead to the improvement 

of red clover varieties and the ability of farmers to fully realize the benefits of red clover 

inclusion in their crop rotation.  

2 Literature Review 

2.1 Background Information 

2.1.1 Red Clover 

2.1.1.1 History 

 Red clover was an extremely influential crop in England and America, arriving in North 

America during the mid-seventeenth century (Fergus and Hollowell, 1960, Taylor and 

Quesenberry, 1996). The success of red clover was mainly due to the ability of red clover to 

form a symbiotic relationship with nitrogen-fixer Rhizobium trifoli in order to fix atmospheric 

nitrogen as well as its strong establishment and seedling vigour (Smith et al, 1985; Taylor and 

Quesenberry 1996). Additionally, the importance of growing red clover in place of otherwise 

fallow soils was widely recognized (Fergus and Hollowell, 1960, Taylor and Quesenberry, 

1996). Red clover was grown as a monocrop and as an intercrop. Pearson (1967) details an early 

account of red clover intercropped with barley in a rotation with wheat and turnip in the mid-

1700s. 

 Red clover use became less prominent after the introduction of low-cost nitrogen 

fertilizer (Tonitto et al, 2006; Taylor, 2008) as well as the de-coupling of livestock from the land 

for feed inputs and manure outputs which decreased the need for forages (Naylor et al, 2005). 

Since then, cover crops are not utilized to the same extent as they were historically, as only 11% 

of corn-belt farmers planted cover crops between 2001 and 2005 (Singer et al, 2007; Singer, 

2008). In the last 20 years, renewed interest in cover crops has arisen due to long-term concerns 

regarding soil erosion and soil structure degradation due to intensive row cropping (Dapaah & 
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Vyn, 1998; Thiessen-Martens, 2001; Lobb et al, 2010) as well as a global reliance on non-

renewable resources and non-sustainable agricultural practices (Vance, 2001). Today, red clover 

in Ontario is often inter-seeded with winter wheat in rotation with corn and soybean though its 

use is limited in part by the occurrence of non-uniform red clover stands. 

2.1.1.2 Plant Characteristics 

Red clover can be grown in a wide range of soil conditions and climates, and with a 

variety of companion plants (Ferguse and Hollowell, 1960). Of the important agricultural legume 

species, red clover is one of the most genetically plastic and adaptive, which makes natural or 

artificial selection common and the creation of many different varieties easy (Fergus and 

Hollowell, 1960). Indeed, red clover inter-seeded to winter wheat is highly resilient to different 

types of soil and crop management (Blaser et al, 2012). 

Red clover is a short-term perennial legume that grows for about 2-3 years (Black et al, 

2009).  It is able to grow well in various environments and soil types and is relatively shade-

tolerant. Red clover can grow optimally in a pH range of 6.0 – 7.6 but will tolerate pH as low as 

around 5.0 (Fergus and Hollowell, 1960). The optimum temperature for red clover growth is 

between 21 and 24°C, however, it can grow from temperatures as low as 7°C (Fergus and 

Hollowell, 1960) to as high as 35°C without a reduction in mature plant shoot and root growth 

(Kendall, 1958). Gist and Mott (1957) found that red clover is more shade tolerant than alfalfa 

(Medicago sativa L.) or birdsfoot trefoil (Lotus corniculatus L.), accumulating more biomass 

under low light conditions. The light compensation point for red clover is 6% of daylight in 

comparison to alfalfa which has a light compensation point of 13% (McKee, 1962; Taylor and 

Smith, 1995). 

Red clover produces a long taproot and several lateral roots. In optimum conditions, the 

taproot is able to reach depths of 1.3-1.7 m in less than five months, however, in most North 

American soils only about a 1 metre depth is reached while lateral roots can reach about 0.5 m 

(Fergus and Hollowell, 1960). About 70% of the root biomass of red clover is in the top 30 cm of 

soil (Bennett and Doss, 1960). Red clover grows from an above-ground meristem called the 

crown (Abberton, 2007). Stems originate from the crown and at maturity can reach heights 

ranging from 30 to 80 cm (Bowley et al, 1984). The red clover crown is very similar to that of 

alfalfa, forming from a complex of axillary buds that form as the plant grows (Fergus and 
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Hollowell, 1960; Taylor and Quesenberry, 1996). Red clover and other legumes rely on crown 

reserves to survive winter months and re-grow in the spring (Li et al, 1996) as well as to re-grow 

and recover after defoliation (Smith, 1962; Li et al, 1996; Pembleton et al, 2010; Striker et al, 

2011). After harvest, most of the re-growth of red clover plants occurs from the crown via basal 

buds using carbohydrates and nitrogen stored in the crown (Black et al, 2009). As leaf area 

continues to expand during regrowth, the crown is replenished of reserves. The capacity to use 

reserves to regrow after defoliation differs between legume species (Smith, 1962; Li et al, 1996).  

2.1.1.3 Types of Red Clover 

Differences in red clover types exist in both growth habit and flowering response to day 

length as well as ploidy level. Two growth types of red clover are the medium-type red clovers 

(or double-cut) which require a shorter day length for flowering and a mammoth-type (or single-

cut) which requires a long day length to flower. Additionally, there are diploid and tetraploid 

varieties of red clover, however, tetraploids have been found to be inferior in terms of fertility 

and drought tolerance (Fergus and Hollowell, 1960).  

Single-cut red clover has displayed greater winter hardiness than double-cut (Therrian 

and Smith, 1960; Choo et al, 1984a). Indeed, it has been shown that red clover that doesn’t 

flower in the seeding year, entering the winter as a rosette, exhibits greater persistence for both 

diploid and tetraploid clovers (Therrian and Smith, 1960; Choo et al, 1984b; Christie and Choo, 

1991). This means that they are storing root reserves as opposed to using them for flowering. 

These root reserves are used for re-growth following winter (Fergus and Hollowell, 1960). Root 

reserves also play an important role in the ability of clover to re-grow after defoliation. Indeed, 

single-cut red clover was found to have better grazing tolerance than double-cut and other red 

clover varieties (Brummer and Moore, 2000), however, single-cut red clover tends to recover 

more slowly from defoliation than double-cut (Dade, 1966). Increased persistence and grazing 

tolerance has been associated with single-cut’s more numerous growing points (Black et al, 

2009). Double-cut red clover tends to have about four branches per stem while single-cut 

varieties tend to have six (Fergus and Hollowell, 1960). 

Double-cut and single-cut also display differences in growth habits and biomass 

partitioning when grown as a monocrop. In the fall of the seeding year, double-cut red clover 

was found to have greater above-ground biomass and single-cut was found to have greater root 
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biomass but only in one year of the study (Christie et al, 1992). Greater top growth has been 

found by Hejduk and Knot (2010) for double-cut compared to single-cut varieties as well. The 

root/shoot ratio of single- and double-cut, harvested in late October to a soil depth of 15 cm, was 

0.51 and 0.33, respectively, and double-cut was found to have significantly higher top growth 

while single-cut had significantly higher root growth (Bruulsema and Christie, 1987). A larger 

difference in root/shoot ratios between single- and double-cut red clover was found by Christie 

(1992). Christie (1992) observed that averaged over a two-year study, the root/shoot ratio for 

single-cut and double-cut red clover was 4.22 and 0.94, respectively, where roots were harvested 

to a depth of 20 cm in late October.  

The root/shoot ratio, averaged over three years, for double-cut red clover after being 

inter-seeded with winter wheat was found to be 0.13 and 0.09 at wheat harvest and 40 days after 

wheat harvest, respectively, measured to a 25 cm soil depth (Blaser et al, 2012). However, 

studies have not investigated root/shoot ratio differences between single- and double-cut inter-

seeded with winter wheat. Studies have also not investigated whether root/shoot ratio differences 

occur not just during the fall, but during early development. Therefore, it is unclear whether a 

root/shoot ratio difference occurs between single- and double-cut red clover during growth with 

winter wheat. 

2.1.1.4 Red Clover Management 

 Red clover can be grown with winter or spring cereals (Raimbault and Vyn, 1991; 

Schipanski and Drinkwater, 2011). Red clover can be broadcast seeded onto winter wheat in late 

March to early April or applied with nitrogen fertilizer application. If seeding with a spring 

cereal, it can be successfully drill-seeded along with the cereal crop (Raimbault and Vyn, 1991). 

Frost seeding is a successful establishment method for red clover (Blaser et al, 2006; Singer et al, 

2006) where freeze-thaw cycles improve seed-to-soil contact and improve germination. These 

results correspond with observations in Ontario where frost-seeding has resulted in successful 

stand establishment of red clover. Red clover establishment and early vigour was superior when 

compared to white clover, alfalfa and caucasian clover (Widdup, 1998). Blaser et al (2006) 

suggests seeding rates of 900-1200 seeds/m
2
 under wheat as red clover returns were maximized 

at these rates. While growing with winter wheat, red clover biomass is minimal. Shoot and root 

biomass by wheat harvest did not exceed 0.8 Mg/ha and 0.07 Mg/ha, respectively, in all three 
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experiment years in one study (Blaser et al, 2012). However, 40 days after winter wheat was 

harvested, red clover above-ground and below-ground biomass increased by 240-474% and 168-

587%, respectively, compared to values found at wheat harvest (Blaser et al, 2012).  

In late fall, red clover above-ground biomass can be in the range of 0.7 to 5.3 t/ha 

(Gaudin et al, 2013). Producers can control red clover via tillage or herbicides in either the 

autumn or spring. Nitrogen availability to corn was not enhanced by killing clover in the spring 

instead of the fall (Vyn et al, 2000). Additionally, delaying red clover kill in the spring also did 

not enhance N availability to corn (Tiffin and Hesterman, 1998). Control of red clover with 

herbicides was similar in the fall and in the spring (Swanton et al, 1997). Chemical kill in the 

autumn is generally successful at controlling red clover as long as the herbicide application does 

not occur too late (Vyn et al, 2000). Red clover chemical kill with various herbicides 

successfully controlled 84 and 93% of the stand in the autumn and 97 and 78% of the stand in 

the spring for each of the two study years, respectively, averaged across all treatments (Swanton 

et al, 1997). However, Swanton  et al (1997) found that glyphosate, or dicamba with glyphosate 

or glufosinate, successfully controlled 100% of the red clover when applied in the fall or spring. 

Tillage can also be used to control red clover. Compared with moldboard plow, chisel or ridge 

tillage of red clover in May before corn planting can permit significant regrowth and therefore 

reduce soil water available to corn (Singer and Cox, 1998). Spring re-growth of clover can 

decrease corn yields, though termination of any re-growth can be accomplished with herbicides 

(Raimbault and Vyn, 1991).  

2.1.2 Benefits of Red Clover 

2.1.2.1 Nitrogen Credit 

As a legume, red clover is able to fix nitrogen through a symbiotic relationship with 

Rhizobium leguminosarum var. trifolii. Because of its high N content, biomass of red clover has 

an average C/N ratio of about 15:1 (Bruulsema and Christie, 1987). In a review of past literature, 

Gaudin et al (2013) showed that nitrogen concentration in above-ground and below-ground 

biomass of red clover harvested in the fall is within the ranges of 10 – 108 kg N/ha and 11 – 58 

kg N/ha, respectively. Above-ground and below-ground biomass of red clover harvested in the 

spring had nitrogen contents within the ranges of 36 – 111 kg N/ha and 21 – 47 kg N/ha, 

respectively (Gaudin et al, 2013). In a study by Quemada and Cabrera (1995), crimson clover 
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(leaves and stems) had a C/N ratio of 21:1 while the C/N ratio of rye, wheat and oat (leaves and 

stems) was 53:1. Red clover C/N ratio in roots was found to be 17.5:1 on average (Whitehead, 

1970). Because of their low C/N ratios, red clover residues can decrease the overall C/N ratio of 

wheat residues and accelerate decomposition of the grass-legume mixture, especially in no-till 

(Drury et al, 1999). 

The low C/N ratio of legume cover crops results in rapid N mineralization. Wagger 

(1989) found that 8 weeks after desiccation, 75-80% of legume nitrogen (81-96 kg N/ha) was 

released whereas only 50% was released from rye residue (24 kg N/ha). Stute and Posner (1995) 

showed that red clover plowed down in the spring released half of its nitrogen within 4 weeks. 

Ladoni et al (2015) found that after spring plowing of red clover, NO3
-
-N concentrations 

increased to a maximum about 2 weeks after plowing and by 8 weeks after plowing, over 95% of 

red clover residue decomposition occurred. While soil nitrogen concentrations decreased after 2 

weeks following red clover spring plowing due to increased uptake by corn, soil NO3
-
-N was 

found to be consistently higher during the corn growing season where red clover was grown 

compared to where cereal rye was grown. In contrast, cereal cover crops like rye can lower corn 

yields and increase corn response to fertilizer N, likely due to an initial net N immobilization due 

to their high C/N ratio as opposed to a net N mineralization following legume cover crops with 

low C/N ratios (Vyn et al, 1999; Vyn et al, 2000).  

The studies discussed above highlight the importance of synchrony between cover crop 

residue N mineralization and rapid N uptake by corn. When N release is synchronized to crop 

uptake, nitrous oxide emissions are greatly reduced, especially in no-till management practices 

(Wagner-Riddle et al, 2007). The beginning of rapid N uptake by corn occurs around the V6 to 

V8 stage (around 4-6 weeks after planting) and continues until around silking (Ma et al, 2005). 

This corresponds well to the timing of red clover and legume cover crop nitrogen release. Stute 

and Posner (1995) showed that red clover not only provided N in synchrony with corn demand 

but that corn yields after red clover were similar to yields where 179 kg N/ha was applied.  

Ladoni et al (2015) also reported synchrony between soil nitrate concentrations after red clover 

plow-down and corn uptake.  

 Estimations of the amount of nitrogen that red clover can provide to the subsequent corn 

crop are difficult as nitrogen mineralization rates can change depending on weather conditions 
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and management and nitrogen losses can occur over winter. Additionally, tillage practices can 

influence red clover. Nitrogen contribution of red clover is often higher in conventional tillage 

than in no-till due to incorporation of residues (Gaudin et al, 2015b). However, researchers have 

attempted to estimate N contribution from legumes to corn by estimating the amount of 

biological nitrogen fixation by red clover (Schipanski and Drinkwater, 2011), using spring pre-

sidedress nitrate N tests (Vyn et al, 2000) and measuring nitrogen and lignin content of red 

clover biomass and corn whole-plant N concentrations (Bruulsema and Christie, 1987). In a 

review of past research, red clover nitrogen contribution to corn expressed as a fertilizer 

equivalent has been estimated to be on average 96.7 kg N/ha (Gaudin et al, 2013). Maximum 

economic rate of nitrogen (MERN) for corn was estimated to be 70 kg N/ha following autumn 

plowed red clover (Vyn et al, 2000). Additionally, including red clover in addition to winter 

wheat has been found to increase plant availability of soil N by 12 kg N/ha in zone-till and 83 kg 

N/ha in conventional till (Gaudin et al, 2015b). Red clover also improved the efficiency of maize 

N fertilizer use in tilled systems by 14 kg grain / kg N applied, or by 41%, possibly due to the 

preference of maize for fertilizer N as opposed to legume residue N (Gaudin et al, 2015b). Some 

field studies also point to a more long-term effect of legume nitrogen contributions. Fields with a 

history of legume-based management were found to have overall higher organic N pools 

(Schipanski and Drinkwater, 2011). Additionally, Henry et al (2010) observed that even when a 

nitrogen contribution to corn was not measured, yield increases due to non-N related factors 

occurred. Indeed, red clover nitrogen credit to corn also includes changes in soil quality and the 

growing environment of corn. However, red clover non-uniformity diminishes the ability of the 

farmer to benefit from the nitrogen credit of red clover. 

2.1.2.2 Soil Quality 

In general, legume-based management history has been known to increase soil organic 

carbon in comparison with systems using synthetic fertilizer (Shipanski and Drinkwater, 2011). 

The effect of cover crops on soil organic carbon has to do primarily with total biomass inputs 

(McDaniel et al, 2014). Red clover above-ground biomass accumulation has been estimated, in a 

review of past literature by Gaudin et al (2013), to range from 0.6 to 4.2 t/ha for fall harvest and 

1.5 to 5.3 t/ha for spring harvest. Root biomass is harder to measure; however root/shoot ratios 

have been calculated for red clover and range from 0.33 to 1.05 for double-cut and 0.51 to 4.22 

for single-cut red clover harvested late October of the seeding year to a soil depth of 15-20 cm 
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(Bruulsema and Christie, 1987; Christie, 1992). Root biomass plays an important role in 

increasing labile C pools (McDaniel et al, 2014; Ladoni et al, 2016). In a meta-analysis by 

McDaniel et al (2014), including a cover crop in rotations was found to increase total soil C and 

N by 8.5% and 12.8%, respectively. Additionally soil microbial biomass C and N were increased 

by 20.7% and 26.1%, respectively. In a five-year study, red clover significantly increased short-

term mineralizable carbon across the entire field which was positively correlated with red clover 

biomass. Gradual increases in labile C pools were also associated with the presence of red clover 

(Ladoni et al, 2016). Additionally, even though red clover biomass was higher in depressions, the 

effect of red clover on soil carbon dynamics was higher on slopes and summits (Ladoni et al, 

2016).  

Red clover can affect soil nitrogen dynamics. Fields with a history of legume use had 

increased levels of labile soil N (Schipanski and Drinkwater, 2011). Cover crop use will increase 

overall biomass inputs which lead to higher soil organic nitrogen contents (McDaniel et al, 

2014). Janzen et al (1990) observed that cover crop N contributes to the organic N pool twice as 

much as N from synthetic fertilizer. Nitrogen concentrations across a field vary with topography 

in both organic/low input and conventional systems and are in general higher in depressions than 

on slopes (Ladoni et al, 2015). Red clover growth on slopes significantly increased NO3
-
-N 

concentrations in several management systems; this can increase yield of subsequent crops by 

increasing nitrogen availability in these topographical areas (Munoz et al, 2014; Ladoni et al, 

2015). Additionally, red clover can affect nitrogen losses from the system. Meyer-Aurich et al 

(2006a) found that red clover can increase nitrous oxide emissions due to nitrogen fixation. 

However, this was more than offset by its ability to increase carbon sequestration and reduce 

nitrogen fertilizer application (Meyer-Aurich et al, 2006a). Additionally, red clover is able to 

prevent nitrate leaching by taking up soil nitrogen in the fall as effectively as other non-legume 

cover crops (Vyn et al, 1999).  

 Red clover can reduce erosion in agricultural fields leading to less particulate organic 

carbon re-distribution from slopes and summits to depression (Ladoni et al, 2016). Red clover 

can also increase soil aggregate stability (Dapaah and Vyn, 1998; Singer and Cox, 1998) which 

in turn can limit erosion and increase water-holding capacity (Gaudin et al, 2013). Raimbault and 

Vyn (1991) observed more aggregates smaller than 5mm after red clover inter-seeded with 
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barley and winter wheat, compared to continuous corn rotations. This enhanced soil stability 

carried over to the second year of corn. This study suggests that improved soil quality from red 

clover can persist beyond the first year of growth.  

2.1.2.3 Insect and Weed Control 

 Red clover cover crops have been found to substantially decrease weed populations 

compared to fallow fields where no cover crop is established after winter wheat. Davis et al 

(2012) were able to apply less herbicide in a corn-soybean-small grain inter-seeded with red 

clover rotation and achieve similar or greater weed control as in a corn-soybean rotation with 

higher herbicide inputs. Additionally, while cereal variety itself had no effect on weed densities 

40 days after harvest, the presence of a legume species reduced weed densities by 65% and weed 

biomass by 53% averaged across two years (Blaser et al, 2011). Blaser et al (2006) found that 

weed density was reduced by 38% when red clover was planted after winter wheat compared to 

plots with no cover crop. Finally, Mutch et al, (2003) found that red clover decreased common 

ragweed biomass by 28 – 43% compared to when no cover crop was planted. This was explained 

through resource competition between the red clover plants growing after wheat harvest and the 

germinating ragweed seedlings. Mutch et al (2003) also found that red clover effect on weed 

pressure was independent of red clover biomass differences among years, cultivars and seeding 

rates. However, red clover growing in non-uniform patches can not only provide patchy weed 

control but decreases the ability of farmers to apply herbicides that may injure remaining red 

clover stands.  

Red clover can also increase system resilience by decreasing crop susceptibility to pests 

(Lin et al, 2011). Red clover can control pest outbreaks by hosting several natural enemies of 

different crop pests (Langer and Hance, 2002; Bjorkman et al, 2010). Red clover and winter 

wheat can also help to decrease pests by breaking up the pest cycles within other crops in the 

rotation (Chen et al, 2006).  

2.1.2.4 Yield Increases 

Cover crops after main crops provide an opportunity to extend soil cover and to capture 

unused solar energy and convert it into soil biomass inputs. Intercropping has been shown to 

provide niche complementarity for soil resources (Bargaz et al, 2016). For example, red clover 

grown under cereal grains gains more of its nitrogen from biological nitrogen fixation than red 
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clover grown alone (Schipanski and Drinkwater, 2011). Diversifying crop rotations to include 

winter wheat provides a niche for the addition of legume cover crops. After wheat, as opposed to 

after soybean or corn, there are still a high number of degree-days remaining for cover crop 

growth. Red clover under-seeded to winter wheat has been shown to be adaptable to different 

management systems (Singer and Cox, 1998; Blaser et al, 2012). Including red clover in crop 

rotations can also have economic and environmental benefits. Meyer-Aurich et al (2006a) 

showed that including winter wheat inter-seeded with red clover into the corn-soybean rotation 

increased net returns by $100 / ha and resulted in 1300 CO2 eq / ha of mitigated GHG emissions.  

The effect of red clover on subsequent corn yield exhibits both temporal and spatial 

variability (Munoz et al, 2014). However, overall yield increases in subsequent corn production 

have been well-documented (Raimbault and Vyn,1991; Singer and Cox, 1998; Hesterman et al, 

1992; Drury et al, 1999; Vyn et al, 2000; Amossé et al, 2014). Yield increases have been 

attributed to an increase in stand establishment and early growth of corn (Drury et al, 1999; 

Munoz et al, 2014), increased nitrogen availability and subsequent uptake by the corn crop 

(Bruulsema and Christie, 1987; Vyn et al, 2000; Amossé et al, 2014), increased soil quality 

(Raimbault and Vyn, 1991), increased root activity (Copeland et al, 1993) and increased system 

resilience in dry years (Raimbault and Vyn, 1991). Additionally, red clover can improve 

potential negative yield effects of low input management practices (Davis et al, 2012). Davis et 

al (2012) found that a diverse rotation including corn-soybean-small grain inter-seeded with red 

clover increased yields and profits over a simpler corn-soybean rotation as less fertilizer and 

herbicide were used to achieve similar yields and weed management. Additionally, the potential 

for groundwater contamination was greatly reduced in the diverse system.  

Red clover has also been shown to mitigate yield losses due to no-till (Drury et al, 1999). 

No-till was shown to increase soil water content by 2-5% and decrease soil temperature by 1 - 

2°C on a clay loam soil in Southwestern Ontario which delayed corn emergence and decreased 

subsequent yield by 13% compared to conventional tillage (Drury et al, 1999). However, when a 

red clover cover crop was planted after winter wheat, Drury et al (1999) found that yields were 

similar between no-till and conventional tillage. Munkholm et al (2013) also found that 

diversified crop rotations increased soil quality in no-till management systems. While in Ontario 
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red clover is commonly planted before corn, it can have yield benefits for other succeeding crops 

as well such as barley (Bergkvist et al, 2011). 

2.1.2.5 System Stability and Resilience 

Diverse crop rotations and intercropping can both take advantage of the different niches 

and roles that crops can fill in time and space. Increasing biodiversity can lead to breaks in 

disease and pest cycles as well as increasing stability and resilience against abiotic stress factors 

such as more extreme weather events (Lin et al, 2011; Gaudin et al, 2015). The positive 

influence of red clover on subsequent corn yields is more evident when weather events are more 

extreme such as when soil moisture is limiting in dry years (Munoz et al, 2014; Gaudin et al, 

2015). Gaudin et al (2015) found that including wheat and red clover or alfalfa in rotation 

increased corn and soybean yield by 7 and 22%, respectively, in hot and dry years of the 30-year 

experiment period. Meyer-Aurich et al (2006b) calculated that not only did red clover inter-

seeded with winter wheat increase corn yields by 5%, it lowered production risk by providing 

higher and more stable net returns. Additionally, as nitrogen credit to corn was not taken into 

account in the aforementioned study, the risk avoidance is likely to be underestimated as 

decreased fertilizer application to corn would be possible after red clover. 

 2.1.3 Current Limitations of Use 

 In general, crop rotation diversity has decreased in the last 20 years (Deen et al, 2016). 

Farmers see inter-seeding red clover into winter wheat as an easy and economically friendly way 

to establish a winter crop (Snapp et al, 2005), and there is growing recognition of the agronomic 

and environmental benefits of red clover (previous sections).  However, stand non-uniformity 

and inconsistency of biomass yields across the field for red clover are evident under some 

conditions (Gaudin et al, 2014; Ladoni et al, 2015). Non-uniform red clover stands can be 

defined as areas of the field, at least 1-2 m in diameter, where red clover growth is sparse or 

absent. Because farmers apply nitrogen uniformly across fields, they will not include a nitrogen 

credit if red clover stands are patchy when determining nitrogen fertilizer rates, thus diminishing 

the economic incentive for farmers to adopt red clover. Additionally, environmental problems 

are present with non-uniform red clover. As red clover can provide 10-108 kg N/ha (Gaudin et 

al, 2013), patches of soil where red clover survives and nitrogen fertilizer is then applied  can 

have excess nitrogen. Soil with excess nitrogen can have increased emissions of nitrous oxides 

which are strong greenhouse gases (Wagnar-Riddle et al, 2007). Therefore, in addition to not 
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fully realizing the yield benefits associated with red clover, non-uniform red clover stands can 

prevent farmers from gaining a nitrogen credit and increase negative environmental impacts due 

to nitrogen effects. 

2.1.4 Factors Affecting Red Clover Growth, Survival and Uniformity 

2.1.4.1 Biotic Stresses 

Powdery mildew, anthracnose and several other viruses, bacteria, nematodes and pests 

are known to affect varieties of red clover, although nematodes are less likely to affect red clover 

when it is in rotation with other crops (Fergus and Hollowell, 1960). There are red clover 

cultivars that have been bred to be resistant to powdery mildew and anthracnose (Taylor, 2008). 

Crown and root rots in red clover are mostly caused by Sclerotinia trifolium and Fusarium, 

respectively (Taylor, 2008). Rust, leaf spot and drechs can also affect red clover stands (Taylor 

and Quesenberry, 1996). Additionally, quite a few pests feed on red clover (Fergus and 

Hollowell, 1960) including one of the most dominant red clover pests, the clover root weevil, 

which can cause serious stand losses (Murray et al, 2007).  

2.1.4.2 Seeding Rate 

Blaser et al (2006) found that red clover plant densities after wheat harvest average 10-

22% of the original seeding rate. Biomass accumulation was maximized at seeding rates between 

900-1200 seeds/m
2
 resulting in 123-140 plants/m

2
 surviving plants, depending on the year. 

Biomass accumulation has been shown to be independent of stand density when plant number is 

high in a number of studies (Singer et al, 2006; Blaser et al, 2011; Singer and Meek, 2012). 

However, low stand densities have been shown to be significantly correlated with biomass 

production at cereal harvest (Singer et al, 2006). 

2.1.4.3 Tillage 

Red clover plant density, shoot and root DM were not affected by any of three different 

tillage methods (no-till, moderate till and intensive tillage) nor were they affected by compost 

amendment treatments in a study by Blaser et al (2012). However, tillage choice can sometimes 

affect red clover yield benefits where reduced tillage is not able to kill red clover successfully 

(Raimbault and Vyn, 1991; Singer and Cox, 1998; Meyer-Aurich et al, 2006b). Significant red 

clover re-growth in the following corn crop can decrease yields and increase costs due to 

herbicide applications. 
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2.1.4.4 Herbicide 

Red clover in the 1
st
-2

nd
 trifoliate stage inter-seeded with barley was severely injured by 

herbicides containing Dicamba, bromoxynil and thifensulfuron/tribenuron. However, red clover 

shoot and roots were not as injured by MCPA-Na and MCPB/MCPA (Ivany et al, 2000; Ceballos 

et al, 2004). Buctril M (MCPA and bromoxynil) is considered safe if applied to red clover inter-

seeded with winter wheat, with minimal risk of clover injury at the 1
st
-3

rd
 trifoliate stages and 

when clover is not under stress (OMAFRA, 2015). However, when herbicides such as MCPA are 

applied to red clover infected with diseases, such as Fusarium, the red clover can become more 

susceptible to the disease (Ceballos et al, 2006).  

2.1.4.5 Light availability under the wheat canopy 

Red clover has not been found to influence cereal grain yield (Raimbault and Vyn, 1991; 

Hesterman et al, 1992; Blaser et al, 2011; Schipanski and Drinkwater, 2011). In contrast, the 

level of competitiveness of winter wheat, especially in response to nitrogen fertilization, has 

been shown to affect red clover (Blackman and Snell, 1954; Queen et al, 2009; Bergkvist et al, 

2011; Gaudin et al, 2014; Gaudin et al, 2015b). Stand counts of red clover were decreased by 

spring fertilization of and subsequent increase in yield and competitiveness of winter wheat 

(Blackman and Snell, 1954). Gaudin et al (2014) and Gaudin et al (2015b) found red clover and 

winter wheat responded inversely to nitrogen application. Red clover growth decreased when 

wheat growth increased at higher N inputs, and increased N also reduced light penetration 

through the wheat canopy. Additionally, increased frequencies of patches within winter wheat 

with less than 5 red clover plants/m
2
 were found when N rates were higher, suggesting that 

increased wheat competition can increase non-uniformity of red clover stands. However, Gaudin 

et al (2014) found that decreasing N inputs to wheat by 10-12% could maximize returns from the 

winter wheat-red clover intercrop as a system ,with only a 1-4% decrease in wheat yield. 

Increased nitrogen fertilizer decreases growth of the inter-seeded legume due to increased 

competition, however, it doesn’t always provide a much higher wheat yield benefit (Gaudin et al, 

2014). Indeed, Blaser et al (2011) found that higher LAI values did not always correspond to 

higher cereal grain yields. 

Light penetration through the wheat has been repeatedly shown to affect legume dry 

matter production. Blaser et al (2011) found that legume dry matter production 40 days after 

wheat harvest was lower after growing with wheat varieties that have high leaf area index values. 
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Leaf area index values over 5.6 sustained for around 40 days affected red clover establishment 

density. Queen et al (2009) also found that light penetration through the wheat canopy, 

specifically around the time of wheat anthesis, had an impact on red clover dry matter 

production. Indeed, Blaser et al (2011) found that LAI was highest around anthesis for wheat and 

triticale varieties. Schipanski and Drinkwater (2011) found that red clover biomass was reduced 

when interseeded with spelt which grew taller and was harvested later than winter wheat. While 

winter wheat does have the potential to influence biomass production of red clover, red clover is 

relatively shade tolerant and has a light compensation point of 6% of daylight (Taylor and Smith, 

1995). In contrast, alfalfa has a higher light compensation point of 13% and has been found to be 

less shade tolerant and more negatively affected by growth under cereal canopies (McKee, 1962; 

Gist and Mott, 1967;). In fact, Blaser et al (2006) observed that PAR transmission through the 

wheat canopy was sufficient for red clover establishment and growth when cereal grain density 

was as high as 300 plants/m
2
.  

2.1.4.6 Soil Moisture 

Low soil moisture has been associated with reduced biomass and stand densities of red 

clover (Mutch et al, 2003; Blaser et al, 2006; Singer et al, 2006; Gaudin et al, 2014). Queen et al 

(2009) found that in both a dry and a wet year, red clover above-ground biomass and stand count 

were positively correlated with soil gravimetric water content during wheat anthesis. Westra 

(2015) also observed correlations between uniformity of red clover stands and soil moisture 

within locations. Additionally, some studies have found that red clover biomass in depressions is 

significantly higher than on slopes and summits (Munoz et al, 2014; Ladoni et al, 2015). The 

researchers suggested that this could be explained by decreased water and nutrient retention on 

summits (Munoz et al, 2014) or increased organic matter in depressions (Ladoni et al, 2016). 

However, stand densities and uniformity across the field were not investigated or observed to be 

influenced by topographical differences in soil moisture. 

The time during the growing season when drought stress could most affect red clover 

growth under winter wheat is still not clear. Some studies have suggested low precipitation in 

spring could have a negative effect on final red clover biomass and stand density (Singer and 

Cox, 1998; Singer et al, 2006). Queen et al (2009), however, specifically observed a high 

correlation between red clover biomass and soil moisture during wheat anthesis. Indeed, winter 
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wheat has been observed to have maximum leaf area index around this time (Blaser et al, 2011). 

This makes it likely that evapotranspiration of winter wheat and thus competition for soil 

moisture is high during this period. However, there is little evidence that winter wheat 

management can be manipulated to alter soil moisture. Winter wheat management in terms of 

nitrogen fertilizer or row thinning (Queen et al, 2009) and wheat species and seeding rate (Blaser 

et al, 2006) were not shown to affect soil moisture levels. 

Limited light availability during early growth of red clover under the wheat canopy could 

potentially make stands more susceptible to low soil moisture stress. Red clover root growth can 

be restricted under low light environments such as the shade under a wheat canopy, which can 

decrease the drought tolerance of red clover through the inability to develop an extensive root 

system (Gist and Mott, 1957). Dougherty (1972) found that red clover plant water potential in 

non-irrigated plots was still very low even after a rainfall caused the soil water potential in the 0-

15cm layer to increase. This could potentially be due to red clover roots being restricted to upper 

layers of soil that were much drier. Doughtery (1972) suggests that reducing competition for 

light could help red clover develop better tolerance to drought by allowing it to develop a larger 

root system. 

Low soil moisture availability appears to have a greater effect on red clover than limited 

light penetration through the wheat canopy (Queen et al, 2009). In fact, Gaudin et al (2014) 

found that increased wheat and red clover growth occurred simultaneously during a year with 

high rainfall despite associated increases in competition from winter wheat on red clover. In 

terms of soil moisture under the wheat canopy per se, Blaser et al (2006) suggested that moisture 

levels in the top 6 cm of soil as low as 0.12 m
3
/m

3
 for a short duration would likely not 

substantially reduce red clover plant survival under winter wheat. However, studies so far have 

only observed trends or correlations between low soil moisture and red clover growth. No studies 

have tested the direct effect of low soil moisture on red clover stand density, biomass and 

uniformity in controlled experiments. 

2.1.5 Drought and Stress Tolerance 

2.1.5.1 Forage Legume Drought Tolerance and Recovery Strategies 

There is a wide variety of plant responses to drought stress including changes in root 

morphology, osmotic adjustment, growth reduction and many other physiological and molecular 
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responses (Rao and Chaitanya, 2016). Drought response and tolerance mechanisms reviewed in 

this section will be related to legume species used for forage where drought tolerance is more 

associated with survival and biomass production than with grain yield. Specifically, non-rhizome 

forming legume species following similar developmental stages to red clover and where drought 

is applied within 1-8 weeks of seeding will be covered, unless otherwise specified. Legume 

responses to drought are variable between species and varieties and can differ depending on 

magnitude and duration of water stress (Erice et al, 2010; Rouached et al, 2013). Drought 

responses have included decreased stomatal conductance, decreased leaf relative water content, 

decreased shoot dry matter production (sometimes including leaf senescence) and a maintenance 

or increase in root dry matter, thus increasing the root/shoot ratio (Erice et al, 2010; Rouached et 

al, 2013). It is important to note that in the field, drought is often not the sole abiotic stress 

factor. Drought stress experienced by plants can be accompanied by other stress factors including 

heat, radiation load (Reynolds-Henne et al, 2010), vapour pressure deficit (Hainaut et al, 2016), 

competition with companion crops (Bargaz et al, 2016) and nutritional status (Singh et al, 2000; 

Lyon et al, 2016). 

Legume species employ diverse strategies of drought tolerance. Increased drought 

tolerance has been associated with reduced wilting (Kang et al, 2011; Annicchiarico et al, 2013), 

an increased root/shoot ratio (Erice et al, 2010; Kang et al, 2011), deeper root systems (Gist and 

Mott, 1957; Bargaz et al, 2016), osmotic adjustment of leaves (Rouached et al, 2013) and root 

and/or crown tissue (Kang et al, 2011; Annicchiarico et al, 2013) and decreased stomatal 

conductance associated with increased water use efficiency (Khan et al, 2007; Kang et al, 2011). 

Specifically during growth with a companion grain, Bargaz et al (2016) found that faba bean 

intercropped with wheat increased root dry matter in lower soil layers under water limitation 

likely in an effort to increase root exploration for water and nutritional resources.  

Drought tolerance is not always associated with high yielding varieties in field conditions 

(Kang et al, 2011). Also, increased water use efficiency which has been associated with 

increased drought tolerance is not always associated with higher yields in drought conditions 

(Blum et al, 2009). Indeed, survival during drought stress has been associated with leaf 

senescence which can allow for remobilization of nutrients to other organs and decreased water 

loss through transpiration (Munne-Bosch and Alegre, 2004). Beebe et al (2008) notes that the 
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response of the wild common bean (Phaseolus vulgaris L.) to drought is to remain vegetative, 

slow its growth and reduce its physiological activity. This drought survival strategy is effective; 

however, it comes at the expense of lower harvest index. More mature alfalfa stands have also 

been shown to enter a state of drought-related dormancy associated with reduced growth and 

sometimes leaf senescence (Malinowski et al, 2007). 

 Many experiments have investigated perennial legume response to drought but few 

studies have investigated the combined ability of legumes to survive drought and regrow after 

recovery from water stress, especially for younger legume plants (Kang et al, 2011; Rouached et 

al, 2013).  Depending on the magnitude and duration of drought stress, not all legumes will 

compensate for reduced growth during severe stress (Lobato et al, 2008). Surviving plants vary 

in the extent to which they are able to recover from drought stress. Rapidity of recovery has been 

observed to increase in plants which more quickly metabolize osmolytes, that had accumulated 

during drought stress, for organ growth upon recovery (Kang et al, 2011). Additionally, plants 

that more quickly increased stomatal conductance (Polania et al 2016), photosynthetic activity 

and recovery of leaf area (Rouached et al, 2013) and root growth (Kang et al, 2011) where 

observed to recover more rapidly.  

2.1.5.2 Red Clover Drought Tolerance 

Little research has been done regarding drought tolerance mechanisms of red clover; 

however, studies have investigated red clover drought response in controlled environments. 

Kendall et al (1994) found a linear response of shoot dry weight to drought stress applied to two-

week old red clover cultivars. Root weight was less affected by drought stress thus increasing the 

root/shoot ratio. However, no red clover cultivar differences were found in response to early 

drought stress (Kendall et al, 1994). Vaseva et al (2011) found that drought primarily decreased 

stem growth and leaf area in red clover compared with the more drought tolerant white clover 

when drought was imposed for two weeks on three-week old plants. Other studies involving red 

clover have shown that reducing transpiration in response to lower vapour pressure deficits 

increased yield (Hainaut et al, 2016). Red clover varieties were also found to vary for the fraction 

of transpirable soil water (FTSW) and the vapour pressure deficit (VPD) at which they begin to 

decrease their water use (Hainaut et al, 2016). However, the extent of this variation is still 
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unclear as only two varieties were used in the aforementioned study and the research was 

performed on 2.5-3 month old plants.  

Finally, genetics-based approaches for trait improvement in red clover have progressed. 

Yates et al (2014) found significant differences in drought tolerance within a mapping family 

derived from a double-cut (Britta) and a single-cut (Milvus) variety of red clover. Yates et al 

(2014) differentiated between drought tolerant and drought sensitive genotypes by selecting 

plants that had contrasting leaf relative water contents and growth rates under severe drought. 

Additionally, de Vega et al (2015) assembled a draft genome for red clover and reported on a 

platform for the genetic dissection of several forage traits to aid in molecular breeding efforts. 

This data could potentially help us to better understand the mechanisms underlying drought 

tolerance traits in red clover.   

2.2 Gaps in Knowledge 

 Most red clover research studies have measured red clover biomass production and stand 

density under winter wheat at wheat harvest or later during the fall or the following spring 

(Singer and Cox, 1998; Blaser et al, 2006). Fewer studies have assessed stand densities 

throughout the growing season with winter wheat to determine whether decreases in red clover 

growth parameters are due to poor establishment under winter wheat or due to low survival rates 

during growth with winter wheat later in the season (Queen, 2007; Westra, 2015). Because red 

clover stands have been observed, in past studies, to successfully establish under winter wheat, 

research focussing on red clover survival during growth with winter wheat is an important focus. 

Studies have associated dry years on red clover stand densities and biomass (Mutch et al, 

2003; Blaser et al, 2006; Singer et al, 2006; Gaudin et al, 2014). Other studies have correlated 

low soil moisture with lower red clover stand densities and/or biomass (Queen et al, 2009; 

Westra, 2015). However, no study has yet directly investigated the impact of measurable low soil 

moisture on red clover growth parameters such as above-ground biomass, stand density and 

stand non-uniformity in the field. Determining the impact of low soil moisture, in a controlled 

experiment, on red clover biomass and stand density would be instrumental for future 

breeding/screening efforts to improve red clover varieties for growth under winter wheat. 
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 Past research has observed an effect of dry years on red clover growth parameters and 

some studies have associated decreased red clover biomass and stand densities with low soil 

moisture occurring at specific times during growth under winter wheat (Singer et al, 2006; 

Queen et al, 2009). Queen et al (2009) observed that red clover above-ground biomass and stand 

density were positively correlated with soil gravimetric water content during wheat anthesis, at 

which point wheat leaf area is at its maximum (Blaser et al, 2011). In contrast, Singer et al 

(2006) and Singer and Cox (1998) associated poor red clover growth with a dry spring. The 

growing season period during which drought stress could most significantly affect red clover is 

still not clear. Understanding differences in red clover response to low soil moisture depending 

on when drought stress occurs would be useful in investigating drought tolerance mechanisms 

that would result in the greatest improvements for red clover survival under winter wheat. 

 Experiments involving double-cut and single-cut growth types of red clover have 

focussed on winter hardiness (Therrian and Smith, 1960), forage yield (Hejduk and Knot, 2010), 

grazing tolerance (Brummer and Moore, 2000) and biomass partitioning (Christie et al, 1992). 

Single-cut varieties have been found to have a higher root/shoot ratio in the fall (Christie et al, 

1992), lower above-ground biomass and greater winter hardiness (Therrian and Smith, 1960). 

Studies have associated increased drought tolerance in other legume species with a larger root 

biomass (Kang et al, 2011). Other studies have investigated the association of greater winter 

hardiness with increased drought tolerance in alfalfa (Pembleton and Satish, 2014). Winter 

hardiness in the previously mentioned experiments has been linked with reduced, prostrate fall 

growth and a conservation of crown and root reserves for over-wintering and spring re-growth. 

Indeed, greater winter hardiness in single-cut red clover has also been associated with its ability 

to enter the winter as a rosette and to delay flowering (Therrian and Smith, 1960). Studies have 

yet to directly investigate whether these differences between single-cut and double-cut red clover 

could also cause differences in drought tolerance as well. In fact, no studies have compared 

single- and double-cut growth types in controlled environment experiments focussing on drought 

stress which could aid in the study of drought tolerance mechanisms of red clover and the 

improvement of subsequent varieties. 

 Most studies have focussed on legume drought tolerance in terms of higher shoot growth 

rates and a lesser degree of wilting (Pathan et al, 2014; Yates et al, 2014). However, fewer 
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studies have investigated legume survival when faced with severe drought stress (Erice et al, 

2010, Kang et al, 2011). Specifically, studies have not investigated if higher red clover survival 

rates during drought stress could be a potential drought tolerance mechanism under winter wheat. 

While drought tolerance in terms of survival per se is generally linked to reduced growth and 

sometimes leaf senescence (Erice et al, 2010), drought tolerance in terms of yield potential is 

often associated with maintenance of leaf relative water content and shoot growth (Annicchiarico 

et al, 2013; Pathan et al, 2014). Research has shown that red clover biomass accumulation after 

wheat harvest is substantial (Blaser et al, 2012) and that at high enough densities, biomass is no 

longer correlated with plant number (Singer et al, 2006; Singer and Meek, 2012). Therefore, an 

investigation into differences in drought tolerance strategies focussing on either plant survival or 

biomass accumulation between red clover varieties would be useful for improving varieties 

specifically for growth under winter wheat. 
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2.3 Hypotheses and Objectives 

Hypothesis:  

Red clover survival and stand uniformity under winter wheat decreases with low soil moisture. 

Objectives: 

1. Evaluate the impact of different early soil moisture deficits on red clover stand densities 

and biomass in the field, using rain-out shelters 

2. Observe the effects of low soil moisture on red clover stand uniformity in the field 

3. Determine red clover shoot and crown response to decreasing soil moisture and evaluate 

the potential re-growth of red clover from the crown after recovery in growth room 

conditions  

4. Evaluate differences in response to drought among different red clover varieties with 

different growth habits (single-cut and double-cut) 
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3 Field Experiments 

3.1 Materials and Methods 

3.1.1 Drought experiment 

3.1.1.1 Site Description 

Three separate fields located at the Arkell Research Station in Arkell, Ontario were 

selected for the 2013-2015 field studies (Table 3.1). The soil type at the Arkell research station is 

a Burford loam (Soil Research Institute, 1962) described as a “fine-silty, mixed, superactive, 

thermic Typic Haplustepts” (USDA, 2016). Soil texture analysis using the hydrometer method in 

three experiment years (2013-2015) classified this soil as a silty loam (Table 3.1). Field history 

for the past 4 years was a corn-corn-soybean-winter wheat rotation.  Tillage history in all three 

years (2013-2015) was fall moldboard plow before corn and no-till soybean and winter wheat. 

A nine-year instead of a ten-year monthly average precipitation is reported due to the lack 

of available data for 2006. An eight-year instead of a ten-year monthly average temperature is 

reported for May, June and July due to the lack of available data for 2006 and 2010. Average 

monthly precipitation in 2013 was above average in April, May, June and July (Table 3.2). In 

2014, average monthly precipitation was below average in May and June and above average in 

April and July (Table 3.2). In 2015, average monthly precipitation was below average in April, 

June and July and slightly above average in May (Table 3.2). Monthly temperature averages in 

2013-2015 did not vary by more than 2.3°C of 8-year average temperatures (Table 3.3). 
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Table 3.1 Site information for experiment field locations for 2013-2015 at the Arkell Research 

Station in Arkell, ON 

Year 

Soil Texture  

and % 

(sand/silt/clay)
* 

pH
** 

Organic 

Matter 

(%)
** 

Soil bulk 

density 

(g/cm
3
)
* 

Saturated Soil 

Hydraulic 

Conductivity 

(cm/hr)
*** 

Volumetric 

water 

content at 

soil wilting 

point 

(m
3
/m

3
) 

2013 
Silty Loam 

(45/50/5) 
-- -- 1.3 ± 0.12 1.0 0.083 

2014 
Silty Loam 

(42/54/4) 
-- -- 1.3 ± 0.06 1.7 0.062 

2015 
Silty Loam 

(40/52/8) 
7.4 ± 0.10 4.0 ± 0.50 1.4 ± 0.08 1.6 0.067 

*
 Bulk density and soil texture were measured from soil collected at a 5-10 cm soil depth 

 using a metal ring with a length of 5 cm, a diameter of 4.76 cm and a volume of 89.3 

 cm
3
; 8 replications per field were measured; soil texture was measured using the 

 hydrometer method 
** 

pH (±SE) and organic matter ( ±SE) were taken from soil tests completed by Stratford 

 Agri Analysis (April, 2001); results shown are for the same field used in 2015  
***

 Saturated soil hydraulic conductivity was calculated using the Soil Water Characteristics 

 calculator (Saxton and Rawls, 2009) using texture, bulk density and organic matter 

 values listed above (4% organic matter was also used for calculations in 2013 and 2014). 
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Table 3.2 Total and cumulative rainfall in Puslinch, ON (May-July) and the Elora Research 

Station in Elora, ON (April) for 2013-2015 

Year 
Cumulative Rainfall (mm) Total Rainfall (mm) 

April
* 

May
** 

June
**

 July
**

 April
* 

May
** 

June
** 

July
** 

2013 124 205 311 418 124 81 106 107 

2014 102 160 226 331 102 58 66 105 

2015 77 153 264 323 77 76 111 59 

9-year 

average 
101

 
173 267 357 84 73 90 68 

*
 Elora Research Station, Environment Canada, Historical Weather Data (2007-2015); all 

 April data is from Elora, ON because April rainfall was not reported from the Puslinch 

 rainfall collection site 
**

 Puslinch rainfall collection site, Agricorp Canada, Rainfall Data (2007-2015) 
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Table 3.3 Temperature ranges (min, max) and monthly averages at the Guelph Turfgrass 

Institute in Guelph, ON for the duration of red clover growth (April – July, 2013-2015) 

Year 

Average temperature (°C) 

April
 

May June July 

Max Min Avg Max Min Avg Max Min Avg Max Min Avg 

2013 10.3 -1.0 4.7 20.4 6.2 13.5 22.3 11.4 16.9 25.3 14.5 19.9 

2014 10.3 -1.8 4.3 18.6 5.9 12.3 24.6 10.9 17.8 23.6 11.5 17.6 

2015 11.2
* 

-0.4
* 

5.4
* 

22.7 7.3 15.1 22 9.8 16.0 25.6 11.7 18.7 

8-year 

average
** 

11.3 -0.6 5.4 19.5 5.9 12.8 23.3 10.9 17.1 25.7 12.6 19.2 

*
 Data for April, 2015 was taken from Elora Research Station, Environment Canada, 

 Historical Weather Data as data was missing from the Guelph Turfgrass Institute 
**

 An 8-year average temperature taken from Guelph Turfgrass Institute, Environment 

 Canada, Historical Weather Data as data was unavailable for 2006 and 2010 (2007-2009, 

 2011-2015) 
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3.1.1.2 Red Clover Management 

 Red clover was under-seeded to winter wheat on April 4 in 2013, April 17 in 2014 and 

April 15 in 2015 (Table 3.4).  The two varieties of red clover used in this experiment are a 

single-cut (SC) variety “Altaswede” (Pickseed Canada Inc., Winnipeg, MB) and a double-cut 

(DC) variety “Belle” (Mapleseed, Lindsay, ON). The same seed source was used in all three 

experiment years. Seeding rate was 9 kg/ha, or approximately 450 seeds/m
2
, of pure live seed 

adjusted to accommodate germination rates calculated each year (Table 3.4). Germination 

percentage excluded the hard seed content. However, the hard seed percentage was less than 5% 

for both seedlots. Hard seed was determined as seed that did not swell during germination tests. 

In 2013, red clover was hand broadcast seeded and in 2014-2015 red clover seed was combined 

with 1.2 mm Pro League turface (PROFILE Products LLC, Buffalo Grove, IL) and seeded using 

a hand-pushed fertilizer drop spreader. Seed was mixed with turface to facilitate uniform seed 

distribution. 

 

 

 

 

 

 

 

 

 

 

 

 



 

29 
 

Table 3.4 Germination rates for an adjusted seeding rate of 9 kg/ha of pure live red clover seed 

Year Seeding Date Germination (%)
* 

Pure Live Seeding 

Rate (kg/ha) 

Adjusted Seeding Rate 

(kg/ha) 

  Belle Altaswede Belle Altaswede Belle Altaswede 

2013 April 4, 2013 92 90 9 9 9.7 10.0 

2014 April 17, 2014 89 79 9 9 10.0 10.9 

2015 April 15, 2015 85 70 9 9 10.3 11.7 

 
*
 Germination percentage excluded hard seed; however, hard seed was less than 5% for 

 both seedlots 
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3.1.1.3 Winter Wheat Management 

The winter wheat variety was Pioneer 25 R39 (2013, 2014) and Pioneer 25 R40 (2015) 

with a seeding rate of 142.8 (2013), 128.9 (2014) and 141.2 (2015) kg/ha (Table 3.5). Wheat was 

planted at a depth of 3.8 cm and a row spacing of 17.8 cm (Table 3.5). Seeding date was Sept. 21 

in 2012, Sept. 25 in 2013 and Sept. 24 in 2014 (Table 3.5).  There was no manure or fungicide 

application to fields during 2013-2015. Fertilizer type and rate was 280 kg/ha ammonium nitrate 

(95 kg N/ha) in 2013 broadcast by hand on April 5
th

 and 224 kg/ha urea (103 kg N/ha) applied 

using an air flow spreader on April 18
th

 and April 13
th

, respectively, in both 2014 and 2015 

(Table 3.6). Herbicide was applied to red clover inter-seeded to winter wheat only in 2013 at a 

rate of 1 L/ha of Buctril M with a spray volume of 200 L water/ha at a pressure of 275 kPa 

(Bromoxynil and MCPA) on May 5
th

 (Table 3.6). This rate of Buctril M can be applied to red 

clover inter-seeded with winter wheat with minimal risk of clover injury in the 1
st
-3

rd
 trifoliate 

stages and when clover is not under stress (OMAFRA, 2015). 
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Table 3.5 Winter wheat planting information at Arkell Research Station in Arkell, ON (2013-

2015) 

Year Variety 
Seeding 

Date 

Seeding Rate 

(kg/ha) 

Planting Depth 

(cm) 

Row Spacing 

(cm) 

2013 Pioneer 25 

R39 

Sept. 21, 

2012 

142.8 3.8 17.8 

2014 Pioneer 25 

R39 

Sept. 25, 

2013 

128.9 3.8 17.8 

2015 Pioneer 25 

R40 

Sept. 24, 

2014 

141.2 3.8 17.8 
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Table 3.6 Field management of winter wheat at the Arkell Research Station in Arkell, ON 

(2013-2015) 

Year Wheat Anthesis Date 
Fertilizer Nitrogen Rate

*
  

(kg N / ha) 

Herbicide applied 

to winter wheat 

2013 June 10, 2013 95 1 L/ha  

Buctril M 

2014 June 11, 2014 103 None 

2015 June 8. 2015 103 None 

*
 Fertilizer was applied as ammonium nitrate (34-0-0) in 2013 and as urea (46-0-0) in 

 2014-2015. 
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3.1.1.4 Rain-out Shelter (ROS) Design 

 The frame for each ROS was made from 3.8-cm diameter ABS piping, sanitary tee and 

90 degree elbow fittings (Figure 3.1). Frames were held in place using six 2.1 metre long metal 

fence T-posts and heavy gauge wire (Figure 3.1). The shelters were fastened so that they were on 

a downward sloping angle close to the ground and raised periodically up the holes on the T-post 

throughout the experiment as the wheat grew to maintain approximately 50 cm of space between 

the lowest end of the rain-out shelter and the top of the wheat canopy. ROS dimensions are given 

in Figure 3.1 and pictured in Figure 3.2. 
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Figure 3.1 Rain-out shelter frame dimensions and materials. Each length piece was 112 cm and 

each width piece was 160 cm. L-shapes located at the corners represent 90 degree elbow fittings 

and circles represent sanitary tee fittings. Triangles represent location of two drill holes used to 

fasten the frame using a heavy gauge wire to metal fence posts. 
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Figure 3.2 Rain-out shelters at the Arkell Research Station in May, 2015 
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3.1.1.5 Experimental Design 

The experiment was arranged as a randomized complete block design with four blocks; 

eight experimental units per block are used for the drought experiment and four additional 

experimental units per block are used to test the effect of the ROS (Figure 3.3). In 2013, 

however, block arrangement in the field differed from that of 2014 and 2015 (Figure 3.3). In 

2014-2015 spacing between experimental units and block arrangement was improved to 

minimize the potential effects of shading from adjacent ROSs and decrease the potential of 

lateral flow of water between plots (Figure 3.3, Figure 3.4).  

Water exclusion periods underneath ROSs were implemented with the aim of decreasing 

soil moisture and creating drought conditions. Two separate water exclusion periods were 

studied, one beginning in late May (May) and one beginning in early June (June) to determine 

the impact of different early soil moisture deficits on red clover growth. There were two water 

regimes (control and water exclusion) and two red clover varieties, a SC variety, Altaswede, and 

a DC variety, Belle, used in this experiment. These varieties were chosen for their contrasting 

growth habits (see section 2.1.1.3) to determine if drought tolerance could differ between SC and 

DC red clover populations. The eight experimental units per block included: 1) May control with 

DC red clover, 2) May water exclusion with DC red clover, 3) June control with DC red clover, 

4) June water exclusion with DC red clover, 5) May control with SC red clover, 6) May water 

exclusion with SC red clover, 7) June control with SC red clover, 8) June water exclusion with 

SC red clover. Four more experimental units per block were used in another part of the 

experiment investigating the effect of the ROS and were rotated within amongst the eight 

experimental units per block described above. This part of the experiment is discussed in Section 

3.1.1.7. 

In 2013, the water exclusion period for both May and June was designated as 4 weeks. 

However, red clover growth parameters only decreased after the water exclusion period in June 

but not in May. In 2013, volumetric soil moisture content after the water exclusion period in June 

decreased to 0.047 m
3
/m

3
 compared to 0.147 m

3
/m

3
 for May. Therefore, in 2014 and 2015 the 

water exclusion period was designated as at least 4 weeks and extending until a volumetric soil 

moisture content of 0.047 m
3
/m

3
 was reached or, if a moisture content of 0.047 m

3
/m

3
 was not 

reached, for a maximum of 7 weeks. In 2014 and 2015, a volumetric soil moisture content of 
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0.047 m
3
/m

3
 was never reached and the water exclusion period for both May and June water 

exclusion periods in both years was 7 weeks. The total length of the water exclusion period was 

26 days in 2013, and 46 and 47 days, respectively, in 2014 and 2015 (Table 3.7).  

Water exclusion treatments were underneath ROSs and not irrigated for the duration of 

the designated water exclusion period (Table 3.7). Before the designated water exclusion period, 

water exclusion treatments were irrigated weekly to match the average weekly rainfall (see 

section 3.1.1.6). Control treatments were also underneath ROSs and irrigated weekly to match 

the average weekly rainfall for the entire duration of the experiment. In 2013, ROSs were erected 

on the 23
rd

 of May, the day before the water exclusion period began. However, in 2014 and 2015 

the ROSs were erected on April 24
th

 and April 28
th

, respectively, and were irrigated once a week 

for three weeks in an effort to avoid soil moisture levels being excessively dry or wet before the 

water exclusion period in May began. It is possible that because soil volumetric moisture 

contents at the beginning of the water exclusion period in May were higher in 2014 and 2015 

than in 2013, the soil did not dry down as quickly. Soil volumetric moisture contents were, on 

average, 38% higher in 2014 and 2015 than in 2013 measured directly before the May water 

exclusion period (Table 3.7). 

In 2013, there was 1 m spacing between the longest sides of experimental units and 1.5 m 

spacing between the shortest sides of experimental units (Figure 3.4). Each experimental unit 

was 4 m in length by 2 m in width (Figure 3.5). ROSs were sloped downwards and, in 2013, 

positioned such that the flow of water from two rain-out shelters poured into the 1.5 m space 

between the shortest sides of experimental units (Figure 3.4). In both 2014 and 2015, there was a 

2 m space between the longest sides of experimental units and a 3 m space between the shortest 

sides of experimental units (Figure 3.4). Each downward slope of the ROS faced the same 

direction in 2014 and 2015, pouring into the 3 m space between the shortest sides of 

experimental units (Figure 3.4).  
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Figure 3.3. Experimental design of drought experiment in 2013 (A) and 2014-15 (B). Eight 

experimental units per block are used for the main drought experiment and four experimental 

units per block are used to test the effect of the rain-out shelter.  
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Figure 3.4 Position and spacing of experimental units within one block for the drought 

experiment in 2013 (A) and 2014-2015 (B). Length and width of buffer zones are indicated. 

Numbers indicate individual experimental units. White arrows indicate direction of water flow 

off of the rain-out shelter. Arrow heads indicate the lowest part of the slope. Eight experimental 

units per block are used for the main drought experiment and four experimental units per block 

are used to test the effect of the rain-out shelter. 
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Figure 3.5. Dimensions of the experimental unit for the drought experiment (2013-2015). Within 

each experimental unit are two sampling units measuring 1 m in length and 0.5 m in width 

measured either before water exclusion (BWE) or after water exclusion (AWE). The width of the 

buffer zone between BWE and AWE sampling units and between the rain-out shelter (ROS) and 

the sampling units is indicated. 
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Table 3.7 Measurement dates and stages of development for red clover and winter wheat and 

soil moisture decreases in control and treatment plots for before (BWE) and after water exclusion 

(AWE)
*
 measurement dates at the Arkell Research Station in Arkell, ON (2013-2015). 

Year 
Measurement 

Name 

Measurement 

Date 

Volumetric soil 

moisture 

(cm
3
/cm

3
) 

Winter Wheat 

Stage (Zadok’s 

Stage) 

Red Clover 

Trifoliate 

2013 May BWE  May 24 0.193 Stem Elongation 

(z34-z36) 

2
nd

 

2013 May AWE June 18 0.147 Milk Development 

 (z71-z77) 

4
th

 

2013 June BWE  June 6 0.100 Anthesis  

(z60-z64) 

3
rd

 

2013 June AWE  July 7 0.047 Dough 

Development 

 (z83-87) 

4
th

 

2014 May BWE  May 20 0.278 Stem Elongation 

(z34-z36) 

2
nd

 

2014 May AWE July 9 0.083 Milk Development 

 (z71-z77) 

4
th

 

2014 June BWE  June 9 0.195 Anthesis  

(z60-z64) 

3
rd

 

2014 June AWE  July 18 0.072 Dough 

Development  

(z83-87) 

4
th

 

2015 May BWE  May 28 0.253 Stem Elongation 

(z34-z36) 

2
nd

 

2015 May AWE July 14 0.160 Milk Development  

(z71-z77) 

4
th

 

2015 June BWE  June 11 0.224 Anthesis  

(z60-z64) 

3
rd

 

2015 June AWE  July 21 0.178 Dough 

Development  

(z83-87) 

4
th

 

* 
Before water exclusion (BWE) measurements occurred on the first day of the water 

exclusion period and after water exclusion (AWE) measurements occurred on the last day 

of the water exclusion period. 
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3.1.1.6 Rainfall and Irrigation 

Historic rainfall data was used to determine irrigation applications. Rainfall data from 

Agricorp for the Puslinch weather station located 14 km from Arkell, from 2007-2012, and 

rainfall data from the Elora Research Station (Environment Canada) from 2004-2012 were used. 

The slope of the line of cumulative average weekly rainfall from May 1 until July 31 was used to 

determine the average rainfall for May-July which was the estimated time-frame of the 

experiment. Over this 3-month period, the average weekly rainfall was estimated to be 17 

mm/week at both the Puslinch, ON collection site (2007-2012) and at the Elora Research Station 

collection site (2004-2012). Therefore, the water applied in the drought experiment each week 

via irrigation was 17 mm/week. Irrigating each plot with the same quantity of water was chosen 

over irrigating to a specific soil moisture content as only certain blocks contained soil moisture 

sensors due to lack of availability. Irrigation was carried out using a 0.75-inch hose and a spray-

nozzle. Irrigation to 17 mm each week was achieved by measuring the flow rate from the hose 

and calculating the required length of irrigation time for each 8 m
2
 plot. An example equation is 

shown below using the average weekly rainfall (17 mm): 

8 𝑚2𝑥 0.017 𝑚 𝑥 
1000 𝐿

𝑚2
= 136 𝐿 

 The flow rate of the hose was measured by taking the average time it took to fill a 9 L 

bucket three times. The number of seconds per L was multiplied by the total L needed per plot to 

acquire the total number of seconds needed to irrigate each plot. 

3.1.1.7 Rain-out Shelter (ROS) Effect 

  In order to determine the effect of the ROS on red clover and winter wheat growth, four 

additional experimental units were rotated among the eight experimental units in the drought 

experiment (Figure 3.3). Experimental units and sampling units were as described in the drought 

experiment (Figure 3.4, Figure 3.5). The same two red clover varieties were used in this 

experiment in 2013 (Belle and Altaswede) and only Belle was used in 2014. In 2015, experiment 

was not completed as ambient rainfall was too heavy and weekly irrigation under the ROS to 

ambient rainfall values was able to be achieved. In 2014, only 2 out of 4 blocks were used for the 

analysis due to experimental error.  The treatment was either the presence (ROS) or absence 

(ambient) of a ROS over the experimental unit and measurements were taken on two 



 

43 
 

measurement dates in both 2013 and 2014 (Table 3.8). For soil moisture comparisons in 2013, 

measurements were pooled across red clover varieties.  

In an attempt to ensure that ROS and ambient treatments differed only in the presence or 

absence of a rain-out shelter, both treatments were irrigated each week in order to match average 

weekly rainfall. When rainfall in ambient treatments exceeded the average weekly rainfall, ROS 

treatments were further irrigated to match ambient rainfall. Soil moisture did not differ between 

rain-out shelter and ambient treatments in 2013 for either measurement date (Table 3.9). 

Volumetric soil moisture trends for 2014 are shown for the rain-out shelter and ambient plots in 

Figure 3.6. Between Julian day 189 and 199 (July 8
th

 and July 18
th

), volumetric soil moisture in 

ROS treatments appears lower in ROS treatments compared to ambient treatments (Figure 3.6).  
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Table 3.8 Measurement dates and stages of development for red clover and winter wheat for 

rain-out shelter and ambient plots at the Arkell Research Station in Arkell, ON (2013-2014). 

Year Measurement 

Date 

Winter Wheat Stage (Zadok’s Stage) Red Clover Trifoliate 

2013 June 6
th

  Anthesis  

(z60-z64) 

3
rd

 

2013 Juy 2
nd

  Dough Development 

 (z83-87) 

4
th

 

2014 July 9
th

   Milk Development 

 (z71-z77) 

4
th

 

2014 July 18
th

   Dough Development  

(z83-87) 

4
th
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Table 3.9 Volumetric soil moisture measurements
*
 (± SE) for rain-out shelter (ROS) and 

ambient plots at the Arkell Research Station in Arkell, ON (2013) 

Treatment 
Volumetric soil moisture (m

3
/m

3
) 

June 6
th

 July 2
nd

 

ROS 0.22 ± 0.021 a 0.16 ± 0.006 a 

Ambient 0.25 ± 0.021 a 0.16 ± 0.011 a 

*
 Volumetric soil moisture was calculated using gravimetric soil moisture and bulk density 

 measurements (N=8). 
a,b,c

 Means followed by different letter values within each column indicate significance at 

 𝛼=0.05 using Tukey’s test for multiple means comparisons 
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Figure 3.6 Volumetric soil moisture content for rain-out shelter and ambient treatments 

throughout the drought experiment in 2014. Red clover and winter wheat growth parameter 

measurements took place on July 9
th

 (Julian day 190) and July 18
th

 (Julian day 199). Data 

between Julian day 171 and Julian day 189 is missing due to equipment failure. 
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3.1.1.8 Soil Moisture Measurements 

In 2013, gravimetric soil moisture content was measured at each measurement date 

(Table 3.7). One sample was taken per experimental unit in each block. Soil was collected using 

a metal ring with a length of 5 cm, a diameter of 4.76 cm and a volume of 89.3 cm
3
. 

Measurements were taken at a 5-10 cm soil depth. Soil was placed immediately into a small 

plastic zip-lock bag to prevent moisture loss until a weight could be taken later that day. After a 

fresh weight was taken, the soil was transferred to a paper bag and dried at 80°C for 4 days or 

until a constant weight was achieved. Gravimetric soil moisture was calculated using the 

following equation: 

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (%) =
𝑆𝑜𝑖𝑙 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) − 𝑆𝑜𝑖𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑆𝑜𝑖𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 

Soil bulk density was calculated from the same soil samples according to Blake and Hartge, 1965 

using the volume of the metal ring (89.3 cm
3
) and the following equation: 

𝑆𝑜𝑖𝑙 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑖𝑙 (89.3 𝑐𝑚3)
 

Volumetric soil moisture (%) was calculated by multiplying the gravimetric soil moisture by the 

soil bulk density. In 2013, irrigation of control plots was delayed for 2 weeks due to equipment 

issues, therefore, May AWE volumetric soil moisture decreased for control plots (Figure 3.7). 

 In 2014 and 2015, soil moisture was measured in one experiment block using continuous 

soil moisture data loggers installed in six plots (May control, June control, May water exclusion, 

June water exclusion and ROS and ambient treatments). In 2014, 20.5 cm ECH20 soil moisture 

probes were used and in 2015, 5 cm EC-5 soil moisture probes were used (Decagon Devices 

Inc., Pullman WA, USA). Continuous volumetric water content was measured using an Em5b 

analog data logger (Decagon Devices Inc., Pullman WA, USA) every hour from the day the rain-

out shelters were installed to the day of last measurement (June AWE). Both ECH20 and EC-5 

soil moisture probes were installed at a soil depth of 10 cm and at a slight angle to avoid water 

pooling on the probe surface. In 2015, soil moisture probes were installed in a second experiment 

block and real-time measurements were made 3 times per week using a Procheck sensor read-out 

and storage system (Decagon Devices Inc., Pullman WA, USA). Absolute volumetric soil 
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moisture values are shown in Table 3.7.  Volumetric soil moisture trends are shown for May and 

June, 2013 in Figure 3.7, May 2014 in Figure 3.8, June 2014 in Figure 3.9, May 2015 in Figure 

3.10 and June 2015 in Figure 3.11.  
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Figure 3.7 Volumetric soil moisture content before (BWE) and after (AWE) the May and June 

water exclusion periods in 2013. Volumetric soil moisture was measured on May 24
th

 for May 

BWE, on June 18
th

 for May AWE, on June 6
th

 for June BWE and on July 2
nd

 for June AWE in 

both control and drought treatments.  Red clover was frost-seeded (RCS) on April 4
th

, 2013 and 

wheat anthesis (WA) occurred on June 10
th

, 2013. Data between Julian day 171 and Julian day 

189 is missing due to equipment failure. Soil moisture measurement for May BWE in drought 

treatments is missing. 
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Figure 3.8 Volumetric soil moisture content before (BWE) and after (AWE) the May water 

exclusion period in 2014. Volumetric soil moisture was measured on May 20
th

 for BWE and on 

July 9
th

 for AWE in both control and drought treatments.  Red clover was frost-seeded (RCS) on 

April 17
th

, 2014 and wheat anthesis (WA) occurred on June 11
th

, 2014. Data between Julian day 

171 and Julian day 189 is missing due to equipment failure. 
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Figure 3.9 Volumetric soil moisture content before (BWE) and after (AWE) the June water 

exclusion period in 2014. Volumetric soil moisture was measured on June 9
th

 for BWE and on 

July 18
th

 for AWE in both control and drought treatments. Red clover was frost-seeded (RCS) on 

April 17
th

, 2014 and wheat anthesis (WA) occurred on June 11
th

, 2014. Data between Julian day 

171 and Julian day 189 is missing due to equipment failure. 
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Figure 3.10 Volumetric soil moisture content before (BWE) and after (AWE) the May water 

exclusion period in 2015. Volumetric soil moisture was measured on May 28
th

 for BWE and on 

July 14
th

 for AWE in both control and drought treatments. Red clover was frost-seeded (RCS) on 

April 15
th

, 2015 and wheat anthesis (WA) occurred on June 8
th

, 2015. 
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Figure 3.11 Volumetric soil moisture content before (BWE) and after (AWE) the June water 

exclusion period in 2015. Volumetric soil moisture was measured on June 11
th

 for BWE and on 

July 21
st
 for AWE in both control and drought treatments. Red clover was frost-seeded (RCS) on 

April 15
th

, 2015 and wheat anthesis (WA) occurred on June 8
th

, 2015 
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3.1.1.9 Data Collection 

Within each experimental unit were two sampling units measuring 1 m in length and 0.5 

m in width (Figure 3.5) located 30 cm from the edge of the rain-out shelter. Measurements of 

winter wheat and red clover growth parameters occurred within these sampling units at two 

specific measurement dates: before the water exclusion period (BWE) and after the water 

exclusion period (AWE) (Table 3.7). BWE measurements occurred on the first day of the water 

exclusion period and AWE measurements occurred on the last day of the water exclusion period 

in both control and water exclusion treatments (Table 3.7). On each BWE and AWE 

measurement date, red clover plants within each sampling unit were counted to determine stand 

density and red clover and winter wheat above-ground biomass was collected. In 2015, shoot 

relative water content was measured on AWE measurement dates.  

Red clover stand count and above-ground biomass 

At each measurement date (Table 3.7) in the 0.5 m
2
 sampling unit, red clover was 

counted and harvested using hand clippers and cut at the soil surface. Samples were dried at the 

Crop Science Building, University of Guelph at 80°C for 4 days or until a constant weight was 

achieved.  

Red clover shoot relative water content (RWC) 

 In 2015, shoot RWC of red clover was measured for control and drought plots on AWE 

measurement dates (May AWE, June AWE, Table 3.7). Fresh weight (FW) was taken in the field 

immediately after harvest. Shoots were then put into a zip-lock bag filled with de-ionized water. 

Turgid weight (TW) was taken after 8 hours. Shoot samples were then dried the Crop Science 

Building, University of Guelph at 80°C for 4 days or until a constant weight was achieved at 

which time dry weight (DW) was recorded. RWC was determined using the equation below: 

𝑅𝑊𝐶 =
(𝐹𝑊 − 𝐷𝑊)

(𝑇𝑊 − 𝐷𝑊)
𝑥100% 

Winter wheat above-ground biomass 

At each measurement date (Table 3.7) in the 0.5 m
2
 plot, winter wheat was harvested 

using hand clippers as close to the ground as possible. Samples were either dried at the Crop 

Science Building, University of Guelph or at the Elora Research Station at 80°C for 4 days or 
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until a constant weight was reached. Throughout this experiment, June AWE measurements took 

place no more than a week prior to when wheat was harvested by the Arkell Research Station.  

Drought Tolerance Index (DTI) 

 The drought tolerance index took into account both before (BWE) and after (AWE) water 

exclusion treatment measurements to provide a measure of relative drought tolerance for red 

clover and winter wheat. For red clover stand density, the DTI was calculated as: 

 

𝐷𝑇𝐼𝑠𝑡𝑎𝑛𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐴𝑊𝐸

𝐵𝑊𝐸
 

The above DTI describes stand density after water exclusion relative to the stand density before 

water exclusion. A higher DTI for stand density indicates a higher drought tolerance. For red 

clover above-ground biomass and above-ground biomass per plant, the drought tolerance index 

was calculated as: 

𝐷𝑇𝐼𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =
(𝐴𝑊𝐸 − 𝐵𝑊𝐸)

𝐵𝑊𝐸
 

The above DTI describes the biomass that was gained after water exclusion relative to biomass 

before drought occurred. A higher DTI for biomass indicates a higher drought tolerance. 

Soil Texture 

 Soil samples were collected using a metal ring with a length of 5 cm, a diameter of 4.76 

cm and a volume of 89.3 cm
3
. A total of 8 equally spaced samples per field within the 

experiment area (2013- 2015) were taken at a 5-10 cm soil depth. Soil texture was determined 

using the method outlined in Carter (1993) which is a simplified version of the Hydrometer 

Method from Day (1965). To remove any rocks and debris, soil was passed through a 2 mm 

sieve and 100 g of soil was used for each sample as suggested by Carter (1993) for loamy or 

sandy soils.  

Soil hydraulic conductivity and wilting point 

 Soil hydraulic conductivity and wilting point were calculated using the soil water 

characteristics calculator developed by Saxton and Rawls (2009). Variables input into the 

calculator included % sand, % silt and % clay for soil in 2013, 2014 and 2015 (Table 3.1) and an 
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organic matter value of 4.0% as determined by Stratford Agi Analysis in April, 2001 and a bulk 

density of 1.3 g/cm
3
 as this was the highest value allowed in the calculator (Table 3.1). 

Soil Temperature 

 In 2014, soil temperature data was collected using HOBO H8 external channel data 

loggers (Onset Computer Corp., Pocasset, MA). Probes were installed in one block of the 

experiment in six plots (May control, June control, May water exclusion, June water exclusion 

and ROS and ambient treatments). Soil temperature measurements were taken at a 10-cm depth 

every hour from the day the ROS were installed to the last measurement date (June AWE, Table 

3.7). 

Photosynthetically Active Radiation (PAR) 

Light penetration measurements in 𝜇mol/m
2
/s were made on July 8, 2015 using a LI-190 

quantum line sensor (Licor, Lincoln, Nebraska, USA). Light penetration through the rain-out 

shelter was measured just above the wheat canopy underneath the middle portion of the rain-out 

shelter. Light penetration through the wheat canopy was measured by placing the sensor on the 

soil surface beneath the wheat canopy parallel to wheat rows in the middle portion of the plot. To 

assess incident light above the wheat canopy, the sensor was placed just above the wheat canopy, 

not underneath the rain-out shelter. Line sensor measurements were taken in 3 blocks of four 

treatments under rain-out shelters (May control, June control, May drought, June drought) and in 

an ambient plot. Four measurements were taken per plot.  

Air Temperature 

Air temperature was taken using outdoor thermometers hung from underneath the rain-

out shelter just above the wheat canopy. Ambient air temperature was taken by suspending the 

thermometer just above the wheat canopy on a wooden stake. Thermometers were placed in one 

block of the experiment in six plots (May control, June control, May drought, June drought, 

Rain-out shelter Control and ambient). Temperature measurements were taken on each 

measurement date. 

Rain-out Shelter Transition Zone 

To determine the effectiveness of the ROS in excluding water from the experiment units, 

volumetric soil moisture measurements were made underneath the ROS less than 24 hours after a 

heavy rainfall (28.6 mm) on July 8
th

 2015. The soil moisture transition zone underneath the ROS 
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was determined using a FieldScout Time Domain Reflectometer (TDR) 300 Soil Moisture Probe 

(Spectrum Technologies, Plainfield, IL) with 12 cm tips. Three measurements were made every 

15 cm in three June water exclusion treatment plots under a ROS. The measurements were made 

across the 160 cm width in the middle portion of the rain-out shelter.  

3.1.1.10 Statistical Analysis 

All data were analyzed using SAS version 9.3 and PROC GLIMMIX. The variance 

model was a two-factor factorial and the response variables were analysed separately for the May 

and June water exclusion periods and for each different year. A pooled analysis of red clover and 

winter wheat growth parameters across years and water exclusion periods was not conducted as 

each water exclusion period within each year was different in terms of total length (2013 vs 

2014/2015), soil moisture values before water exclusion and to what degree the soil dried to 

(especially in comparison to the soil wilting point which was different between years). Winter 

wheat yield was also different between years. Finally, in the pooled analysis, stand densities 

were not significantly different between watering regimes. Separating the analysis by years and 

water exclusion periods allowed for a detailed discussion of the factors influencing the response 

of red clover in each specific year and water exclusion period combination.  

The first factor was treatment (control or water exclusion) and the second factor was red 

clover variety (Belle or Altaswede). All variables from data collected in 0.5 m
2
 plots were 

doubled before the analysis in order to present data per m
2
. The experiment was arranged as a 

randomized complete block design. Treatment, variety and their interaction were considered 

fixed effects and block was considered a random effect. A negative binomial distribution and a 

log link function were used to analyse red clover stand density, a lognormal distribution with an 

identity link function were used to analyze red clover above-ground biomass and above-ground 

biomass per plant and a Gaussian distribution with an identity link function was used to analyse 

winter wheat biomass. When residual variances were found to be heterogeneous over fixed effect 

levels, a heterogeneous error model was used. The generalized chi-square value normalized by 

the number of degrees of freedom was used to confirm the fit of the heterogeneous error models. 

Tukey’s test for multiple means comparisons was used to compare means and differences were 

considered significant at p < 0.05. Means and standard errors were converted to the data scale 

using the ILINK option PROC GLIMMIX. 



 

58 
 

Kendle’s Tau concordance analysis was used to describe the association between winter 

wheat above-ground biomass and red clover stand density in AWE measurements, pooled across 

experiment years and water exclusion periods, using PROC CORR. Kendle’s Tau concordance 

was used as the distributions of response variables were not normal and Kendle’s Tau is 

considered more conservative and is generally preferred for smaller sample sizes (Bowley, 

2015). 

3.1.2 Uniformity Experiment 

3.1.2.1 Site Description 

The experiment was located in the same field as the previous drought experiment at the 

Arkell Research Station in Arkell, ON in 2015 (Table 3.1).  Temperature and precipitation data 

for 2015 is shown in Table 3.2. 

3.1.2.2 Winter Wheat and Red Clover Management 

Winter wheat variety, seeding and management was identical to the previous drought 

experiment in 2015 (Table 3.5, Table 3.6). Red clover was frost-seeded to winter wheat on April 

15, 2015 (Table 3.1) using the same seeding method as the previous drought experiment in 2015.  

The red clover DC variety Belle (Mapleseed, Lindsay, ON) was used at a seeding rate of 9 kg/ha 

of pure live seed adjusted to accommodate germination rates (Table 3.4).   

3.1.2.3 Experimental Design 

 The experiment was arranged as a completely random design with six replications. There 

was one factor, “watering regime”, with two levels, irrigated and non-irrigated. Irrigated plots 

were watered each week up to the average weekly rainfall, or 17 mm/week (see Section 3.1.1.6), 

for the entire duration of the experiment. If rainfall exceeded the average weekly rainfall, the 

plots were not irrigated. Non-irrigated treatments were not irrigated for the entire duration of the 

experiment. In 2015, irrigated plots were only irrigated once per week for three weeks at the 

beginning of May when weekly rainfall was less than average (Figure 3.12). Irrigation 

methodology was the same as for the previous drought experiment. Each main plot was 5 m by 5 

m (Figure 3.13). Within each main plot were 8 square subplots that were 0.5 m
2
 or 0.7m by 0.7m 

(Figure 3.13).  
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Figure 3.12 Volumetric soil moisture for two watering regimes (irrigated and not irrigated) for 

the uniformity experiment in 2015. Red clover was frost-seeded (RCS) on April 15
th

 and winter 

wheat anthesis (WA) occurred on June 8
th

. Asterisks (*) indicate irrigated treatments were 

irrigated up to the average rainfall. Red clover was counted three times: Count 1 (May 29
th

), 

Count 2 (July 1
st
), Count 3 (July 17

th
). 
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Figure 3.13 One replication of the uniformity experiment in 2015. The light grey area is the 

main plot and dark grey squares are the eight 0.5 m
2
 subplots. 
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3.1.2.4 Data Collection 

 Within each of the 8 subplots (0.5m
2
) stand counts were taken on May 29, July1 and July 

17 (Table 3.10). On July 17, winter wheat and red clover above-ground biomass was also 

measured. Red clover stand densities were initially measured 6 weeks after planting, directly 

following a period of 19 days where cumulative precipitation totalled 1.8 mm (Table 3.10, 

Figure 3.12). Subsequent measurements were made at weeks 10 and 12 after planting where 

cumulative precipitation totalled 229 mm and 288 mm, respectively, both of which exceeded 9-

year average precipitation (Figure 3.12). 

Red Clover Stand Count and Above-ground Biomass 

On the first two measurement dates (May 29 and July 1, 2015), in each of the eight 0.5 

m
2
 quadrants, red clover plants were counted. On the last measurement date (July 17, 2015) red 

clover plants were counted and cut at the soil surface using hand clippers. Above-ground 

biomass samples were dried at the Crop Science Building at the University of Guelph at 80°C for 

4 days or until a constant weight was achieved.  

Winter wheat above-ground biomass 

Winter wheat above-ground biomass was harvested on the last measurement date (July 

17, 2015) using hand clippers and cut as close to the soil surface as possible. Samples were dried 

at the Crop Science Building, University of Guelph at 80°C for 4 days or until a constant weight 

was achieved.  Winter wheat harvest in this experiment took place no more than a week prior to 

when wheat was harvested by the Arkell Research Station.  

Rainfall and Irrigation 

 Daily cumulative rainfall data was taken from Agricorp for the Puslinch weather station 

located 14 km from the Arkell Research Station. The same weekly average rainfall value of 17 

mm / week was used in this experiment as for the previous drought experiment. A rain gauge 

located on site was checked each Thursday to determine how much water the irrigated plots 

would need. Irrigation methods were the same as for the previous drought experiment. 

Soil Moisture Content 

Soil moisture was measured using continuous soil moisture data loggers installed in two 

repetitions each of the irrigated and non-irrigated plots. The experiment used ECH20 soil 

moisture probes and a Procheck sensor to make instantaneous measurements (Decagon Devices 
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Inc., Pullman WA, USA). Soil moisture was measured at a 0-15cm soil depth and measurements 

of volumetric water content were made 3 times a week from May 6
th

 – July 17
th

, 2016. ECH20 

probes were installed on a slight angle to prevent water pooling on the probe surface.  

Photosynthetically Active Radiation (𝑷𝑨𝑹) 

PAR measurements in 𝜇mol/m
2
/s were made on July 8, 2015 using a LI-190 quantum 

line sensor (Licor, Lincoln, Nebraska, USA). Light penetration through the wheat canopy was 

measured by placing the sensor on the soil surface beneath the wheat canopy parallel to wheat 

rows in the middle portion of the plot. To assess incident light above the wheat canopy, the 

sensor was placed just above the wheat canopy. Line sensor measurements were taken in 3 

repetitions of both the irrigated and non-irrigated treatment plots. Four measurements were taken 

per repetition. 

Coefficient of Variation (CV) 

The CV was measured using the mean (�̅�) and standard deviation (s) of the eight 

quadrants within each replicate. The CV was expressed as a percentage and was determined 

using the equation below: 

𝐶𝑉 =
𝑠

�̅�
 𝑥 100% 

 

 

 

 

 

 

 

 

 

 

 



 

63 
 

Table 3.10 Measurement dates and stages of development for red clover and winter wheat in 

irrigated treatment plots of the uniformity experiment at the Arkell Research Station 2015. 

Measurement date 
Weeks after red 

clover seeding 

Winter Wheat Stage 

(Zadok’s Stage) 
Red Clover Trifoliate 

May 29 6 Stem Elongation 

(z34-z36) 

2
nd

 

July 1 10 Dough Development 

 (z83-87) 

4
th

 

July 17 12 Dough Development  

(z83-87) 

4
th
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3.1.2.5 Statistical Analysis 

 All data were analyzed using SAS version 9.3 and PROC GLIMMIX. Red clover stand 

density was arranged as a completely random design and the variance model was repeated 

measures with subsampling. Watering regime (irrigated or non-irrigated), count date (week) and 

their interaction were considered fixed effects and rep within watering regime was considered a 

random effect. A negative binomial distribution and a log link function were used. Red clover 

stand count CV was analysed as a repeated measures model with watering regime, measurement 

date (week) and their interaction considered as fixed effects. A lognormal distribution and an 

identity link function were used. Red clover and winter wheat biomass variables and the CV for 

biomass variables were analysed as a completely randomized design with watering regime as the 

sole fixed effect. This is because these measurements were only taken on the final measurement 

date. A lognormal distribution and an identity link function were used. Where residual variances 

were found to be heterogeneous across factor levels, a heterogeneous error model was used. The 

generalized chi-square value normalized by the number of degrees of freedom was used to 

confirm the fit of the heterogeneous error model. Tukey’s test for multiple means comparisons 

was used to compare means and differences were considered significant at p < 0.05. The SLICE 

statement in SAS was used in the case of significant interactions to determine significances of 

one factor within levels of another factor. Means and standard errors were converted to the data 

scale using the ILINK option PROC GLIMMIX. 

3.2 Results 

3.2.1 Rain-out Shelter (ROS) Effect 

The ROS was a successful apparatus to achieve drought stress. A soil moisture transition 

zone measured after a heavy rainfall in July, 2015 was found to be present underneath the ROS 

(Figure 3.14). Volumetric soil moisture content within the sampling area underneath the ROS 

was 60% lower than at the outer edges of the ROS (Figure 3.14). The texture of the soil at the 

Arkell Research Station was determined to be a silty loam with a saturated hydraulic 

conductivity of 1.4 cm/hour, averaged across all three years, and it is unlikely that water moved 

into the sampling area (Table 3.1). Finally, shoot RWC was 29% and 22% lower in water 

exclusion treatments than in control treatments after the water exclusion periods in May and 

June, respectively which indicated that red clover was experiencing water stress (Table 3.11).  
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The ROS allowed an average of 80% of PAR through to the wheat canopy (Table 3.12). 

PAR values measured under the wheat canopy were 567 𝜇mol/m
2
/s for ambient plots and ranged 

from 453-500 𝜇mol/m
2
/s for plots under ROSs on July 8

th
, 2015 (Table 3.13). The light 

compensation point for red clover is around 140 𝜇mol/m
2
/s (Kendall and Stringer, 1985) which 

is below the measured PAR levels under both wheat canopies and ROSs. However, Blaser et al 

(2011) observed that the leaf area index of winter wheat was highest during wheat anthesis, 

which occurred around June 8
th

, 2015, and PAR could have been lower during this time period.  

Soil temperature, measured in water exclusion treatments in 2014, was an average of 

0.6°C warmer than in control plots throughout the experiment with a maximum positive and 

negative difference of 5.4°C and -6.3°C, respectively (Figure 3.15). Soil temperature under 

ROSs showed less extreme daily fluctuations than ambient soil temperatures which were higher 

during the day and lower at night (Figure 3.16). Air temperature, measured in water exclusion 

plots in 2014, was at most 1 °C warmer and 1.5°C cooler, respectively, in water exclusion plots 

compared to control plots, although measurements were only taken on three days throughout the 

winter wheat growing season (Appendix A1). Additionally, air temperatures under the ROS were 

at most 1°C warmer and 4°C cooler than ambient temperatures (Appendix A2).   

In 2013, treatments under ROSs and ambient treatments were harvested June 6
th

 and July 

2
nd

 (Table 3.14) and in 2014, both treatments were harvested later in the season, on July 9
th

 and 

July 18
th

 (Table 3.15). There were no significant differences between Belle and Altaswede 

varieties in ROS compared with ambient treatments in 2013 (Appendix B1). Therefore, the data 

presented in Table 3.14 were pooled across red clover varieties. In 2014, only Belle was used in 

the ROS experiment and Table 3.15 presents results from just this variety. In 2015, rainfall was 

too heavy to irrigate the ROSs up to ambient precipitation levels each week and the experiment 

was not completed.  In 2013, the ROS had no significant effects on red clover stand density or 

red clover or winter wheat above-ground biomass compared to ambient treatments (Table 3.14). 

However, on the second harvest date in 2014, there were significant decreases in red clover stand 

density, above-ground biomass and above-ground biomass per plant in ROS treatments 

compared to ambient treatments (Table 3.15). However, there were no significant differences in 

winter wheat above-ground biomass in ROS compared to ambient treatments in 2014 (Table 

3.15).  
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Figure 3.14 Volumetric soil moisture content (± SE) measurements made in 15 cm increments 

along the 160 cm width of the middle portion underneath the rain-out shelter. The sampling area 

was 1 m wide, extending 50 cm in each direction from the centre of the rain-out shelter, as 

indicated. Measurements were made less than 24 hours after a 28.6 mm rainfall on July 8
th

, 2015. 

Volumetric soil moisture measurements were made using a TDR soil moisture metre with a 15-

cm probe length. N=3. 
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Table 3.11 Shoot relative water content (RWC ± SE) of red clover measured after water 

exclusion in water exclusion and control treatments after both the May and June water 

exclusion periods (2015)
* 

Watering Regime 

RWC (%) 

May Water Exclusion Period June Water Exclusion Period 

Control 65.9 ± 0.94 a 68.6 ± 4.22 a 

Drought 47.0 ± 6.10 b 53.5 ± 2.05 b 

a,b
 Means within columns followed by different letter values indicate significance at p = 0.05 

 using Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a randomized complete block design (N=4) 
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Table 3.12 Mean photosynthetically active radiation (PAR ± SE) above the wheat canopy in 

plots not underneath (ambient) and underneath (ROS) a rain-out shelter on July 8
th

 in Arkell, ON 

(2015)
*
 

Plot PAR (𝜇mol/m
2
/s) 

Ambient 2075 ± 27.0 a 

ROS 1660 ± 12.6 b 

a,b
 Means followed by different letter values indicate significance at p = 0.05 using Tukey’s 

test for multiple means comparisons 
*
 Experiment was arranged as a completely random design with subsampling (N=10) 
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Table 3.13 Photosynthetically active radiation (PAR ± SE) measurements beneath the wheat 

canopy in plots not underneath (ambient) and underneath (ROS) a rain-out shelter for control and 

drought (May and June water exclusion periods)  treatments on July 8
th

 in Arkell, ON (2015)
* 

Environment Treatment PAR (𝜇mol/m
2
/s) 

No rain-out shelter Ambient 567 ± 40.9 a 

Rain-out shelter Control 493 ± 20.7 a 

Rain-out shelter May water exclusion period 500 ± 52.0 a 

Rain-out shelter June water exclusion period 453 ± 31.5 a 

a
 Means followed by different letter values indicate significance at p = 0.05 using Tukey’s 

 test for multiple means comparisons 
*
 Experiment was arranged as a completely random design with subsampling (N=12) 
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Figure 3.15 Daily soil temperature fluctuations in control and water exclusion treatments for the 

June drought period in 2014. Measurements were made between May 6
th

 and July 1
st
. 
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Figure 3.16 Soil temperature fluctuations in plots with rain-out shelters and in ambient plots in 

2014. Measurements were made from May 6
th

 (Julian day 126) – July 1
st
 (Julian day 182). 
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Table 3.14 Red clover (RC) mean stand densities, above-ground biomass and above-ground 

biomass per plant and winter wheat mean above-ground biomass (± SE) in treatments 

underneath rain-out shelters (ROS) and in ambient (not underneath a ROS) treatments for two 

measurement dates at the Arkell Research Station in Arkell Ontario (2013)
* 

Treatment 

RC above-ground 

biomass 

(g DM/m
2
) 

RC above-ground 

biomass/plant 

(mg/plant) 

RC stand 

density 

(# plants/m
2
) 

Winter wheat 

biomass 

 (g DM/m
2
) 

June 6
th

 

ROS 0.35 ± 0.078 a 7.6 ± 0.19 a 62 ± 13.4 a 417 ± 14.9 a 

Ambient 0.20 ± 0.045 a 3.4 ± 0.78 a 56 ± 12.9 a 481 ± 14.9 a 

 July 2
nd

 

ROS 0.44 ± 0.070 a 7.2 ± 2.06 a 51 ± 8.7 a 775 ± 32.1 a 

Ambient 0.29 ± 0.046 a 4.7 ± 1.34 a 55 ± 9.2 a 834 ± 32.1 a 

a
 Means within measurement dates followed by different letter values indicate 

 significance at 𝛼=0.05 using Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a randomized complete block (N=8); means presented are 

 pooled across two red clover varieties (Belle and Altaswede) 
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Table 3.15 Red clover (RC) mean stand densities, above-ground biomass and above-ground 

biomass per plant and winter wheat mean above-ground biomass (± SE) in treatments 

underneath rain-out shelters (ROS) and in ambient (not underneath a ROS) treatments for two 

measurement dates at the Arkell Research Station in Arkell Ontario (2014)
*
 

Treatment 

RC above-ground 

biomass 

(g DM/m
2
) 

RC above-ground 

biomass/plant 

(mg/plant) 

RC stand 

density 

(# plants/m
2
) 

Winter wheat 

biomass 

 (g DM/m
2
) 

July 9
th

  

ROS 2.74 ± 0.778 a  22.0 ± 3.14 a 126 ± 24.5 a 827 ± 109.0 a 

Ambient 9.94 ± 2.822 a 48.6 ± 6.94 a 221 ± 42.4 a 972 ± 109.0 a 

 July 18
th

 

ROS 6.14 ± 3.864 b 55.6 ± 11.69 a 91 ± 14.9 b 990 ± 66.5 a 

Ambient 32.42 ± 5.335 a 84.4 ± 9.93 a 264 ± 41.6 a 994 ± 66.5 a 

a,b
 Means within measurement dates followed by different letter values indicate 

 significance at 𝛼=0.05 using Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a randomized complete block (N=2) 
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3.2.2 Drought Experiment 

 Despite equal seeding rates, red clover stand densities were lower in 2013 than in 2014 

and 2015 (Table 3.16) which could be due to increased biotic stress experienced by a number of 

red clover plants in June within populations of both Altaswede and Belle. Biotic stress was likely 

due to powdery mildew (Figure 3.17) which affects red clover frequently (Taylor, 2008). The 

possible appearance of this fungal disease was only observed in 2013. Additionally, while the 

herbicide Buctril-M is safely applied to red clover in the 1
st
-3

rd
 trifoliate stage providing there is 

no additional stress (OMAFRA, 2015), biotic stress could have interacted with the effect of the 

herbicide to cause lower stand densities in 2013.  

The May and June water exclusion periods had inconsistent effects on red clover growth 

parameters over the years the experiment was repeated. Red clover was negatively affected by 

the June water exclusion period of 2013 and 2015 and by the May water exclusion period of 

2014 (Table 3.16). Wheat above-ground biomass was affected by both water exclusion periods in 

2013 and 2014 but by neither in 2015 (Table 3.16). Additionally, wheat biomass AWE, averaged 

between the May and June water exclusion periods and across all three years, was significantly 

linearly associated with red clover stand density (Figure 3.18). 

Effects of water exclusion on red clover growth 

In 2013, red clover growth parameters were not significantly affected by the May water 

exclusion period (Table 3.16). However, red clover stand density and above-ground biomass 

were significantly lower, by 81% and 83%, respectively, in water exclusion treatments compared 

to control treatments AWE in June (Table 3.16). Red clover above-ground biomass per plant was 

not significantly reduced in water exclusion treatments suggesting that above-ground biomass 

decreases were mainly due to lower stand densities (Table 3.16). Wheat above-ground biomass 

decreased significantly AWE in May and June, by 24% and 25%, respectively (Table 3.16).  

In 2014, red clover growth parameters were not significantly affected by the June water 

exclusion period (Table 3.16). However, red clover stand density, above-ground biomass and 

above-ground biomass per plant were significantly lower, by 42%, 74% and 54%, respectively, 

in water exclusion compared to control treatments AWE in May (Table 3.16). Wheat above-

ground biomass decreased significantly AWE in May and June, by 13% and 18%, respectively 

(Table 3.16).  
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In 2015, red clover growth parameters were not significantly affected by the May water 

exclusion period (Table 3.16). However, red clover stand density, above-ground biomass and 

above-ground biomass per plant were significantly lower, by 46%, 92% and 52%, respectively, 

in water exclusion compared to control treatments AWE in June (Table 3.16). Wheat above-

ground biomass was not significantly different between control and water exclusion treatment 

plots AWE in either May or June (Table 3.16).                                                                                                                                                                               

Differences between Belle and Altaswede red clover varieties 

 In 2013, there were no significant differences in any growth parameters between Belle 

and Altaswede red clover varieties BWE or AWE for either the May or June water exclusion 

period (Table 3.17, Table 3.18, Table 3.19). In 2014, Belle had significantly higher stand 

densities (Table 3.17) and above-ground biomass (Table 3.18) than Altaswede BWE in May but 

not BWE in June.  

In 2014, May AWE stand densities were not significantly different between Belle and 

Altaswede (Table 3.17); however, above-ground biomass and above-ground biomass per plant 

were significantly higher for Belle than for Altaswede (Table 3.18, Table 3.19). In 2015, Belle 

had significantly higher May and June BWE stand densities (Table 3.17), above-ground biomass 

(Table 3.18) and above-ground biomass per plant (Table 3.19) than Altaswede.  

In 2015, there were no significant differences in May AWE growth parameters between 

Belle and Altaswede, however, Belle had significantly higher June AWE stand densities (Table 

3.17), above-ground biomass (Table 3.18) and above-ground biomass per plant (Table 3.19). For 

both the May and June water exclusion periods in all three years there were no significant 

differences in the drought tolerance index (DTI), which took into account both BWE and AWE 

measurements, between the two varieties (Table 3.17, Table 3.18, Table 3.19). 
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Table 3.16  Red clover (RC) mean stand densities and biomass per plant and RC and wheat above-ground biomass (±SE) for control 

and water exclusion plots measured after May and June water exclusion periods at the Arkell Research Station, ON (2013-2015)
* 

Year Treatment 
RC stand density 

(# plants/m
2
) 

RC above-ground 

biomass (g DM/m
2
) 

RC biomass/plant 

(mg/plant) 

Winter wheat biomass 

(g DM/m
2
) 

  May water exclusion period 

2013 
Control 50 ± 20.6 a 0.17 ± 0.069 a 4.2 ± 1.13 a 591 ± 22.9 a 

Water Exclusion 39 ± 16.6 a 0.10 ± 0.039 a 2.9 ± 0.32 a 452 ± 30.5 b 

2014 
Control 140 ± 26.3 a 3.25 ± 1.073 a 24.8 ± 4.79 a 901 ± 67.2 a 

Water Exclusion 80 ± 15.3 b 0.85 ± 0.273 b 11.5 ± 2.22 b 783 ± 48.4 b 

2015 
Control 116 ± 27.4 a 2.71 ± 1.125 a 52.0 ± 16.61 a 657 ± 38.7 a 

Water Exclusion 76 ± 18.3 a 0.75 ± 0.311 a 25.5 ± 2.86 a 657 ± 43.0 a 

  June water exclusion period 

2013 
Control 43 ± 17.4 a 0.18 ± 0.107 a 4.98 ± 1.01 a 773 ± 51.0 a 

Water Exclusion 8  ± 3.3 b 0.03 ± 0.009 b 3.34 ± 0.60 a 580 ± 42.7 b 

2014 
Control 115 ± 21.6 a 3.7 ± 1.49 a 32.3 ± 7.09 a 1053 ± 32.5 a 

Water Exclusion 90 ± 17.0 a 2.6 ± 1.04 a 28.9 ± 6.36 a 867 ± 59.9 b 

2015 
Control 149 ± 35.7 a 1.96 ± 0.388 a 96.1 ± 20.87 a 684 ± 31.8 a 

Water Exclusion 80 ± 19.4 b 0.16 ± 0.646 b 46.0 ± 13.44 b 649 ± 31.8 a 

a,b
 Means within water exclusion periods and years followed by different letter values indicate significance at 𝑝 < 0.05 using 

 Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a randomized complete block design (N=4) 
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Figure 3.17 Photograph of possible incidence of powdery mildew on red clover photographed on 

July 16
th

, 2013 at the Arkell Research Station in Arkell, Ontario. 
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Figure 3.18 A scatterplot of the association between winter wheat above-ground biomass and 

red clover stand density after water exclusion. Kendall’s Tau (𝜏) coefficient is reported. Data was 

pooled across 2013-2015 including both May and June water exclusion periods (N=45).  
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a,b
 Means within water exclusion  periods (May and June) and years followed by different 

 letter values indicate significance at 𝑝 = 0.05 using Tukey’s test for multiple means 

 comparisons 
*
 Experiment was arranged as a randomized complete block design (N=4) 

** 
A higher DTI indicates higher drought tolerance 

 

Table 3.17 Red clover means before (BWE) and after (AWE) water exclusion for stand density 

(±SE) and drought tolerance index (DTI) for Belle and Altaswede varieties after the May and 

June water exclusion periods at the Arkell Research Station in Arkell, ON (2013-2015)
* 

Year Variety 

Red clover stand density (# plants / m
2
) 

BWE AWE DTI
** 

  May  water exclusion  period 

2013 

Belle 59 ± 28.3 a 50 ± 21.05 a 0.3 ± 0.12 a 

Altaswede 39 ± 18.9 a 38 ± 16.27 a 0.8 ± 0.41 a 

2014 

Belle 169 ± 22.7 a 127 ± 24.05 a 0.8 ± 0.10 a 

Altaswede 116 ± 15.0 b 88 ± 16.77 a 0.8 ± 0.14 a 

2015 

Belle 184 ± 23.2 a 165 ± 39.97 a 1.0 ± 0.25 a 

Altaswede 103 ± 13.2 b 54 ± 12.87 b 0.6 ± 0.13 a 

  June  water exclusion  period 

2013 

Belle 59 ± 22.7 a 26 ± 10.8 a 0.3 ± 0.16 a 

Altaswede 39 ± 15.0 a 13  ± 5.4 a 0.2 ± 0.01 a 

2014 

Belle 168 ± 28.1 a 115 ± 21.6 a 0.7 ± 0.10 a 

Altaswede 182 ± 30.4 a 90 ± 17.1 a 0.5 ± 0.12 a 

2015 

Belle 219 ± 29.8 a 153 ± 52.7 a 0.8 ± 0.13 a 

Altaswede 115 ± 22.6 b 73  ± 25.4 a 0.7 ± 0.15 a 
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a,b
 Means within water exclusion  periods (May and June) and years followed by different 

 letter values indicate significance at 𝑝 = 0.05 using Tukey’s test for multiple means 

 comparisons 
*
 Experiment was arranged as a randomized complete block design (N=4) 

** 
A higher DTI indicates higher drought tolerance 

Table 3.18  Red clover means before (BWE) and after (AWE) water exclusion for above-ground 

biomass (±SE) and drought tolerance index (DTI) for Belle and Altaswede varieties after the 

May and June water exclusion periods at the Arkell Research Station in Arkell, ON (2013-2015)
* 

Year Variety 

Red clover above-ground biomass (g DM/ m
2
) 

BWE AWE DTI
** 

  May  water exclusion  period 

2013 

Belle 0.41 ± 0.240 a 0.17 ± 0.065 a -0.6 ± 0.15 a 

Altaswede 0.10 ± 0.058 a 0.10 ± 0.041 a 0.5 ± 0.82 a 

2014 

Belle 0.48 ± 0.063 a 2.67 ± 0.755 a 5.9 ± 1.01 a 

Altaswede 0.27 ± 0.074 b 1.04 ± 0.376 b 4.0 ± 1.01 a 

2015 

Belle 0.96 ± 0.162 a 4.15 ± 1.720 a 9.8 ± 4.97 a 

Altaswede 0.38 ± 0.059 b 0.49 ± 0.203 b 0.9 ± 0.31 a 

  June  water exclusion  period 

2013 

Belle 0.11 ± 0.036 a 0.09 ± 0.041 a 2.0 ± 2.19 a 

Altaswede 0.08 ± 0.023 a 0.06 ± 0.029 a -0.3 ± 1.84 a 

2014 

Belle 1.22 ± 0.388 a 3.35 ± 1.243 a 2.1 ± 0.95 a 

Altaswede 1.25 ± 0.450 a 2.79 ± 1.232 a 2.1 ± 0.95 a 

2015 

Belle 2.41 ± 0.837 a 5.32 ± 2.834 a 2.2 ± 1.04 a 

Altaswede 0.81 ± 0.281 b 1.57 ± 0.834 a 3.6 ± 1.04 a 
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a,b
 Means within water exclusion periods (May and June) and years followed by different 

 letter values indicate significance at 𝑝 = 0.05 using Tukey’s test for multiple means 

 comparisons 
*
 Experiment was arranged as a randomized complete block design (N=4) 

** 
A higher DTI indicates higher drought tolerance

Table 3.19  Red clover means before (BWE) and after (AWE) water exclusion for above-ground 

biomass per plant (±SE) and drought tolerance index (DTI) for Belle and Altaswede varieties 

after the May and June water exclusion periods at the Arkell Research Station in Arkell, ON 

(2013-2015)
* 

Year Variety 

Red clover above-ground biomass per plant (mg/plant) 

BWE AWE DTI
** 

  May  water exclusion  period 

2013 

Belle 2.8 ± 0.97 a 3.9 ± 0.80 a 0.2 ± 0.23 a 

Altaswede 1.5 ± 0.52 a 3.1 ± 0.65 a 1.0 ± 0.62 a 

2014 

Belle 2.9 ± 0.14 a 22.0 ± 3.62 a 7.4 ± 1.20 a 

Altaswede 2.5 ± 0.26 a 13.0 ± 2.83 b 5.2 ± 1.20 a 

2015 

Belle 10.9 ± 0.67 a 56.8 ± 13.59 a 0.7 ± 0.12 a 

Altaswede 7.7 ± 0.44 b 23.4 ± 5.59 b 0.2 ± 0.41 a 

  June  water exclusion  period 

2013 

Belle 3.8 ± 1.11 a 3.7 ± 0.26 a 0.3 ± 0.26 a 

Altaswede 2.9 ± 0.54 a 4.5 ± 1.17 a 0.8 ± 0.26 a 

2014 

Belle 7.4 ± 0.89 a 29.9 ± 6.56 a 3.3 ± 0.69 a 

Altaswede 7.0 ± 0.84 a 31.3 ± 6.86 a 3.9 ± 0.69 a 

2015 

Belle 22.1 ± 3.40 a 75.4 ± 19.39 a 3.0 ± 0.82 a 

Altaswede 2.3 ± 2.30 b 58.7 ± 15.10 a 4.0 ± 0.82 a 
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3.2.3 Uniformity Experiment 

 Red clover above-ground biomass and stand density, in addition to stand uniformity, 

were found to be affected by low precipitation in early May, 2015. Irrigated plots had 

significantly higher stand counts across the three measurement dates (week 6, week 10 and week 

12 after red clover seeding) than non-irrigated plots due a 19 day period just before week 6 

where precipitation was below 9-average values (Table 3.20). A watering regime x week 

interaction indicated that while stand counts in irrigated plots did not vary by more than 6.5% 

across all three measurement dates, stand counts in non-irrigated plots increased by 79% between 

week 6 and week 12 where precipitation increased above the 9-average weekly rainfall (Table 

3.21). An increase in red clover stand densities in non-irrigated plots after precipitation increased 

was partly associated with the occurrence of new growth on plants that had previously appeared 

non-viable due to leaf desiccation and would not have been seen or counted at week 6 (Figure 

3.19). The CV for stand count was 19% higher in non-irrigated compared to irrigated plots 

suggesting that red clover stand non-uniformity increased due to below-average precipitation in 

early May (Table 3.21). The CV presented in Table 3.21 is pooled across weeks as the week x 

treatment interaction was not significant.  

 At week 12, red clover biomass per plant and winter wheat and red clover above-ground 

biomass were not significantly different between irrigated and non-irrigated plots (Table 3.22). 

The CVs for red clover and winter wheat were also not significantly affected by irrigation at 

week 12 (Table 3.22). There was a significant association between week 12 stand density and red 

clover above-ground biomass in both irrigated and non-irrigated plots (Figure 3.20). Due to a 

lack of data points resulting in the occurrence of highly influential points, specifically at higher 

stand densities, a regression line was not fit. Additionally, data was not normally distributed for 

either parameter. 
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Table 3.20 Analysis of variance of watering regime (WR; irrigated or non-irrigated plots) and 

measurement date (6, 10 or 12 weeks after red clover seeding) for stand density (# plants/m
2
) at 

the Arkell Research Station in Arkell, ON (2015)
*
 

Effect Numerator DF Denominator DF F Value P-value 

WR 1 10 21.66
** 

0.0009 

Week 2 271 5.51
** 

0.0045 

WR x Week 2 271 3.81
* 

0.0233 

Cov Parm
** 

Estimate Standard Error   

Rep(WR) 0.1104 0.05622   

Variance 1.1253 0.1063   

CS 0.1275 .   

Scale 0.3174 .   

*
 Experiment was arranged as a completely random design with repeated measures (week) 

 and subsampling (N=48; 6 repetitions and 8 subsamples per repetition) 
** 

Effects were considered significant at p = 0.05; p-values < 0.05 are in bold 
***

 Data was analyzed with the Laplace method, a logit link and a binomial distribution 
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Table 3.21 Stand density means (# plants/m
2 

± SE) and the coefficient of variation (CV) in 

irrigated and non-irrigated plots over 12 weeks after red clover seeding at the Arkell Research 

Station in Arkell, ON (2015) 

Watering Regime 

Week 6
*
 

(May 29
th

) 

Week 10
*
 

(July 1
st
) 

Week 12
*
 

(July 17
th

) 

CV (%)
 ** 

Irrigated 264 ± 65.0 a 281 ± 69.2 a 275 ± 67.9 a 57 ± 2.9 b 

Not irrigated 77 ± 19.0 b 111 ± 27.4 b 138 ± 34.2 b 68 ± 2.9 a 

a,b
 Means within columns followed by different letter values indicate significance at 𝑝 = 

 0.05 using Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a completely random design with repeated measures (week) 

 and subsampling (N=48; 6 repetitions with 8 subsamples per repetition) 
**

 Experiment was arranged as a completely random design with repeated measures (week); 

 the CV presented is pooled across weeks (N=18; 6 repetitions and three sampling weeks) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 
 

 

Figure 3.19 Photograph of red clover re-growth from the crown in non-irrigated plots after 

leaflets and petioles were desiccated after below-average precipitation in early May, 2015. 
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Table 3.22 Mean red clover biomass per plant, winter wheat and red clover above-ground 

biomass (± SE) and the coefficient of variation (CV) for each growth parameter, 12 weeks after 

red clover seeding  at the Arkell Research Station in Arkell, ON (2015)
* 

Watering 

Regime 

Above-ground 

biomass 

(g DM/m
2
) 

Above-ground 

biomass 

CV (%) 

Above-ground 

biomass/plant 

(mg/plant) 

Above-ground 

biomass/plant CV 

(%) 

 
Red Clover 

Irrigated 16.8 ± 5.94 a 62.2 ± 4.16 a 80.8 ± 14.68 a 32.5 ± 8.36 a 

Not Irrigated 5.7 ± 2.02 a 63.0 ± 0.30 a 52.6 ± 9.27 a 28.0 ± 1.32 a 

 Winter Wheat 

Irrigated 920 ± 49.0 a 8.6 ± 2.06 a   

Not Irrigated 769 ± 49.0 a 12.4 ± 1.23 a   

a
 Means within columns followed by different letter values indicate significance at 𝑝 = 

 0.05 using Tukey’s test for multiple means comparisons 
*
 Experiment was arranged as a completely random design. N=48 for biomass parameters 

 (6 repetitions and 8 subsamples per repetition) and N=6 for CVs.
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Figure 3.20 A scatterplot of the association between red clover stand density and above-ground 

biomass harvested 12 weeks after red clover seeding in irrigated and non-irrigated treatments. 

Kendall’s Tau (𝜏) coefficient is reported, N=47. 
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3.3 Discussion 

This study was conducted in order to investigate the effect of low soil moisture on red 

clover biomass, stand density and stand uniformity of red clover when inter-seeded into winter 

wheat in controlled field experiments. Additionally, this study aimed to determine if the effects 

of low soil moisture on red clover were different depending on whether it occurred earlier or 

later during the period red clover is growing with winter wheat. The following relationships were 

expected: 1) under winter wheat, red clover stand density, above-ground biomass and stand 

uniformity would decrease when soil moisture was low, 2) under winter wheat, Altaswede (a SC 

variety) would have higher stand densities after water exclusion periods than Belle (a DC 

variety) and 3) red clover would be more affected by low soil moisture during the June water 

exclusion period than during the May water exclusion period due to soil moisture competition 

with winter wheat during anthesis, when wheat transpiration is likely high.  

3.3.1 Rain-out shelter effect on red clover and winter wheat growth 

The rain-out shelter was a successful apparatus to achieve drought stress as evidenced by the 

progressive decrease in volumetric soil moisture underneath the ROS and the significant 

decrease in shoot RWC of red clover plants after the May and June water exclusion periods in 

2015 (Figure 3.14, Table 3.11). There were slight differences in soil and air temperature detected 

between treatments under ROSs and ambient treatments; although, it is unlikely that these 

differences caused a decrease in red clover or winter wheat growth parameters (Figure 3.16, 

Appendix A). There was a significant 20% reduction in light penetration through the ROS 

relative to daylight (Table 3.12). However, in both years of the experiment, there were no 

significant differences in above-ground winter wheat biomass in treatments underneath ROSs 

compared to ambient treatments (Table 3.14, Table 3.15).  

Many studies have associated  reductions in red clover growth parameters to lower light 

availability under the wheat canopy (Blaser et al, 2006; Blaser et al, 2011; Gaudin et al, 2014) or 

to lower overall seasonal precipitation (Singer et al, 2006; Queen et al, 2009). Soil moisture 

differences were attempted to be excluded in this experiment as both treatments were irrigated 

weekly. Underneath the wheat canopy, there were no differences in light availability between 

treatments underneath ROSs and ambient treatments (Table 3.13). Light penetration through the 

ROS was reduced by 20%, however, light penetration through the wheat canopy was reduced 

more substantially, by 72% (Table 3.12, Table 3.13). There were no significant differences in red 
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clover growth parameters between ROS and ambient treatments in 2013 (Table 3.14). However, 

red clover growth parameters were already lower in 2013, compared to 2014, likely due to a 

combination of stresses, discussed below in section 3.3.2.1, which could have obscured any 

possible impact of the ROS. In 2013, there were no significant differences in volumetric water 

content between ROS and ambient treatments (Table 3.9).  

In 2014, at one measurement date, red clover biomass and stand count were significantly 

decreased by the ROS (Table 3.15). While not significant, red clover above-ground biomass and 

stand density at the first harvest date in 2014 were also decreased by the ROS compared to 

ambient treatments (Table 3.15). Blaser et al (2006) reported that the lowest measured PAR 

under the winter wheat canopy was 7-12% of daylight, around the time of anthesis. The light 

compensation point of red clover is 6% of daylight (Taylor and Smith, 1995). However, Blaser et 

al (2011) reported that when leaf area index values of winter wheat were sustained over 5.6 for 

40 consecutive days, red clover stand densities were decreased due to sustained lower light 

availability. It is possible that throughout the growing season, small, but sustained, reductions in 

light availability from the ROS decreased red clover growth parameters. Additionally, in 2014, 

the ROSs were erected 3 weeks earlier than in 2013, just 2 weeks after red clover was seeded. 

Growth and vigour of establishing seedlings can be decreased by lower light availability (Gist 

and Mott, 1957; Klebesadel and Smith, 1959; Zemenchik et al, 2000). It is possible that a minor 

factor contributing to the reduction in late season growth parameters could be an extended time 

period under the ROS, beginning earlier in the season. Additionally, in 2014, late season 

volumetric soil water content under the ROS was lower than in ambient treatments during the 

time period at which measurements were taken (July 9
th

, July 18
th

), however, due to equipment 

failure, it is unclear at which point soil moisture content began to differ between the two 

treatments (Figure 3.6). Soil moisture in plots under ROS could have decreased relative to 

ambient treatments due to differences in the frequency of irrigation compared to frequency of 

ambient rainfall. Treatments under ROS were irrigated each week and differences in plant water 

use between ROS and ambient treatments were likely less pronounced than between control and 

water exclusion treatments. However, due to late season differences in volumetric soil moisture 

measurements between ROS and ambient treatments, soil moisture cannot be excluded as a 

possible contributing factor to decreases in red clover growth parameters. 
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There were inconsistent differences in red clover growth parameters between control and 

water exclusion treatments in all three experiment years (Table 3.16) attributed to lower soil 

moisture availability in water exclusion plots. There were also small soil and air temperature 

differences between control and water exclusion treatments, both under ROS (Figure 3.15). 

However, this temperature difference is more likely due to the 21% decrease in winter wheat 

above-ground biomass between control and water exclusion plots in 2014 (Table 3.16), 

permitting greater light interception by the soil surface. Underneath both the wheat canopy and 

the rain-out shelter, there were no differences in light penetration between control and water 

exclusion treatment plots (Table 3.13). 

3.3.2 Low soil moisture effects on red clover growth parameters under winter wheat 

3.3.2.1 Red clover growth response to low soil moisture 

Stand densities measured BWE in May were measured 5, 6 and 7 weeks after seeding in 

2014, 2015 and 2013, respectively (Table 3.4, Table 3.7). May BWE stand densities were an 

average of 107, 140 and 138 plants/m
2
 in 2013, 2014 and 2015, respectively (Table 3.16). A 

study by Singer and Meek (2012) reported that over 7 years near Ames, Iowa, using data from 5 

published studies, a threshold red clover stand density for maximum biomass production 40 days 

after wheat harvest occurred between 88 and 150 plants/m
2
. The stand densities presented in this 

thesis for all three years are within the threshold stand density range reported by Singer and 

Meek (2012), therefore, red clover stand establishment under winter wheat 5, 6 and 7 weeks after 

seeding in 2014, 2015 and 2013, respectively, was considered to be good.  Stand density 

comparisons between control and water exclusion treatments are found in Appendix C and, as 

expected, there were no differences BWE between the two treatments.  

In 2013, red clover stand density and above-ground biomass were significantly lower, by 

81% and 83%, respectively, in water exclusion compared to control treatments AWE in June 

(Table 3.16). Between BWE and AWE measurements in June water exclusion treatments, soil 

moisture decreased by 53% to a volumetric moisture content of 0.047 m
3
/m

3
 (Table 3.7). The 

wilting point of the soil in 2013 was determined to be 0.083 m
3
/m

3
 (Table 3.1), which may 

explain decreases in red clover growth parameters after the June water exclusion period. Winter 

wheat above-ground biomass was also 25% lower in water exclusion compared to control 

treatments AWE in June (Table 3.16). Between BWE and AWE measurements in May water 
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exclusion treatments, however, soil moisture decreased by just 24% to a volumetric moisture 

content of 0.147 m
3
/m

3
. While not significant, above-ground biomass AWE in May was 40% 

lower in water exclusion compared to control treatments, likely due to 31% lower above-ground 

biomass per plant (Table 3.16). Additionally, winter wheat above-ground biomass was 

significantly lower, by 24%, in water exclusion compared to control treatments AWE in May 

(Table 3.16). However, red clover stand densities were only 22% lower in water exclusion 

compared to control treatments after the May water exclusion period compared to 81% after the 

June water exclusion period (Table 3.16). The soil moisture content at a soil depth of 10 cm 

AWE in May was above the calculated wilting point of 0.083 m
3
/m

3
 which could explain why 

more red clover plants survived. Higher red clover plant survival after the May water exclusion 

period is likely why differences in growth parameters between control and water exclusion 

treatments were not large enough to be detected.  

In 2014, red clover stand density, above-ground biomass and above-ground biomass per 

plant were 42%, 74% and 54% lower, respectively, in water exclusion compared to control 

treatments after the May water exclusion period. Additionally, winter wheat above-ground 

biomass was significantly lower in water exclusion compared to control treatments AWE in May 

(Table 3.16). Between BWE and AWE measurements in May water exclusion treatments, soil 

moisture decreased by 70% to a volumetric soil moisture content of 0.083 m
3
/m

3
 (Table 3.7, 

Table 3.16). After the June water exclusion period, there were no significant differences in red 

clover growth parameters between control and water exclusion treatments. However, winter 

wheat above-ground biomass was significantly lower in water exclusion compared to control 

treatments AWE in June (Table 3.16). Between BWE and AWE measurements in June water 

exclusion treatments, soil moisture decreased by 37% to a volumetric soil moisture content of 

0.072 m
3
/m

3
. Soil moisture content AWE in both May and June was higher than the calculated 

wilting point of the soil in 2014 which was 0.062 m
3
/m

3
 (Table 3.1). Blaser et al (2011) reported 

that the leaf area index of winter wheat was highest during anthesis which makes it more likely 

that transpiration of winter wheat is higher. It is possible that winter wheat was a stronger 

competitor for soil moisture during the May water exclusion period as anthesis occurred half way 

through (Table 3.6; Table 3.7). In fact, out of the three experiment years, winter wheat yielded 

the highest in 2014 (Table 3.16). However, in all experiment years, winter wheat above-ground 

biomass AWE was found to be significantly positively associated with red clover stand density 
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AWE (Figure 3.18) which suggests that lower red clover stand densities under low soil moisture 

are likely not associated with higher winter wheat biomass. Differences in the impact of the two 

water exclusion periods on red clover growth parameters in 2014 could be due to potential 

environment and microclimate differences between both years and water exclusion periods 

which affected when red clover was more susceptible to low soil moisture. Root biomass and 

depth were not measured and differences in root growth and function can change depending on 

many factors, including light availability. Gist and Mott (1957) found that limited light 

availability can reduce root growth and therefore decrease drought tolerance. Red clover roots 

can extend beyond a metre into the soil (Bowley et al, 1984). Therefore, while soil moisture 

probes provided a good indicator of water availability near the soil surface (at a 10 cm depth), 

they likely did not reflect actual water availability to red clover, especially when soil moisture 

was limiting.  

In 2015, there were no significant differences in red clover growth parameters between 

control and water exclusion treatments after the May water exclusion period (Table 3.16). 

Between BWE and AWE measurements in May water exclusion treatments, soil moisture 

decreased by 37% to a volumetric soil moisture content of 0.160 m
3
/m

3
 (Table 3.7). After the 

June water exclusion period, red clover stand density, above-ground biomass and above-ground 

biomass per plant were 46%, 92% and 52% lower, respectively, in water exclusion compared to 

control treatments (Table 3.16). Between BWE and AWE measurements in June water exclusion 

treatments, soil moisture decreased by 21% to a volumetric soil moisture content of 0.178 m
3
/m

3
 

(Table 3.7). Soil moisture content AWE in both May and June was higher than the calculated 

wilting point of the soil in 2015 which was 0.067 m
3
/m

3
 (Table 3.1). Additionally, soil moisture 

content AWE in both May and June in 2015 was higher than AWE soil moisture content in 2013 

and 2014 (Table 3.7) which likely explained why there were no significant differences in wheat 

above-ground biomass between control and water exclusion treatments AWE in either May or 

June (Table 3.16). Red clover, however, was still negatively affected by both water exclusion 

periods, though only significantly by the June water exclusion period. Red clover stand density 

was significantly lower, by 46%, in water exclusion compared to control treatments, AWE in 

June compared to AWE in May where stand densities were just 34% lower and no significant 

differences were detected (Table 3.16). These results could also be due to a difference in 

environmental or microclimate conditions or a difference in actual red clover water availability 
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to the roots which depends on root depth and root function as discussed above. However, the 

June water exclusion period could have had a larger impact on red clover stand densities because 

above-ground biomass per plant in control treatments was 85% higher after the June water period 

compared to the May water exclusion period (Table 3.16). It is possible that more water was 

required for survival during the June water exclusion period because red clover plants were 

larger.  

3.3.2.2 Red clover variety differences in response to low soil moisture 

In 2013, averaged across treatments, there were no differences in growth parameters or in 

the DTI between Belle and Altaswede varieties BWE or AWE in both May and June (Table 3.17, 

Table 3.18, Table 3.19). The DTI expresses AWE growth parameters relative to BWE therefore 

providing a measure of the relative drought tolerance of Belle and Altaswede between BWE and 

AWE measurements. Possible differences between the two varieties due to water exclusion could 

have been obscured in 2013 because of the incidence of biotic stress, potentially powdery 

mildew, experienced by a number of plants within stands, or the interaction of the herbicide and 

powdery mildew, which could have increased the level of stress experienced by both varieties 

(Figure 3.17).   

In 2014, Belle had significantly higher stand densities (Table 3.17) and above-ground 

biomass (Table 3.18) than Altaswede BWE in May but not BWE in June. May and June BWE 

measurements occurred 5 and 7 weeks, respectively, after red clover seeding (Table 3.4, Table 

3.7). Additionally, AWE in May but not in June, Belle had significantly higher above-ground 

biomass (Table 3.18) and above-ground biomass per plant (Table 3.19) than Altaswede. In 2014 

for all growth parameters, the DTI was not significantly different between Belle and Altaswede 

AWE in May or June (Table 3.17, Table 3.18, Table 3.19) indicating that drought tolerance 

between BWE and AWE measurements was not different between the two varieties. The 

significantly higher above-ground biomass and above-ground biomass per plant of Belle AWE in 

May could be partly due to a numerically, but not significantly, higher stand density and partly to 

the tendency of DC red clover populations to have larger fall above-ground growth compared to 

single-cut populations (Christie et al, 1992). However, whether or not differences in the 

root/shoot ratio between SC and DC red clover occur early in the season, during growth with 
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winter wheat, is uncertain. Higher stand densities of Belle BWE in May, despite equal seeding 

rates, could be due to differences in seedling vigour between the seedlots of these two varieties. 

In 2015, Belle had significantly higher stand densities (Table 3.17), above-ground 

biomass (Table 3.18) and above-ground biomass per plant (Table 3.19) than Altaswede BWE in 

May and in June. May and June BWE measurements occurred 6 and 8 weeks, respectively, after 

red clover seeding (Table 3.4, Table 3.7). Additionally, AWE in May but not in June, Belle had 

significantly higher stand densities (Table 3.17), above-ground biomass (Table 3.18) and above-

ground biomass per plant (Table 3.19) than Altaswede. However, though not significant, all 

growth parameters for Belle AWE in June were still higher than for Altaswede. In 2015 for all 

growth parameters, the DTI was not significantly different between Belle and Altaswede AWE 

in May or June (Table 3.17, Table3.18, Table 3.19) indicating again that drought tolerance 

between BWE and AWE measurements was not different between the two varieties. Differences 

in growth parameters between Belle and Altaswede varieties AWE could be due to similar 

explanations discussed above for 2014 results. 

In contrast to predicted results for this experiment based on growth habit differences 

between double- and single-cut populations discussed previously, Altaswede was not found to 

have a higher drought tolerance than Belle. The DTI for Belle and Altaswede was not different 

for any of the growth parameters indicating that, during the water exclusion period between 

BWE and AWE measurements, there were no differences in drought tolerance between the two 

varieties. However, despite equal seeding rates based on germination tests, Belle still had 

significantly higher stand densities and/or above-ground biomass and above-ground biomass per 

plant AWE. Although, because these differences were already detected BWE, the DTI did not 

show differences in AWE relative to BWE measurements. Yet, these results could reveal 

important implications for early seedling vigour in drought tolerance studies. In subsequent 

growth room experiments, a visually higher seedling vigour for Belle than for Altaswede was 

detected among germinated seedlings, observed in this experiment as larger seedlings with 

greener and larger cotyledons. Additionally, germination rates of Altaswede in petri dishes were 

lower than those of Belle over all three experiment years. Seedling vigour depends not only on 

the number of germinated seedlings, but the number of germinated seedlings that produce normal 

plants (Pollock and Roos, 1972). Seedling vigour in plants can affect vegetative yield and spatial 
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arrangement of populations (TeKrony and Egli, 1991, Ellis, 1992). Determinants of high 

seedling vigour have been attributed to germination rate and speed, seed size and seedling 

elongation rate (Haskins and Gorz, 1975; McKersie et al, 1981). Loss of relative seedling vigour 

can occur due to the age of the seed which can reduce competitive ability (Rice and Dyer, 2001). 

Variation in seedling vigour exists among seedlots and between species in legumes (Ching and 

Schoolcraft, 1968; McKersie et al, 1981). In red clover, seedling vigour was estimated to vary by 

32-92%, among 25 different seedlots, and field establishment varied by 14-36% (McKersie et al, 

1982). Therefore, higher seedling vigour BWE could have increased the survival of Belle during 

water exclusion. Plants with higher seedling vigour, and more rapidly elongating seedlings, 

could begin accumulating root and crown reserves more quickly and could have greater root 

biomass and/or depth. These traits would leave seedlings less vulnerable to subsequent stress 

factors under winter wheat. It cannot be confirmed that growth parameters in this experiment 

were often higher for Belle due to higher seedling vigour evident before water exclusion. 

However, future research could investigate if higher seedling vigour could improve stand 

establishment and mitigate some of the negative impact of low soil moisture on red clover plant 

growth.  

3.3.3 Low soil moisture effects on red clover stand uniformity 

In 2015, stand densities of red clover in non-irrigated plots decreased due to below-

average cumulative precipitation in early May (Figure 3.12, Table 3.21). Stand densities were 

initially counted 6 weeks after seeding which directly preceded a period of 19 days where 

cumulative precipitation totalled 1.8 mm, well below 9-year average precipitation levels (Table 

3.4, Figure 3.12). After this 19 day period of low precipitation, stand densities in non-irrigated 

plots were decreased by 71% compared to irrigated plots (Table 3.21). Low soil moisture during 

seedling establishment has been shown to decrease survival of grain legumes (Marrou et al, 

2015). Subsequent stand counts were made at weeks 10 and 12 after planting where cumulative 

precipitation totalled 229 mm and 288 mm, respectively, and were above 9-year average 

precipitation levels (Figure 3.12). At week 12, after cumulative rainfall had been above-average 

for 6 weeks, stand densities in non-irrigated plots were still significantly lower compared to 

irrigated plots, but only by 50% compared to 71% observed six weeks earlier after the 19-day 

period of low precipitation (Table 3.21).  
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During the 6-week period between the first and last stand count in 2015, stand densities 

in non-irrigated treatment plots significantly increased by 79% while in irrigated plots, stand 

densities did not vary by more than 6.5% (Table 3.20, Table 3.21). Some studies have observed 

red clover stand density increases throughout the growing season when red clover is growing 

with winter wheat (Blaser et al, 2006; Queen, 2007; Westra, 2015) or after wheat harvest (Blaser 

et al, 2012). The aforementioned studies suggested that stand density increases could be due to 

delayed germination. Other studies have not observed stand density increases under winter wheat 

but only stand decreases or plateaus, even when winter wheat has been removed as a competitor 

at several different points during the growing season (Dr. Stephen Bowley, personal 

communication October 21
st
, 2016). However, Queen (2007) did detect a stand density increase 

over the red clover growing season in the dry year of the study and largely attributed stand 

increases to delayed germination as he found several red clover plants in the cotyledon stage 

occurring later in the season. Germination can be delayed under drought-stressed conditions 

(Kaya et al, 2006) and this could partly explain the increase in stand densities observed in this 

experiment as the period of low precipitation occurred during early May. However, stand density 

increases in this experiment may not be entirely due to delayed germination. Ten weeks after red 

clover seeding when cumulative precipitation had been above-average for 4 weeks, several 

clover plants appeared to exhibit new growth from the crown region after all other leaves had 

desiccated (Figure 3.19). Plants with no viable leaflet or petiole tissue would likely not have 

been seen or counted during the first stand count. This suggests that red clover plants with 

desiccated, non-viable leaf tissue may be able to initiate new growth from the crown during 

recovery from periods where soil moisture is low. However, stand densities were still 

significantly lower in non-irrigated plots than in irrigated plots by week 12, the final stand count 

(Table 3.21), which suggests that not all plants were able to re-grow. It is possible that water 

content in crown tissues fell below a threshold, in some cases, where plants could no longer 

survive and recovery. In fact, a crown tissue water content threshold has been observed by 

Wissuwa et al (1997) for alfalfa plants during summer irrigation termination and was estimated 

to be ~42% crown water content. 

In 2015, red clover stand uniformity in irrigated and non-irrigated plots was measured by 

calculating the CV among 8 subplots within a 25 m
2
 plot area. The CV for stand density 

increased significantly, by 19%, in non-irrigated plots compared to irrigated plots (Table 3.21). 
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In a survey study by Westra (2015), CVs for fall-harvested red clover stand density were 75% 

and 51% in 2012 and 2013, respectively, and the CVs for final red clover above-ground biomass 

were 101% and 59% in 2012 and 2013, respectively, averaged across three field locations. 

Westra (2015) suggested that higher CVs in 2012 were due to lower total precipitation in 2012 

which was 85, 41 and 84 mm lower during April, May and July, respectively, than in 2013. June 

total precipitation was similar between 2012 and 2013 in the study by Westra (2015), however, 

86% of total precipitation in June occurred before June 10
th

 in 2012. Another study by Gaudin et 

al (2014) observed a visual increase in non-uniform stands of red clover in fields where higher N 

fertilizer rates were applied to winter wheat which decreased light penetration through the wheat 

canopy. Results from both the study by Westra (2015) and by Gaudin et al (2014) suggest that 

where incidences of light and drought stress are higher, red clover stand densities can become 

more non-uniform. Final red clover above-ground biomass harvested 12 weeks after seeding, in 

this experiment, was not significantly different between irrigated and non-irrigated plots and 

neither was the CV for this growth parameter (Table 3.22). The inability to detect significant 

differences for above-ground biomass between irrigated and non-irrigated plots is likely due to 

high error variation, resulting in low power of the test, as discussed in Section 3.4.3.1 as above-

ground biomass in non-irrigated plots was almost 3-fold less than in irrigated plots (Table 3.22).  

There was a significant association between final red clover above-ground biomass and 

stand density at wheat harvest for both irrigated and non-irrigated plots (Figure 3.20). Singer et 

al (2006) observed that red clover stand densities were significantly correlated with biomass 40 

days after wheat harvest in a dry year where stand densities averaged 30 plants/m
2
 but not in a 

wet year where stand densities averaged 229 plants/m
2
. Westra (2015) similarly observed that 

correlations were higher for fall-harvested red clover in a dry year where stand densities 

averaged 30 plants/m
2
 and lower in wet year where stand densities averaged 95 plants/m

2
, 

however, correlations in Westra (2015) were significant for both years. In both cases, higher 

correlations between stand density and biomass are likely explained by the inability of red clover 

biomass to compensate for lower stand densities in dry years. In the experiment presented in this 

thesis, average final stand densities at wheat harvest were 275 plants/m
2
 in irrigated plots and 

179 plants/m
2
 in non-irrigated plots (Table 3.21), the latter being much higher than the stand 

densities reported for dry years by both Singer et al (2006) and Westra (2015). However, 

different methodologies were used by Singer et al (2006), Westra (2015) and this experiment to 
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determine linear associations which prevents the comparison of correlation or concordance 

coefficients.  

The association between red clover stand densities and biomass has been investigated by 

Singer and Meek (2012) who combined seven years of data within five different published 

studies conducted near Ames, Iowa to calculate the red clover stand density threshold beyond 

which dry matter production maximizes and plateaus. Singer and Meek (2012) determined the 

likely threshold to range from 88-150 plants/m
2
 for maximum biomass harvested 40 days after 

wheat harvest and to be 42 plants/m
2
 for maximum biomass harvested 80 days after wheat 

harvest. A lower stand density threshold later in the fall was suggested by Singer and Meek 

(2012) to be due to decreased competition with winter wheat for light, allowing biomass 

accumulation to better compensate for lower stand densities. Therefore, in the experiment 

presented in this thesis, the stand density at which biomass production is maximized, and the 

association between stand density and biomass is no longer detected, is likely higher than that 

reported by Singer and Meek (2012). A higher threshold stand density value in this thesis would 

likely be because red clover plants were harvested at wheat harvest, as opposed to 40 days after 

wheat harvest, and were smaller such that higher stand densities were required to maximize 

biomass production.  

3.4.3 Discussion of methods limitations 

3.4.3.1 Power of the test 

 Due to the high error variance among experimental units, differences were unable to be 

detected between some control and drought treatments in the drought experiment and between 

irrigated and non-irrigated plots in the uniformity experiment. The power of the test (𝛽) is the 

probability of rejecting the null hypothesis when it is false (Bowley, 2015). Power is calculated 

using the size of the difference between means, the standard error, the sample size and the type 1 

error rate (𝛼) (Bowley, 2015). Due to the high level of variability in red clover response 

variables, the power of the test was low for some comparisons. All power analyses for both the 

drought experiment and the uniformity experiment are found in Appendix D. For example, in the 

uniformity experiment, there was no significant difference between final red clover biomass 

measured 12 weeks after red clover seeding even though biomass in irrigated plots was almost 3-

fold higher than in non-irrigated plots (Table 3.22; Appendix E1). Despite the high magnitude of 
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difference between these two means, the power of test for this comparison was only 0.35 due to 

high error variance (Appendix D3). In this case, it was determined that 17 reps with 8 

subsamples per rep would be necessary in order to increase the power of the test to 0.80. 

Additionally, increasing the number of subsamples per rep and the number of locations and years 

for this experiment would also increase the power. For future experiments, a larger sample size, 

with more replications or subsamples, or a larger number of locations and years would increase 

the ability of the researcher to detect differences in red clover response variables. The drought 

experiment was replicated over three years, however, due to differences in water exclusion 

periods between years discussed in section 3.1.1.10, the analysis was not pooled. Additionally, 

no significant differences in stand densities between watering regime treatments were found 

when the analysis was pooled. The lack of significance in the pooled analysis could be partly due 

to a lack of consistency between years for aspects of the watering regime treatments including 

total length of the water exclusion period and/or target soil moisture values after water exclusion, 

specifically taking into account differences in soil wilting point between fields. In future studies, 

improved consistency of treatments across years would aid in pooling the analysis to increase the 

power of the test.  

3.4.3.2 Volumetric soil moisture measurements 

Volumetric soil moisture measured to a depth of 10 cm was a reasonable indicator of 

water available to red clover plants when soil moisture was not limiting. In fact, Bennett and 

Doss (1960) showed that red clover roots are most concentrated in the first 15 cm of soil and 

70% of the total weight of the roots was found in the top 30 cm of soil in the second year of 

growth. Lamba et al (1949) also found that most red clover root biomass is within the top 20 cm 

of soil within 68 days after planting. However, red clover roots can extend to a depth of about 1 

metre in typical North American soil (Fergus and Hollowell, 1960). It is unclear what depth red 

clover roots can reach during first year growth in a red clover-winter wheat intercrop.  However, 

chickpea (Cicer arietinum L.) root length was found to be significantly higher in a chickpea-

winter wheat intercrop compared to a chickpea monocrop (Banik et al, 2006). Bennett and Doss 

(1960) showed that while moisture was removed from the top 15 cm of soil first, moisture 

extraction and root depth progressed, though at a decreasing rates, to increasingly lower depths 

as soil moisture decreased. Therefore, in the experiment presented in this thesis, as soil moisture 
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depleted from the top 15 cm of soil, soil moisture probes located 10 cm below the soil surface 

may not have been representative of water available to red clover root systems. In future 

experiments, installing probes at several soil depths extending deeper into the soil profile would 

provide a more accurate representation of soil water available to red clover.  
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4 Growth Room Experiments 

4.1 Materials and Methods 

4.1.1 LD50 Experiment 

4.1.1.1 Growth Room Environment and Growth Medium 

The growth room was set for a daytime and nighttime temperature of 23°C with a 16-

hour photoperiod and a relative humidity of 65%. Incident photosynthetically active radiation 

(PAR) at the soil surface was 200 𝜇mol/m
2
/s, measured using a Sunscan quantum light sensor 

(SunScan Canopy Analysis System SS1, Dynamax Inc., Houston, TX).  The pre-mixed growth 

medium was 2 parts granitic “B sand” (Hutcheson Sand and & Mixes, Huntsville ON) and 1 part 

peat-based PGX soil (Sun Gro Horticulture Canada Ltd., Seba Beach, AB). A total of 2.7 kg was 

placed into each 2.5-L plastic food container (Airlite Containers, Omaha, Nebraska) without 

drainage holes. Seeds were placed on moistened tissue paper for 6 days to pre-germinate before 

planting. The largest seedlings were chosen for planting and an attempt to plant seedlings of a 

uniform size between the two varieties was made. Therefore, any differences in seedling vigour 

were likely excluded from the experiment.  See Section 3.3.2.2 for a description and discussion 

of seedling vigour. Twenty seedlings were planted per pot. Pre-germinated seedlings were 

inoculated with Rhizobium trifolii on the same day as planting. Pots were watered with a 0.5% 

solution of fertilizer plus micronutrients (Optimum Cal Mag 12-2-14, Plant-Prod Inc., Brampton, 

ON) for the first three weeks of growth. 

4.1.1.2 Experimental Design 

Response to various durations of drought stress were studied in a growth room 

experiment in 2015 in an attempt to determine differences in mortality rate between the single-

cut variety Altaswede (Pickseed Canada Inc., Winnipeg, MB) and the double-cut variety Belle 

(Mapleseed, Lindsay, ON). Experiment part one (drought) invested response to drought and 

experiment part two (recovery) investigated recovery after drought stress (Table 4.1). Two 

varieties of red clover were used for this experiment, Altaswede, a SC variety and Belle, a DC 

variety. These two varieties were chosen for their contrasting growth types (see section 2.1.1.3) 

to investigate whether different growth types might respond differently to drought stress and 

recovery. To minimize variation due to bench position, the pots were rotated daily with one of 
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two alternating rotations: either the front pots were rotated to the back or the far right pots were 

rotated to the far left. 

In part one (drought), there were four drought periods which are outlined in Table 4.1. 

For each drought period, there was a drought and a control treatment which were harvested at the 

same time. Pots in control treatment were watered to 80% relative soil water content (RSWC) for 

the duration of the experiment. Pots in drought treatments were watered to 80% RSWC for three 

weeks, dried to 15% RSWC for three weeks followed by four different no water periods of either 

4, 8, 12 or 16 days (Figure 4.1).  

In part two (recovery), there were four drought periods, each with a one week recovery 

period, which are outlined in Table 4.1. Pots in control treatment were watered to 80% RSWC 

for the duration of the experiment. Pots in drought treatments were watered to 80% RSWC for 

three weeks, dried to 15% RSWC for three weeks followed by four different no water periods of 

either 4, 8, 12 or 16 days (Figure 4.1). After each different drought period, pots in drought 

treatments were returned to 80% RSWC for one week (Figure 4.1).  

Methods are based on the experimental procedure outlined in Earl (2003). Soil water 

holding capacity in each pot was determined before red clover was planted. To determine how 

much water the soil in the pot could hold at 100% capacity, a pot with mesh-covered drainage 

holes was saturated and allowed to drain until a constant weight was reached. The soil from 

another pot was emptied into a glass baking dish and dried at 80°C until a constant weight was 

reached. The weight of dried soil and pot was subtracted from the weight of the saturated soil 

and pot to determine the soil water holding capacity which was used to determine the RSWC of 

each pot. To control for water evaporating from the soil surface, an additional three pots without 

red clover were watered to the same target weight as pots within treatments. The mean water lost 

from the three evaporation controls was subtracted from the total water lost from each pot in the 

experiment for three weeks. After three weeks, during the dry down period, the evaporation 

control was not used. The choice to discontinuing use of the evaporation control was made due 

to an assumption that the red clover canopy in control treatments (Figure 4.2) would limit soil 

evaporation to such an extent that the evaporation control would over-estimate the amount of soil 

surface evaporation. In addition, the evaporation control did not dry as quickly as the pots 

containing red clover due to transpiration.  
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During week one, for both parts of the experiment, pots were watered to 80% RSWC but 

weights were not recorded as water use was considered negligible (Figure 4.1). During weeks 

two and three, for both parts of the experiment, all pots were watered to 80% RSWC daily. Each 

pot was weighed to determine its RSWC and the water required to re-establish the target weight. 

The target weight was calculated to include the weight of the container so that pots at the target 

weight were at 80% RSWC. Every day, each individual pot was placed on an electronic scale 

and a printed barcode on each pot was scanned. The barcode identified the specified treatment 

and target weight for the pot. If the pot weight was below the target weight, a valve would open 

and dispense water until the target weight was reached. An assumption was made that red clover 

plants would not reduce their water use above 50% RSWC and no pots in control treatments 

dropped below 50% RSWC.  This assumption was based on a previous which found that soybean 

plants do not begin to decrease their water use until ~35% of soil water holding capacity 

(Hufstetler et al, 2007). Estimates of red clover fresh weight in control treatments were not 

subtracted from the target weights of the pots during the experiment.  However, red clover 

biomass relative to soil water was small.  On the final day of the experiment when red clover 

biomass in control treatments was largest, red clover shoot biomass was an average of 5.4%, 

with a range of 4.8-6.0%, of the weight of the water in the pot at 100% RSWC.  Root biomass 

was not measured. However, if the root/shoot ratio was considered to be 1:1, which is higher 

than what has been measured for DC populations in field conditions at wheat harvest (Blaser et 

al, 2012), all pots in control treatments were still assumed to be under water replete conditions. 

During weeks four, five and six, for both parts of the experiment, pots in control 

treatments were watered to 80% RSWC and pots in drought treatments were uniformly dried 

down to 15% RSWC (Figure 4.1). Once pots in drought treatments were at 15% RSWC, pots 

were not watered for 4, 8, 12 or 16 days (Table 4.1, Figure 4.1). Each day, pots in drought 

treatments during the dry down period were all weighed to determine which pot was the heaviest. 

The heaviest pot was used to determine the new target weight for pots in drought treatments for 

that day. Therefore, each drought treatment pot dried at the speed of the pot that dried down the 

slowest each day, thus ensuring the dry down was uniform across pots.  

After the three week dry down period, all pots in drought treatments, for both parts of the 

experiment, reached 15% RSWC and no-watering periods of 4, 8, 12 and 16 days were imposed 
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(Table 4.1, Figure 4.1). For experiment part one, pots in drought and control treatments were 

harvested at the end of each no-watering period. For experiment part two, pots in drought 

treatments were re-watered to 80% RSWC for one week at the end of each no-watering period 

and pots in control treatments were watered to 80% RSWC (Table 4.1, Figure 4.1). For 

experiment part two, during the one week recovery period, the evaporation controls were used to 

control for water lost from the soil surface as the red clover canopy during recovery was 

minimal. For experiment part two, pots in drought and control treatments were harvested at the 

end of each recovery period. 
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Table 4.1 Descriptions of drought periods for each harvest in experiment part one (drought) and 

two (recovery) of the LD50 experiment
* 

Drought 

period 

Part one: drought Part two: recovery 

Control Drought Control Drought 

4 days  

Mild 

Drought 

Watered to 

80% 

RSWC
** 

Uniformly dried to 

15% RSWC and not 

watered for 4 days 

Watered to 

80% 

RSWC 

Uniformly dried to 15% 

RSWC, not watered for 4 

days and returned to 80% 

RSWC for 1 week 

 Harvest 1 Harvest 2 

8 days 

 Moderate 

Drought 

Watered to 

80% RSWC 

Uniformly dried to 

15% RSWC and not 

watered for 8 days 

Watered to 

80% 

RSWC 

Uniformly dried to 15% 

RSWC, not watered for 8 

days and returned to 80% 

RSWC for 1 week 

 Harvest 3 Harvest 4 

12 days  

Severe 

Drought 

Watered to 

80% RSWC 

Uniformly dried to 

15% RSWC and not 

watered for 12 days 

Watered to 

80% 

RSWC 

Uniformly dried to 15% 

RSWC, not watered for 12 

days and returned to 80% 

RSWC for 1 week 

 Harvest 5 Harvest 6 

16 days  

Terminal 

Drought 

Watered to 

80% RSWC 

Uniformly dried to 

15% RSWC and not 

watered for 16 days 

Watered to 

80% 

RSWC 

Uniformly dried to 15% 

RSWC, not watered for 16 

days and returned to 80% 

RSWC for 1 week 

 Harvest 7 Harvest 8 

*
 All 8 harvests occurred on separate days and each drought, recovery or control treatment 

 within each harvest was analyzed separately 
**

 Relative Soil Water Content (RSWC) 
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Figure 4.1 Daily fluctuations in relative soil water content (RSWC) for pots in control and 

drought treatments experiment part one (drought) and two (recovery). Week 1 data are not 

shown as pots were not weighed. During weeks two and three, control and drought treatment 

pots were watered to 80% RSWC. During week four, pots in drought treatments were uniformly 

dried down for 3 weeks until pots had a RSWC of 15%. After the dry down period, pots in 

drought treatments were not watered for 4, 8, 12 and 16 days. After each drought period, pots for 

control and drought treatments are harvested for experiment part one. After each drought period, 

pots in drought treatments for experiment part two are returned to 80% RSWC for one week ahd 

harvested. 
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Figure 4.2 Photos of representative pots of Belle and Altaswede in control (CON) and drought 

(DR) treatments over the duration of the experiment. Belle (double-cut) and Altaswede (Alta, 

single-cut) red clover are represented at the beginning of week 4 just before the dry down period 

begins (1), at the end of week 6 just as the dry down period ends (2) and 4 days after the no 

watering treatment begins (3). 
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4.1.1.3 Data Collection 

Red clover shoot biomass 

For each harvest (Table 4.1), red clover shoots were cut 8 mm above the soil surface and 

weighed immediately. After leaf area was determined, leaflets and petioles were put into a zip-

lock bag filled with de-ionized water to determine turgid weight for shoot RWC. Shoot samples 

were dried at 80°C for 4 days or until a constant weight was achieved at which time dry weight 

was recorded. Red clover shoot dry weight is referred to as shoot biomass in this thesis.  

Red clover plant mortality 

 Red clover plant mortality was determined after each drought period and after each 

recovery period in the same pot. A red clover plant was considered non-viable if: 1) all leaves 

were desiccated and 2) no new growth was occurring. Plant mortality in this thesis is expressed 

as a percentage of the total number of red clover plants that were viable in each pot before the 

drought period began (n/20 plants x 100%). 

Red clover shoot relative water content (RWC) 

 Red clover shoots were cut 8 mm above the soil surface and fresh weight (FW) of leaflets 

and petioles was taken immediately. Turgid weight (TW) of shoot samples was taken after 8 

hours in a zip-lock bag filled with de-ionized water.  Shoot samples were dried at 80°C for 4 

days, or until a constant weight was achieved, to determine dry weight (DW). RWC was 

determined using the equation: 

𝑅𝑊𝐶 =
(𝐹𝑊 − 𝐷𝑊)

(𝑇𝑊 − 𝐷𝑊)
𝑥 100% 

Red clover crown water content 

Crown samples were taken using similar methodology to Striker et al (2011). The red 

clover shoot was cut 8 mm above the soil surface and 2 mm below the soil surface to ensure that 

the 10 mm sample of the crown tissue encompassed the transition zone between the tap root and 

the shoot (Figure 4.3). The crown sample was weighed immediately to determine fresh weight 

(FW) and then dried at 80°C for 4 days, or until a constant weight was achieved, to determine 

dry weight (DW). Crown water content was expressed as:  

(fresh weight – dry weight) / dry weight x 100%. 
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Leaf Area 

After shoot samples were weighed, red clover leaflets were separated from the petioles. 

The total leaf area in cm
2
 was measured using a LI-3100 area metre (Licor, Lincoln, Nebraska, 

USA).  

Water Use Efficiency (WUE) 

The amount of water used by each pot of 20 red clover plants was calculated each day by 

subtracting the current day’s pre-watering weight from the previous day’s final weight. Total 

daily water use was the sum of the total water used on each day. An evaporation control was 

used to estimate the amount of soil surface evaporation, except during the dry down and drought 

periods. Final shoot biomass (g) for each harvest (Table 4.1) was divided by the total amount of 

water used up to that point (L) was calculated as the water use efficiency (WUE) expressed as 

g/L. Root biomass was not included in this calculation as roots were so fine that they could not 

be separated from the soil medium to obtain an accurate weight (Figure 4.4). 

Normalized Transpiration Ratio (NTR) and critical relative soil water content (RSWCc) 

The transpiration ratio was calculated as described by Hufstetler et al (2007). The amount 

of water used by each pot of 20 red clover plants was calculated each day by subtracting the 

current day’s pre-watering weight from the previous day’s final weight. Water lost from the 

evaporation control was not subtracted from total water use on the day before the dry down 

period began in order to calculate the transpiration ratio. The transpiration ratio was calculated 

by dividing daily water use for each pot by the calculated daily water use for that same pot on the 

last full day before the dry down began, when it was still at 80% RSWC.  The transpiration ratio 

accounted for differences in plant size. The NTR was calculated each day for every pot in 

drought treatments by dividing the transpiration ratio in each drought treatment pot by the 

average transpiration ratio of all replicates of control pots. The NTR accounted for day-to-day 

differences in environmental conditions. Because evaporation controls were not used during the 

dry down period, differences in soil surface evaporation resulted in apparent differences in water 

use between control and drought treatments (Figure 4.5). These differences are discussed further 

in section 4.3.2.4. 

The critical RSWC at which red clover plants begin to decrease water use (RSWCc) can 

be determined from a regression analysis of NTR vs RSWC. The critical RSWCc is reported as a 
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percent. For the purposes of discussion and comparison to past literature, RSWCc values were 

also converted to the critical fraction of transpirable soil water (FTSWc) using the method 

outlined in Hufstetler et al (2007) using the equation below: 

𝐹𝑇𝑆𝑊𝐶 =
(𝑅𝑆𝑊𝐶𝐶 − 𝑅𝑆𝑊𝐶10)

(1 − 𝑅𝑆𝑊𝐶10)
 

Where RSWC10 is the RSWC at which the NTR is predicted to be 0.1 which was determined 

using a regression of NTR vs RSWC. 

4.1.1.4 Statistical Analysis 

All data was analyzed using SAS version 9.3. Belle and Altaswede varieties were 

compared within each treatment (control, drought) and within each harvest day (Table 4.1) 

separately for both drought and recovery parts of the experiment. Due to high overall variability 

in measurements of red clover growth parameters, the analysis was separated to focus on variety 

differences within drought and control treatments in order to better detect differences. The RDTI 

was used to compare the magnitude of the difference between control and drought treatments for 

both varieties. The analysis was conducted using PROC GLIMMIX. The experiment was 

arranged as a completely randomized design with four replications. Red clover variety was 

considered a fixed effect. A Gaussian distribution of errors and an identity link function was used 

to analyze each variable. Where residual variances were found to be heterogeneous between 

varieties, a heterogeneous error model was used. The generalized chi-square value normalized by 

the number of degrees of freedom was used to confirm the fit of the heterogeneous error models. 

Percent mortality (N/20) was analyzed using the Laplace method and a binomial distribution and 

logit link function. Tukey’s test for multiple means comparisons was used to compare means and 

differences were considered significant at p < 0.05. Means and standard errors were converted to 

the data scale using the ILINK option in PROC GLIMMIX. 

The percentage mortality of Belle and Altaswede at an increasing number of days without 

water, after the pots were dried from 80% RSWC to 15% RSWC, were analysed using PROC 

NLMIXED and a dosage response curve, the equation for which was: 

𝑦 = 𝐶 +
𝐷 − 𝐶

1 + exp [𝑏(𝑙𝑜𝑔𝑥 − 𝑙𝑜𝑔𝐼50)]
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The value at which 50% or 99% of the red clover plants were still viable was determined from 

the equation (I50 or I99). Three analyses were performed: 1) plant mortality with increasing days 

without water after drying down to 15% RSWC, 2) plant mortality with increasing days without 

water after drying down to 15% RSWC and returning to 80% RSWC for one week and 3) plant 

mortality with decreasing crown water content where crown water content was determined 

directly after each drought period and percentage mortality was determined after recovery. 

Values at which 50% or 99% of red clover plants were still viable were compared using a t-test. 

PROC NLMIXED was used to determine RSWCc using segmented regression. The slope 

of the right-hand regression line was constrained to zero. The joint point of the two regression 

lines indicated RSWCc. Separate regressions were determined for each repetition in drought 

treatments (N=32) and values of RSWCc were compared between varieties using PROC 

GLIMMIX with an identity link function and a Gaussian distribution of errors. Tukey’s test for 

multiple means comparisons was used to compare means and differences were considered 

significant at p < 0.05. 
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Figure 4.3 The crown region of red clover indicating a 10 mm sample containing red clover 

crown tissue (Cr). The dotted line indicates the approximate position of the soil surface. The red 

clover plant shown above was harvested 6 weeks after transplanting. 

 



 

113 
 

 

Figure 4.4 A sample of red clover roots upon removal from soil medium (2 parts sand, 1 part 

PGX) harvested six weeks after transplanting. 



 

114 
 

 

Figure 4.5 Mean water use (± SE) during each week of the three week dry down period the 4-

day no watering period for Belle and Altaswede red clover in control and drought treatments. 

Pots in control treatments were watered to 80% RSWC for the entire experiment. Pots in drought 

treatments were uniformly dried down from 80% to 15% RSWC during the three week dry down 

period and then not watered for 4 days.  
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4.1.2 Varieties Experiment 

4.1.2.1 Growth Room Environment and Growth Medium 

The growth room conditions and the potting and planting regime were the same as for the 

LD50 experiment with the exception that 2.9 kg of soil was used per pot instead of 2.7 kg to 

better account for the settling of the soil after potting.  

4.1.2.2 Experimental Design 

Drought response and recovery of several SC and DC seedlots was investigated in two 

growth room studies in 2015, conducted at two separate time points. Experiment one invested 

response to drought (drought) and experiment two investigated response to recovery after 

drought (recovery). Six different seedlots were used for this experiment, three DC and three SC. 

SC varieties included the certified variety Altaswede (Pickseed Canada Inc, Winnipeg, MB) and 

two common seedlots from Speare Seeds (Speare Seeds, Harriston, ON) and General Seed 

Company (General Seed Company, Alberton, ON). DC varieties included the certified varieties 

Belle (Maple Seed, Lindsay, ON) and Meridian (Quality Seeds Lrd, Woodbridge, ON) and a 

common seedlot from General Seed Company (General Seed Company, Alberton, ON).   

In experiment one (drought), there were two treatments, drought and control. Control 

treatment pots were watered to 80% RSWC for the duration of the experiment. Drought 

treatment pots were watered to 80% RSWC for three weeks, dried to 15% RSWC for two weeks 

followed by a 5-day no watering period (Figure 4.6). Based on the response of red clover plants 

after mild drought in the previous LD50 experiment, no plant mortality was expected to occur in 

this experiment. There was no recovery period in experiment one.  

For experiment two (recovery), there were two treatments, drought and control. Control 

treatment pots were watered to 80% RSWC for the duration of the experiment. Drought 

treatment pots were watered to 80% RSWC for three weeks, dried down to 15% RSWC for two 

weeks, followed by a 9-day no watering period. After drought, pots in drought treatments were 

returned to 80% RSWC for a two week recovery period (Figure 4.7). Based on the calculated 

LD50 values of 8.3 and 9.5 days without water, after recovery in the previous LD50 experiment, a 

50% mortality rate was expected to occur in this experiment. A longer duration for the recovery 

period than in the previous LD50 experiment was chosen to better detect differences in biomass 

accumulation after recovery.   
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Soil water holding capacity for each pot was determined in the same way as for the 

previous LD50 experiment, and evaporation controls were implemented in the same way. To 

minimize variation due to bench position, the pots were rotated every day in the first experiment 

and every 1-3 days in the second experiment. The rotation consisted of one of two alternating 

rotations: either the front pots were rotated to the back or the far right pots were rotated to the far 

left. In both experiments, red clover plants were watered to 80% RSWC for 8 days but no 

weights were recorded as water use during this time was considered negligible. During weeks 

two and three, all pots were watered to 80% RSWC.  Starting week two, individual pots were 

weighed every day in the first experiment and every 1-3 days in the second experiment. The 

watering regime was identical to the previous LD50 experiment with the exception of watering 

frequency in the second experiment, as mentioned above. 

During week four, pots in control treatments were watered to 80% RSWC and pots in 

drought treatments were uniformly dried down to 15% RSWC. After the dry down period, a 5-

day no watering period occurred for the first experiment (Figure 4.6) and a 9-day no watering 

period occurred for the second experiment (Figure 4.7). In both experiments, a uniform dry down 

was achieved using the same methodology as for the LD50 experiment. After the no watering 

period in the first experiment, control and drought treatment pots were harvested (Figure 4.6). 

After the no watering period in the second experiment, drought treatment pots were returned to 

80% RSWC for two weeks after which control and drought treatment pots were harvested 

(Figure 4.7). During the two week recovery period in the second experiment, water lost from 

evaporation controls was subtracted from total water daily water use in drought treatment pots. 
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Figure 4.6 Daily fluctuations in relative soil water content (RSWC) for pots in control and 

drought treatments in experiment one (drought). Week 1 data are not shown as pots were not 

weighed. During weeks two and three, control and drought treatment pots were watered to 80% 

RSWC. During week 4, drought treatment pots were uniformly dried down for 2 weeks until pots 

had a RSWC of 15%. After the dry down period, pots in drought treatments are harvested 

following 5 days of no watering. 
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Figure 4.7 Daily fluctuations in relative soil water content (RSWC) for pots in control and 

drought treatments in experiment two (recovery). Week 1 data are not shown as pots were not 

weighed. During weeks two and three, control and drought treatment pots were watered to 80% 

RSWC. During week 4, drought treatment pots were uniformly dried down for 2 weeks until pots 

had a RSWC of 15%. After the dry down period, pots in drought treatments were not watered for 

9 days. After the no watering period, pots in drought treatments were harvested after being 

returned to 80% RSWC for two weeks. 



 

119 
 

4.1.2.3 Data Collection 

Plant-based measurements 

The following measurements were taken using the same methodology as in the previous 

LD50 experiment outlined in Section 4.1.1.3:  shoot biomass, plant mortality (experiment two 

only), shoot RWC (%), leaf area and WUE. 

4.1.2.4 Statistical Analysis 

All data were analyzed using SAS version 9.3. Red clover seedlots were compared using 

PROC GLIMMIX. The experiment was arranged as a completely randomized design with four 

replications. Factors included treatment (control, drought) and red clover seedlot (Altaswede, 

Speare Seeds SC, General Seed SC, Belle, Meridian, General Seed DC). Treatment, seedlot and 

their interaction were considered fixed effects. For both the first and second experiments, a 

Gaussian distribution of errors and a log link function were used to analyze each variable. 

Percent mortality in experiment two was analyzed using the Laplace method and a binomial 

distribution and logit link function were used. Where residual variances were found to be 

heterogeneous, a heterogeneous error model was used. The generalized chi-square value 

normalized by the number of degrees of freedom was used to confirm the fit of heterogeneous 

error models. Water use was analyzed only within drought treatments with a Gaussian 

distribution of errors and an identity link function. CONTRAST statements were used to 

compare between SC red clover (Speare Seeds SC, General Seed SC, Altaswede) and DC red 

clover (General Seed DC, Belle, Meridian). Tukey’s test for multiple means comparisons was 

used to compare means and the differences were considered significant at p < 0.05. The SLICE 

statement in SAS was used in the case of significant interactions to determine significances of 

one factor within levels of another factor. Means and standard errors were converted to the data 

scale using the ILINK option PROC GLIMMIX. 
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4.2 Results 

4.2.1 LD50 Experiment 

4.2.1.1 Part 1: Drought Experiment 

Survival rate 

 Survival rates of the DC variety, Belle, and the SC variety, Altaswede, were analyzed.  

Percentage survival was determined visually by counting the number of viable red clover plants 

after each drought stress period. Plants within drought treatment pots were harvested after 4, 8, 

12 and 16 days without water after pots were dried from 80% to 15% SRWC for three weeks. A 

dosage response curve was fit to percentage survival data across days without water. After the 

pots dried to 15% RSWC, the subsequent number of days without water at which 50% survival 

occurred was called the “LD50”. The LD50 was used to compare survival rates between the two 

red clover varieties. There was a significant difference between Belle and Altaswede for the 

LD50
 
after drought, being 8.5 and 8.1 days without water, respectively (Figure 4.8).  

Response of Belle and Altaswede to mild drought 

After 4 days without water after drying from 80% to 15% RSWC (mild drought), Belle 

had a significantly higher shoot biomass, shoot RWC, crown water content, leaf area and WUE 

than Altaswede (Table 4.2). Belle had both a 50% higher shoot biomass and shoot RWC than 

Altaswede after mild drought and a 35% higher crown water content (Table 4.2). Belle had a 

203% higher leaf area than Altaswede and 0.7 g/L higher WUE (Table 4.2). Additionally, during 

both the dry down period and the 4-day no watering period, Belle used significantly more water 

than Altaswede (Figure 4.9). No plant mortality occurred for either variety after mild drought 

(Figure 4.8). 

In control treatments, Belle also had significantly higher shoot biomass than Altaswede, 

by 13%, and a significantly higher water use efficiency, by 1.1 g/L (Table 4.3). The relative 

drought tolerance ratio (RDTR) expresses parameters in drought treatments relative to control 

treatments. Because Belle had a significantly higher shoot biomass and WUE than Altaswede in 

control as well as in drought treatments after mild drought, the RDTR for shoot biomass was not 

significantly different between the two varieties (Table 4.4). However, Belle had a significantly 

higher RTDR for shoot RWC, crown water content and leaf area than Altaswede (Table 4.4) 
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indicating that Belle did not decrease shoot RWC, crown water content or leaf area in drought 

treatments, relative to control treatments, by as much as Altaswede. 

Response of Belle and Altaswede to moderate drought 

After 8 days without water after drying from 80% to 15% RSWC (moderate drought), 

Belle had 60% higher shoot biomass compared to Altaswede (Table 4.2). In control treatments, 

Belle and Altaswede did not differ for any of the traits measured (Table 4.3). Belle had a 

significantly higher RDTR for shoot biomass than Altaswede (Table 4.4). There were no 

significant differences between the two varieties for any other growth parameters in drought 

treatments after moderate drought (Table 4.2). Belle also used significantly more water than 

Altaswede during the 8-day no watering period (Figure 4.9).  

Response of Belle and Altaswede to severe and terminal drought 

 After 12 and 16 days without water after drying from 80% to 15% RSWC (severe and 

terminal drought, respectively), no plants were considered viable according to the criteria in 

Section 4.3.3 under “Red clover plant mortality” (Table 4.2). In “control for terminal drought” 

treatments, 58 days after transplanting, Altaswede had a 3% increase in crown water content 

(Table 4.3). There were no other significant differences for growth parameters in control 

treatments (Table 4.3). Representative pots of Belle and Altaswede red clover in control and 

drought treatments are pictured in Figure 4.10 presenting photographs of pots just before the 3-

week dry down period as well as after 4, 8, 12 and 16 days without water after drying from 80% 

to 15% SRWC. 
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Figure 4.8 A dosage response curve for plant survival of Belle and Altaswede red clover at an 

increasing number of days without water. Pots were dried down from 80% to 15% RSWC for 3 

weeks and then not watered for 4, 8, 12 and 16 days. Percentage mortality was calculated using 

the number of viable red clover plants estimated at the end of each drought period. After the pots 

had reached 15% RSWC, the number of subsequent days without water at which 50% survival 

occurred was called the “LD50” value. The LD50 values for Belle and Altaswede (± SE) are 8.5 ± 

0.13 and 8.1 ± 0.07 days without water, respectively, which are significantly different (p < 0.05), 

N=4. 
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Table 4.2 Belle (double-cut) and Altaswede (single-cut) red clover mean (±SE) shoot biomass, 

shoot relative water content (RWC), crown water content, water use efficiency (WUE) and leaf 

area in drought treatments
*
 

Treatment Variety 

Shoot dry 

weight  

(g DM/pot) 

Shoot 

RWC (%) 

Crown water 

content  

(%) 

WUE 

(g/L) 

Leaf area 

(cm
2
/pot) 

Mild 

drought 

Belle 2.7 ± 0.19 a 43 ± 1.6 a 69 ± 1.7 a 
2.9 ± 

0.11 a 
227  ± 18.0 a 

Altaswede 1.8 ± 0.19 b 25 ± 0.6 b 51 ± 6.7 b 
2.2 ± 

0.20 b 
75 ±    20.6 b 

Moderate 

drought
 

Belle 1.6 ± 0.10 a 19 ± 1.8 a 57 ± 2.7 a 
1.5 ± 

0.18 a 
32 ± 19.0 a 

Altaswede 1.0 ± 0.05 b 17 ± 0.9 a 53 ± 3.9 a 
1.3 ± 

0.13 a 
12 ± 3.4 a 

Severe 

drought
** 

Belle 0.00 0.00 0.00 0.00 0.00 

Altaswede 0.00 0.00 0.00 0.00 0.00 

Terminal 

drought
** 

Belle 0.00 0.00 0.00 0.00 0.00 

Altaswede 0.00 0.00 0.00 0.00 0.00 

*
 Experiment was arranged as a completely random design (N=4); after drought treatment 

 pots were dried from 80% to 15% relative soil water content (RSWC), they were not 

 watered for  4 (mild), 8 (moderate), 12 (severe) and 16 (terminal) days 
** 

No analysis was conducted for 12 and 16 days without water (severe and terminal 

 drought) as no plants appeared viable 
a,b,c

 Means within columns and treatments followed by different letters are significantly 

 different at p = 0.05 using Tukey’s test for multiple means comparisons 
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Figure 4.9 Mean water use (± SE) of Belle (double-cut) and Altaswede (single-cut) red clover 

varieties at several time points during the LD50 experiment. The time periods shown are the 

three week dry down period where pots were uniformly dried down from 80% to 15% RSWC 

(dry down, N=32) as well as the subsequent 4 day no watering period (4 days without water) 

where pots were harvested on day 4 (N=32) and 8-day no watering period (8 days without water) 

where pots were harvested on day 8 (N=24). Asterisks (*) indicate significant differences (p < 

0.05) between the two varieties at each separate time point. 
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Table 4.3 Belle (double-cut) and Altaswede (single-cut) red clover means (±SE) for shoot 

biomass, shoot relative water content (RWC), crown water content, water use efficiency 

(WUE) and leaf area in control treatments
* 

Treatment Variety 

Shoot dry 

weight (g 

DM/pot) 

Shoot 

RWC (%) 

Crown 

water 

content (%) 

WUE 

(g/L) 

Leaf area 

(cm
2
/pot) 

Control for 

mild 

drought
 

Belle 8.1 ± 0.16 a 71 ± 1.1 a 80 ± 0.9 a 
4.0 ± 

0.10 a 

1140 ± 

94.1 a 

Altaswede 7.2 ± 0.16 b 69 ± 1.1 a 82 ± 1.0 a 
2.9 ± 

0.10 b 

1116 ± 

94.1 a 

Control for 

moderate 

drought
 

Belle 9.5 ± 0.34 a 71 ± 1.3 a 82 ± 1.4 a 
4.06 ± 

0.09 a 

1206 ± 

90.9 a 

Altaswede 10.3 ±   0.34 a 69 ± 1.3 a 82 ± 1.4 a 
4.06 ± 

0.09 a 

1178 ± 

90.9 a 

Control for 

severe 

drought 

Belle 10.2 ±   0.30 a 78 ± 0.8 a 75 ± 2.3 a 
3.2 ± 

0.08 a 

1270 ± 

66.9 a 

Altaswede 9.9 ± 0.30 a 77 ± 0.8 a 75 ± 5.2 a 
3.3 ± 

0.08 a 

1119 ± 

66.9 a 

Control for 

terminal 

drought 

Belle 11.6 ±   0.45 a 76 ± 0.33 a 81 ± 0.7 b 
3.4 ± 

0.06 a 

1184 ± 

56.8 a 

Altaswede 11.3 ±   0.45 a 76 ± 0.33 a 83 ± 0.5 a 
3.3 ± 

0.06 a 

1207 ± 

56.8 a 

*
 Experiment was arranged as a completely random design (N=4); control treatments were 

 harvested at the same time point as drought treatments at 46, 50, 54 and 58 days after 

 transplanting corresponding with mild, moderate, severe and terminal drought, 

 respectively. 
a,b,c

 Means within columns and treatments followed by different letters are significantly 

 different at p = 0.05 using Tukey’s test for multiple means comparisons 
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Table 4.4 Mean relative drought tolerance ratio (RDTR
*
) for double-cut variety Belle and single-

cut variety Altaswede red clover for shoot dry weight, water use efficiency (WUE), shoot relative 

water content (RWC), crown water content and leaf area 

Variety 

Shoot dry 

weight 

RDTR 

WUE RDTR 
Shoot RWC 

RDTR 

Crown water 

content RDTR 

Leaf area 

RDTR 

 Mild drought (4 days without water) 

Belle 0.33 ± 0.023 a 0.38 ± 0.033 a 0.61 ± 0.022 a 0.86 ± 0.027 a 
0.20 

 ± 0.023 a 

Altaswede 0.26 ± 0.023 a 0.40 ± 0.033 a 0.37 ± 0.022 b 0.62 ± 0.076 b 
0.07 

 ± 0.013 b 

 Moderate drought (8 days without water) 

Belle 0.19 ± 0.020 a 0.21 ± 0.030 a 0.27 ± 0.024 a 0.70 ± 0.047 a 
0.03 

 ± 0.015 a 

Altaswede 0.11 ± 0.007 b 0.20 ± 0.013 a 0.25 ± 0.024 a 0.65 ± 0.047 a 
0.01 

 ± 0.004 a 

*
 RDTR is the parameter in a drought treatment relative to that same parameter in the 

 control treatment expressed as a ratio (e.g. g dry weight in drought treatment / g dry 

 weight in control treatment) 
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Figure 4.10 Representative pots of Belle and Altaswede red clover varieties in control (CON) 

and drought (DR) treatment pots in the LD50 experiment part one. Belle (B, double-cut) and 

Altaswede (A, single-cut) are represented after drying down from 80% to 15% relative soil water 

content (RSWC) for two weeks  and then not watered for 4 (1), 8 (2), 12 (3) and 16 (4) days. 

Control pots, harvested at the same time points as drought pots, were maintained at 80% RSWC 

for the duration of the experiment. 
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4.2.1.2 Part 2: Recovery Experiment 

Survival rate  

Survival rates of the DC variety, Belle, and the SC variety, Altaswede, were analyzed.  

Percentage mortality was determined visually by counting the number of viable red clover plants 

after a one week recovery period following each drought treatment. Plants within drought 

treatments were harvested after pots were dried from 80% to 15% RSWC, not watered for 4, 8, 

12 and 16 days and returned to 80% RSWC for one week. A dosage response curve was fit to 

percentage survival data after recovery across days without water. After the pots dried to 15% 

RSWC, the subsequent number of days without water at which 50% of red clover plants per pot 

did not recover was called the “LD50”. There was a significant difference between Belle and 

Altaswede for the LD50
 
after recovery, being 8.3 and 9.5 days without water, respectively (Figure 

4.11).  

Recovery from mild, moderate, severe and terminal drought 

After recovery from mild drought, there were no significant differences between Belle 

and Altaswede (Table 4.5). However, after recovery from moderate drought, Altaswede had a 0.6 

g/L higher WUE than Belle (Table 4.5). After recovery from severe drought, Altaswede plants 

had a significant, 12% higher crown water content than Belle (Table 4.5). After recovery from 

terminal drought, no red clover plants were considered viable according to the criteria outlined in 

Section 4.1.1.3 under “Red clover plant mortality” (Table 4.5). Belle and Altaswede did not use 

significantly different amounts of water during the one week recovery period after mild drought 

(Figure 4.12). However, during the one week recovery period after moderate drought, Altaswede 

used significantly more water than Belle (Figure 4.12). Because water use was negligible during 

the one week recovery period after severe and terminal drought, water use was not analyzed.  

In “control for recovery from mild drought” treatments, 53 days after transplanting, Altaswede 

had a 3% increase in crown water content (Table 4.6). There were no other differences between 

Belle and Altaswede for growth parameters in control treatments (Table 4.6). Representative pots 

of Belle and Altaswede red clover in control and drought treatments are pictured in Figure 4.13 

presenting photographs of pots just before the 3-week dry down period as well as after the one 

week recovery period following 4, 8, 12 and 16 days without water after drying from 80% to 

15% SRWC. 
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Crown water content 

Percentage mortality was determined visually by counting the number of viable red 

clover plants after a one week recovery period following each drought treatment. Crown water 

content, however, was determined directly after each drought treatment. A dosage response 

curve was fit to percentage mortality data after recovery across crown water contents. The LD50 

value represents the crown water content at which 50% plant mortality occurred (Figure 4.14). 

The crown water content at which 99% mortality occurred (LD99) was also calculated as a 

measure of the threshold crown water content below which red clover plants cannot survive. The 

LD50 values for crown water content were 57% and 49% for Belle and Altaswede, respectively 

and were significantly different between the two varieties (Figure 4.14). The LD99 values for 

crown water content were 44% and 46% for Belle and Altaswede, respectively, and were not 

significantly different between the two varieties (Figure 4.14). 

Critical relative soil water content (RSWCc) 

The RSWCc was determined for both varieties of red clover in this experiment. RSWCc 

was calculated by determining the joint point in a segmented regression analysis of the NTR and 

RSWC from the equation generated by the analysis (Figure 4.15). The RSWCc values for Belle 

and Altaswede were 30.6% and 33.7% RSWC. However, due to methodological limitations 

discussed in Section 4.1.3.4, differences between Belle and Altaswede for the RSWCc cannot be 

confirmed. The FTSWc was determined to be 0.304 for Altaswede and 0.301 for Belle (Figure 

4.15). 
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Figure 4.11 A dosage response curve for survival rates of Belle and Altaswede red clover at an 

increasing number of days without water. Pots were dried down from 80% to 15% RSWC for 

two weeks, not watered for 4, 8, 12 and 16 days and then returned to 80% RSWC for 1 week. 

Percentage of viable red clover plants was calculated using the estimated number of viable red 

clover plants after recovery. After the pots had reached 15% RSWC, the number of subsequent 

days without water where 50% of red clover plants survived was called the “LD50” value. The 

LD50 values for Belle and Altaswede (± SE) are 8.2 ± 0.23 and 9.5 ± 0.32 days without water, 

respectively, which are significantly different (p < 0.05). N=4. 
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Table 4.5 Belle (double-cut) and Altaswede (single-cut) red clover means (±SE) for shoot 

biomass, shoot relative water content (RWC), crown water content, water use efficiency (WUE) 

and leaf area in drought treatments after recovery
* 

Treatment Variety 

Shoot Dry 

Weight (g 

DM/pot) 

Shoot RWC 

(%) 

Crown water 

content (%) 

WUE 

(g/L) 

Leaf area 

(cm
2
/pot) 

Recovery 

from mild 

drought
 

Belle 3.2 ± 0.25 a 74 ± 1.5 a 78 ±1.4 a 
3.1 ± 

0.14 a 
566  ± 32.4 a 

Altaswede 3.1 ± 0.25 a 73 ± 0.9 a 79 ± 0.7 a 
2.9 ± 

0.14 a 
569 ± 37.0 a 

Recovery 

from 

moderate 

drought
 

Belle 0.46 ±  0.09 a 64 ± 2.4 a 84 ± 0.5 a 
0.5 ± 

0.10 b 
25 ±   8.0 a 

Altaswede 0.87 ±  0.25 a 66 ± 0.4 a 83 ± 0.8 a 
1.1 ± 

0.22 a 
85 ± 24.1 a 

Recovery 

from 

severe 

drought 

Belle 0.04 ± 0.023 a 57 ± 10.5 a 76 ±1.78 b 
0.05 ± 

0.03 a 
3 ± 2.3 a 

Altaswede 0.08 ± 0.034 a 64 ± 4.6 a 85 ±1.7 a 
0.10 ± 

0.04 a 
2 ± 1.2 a 

Recovery 

from 

terminal 

drought
 ** 

Belle 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
0.00 ± 

0.00 
0.00 ± 0.00 

Altaswede 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
0.00 ± 

0.00 
0.00 ± 0.00 

*
 Experiment was arranged as a completely random design (N=4); after drought treatment 

 pots were dried from 80% to 15% relative soil water content (RSWC), they were not 

 watered for  4 (mild), 8 (moderate), 12 (severe) and 16 (terminal) days. After each 

 drought treatment, pots were recovered to 80% RSWC for one week 
** 

No analysis was conducted for 16 days without water (terminal drought) as no plants 

 were viable 
a,b

 Means within columns and treatments followed by different letters are significantly 

 different at p = 0.05 using Tukey’s test for multiple means comparisons 
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Figure 4.12 Mean water use (± SE) of Belle (double-cut) and Altaswede (single-cut) red clover 

varieties at time points during the LD50 experiment. The time periods shown are the one week 

recovery periods, where pots were recovered to 80% RSWC after being dried down from 80% to 

15% RSWC and then not watered for 4 days (4 days without water) and 8 days (8 days without 

water).  Asterisks (*) indicate significant differences between the two varieties (p < 0.05) at that 

time point (N=4). 
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Table 4.6 Belle (double-cut) and Altaswede (single-cut) red clover means (±SE) for shoot 

biomass, shoot relative water content (RWC), crown water content, water use efficiency (WUE) 

and leaf area for recovery controls treatments
*
 

Treatment Variety 

Shoot dry 

weight  

(g DM/pot) 

Shoot 

RWC (%) 

Crown water 

content (%) 

WUE 

(g/L) 

Leaf area 

(cm
2
/pot) 

Control for 

recovery from 

mild drought
 

Belle 10.4 ± 0.44 a 78 ± 0.8 a 77 ± 0.6 b 
4.1 ± 

0.27 a 

1251 ± 

77.8 a 

Altaswede 9.7 ± 0.44 a 77 ± 0.8 a 79 ± 0.6 a 
3.3 ± 

0.27 a 

1378 ± 

77.8 a 

Control for 

recovery from 

moderate 

drought
 

Belle 11.8 ± 0.20 a 76 ± 2.7 a 81 ± 0.5 a 
3.4 ± 

0.09 a 

1215 ± 

53.1 a 

Altaswede 11.0 ± 0.20 a 76 ± 2.7 a 82 ± 0.3 a 
3.3 ± 

0.09 a 

1135 ± 

53.1 a 

Control for 

recovery from 

severe drought 

Belle 17.2 ± 0.76 a 76 ± 3.4 a 76 ± 3.3 a 
3.9 ± 

0.18 a 

1463± 

113.3 a 

Altaswede 16.6 ± 0.76 a 75 ± 3.4 a 78 ± 0.8 a 
4.2 ± 

0.18 a 

1373 ± 

113.3 a 

Control for 

recovery from 

terminal 

drought
  

Belle 17.0 ± 0.80 a 77 ± 1.2 a 77 ± 1.6 a 
3.0 ± 

0.19 a 

1580 ± 

99.0 a 

Altaswede 19.1 ± 0.80 a 74 ± 1.2 a 77 ± 0.6 a 
2.7 ± 

0.19 a 

1434 ± 

99.0 a 

*
 Experiment was arranged as a completely random design (N=16); control treatments 

 were harvested at the same time point as recovery treatments at 53, 57, 61 and 65 days 

 after transplanting, respectively, corresponding with recovery from mild, moderate, 

 severe and terminal drought. 
a,b

 Means within columns and treatments followed by different letters are significantly 

 different at p = 0.05 using Tukey’s adjustment for multiple means comparisons 
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Figure 4.13 Photos of representative pots of Belle and Altaswede in control (CON) and drought 

(DR) pots across treatments in the LD50 experiment part two, recovery. Belle (B, double-cut) 

and Altaswede (A, single-cut) red clover in drought pots are represented after drying down from 

80% to 15% relative soil water content (RSWC) for two weeks  and recovered back to 80% 

RSWC after a no-watering period of 4 (1), 8 (2), 12 (3) and 16 (4) days. Photos are of pots after 

the two week recovery period. Control pots, harvested at the same time as drought pots, were 

maintained at 80% RSWC for the duration of the experiment. 
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Figure 4.14 A dosage response curve for Belle and Altaswede at a decreasing crown water 

content. Pots were dried down from 80% to 15% RSWC for two weeks, not watered for 4, 8, 12 

and 16 days and then returned to 80% RSWC for 1 week. Crown water content was measured in 

pots harvested directly after each drought treatment. Percentage mortality was calculated by 

estimating the number of viable red clover plants after recovery. The LD50 and LD99 values are 

the percent crown water content at which 50% and 99% of red clover plants are unable to 

recover after re-watering. The LD50 values for Belle and Altaswede (± SE) are 57% ± 0.74 and 

49% ± 0.10, respectively, which are significantly different (p < 0.05). The LD99 values for Belle 

and Altaswede (± SE) are 44% ± 3.71 and 46% ± 0.47, respectively, which are not significantly 

different (p > 0.05), N=4. 
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Figure 4.15 The relationship between normalized transpiration ratio (NTR) and relative soil 

water content (RSWC) for Belle (double-cut) and Altaswede (single-cut) red clover. The RSWC 

at which Altaswede and Belle begin to reduce water use (RSWCc ± SE) is 33.7 ± 1.11 and 30.6 

± 1.11, respectively (N=32). Fraction of Transpirable Soil Water (FTSW) values converted from 

RSWCc are 30.4 for Altaswede and 30.1 for Belle. N=4. 
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4.2.2 Varieties Experiment  

4.2.2.1 Experiment 1: 5 days of no watering 

Drought treatment pots were uniformly dried from 80% to 15% RSWC followed by 5 

days of no watering. After the no watering period, significant differences among seedlots within 

drought treatments occurred in only one out of the four measured traits. Speares Seed single-cut 

had a 36% higher shoot RWC than Belle after mild drought (Table 4.7). During the dry down 

period, Belle, Altaswede and Speares Seed SC used significantly different amounts of water 

(Figure 4.16). Contrasts between SC and DC were made (see ANOVA tables in Appendix F). 

During the dry down period, DC populations used significantly more water than SC populations, 

however, there were no differences in water use between SC and DC growth types during the 5-

day no watering period (Figure 4.16, Appendix F5, Appendix F6).  

In control treatments, Belle and Altaswede had a higher shoot biomass than General 

Seeds DC and Speares Seeds SC seedlots, which had the lowest (Table 4.8). Additionally, Belle 

had the highest leaf area and General Seeds DC and Speares Seeds SC seedlots had the lowest 

(Table 4.8). Finally, General Seeds SC had significantly higher shoot RWC than Altaswede 

(Table 4.8). Results from contrasts indicated that SC and DC populations in control treatments 

only differed for leaf area where DC populations had a 20% higher leaf area than SC populations 

(Appendix F1). 

Belle had a significantly higher shoot biomass than General Seeds DC in control but not 

in drought treatments (Table 4.7, Table 4.8) and the RDTR was therefore significantly higher for 

General Seeds DC than for Belle (Table 4.9). Similarly, the RDTR for shoot RWC was 

significantly lower for Belle than for both General Seeds DC and Speares Seed SC (Table 4.9). 

Altaswede had a significantly higher RDTR for WUE than General Seeds DC and Belle (Table 

4.9). Additionally, Speares Seeds SC had a significantly higher WUE than Belle (Table 4.9). In 

fact, Belle generally had higher growth parameters than other seedlots in control treatments but 

did not differ from other seedlots in drought treatments. Therefore, Belle generally had the 

lowest RDTR values as relative decreases in drought compared to control treatments were larger. 
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Table 4.7 Drought treatment red clover means (± SE) for shoot biomass, shoot relative water 

content (RWC), leaf area and water use efficiency (WUE) for single-cut (SC) and double-cut 

(DC) red clover seedlots
* 

Seedlot 
Growth 

Type 

Shoot Dry Weight 

(g DM/pot) 

Leaf Area  

(cm
2
/pot) 

WUE 

(g/L) 

Shoot RWC  

(%) 

Meridian DC 2.5 ± 0.55 a 99 ± 20.0 a 2.0 ± 0.42 a 31 ± 7.2 ab 

Belle  DC 2.3 ± 0.39 a 73 ± 14.4 a 1.7 ± 0.17 a 22 ± 1.4 b 

General Seed DC DC 2.2 ± 0.16 a 100 ± 13.4 a 1.9 ± 0.06 a 24 ± 1.5 ab 

Altaswede SC 2.5 ± 0.20 a 116 ± 24.2 a 2.1 ± 0.22 a 25 ± 2.9 ab 

General Seed SC SC 2.3 ± 0.14 a 110 ± 17.0 a 2.1 ± 0.16 a 25 ± 1.8 ab 

Speares Seed SC SC 2.2 ± 0.12 a 89 ± 12.3 a 2.3 ± 0.14 a 30 ± 1.4 a 

*
 Experiment was arranged as a completely random design (N=4); drought treatments, after 

 drying from 80% to 15% relative soil water content (RSWC) for two weeks, pots were 

 not watered for 5 days 
a,b,c

 Means within columns followed by different letters are significantly different at p = 0.05 

 using Tukey’s test for multiple means comparisons 
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Figure 4.16 Mean water use (± SE) of red clover varieties during the duration of the varieties 

experiment. The time periods shown are the 2-week dry down period where pots were dried from 

80% to 15% RSWC (dry down) and the subsequent 5-day no watering period (5 days without 

water). Varieties included single-cut (Altaswede, Speares Seed SC, General Seed SC) and 

double-cut red clover (Belle, Meridian, General Seed DC). Bars with different letters within a 

group are significantly different (p < 0.05) using Tukey’s test for multiple means comparisons, 

N=4 (see Appendix Tables E5-E6 for ANOVA table). 
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Table 4.8 Control treatment red clover means (± SE) for shoot biomass, shoot relative water 

content (RWC), leaf area and water use efficiency (WUE) for single-cut (SC) and double-cut 

(DC)  red clover seedlots
* 

Seedlot 
Growth 

Type 

Shoot Dry 

Weight 

(g/pot) 

Leaf Area 

(cm
2
/pot) 

WUE 

(g/L) 

Shoot RWC 

(%) 

Meridian DC 4.7 ± 0.55 ab 994 ±   71.5 ab 3.1 ± 0.42 a 80 ± 8.3 ab 

Belle  DC 5.3 ± 0.39 a 1013 ± 45.3 a 3.6 ± 0.17 a 79 ± 1.4 ab 

General Seed 

DC 

DC 3.7 ± 0.16 b 692 ±   60.0 bc 3.6 ± 0.06 a 78 ± 1.5 ab 

Altaswede SC 5.1 ± 0.20 a 863 ±   68.5 abc 4.1 ± 0.22 a 68 ± 2.9 b 

General Seed 

SC 

SC 4.2 ± 0.14 ab 754 ± 120.87 abc 3.6 ± 0.16 a 80 ± 1.8 a 

Speares Seed 

SC 

SC 3.7 ± 0.12 b 627 ±  45.1 c 3.5 ± 0.14 a 77 ± 1.4 ab 

*
 Experiment was arranged as a completely random design (N=4); control treatments were 

 maintained at 80% RSWC for the duration of the experiment and harvested 

 approximately 40 days after transplanting 
a,b,c

 Means within columns followed by different letters are significantly different at p = 0.05 

 using Tukey’s test for multiple means comparisons 
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*
 RDTR is a ratio expressing parameters in drought treatments relative to parameters in 

 control treatments; a higher RDTR indicates higher drought tolerance 
*
 Experiment was arranged as a completely random design (N=4) 

a,b,c
 Means followed by different letters are significantly different at p = 0.05 using Tukey’s 

 test for multiple means comparisons 

 

 

Table 4.9 Mean relative drought tolerance ratio (RDTR
*
 ± SE) for several single-cut (SC) and 

double-cut (DC) seedlots of red clover for shoot dry weight, water use efficiency (WUE), shoot 

relative water content (RWC) and leaf area
** 

Seedlot 
Growth 

Type 

Shoot dry 

weight 

RDTR 

WUE  

RDTR 

Shoot RWC 

RDTR 

Leaf area  

RDTR 

Meridian DC 0.57 ± 0.080 ab 0.32 ± 0.130 abc 0.1 ± 0.02 ab 
0.70 ± 

0.142 a 

Belle DC 0.44 ± 0.032 b 0.28 ± 0.025 c 0.07 ± 0.013 b 
0.48 ± 

0.019 a 

General Seed 

DC 
DC 0.59 ± 0.031 a 0.30 ± 0.02 bc 0.14 ± 0.008 a 

0.54 ± 

0.013 a 

Altaswede SC 0.50 ± 0.041 ab 0.37 ± 0.005 a 0.13 ± 0.024 ab 
0.52 ± 

0.046 a 

General Seed 

SC 
SC 0.54 ± 0.031 ab 0.31 ± 0.026 abc 0.18 ± 0.066 ab 

0.59 ± 

0.054 a 

Speares Seed 

SC 
SC 0.59 ± 0.040 ab 0.39 ± 0.018 ab 0.14 ± 0.009 a 

0.66 ± 

0.063 a 
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4.2.2.2 Experiment 2: Recovery from 9 days of no watering 

Drought treatment pots were uniformly dried from 80% to 15% RSWC, not watered for 9 

days and returned to 80% SRWC for two weeks. After the recovery period, significant 

differences among seedlots within drought treatments occurred for two of four measured traits 

(Table 4.10). Meridian had 167% higher shoot biomass and a 357% greater leaf area than 

General Seeds SC (Table 4.10). However, there were no differences among seedlots for WUE or 

plant mortality (Table 4.10). There were no significant differences among seedlots for water use 

during the dry down and recovery period (Figure 4.17). However, during the 9-day no watering 

period, Meridian used significantly more water than Belle (Figure 4.17). Contrasts between SC 

and DC were made (see ANOVA tables in Appendix G). During the 9-day no watering period, 

SC populations used significantly more water than DC populations (Appendix G6). However, 

there were no differences in water use between SC and DC growth types during the dry down or 

recovery period (Figure 4.17, Appendix G5, Appendix G7).  

In control treatments, Meridian had 23% and 34% more shoot biomass than Altaswede 

and Speares Seeds SC, respectively (Table 4.10). Additionally, Belle, Meridian and General 

Seeds DC had a 22%, 17% and 11% higher WUE than Speares Seeds SC, respectively (Table 

4.10). Contrasts in control treatments indicated that DC populations had significantly higher 

shoot biomass and WUE than SC varieties (Appendix F2, Appendix F3). Figure 4.18 shows 

representative control and drought treatment pots after recovery for all six SC and DC seedlots. 
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Table 4.10 Drought, after recovery from drought stress, and control treatment red clover 

means (± SE) for shoot biomass, leaf area, water use efficiency (WUE) and plant mortality for 

single-cut (SC) and double-cut (DC) red clover seedlots
*
 

Seedlot 

Shoot dry weight 

(g DM/pot) 

Leaf Area 

(cm
2
/pot) 

WUE (g/L) 
Plant Mortality 

(%) 

Drought treatment 

Meridian 0.8 ± 0.20 a 157 ± 60.5 a 0.7 ± 0.20 a 64.8 ± 10.71 a 

Belle 0.4 ± 0.09 ab 42± 11.8 ab 0.3 ± 0.07 a 81.5 ± 7.51 a 

General Seed DC 0.3 ± 0.09 ab 40 ± 13.6 ab 0.3 ± 0.07 a 87.5 ± 5.75 a 

Altaswede 0.2 ± 0.10 ab 25 ± 12.6 ab 0.2 ± 0.10 a 89.3 ± 5.19 a 

General Seed SC 0.3 ± 0.04 b 34 ± 0.5 b 0.3 ± 0.06 a 83.1 ± 8.16 a 

Speares Seed SC 0.9 ± 0.46 ab 157 ± 87.2 ab 0.8 ± 0.36 a 60.0 ± 11.77 a 

 Control treatment 

Meridian 8.7 ± 0.16 a 1211 ± 65.5 a 2.1 ± 0.05 a  

Belle 9.3 ± 0.90 ab 1279 ± 110.7 a 2.2 ± 0.06 a  

General Seed DC 7.8 ± 0.56 abc 1112 ± 112.1 a 2.0 ± 0.05 a  

Altaswede 7.1 ± 0.19 bc 1057 ± 98.3 a 1.9 ± 0.04 ab  

General Seed SC 8.4 ± 0.80 abc 1039 ± 119.4 a 2.0 ± 0.06 ab  

Speares Seed SC 6.5 ± 0.11 c 1383 ± 219.4 a 1.8 ± 0.04 b  

*
 Experiment was arranged as a completely random design (N=4); drought treatments, after 

 drying from 80% to 15% relative soil water content (RSWC) for two weeks, were not 

 watered for 9 days and then returned to 80% RSWC for a two week recovery period; 

 control treatments were maintained at 80% RSWC for the duration of the experiment 
a,b,c

 Means followed by different letters are significantly different at p = 0.05 using Tukey’s 

 adjustment for multiple means comparisons 
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Figure 4.17 Mean water use (± SE) for several varieties of red clover during each time period in 

the varieties experiment two. Time periods shown are the 2-week dry down period where pots 

were dried from 80% to 15% RSWC (dry down), followed by a 9-day no watering period (9 days 

without water) and a 2-week recovery period where pots were re-watered to 80% RSWC 

(recovery). Populations shown are single-cut (Altaswede, Speares Seed SC, General Seed SC) 

and double-cut (Belle, Meridian, General Seed DC) red clover. Bars with different letters within 

a group are significantly different ( p < 0.05) using Tukey’s test for multiple means comparisons, 
N=4 (see Appendix Tables F5-F7 for ANOVA table). 
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Figure 4.18 Photos of representative pots of red clover varieties in control and drought 

treatments in the varieties experiment two, recovery. Control (C), drought (D) and recovered (R) 

pots for single-cut varieties (1-3) and double-cut varieties (4-6). Control pots were maintained at 

80% RSWC for the duration of the experiment; photos were taken at the same time as drought 

pots. Drought pots were dried down from 80% to 15% soil relative water content (RSWC) and 

not watered for 9 days. Those same drought pots were then returned to 80% RSWC for two 

weeks (recovery). Varieties are Altaswede (1), General Seed single-cut (2), Speares Seeds 

single-cut (3), Belle (4), Meridian (5) and General Seed DC (6). 
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4.3 Discussion 

This study was conducted in order to better understand red clover response to drought 

and investigate possible drought tolerance mechanisms that could result in greater stand survival 

in low soil moisture conditions under winter wheat. Recovery and regrowth from crown tissue 

upon re-watering after drought stress was also examined.  This study also aimed to determine if 

DC and SC growth types responded differently to drought stress and recovery. The following 

relationships were expected: 1) SC and DC populations would differ for drought tolerance and 

recovery from drought stress 2) red clover plants would be able to re-grow from crown tissue 

during recovery after complete senescence of leaf tissue had occurred due to severe drought 

stress. 

4.3.1 Drought response differences between Belle and Altaswede 

Mild and moderate drought were implemented as 4- and 8-day no watering treatments 

after pots were dried from 80% to 15% RSWC and recovery was implemented as a one week 

recovery period where pots were returned to 80% RSWC after drought stress (Table 4.1). Belle 

had significantly higher shoot biomass than Altaswede in both control and drought treatments 

after mild drought (Table 4.2, Table 4.3).  However, both varieties decreased biomass in drought 

treatments, relative to control treatments, to a similar extent after mild drought, as the RDTR for 

shoot biomass was not significantly different between Belle and Altaswede (Table 4.4). 

However, after moderate drought, Belle had 60% higher shoot biomass than Altaswede and a 

significantly higher RDTR for this parameter (Table 4.2, Table 4.4). Belle also had a 

significantly higher above-ground biomass per plant in the previous field experiment in 

measurements made BWE (Table 3.19). Consistently, DC populations had significantly higher 

shoot biomass than SC populations in control treatments for the second varieties experiment 

(Table 4.10). 

Belle had a 72% higher shoot RWC and 202% higher leaf area than Altaswede after mild 

drought (Table 4.2) and the RDTR for these parameters was also significantly higher (Table 4.4). 

Higher leaf area with higher shoot RWC could indicate that Belle is more drought tolerant during 

mild drought than Altaswede. Red clover genotypes grown to maturity in a recent study were 

considered to have better drought tolerance if they had a higher growth rate and leaf RWC than 

other genotypes measured after soil dried from 55% to 14% moisture content (Yates et al, 2014). 

Alfalfa plants were also considered more drought tolerant if they had both higher leaf RWC and 
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shoot biomass than other cultivars during water deficit (Kang et al, 2011). However, after pots 

were dried from 80% to 15% RSWC, the LD50 value for subsequent days without water was 

significantly different between Belle and Altaswede indicating that 50% plant mortality occurred 

almost 10 hours later for Altaswede than for Belle (Figure 4.8). Furthermore, after pots were 

returned to 80% RSWC for one week following drought stress, the LD50 value for days without 

water was not just significantly different, but indicated that 50% mortality occurred over 24 

hours later for Altaswede than for Belle (Figure 4.11). These results indicate that Altaswede 

survives moderate to severe drought stress at higher rates than Belle.  

Belle used significantly more water than Altaswede during the 3-week dry down and 

during the total 4-day no watering period which could explain why Altaswede had a significantly 

lower shoot RWC than Belle and appeared to wilt more rapidly (Figure 4.2, Figure 4.9). Less 

water used by Altaswede is also likely due to the significantly greater decrease in leaf area, 

compared to Belle, in drought relative to control treatments (Table 4.4). Decreases in leaf area 

would decrease water lost due to transpiration. Limited growth and more rapid leaf senescence 

during water deficit has been observed for other mature legume stands as a response to drought, 

however, this type of response is often at the expense of yield (Malinowski et al, 2007; Beebe et 

al, 2008). Reduced vegetative growth and/or leaf senescence has been suggested by Erice et al 

(2010) to be a strategy to withstand water deficit by conserving water through reducing overall 

transpiration. In contrast, drought tolerance and less wilting in more mature alfalfa genotypes 

was associated with increased water use during severe stress which was attributed either to the 

conservation of water due to lower early root growth or the osmotic adjustment of root and 

crown tissue via an increased total concentration of water soluble carbohydrates which allowed 

more water to be taken up during severe stress (Annicchiarico et al, 2013).  

Interestingly, there were no differences for any growth parameter between Belle and 

Altaswede after the one week recovery after mild drought (Table 4.5) suggesting that Altaswede 

was able to recover despite a larger reduction in leaf area and RWC after the mild drought 

period. While not significant, Altaswede did have higher average water use during the recovery 

period after mild drought which could explain why Altaswede was able to recover leaf area and 

shoot RWC as efficiently as Belle (Figure 4.12). After the one week recovery period following 

moderate drought stress, there were no significant differences between Belle and Altaswede for 
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any growth parameter (Table 4.5), however, Altaswede had a slight but significant increase in 

water use (Figure 4.12). The increase in water use after recovery is likely due to a, non-

significant, 89% higher shoot biomass for Altaswede than for Belle after recovery from moderate 

drought (Table 4.5). An increase in shoot biomass over Belle is likely due to the larger number 

of Altaswede plants that survived moderate drought stress (Figure 4.11).  

Belle and Altaswede appear to have different strategies when faced with water deficit. 

These differences could be due to the different growth habits between double-cut and single-cut 

red clover (see Section 2.1.1.3). After mild drought stress, Belle appears to be slower wilting, 

due a significantly higher shoot RWC than Altaswede after mild drought, and uses significantly 

more water compared to Altaswede during dry down and mild drought periods. Belle also had 

significantly higher biomass than Altaswede after moderate drought. In contrast, Altaswede 

could be limiting water use during mild drought by significantly decreasing leaf area and is able 

to survive and recover from drought stress at significantly higher rates than Belle. Therefore, 

while Belle appears to better tolerate mild drought, Altaswede appears to survive at higher rates 

during severe drought. These two potentially different drought tolerance strategies, shoot tissue 

maintenance and plant survival, should be investigated in further research in order to improve the 

ability of red clover plants to survive water limiting conditions under winter wheat. 

Depending on the severity of drought stress, mild or severe, the two drought tolerance 

strategies suggested above would likely be differentially preferable. Many drought tolerance 

studies of mature first-year stands of forage and row crop legumes focus on biomass and yield, 

favouring slower wilting varieties (Pathan et al, 2014; Yates et al, 2014).  However, survival is 

arguably more important than biomass accumulation or slower wilting plants for red clover 

growing under winter wheat. A quote from Passioura (2006), as cited by Volaire et al (2009), 

appears extremely relevant for this discussion: “While it is true that a crop plant that does not 

survive severe water deficits will not produce any yield, the converse is rarely true”. Beebe et al 

(2008) discusses that the response of the wild common bean, Phaseolus vulgaris, to drought is to 

remain vegetative and to reduce growth and physiological activity. This strategy for summer 

drought survival is effective; however, it comes at the expense of a lower harvest index. A trade-

off between this drought tolerance strategy and yield is not acceptable for cultivated bean 

varieties. However, for red clover inter-seeded with winter wheat, survival is the most important 
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parameter for uniform stand production. Additionally, if red clover can more uniformly survive 

summer water deficits, resulting in uniform stand densities across the field, biomass should be 

able to compensate for lower stand densities later in the season. Blaser et al (2012) reported that 

red clover shoot biomass increased by 240% and 474%  in 2008 and 2009, respectively, during 

the period between wheat harvest 40 40 days after wheat harvest. Root biomass also increased by 

168% and 587%, in 2008 and 2009, respectively, during the same time period. Singer and Meek 

(2012) report that by 40 and 80 days after wheat harvest, stand densities above 88-150 plants/m
2
 

and 42 plants/m
2
, respectively, are high enough to maximize red clover biomass production. 

Therefore, ensuring red clover stand survival until at least the time of wheat harvest could be the 

most important priority for future research in red clover drought tolerance studies. 

Potential differences in survival rates during drought stress between SC and DC growth 

types could be related to differences in winter hardiness (Pembleton and Satish, 2014). SC 

populations are slower growing and do not flower or make stems in the seeding year (Bowley et 

al, 1984), a growth habit that has been associated with greater winter hardiness and increased 

persistence within SC populations (Choo et al, 1984a;Choo et al, 1984b; Christie and Choo, 

1991). Greater winter hardiness and persistence for SC is associated with the maintenance of 

low, vegetative growth in the fall in response to low temperature and decreasing day length 

(Choo et al, 1984b; Christie and Choo, 1991). It is possible that similar mechanisms occurring 

when decreasing temperatures and day length are sensed could also occur when decreasing soil 

moisture is sensed. While this possibility has not been investigated in red clover, it has been 

explored in alfalfa. Similar to the fall growth habit of SC red clover, fall dormancy in alfalfa is 

associated with reduced growth and short, low lying shoots in response to fall temperature and 

day length decreases (Teuber et al, 1998). Higher fall dormancy in alfalfa has also been 

associated with greater winter hardiness in alfalfa (Cunningham and Volenec, 1997; Brummer et 

al, 2000; Weishaar, 2005). Additionally, alfalfa cultivars exhibiting higher fall dormancy have 

also exhibited increased drought tolerance (Pembleton et al, 2010; Pembleton and Satish, 2014). 

In the study presented in this thesis, relative to control treatments, Altaswede significantly 

reduced leaf area and shoot RWC compared to Belle after mild drought and significantly reduced 

shoot biomass compared to Belle after moderate drought. Furthermore, Altaswede had higher 

survival rates than Belle after drought stress and recovery. Therefore, further research could 
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further investigate if lower, reduced growth in response to decreasing soil moisture in SC 

populations is directly associated with increased survival during severe drought stress. 

4.3.2 Red clover re-growth from the crown after severe drought stress 

Severe drought in the LD50 experiment was implemented as 12-day no watering treatment 

after pots were dried from 80% to 15% RSWC and recovery was implemented as a one week 

recovery period where pots were returned to 80% RSWC after drought stress (Table 4.1). No 

Belle or Altaswede red clover plants were considered viable (i.e. leaves were desiccated and no 

new growth was evident) after severe drought (Table 4.2). However, after the one week recovery 

period following severe drought, new growth was evident for both Belle and Altaswede varieties. 

New growth was visually determined to be originating from the crown tissue (Figure 4.13) 

suggesting that even if leaflet and petiole tissues are desiccated, red clover plants can still survive 

and re-grow after drought from meristematic tissue in the crown. In fact, red clover re-grows 

from crown buds after over-wintering or after defoliation after harvest (Li et al, 1996; Black et 

al, 2009). It’s possible that similar mechanisms occur that allow red clover to recover and re-

grow after drought stress as those that occur for recovery and re-growth after winter. Due to 

lower mortality rates and a higher degree of wilting for Altaswede than for Belle, it is possible 

that Altaswede is focussing more on the conservation of crown tissue than on shoot tissue. 

Re-growth and recovery from the crown are likely dependent on crown water content. 

After mild drought in the LD50 experiment, crown water content was 35% higher for Belle 

compared to Altaswede, consistent for shoot RWC and leaf area measurements (Table 4.2). For 

Belle and Altaswede, the crown water content at which 99% plant mortality occurred was 44% 

and 46%, respectively, and was not significantly different between the two varieties (Figure 

4.14). There appears to be a threshold crown water content at which plant survival and recovery 

is not possible. In fact, a study by Wissuwa et al (1997) examined the drought response of first 

year alfalfa stands and estimated that alfalfa ecotypes had a threshold for crown survival of about 

42% crown water content which is consistent with the results presented in this thesis. Wissuwa et 

al (1997) were also able to use this value for threshold crown water content to predict mortality 

in local commercial alfalfa fields the following year; at only one location out of five did they 

significantly over-estimate actual mortality. Interestingly, the crown water content at which 50% 

plant mortality occurs is significantly lower for Altaswede than for Belle (Figure 4.14) 
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suggesting that Altaswede plants can survive at lower crown water contents. It is possible that 

Altaswede not only decreases growth but reduces physiological activity, perhaps entering into a 

state of quiescence where only a small amount of water is necessary for survival. When narrow-

leaf trefoil (Lotus tenuis) plants experienced extreme flooding stress, growth and photosynthesis 

ceased and plants entered into a quiescent phase where survival was achieved through 

consumption of crown reserves (Manzur et al, 2009).  

Few studies have investigated crown water content and how it impacts survival and 

recovery in legumes, however, more research has been done on the use of crown reserves to both 

tolerate and recover from various stresses. Maintaining crown tissue viability during stress 

appears to be important for re-growth upon recovery. Higher fall dormancy and increased winter 

survival of alfalfa varieties has been associated with increased levels of crown and root 

carbohydrates in addition to reduced fall growth (Cunningham et al, 1998; Cunningham and 

Volenec, 1998; Pembleton et al, 2010). Additionally, increased levels of crown reserves have 

been linked with better defoliation- and flooding-tolerance in legumes (Pembleton et al, 2010; 

Striker et al, 2011). Annicchiarico et al (2013) found that a drought tolerant alfalfa variety 

accumulated high concentrations of water soluble carbohydrates in the root and crown during 

severe drought stress. In this instance, Annicchiarico et al (2013) suggested that crown reserves 

also played a role in the osmotic adjustment of crown and root tissue. Correspondingly, Erice et 

al (2010) suggested that an observed increase in the root/shoot ratio of drought-stressed alfalfa 

plants could be a strategy to accumulate reserves for subsequent re-growth during recovery. One 

study exploring crown and root reserves in red clover over the year found that SC red clover 

varieties were found to have, on average, less root reserves than DC red clover on all sampling 

dates (Smith, 1950). However, in this study, Smith (1950) found no differences in winter 

survival between SC and DC. In contrast, other studies have found that SC red clover has 

increased winter hardiness compared to DC (Therrian and Smith, 1960; Choo et al, 1984a). 

Further research could investigate the role of crown and root reserves, in addition to crown water 

content, and its association with survival and recovery after drought stress among red clover 

varieties. Red clover plants that accumulate crown reserves and enter a quiescent state in 

response to low soil moisture could have higher survival rates under winter wheat. Investigating 

the role of crown reserves and water content in red clover for recovery and re-growth is not 
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limited to studies of drought tolerance could be applied to research  focusing on other red clover 

stress factors. 

4.3.3 Water Use Efficiency (WUE) 

In this experiment, WUE was calculated as shoot dry weight (g) per litre of water used 

(L). After mild drought in the LD50 experiment, the WUE of Belle was 0.7 g/L higher than that 

of Altaswede (Table 4.2). An increase in WUE was observed in addition to a higher shoot RWC 

and shoot biomass (Table 4.2). In control treatments, Belle also had a 1.1 g/L higher WUE than 

Altaswede (Table 4.3). Plants that are not only slower to wilt but that also have higher WUE 

could indicate superior drought tolerance as discussed by Hufstetler et al (2007). Both Belle and 

Altaswede had higher WUE in control than in drought treatments (Table 4.2, Table 4.3). This is 

in contrast to findings by Hufstetler et al (2007) who found that WUE did not differ between 

soybean genotypes in control and drought treatments. Due to the severity of drought stress, even 

after mild drought, shoot biomass was 67% lower in drought compared to control treatments 

which could account for differences in WUE, even though water use in control treatments was 

likely over-estimated, as discussed in Section 4.1.3.4, due to the inability to control for soil 

evaporation. 

Lower stomatal conductance has been associated with increased WUE in soybean and 

alfalfa (Hufstetler et al, 2007; Kang et al, 2011). Therefore, it’s possible that during mild 

drought, Belle was better able to limit water loss which was evident due a significantly higher 

leaf area and shoot RWC than Altaswede (Table 4.2). Further research could investigate leaf 

water conductance differences in order to better explain these differences between the two 

varieties. However, as root biomass was not harvested, WUE calculated in this experiment only 

took into account shoot biomass. It is possible that Altaswede increased root growth and not 

shoot growth which decreased the calculated WUE for this variety. Interestingly, Altaswede had 

a 120% higher WUE after the recovery period following moderate drought and also used slightly 

but significantly more water than Belle during that time (Table 4.5). It’s possible that Altaswede 

was able to recover productivity more quickly than Belle after re-watering.  No differences in 

WUE were found among different red clover seedlots in response to drought and recovery (Table 

4.10).  However, in control treatments for the second varieties experiment, DC populations had 

significantly higher WUE than SC populations with Speares Seeds SC having the lowest value 
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(Table 4.7, Table 4.10). Further research into leaf water conductance and whole-plant WUE of 

DC and SC populations would help explain the higher WUE observed for DC populations in this 

experiment. 

4.3.4 Response to drought stress and recovery among several red clover seedlots 

In the first varieties experiment, drought treatment pots were dried from 80% to 15% 

RSWC followed by a 5-day no watering period. In contrast to the LD50 experiment, in the 

varieties experiment there were no significant differences among seedlots or between SC and DC 

populations for growth parameters within drought treatments (Table 4.7). DC populations still 

used significantly more water than SC populations during the dry down period, however this 

difference was not evident during the 5-day no watering period (Figure 4.16) and differences in 

leaf area and shoot RWC were also not evident (Table 4.7). In fact, out of all of the seedlots, 

Belle had the overall lowest RDTR as this variety generally had the highest growth parameters in 

control treatments (Table 4.9). Because differences in leaf area and shoot RWC in the LD50 

experiment were evident after mild drought (a 4-day no watering period) but not after moderate 

drought (an 8-day no watering period), it is possible that the 5-day no watering period was too 

long for differences to be detected among seedlots and between SC and DC populations (Table 

4.2). However, differences in relative drought tolerance were evident among seedlots in this 

experiment after drought stress. Variety differences in red clover biomass accumulation and 

stand density under winter wheat have been observed (Mutch et al, 2003; Singer et al, 2006). 

Interestingly, genotype differences have been found to be more pronounced when growing 

conditions are unfavourable, for example low soil moisture in spring (Singer et al, 2006). In the 

first varieties experiment, differences in control treatments were more pronounced than 

differences in drought treatments, however, this could be due to the severity of the drought 

stress. 

In the second varieties experiment, however, there were overall differences among the 

seedlots after recovery from drought stress. Drought treatment pots were dried from 80% to 15% 

RSWC, not watered for 9 days and returned to 80% RSWC for two weeks. In contrast to the 

LD50 experiment, there were no significant differences in mortality rates among seedlots, 

however, Speares Seeds SC and Meridian had the lowest mortality rates, by at least 17% (Table 

4.10). The low mortality of Meridian can explain the significantly higher shoot biomass and leaf 
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area found over General Seeds SC after recovery from moderate drought stress (Table 4.10). SC 

populations in the second varieties experiment used significantly more water during the 9-day no 

watering period than double-cut populations (Figure 4.17). However, this is likely due to the 

greater number of Speares Seeds SC plants that survived drought which increased overall water 

use for this seedlot (Table 4.10, Figure 4.17). While it appeared that DC populations used more 

water during the dry down period than SC populations, consistent with other results in this study, 

there were no significant differences observed which was likely due to a high level of variation 

in water use in pots of Speares Seed single-cut red clover (Figure 4.17).  

4.3.2 Discussion of methods limitations 

4.3.2.1 Conducting a pot experiment 

Response to drought will be different in small pots compared to field conditions. The first 

and most important differences will be in air and soil temperature, air flow, radiation load and 

humidity and plant response to these parameters. For example, the day and night temperature in 

the growth room in this experiment was set to 23°C, which does not reflect temperatures across 

the red clover growing season in Guelph, ON. This was due to restrictions associated with 

working with another researcher in the growth room facility. However, despite differences 

between growth room and field conditions, the focus of the growth room experiments was to 

simulate the same symptoms of stand and biomass losses that red clover experienced in the field 

experiments in order to better understand the response of red clover varieties to low soil 

moisture. However, water stress tends to develop more quickly in pots than in field experiments. 

This is important to take into consideration as differences in plant response to drought are likely 

to be different depending on the rate at which it occurs. Therefore, one advantage to using small 

pots in a growth room experiment is that water use can be monitored daily and replaced as 

needed to ensure that a controlled dry down is achieved which helps to account for differences in 

plant size and the rate of water use between pots (Earl, 2003). In this particular experiment, the 

soil was allowed to dry down at the speed of the pot that dried down the slowest, thus ensuring 

the dry down was uniform across pots. The total dry down time from 80% to 15% RSWC varied 

slightly between the two experiments being 21 days in the first, LD50 experiment, and 16 days in 

both varieties experiments.  
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The soil medium used was chosen for its higher water-holding capacity which allowed 

pots to dry down more slowly and for its high sand content, which helped to homogenize the 

vertical distribution of water in the pot as discussed by Earl (2003). The horizontal distribution of 

water was assumed to be homogeneous as water flooded the entire surface as it was added. 

Additionally, water use at the time when pot weights were being recorded was at least 30 g of 

water which was found to be the minimum amount of water needed to flood the surface of the 

same size of pot with a similar soil medium (Earl, 2003). Therefore, since visual observation 

showed that roots explored the entire volume of the pot, the RSWC recorded should be a fairly 

reliable measure of soil water status experienced by the roots. However, it is important to note 

that since pots were watered up to a particular target weight which decreased before the next 

watering time, the overall daily average RSWC of the pot would be lower than the actual target 

weight.  

4.3.2.2 Water use efficieincy (WUE)  

WUE has been calculated using whole plant biomass divided by water transpired 

(Hufstetler et al, 2007; Rizza et al, 2012), crop yield or shoot biomass divided by 

evapotranspiration (Barbieri et al, 2012; Calderon et al, 2012; Zhou et al, 2015) or shoot biomass 

divided by water transpired (Wakrim et al, 2005; Anyia et al, 2007). The method used here is 

less comprehensive than that used by Hufstetler et al (2007) and Rizza et al (2012) as only shoot 

biomass was used instead of whole plant biomass. The disadvantage of only using shoot biomass 

to calculate WUE is that it may be underestimating actual WUE. Additionally, it does not take 

into account potential differences in root/shoot ratios between growth types or differences in 

biomass partitioning during drought. The root/shoot ratio for double-cut populations has been 

calculated as 0.13 at wheat harvest and 0.09 forty days after wheat harvest (Blaser et al, 2012). 

The root/shoot ratio for single-cut populations in the fall has been calculated as 4.22 which was 

350% greater than that calculated for double-cut populations in the study by Christie et al (1992). 

However, whether or not root/shoot ratio differed in this experiment is unknown as plants were 

much younger than those in the study by Christie et al (1992) and root bound in pots. 

Additionally, it is unknown whether or not differences in root/shoot ratio or biomass partitioning 

during drought occurred between the two growth types in this experiment. 
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4.3.2.3 Relative Water Content (RWC) as a measure of plant water status 

Relative water content is a non-labour intensive method to measure plant water status and 

requires no specialized equipment. However, RWC values have been demonstrated to be as 

much as 10-15% lower than actual values due to the osmotic adjustment of leaves in response to 

drought which could cause an over-estimation of saturated weight (Boyer et al, 2008). Relative 

water content values in this experiment were lower than those reported in another study of red 

clover under control and drought conditions (Yates et al, 2014). In the study by Yates et al 

(2014), small leaf disks and a relative turgidity method of calculating RWC, which forgoes the 

measurement of dry weight, were used. In this experiment, whole leaflets and petioles were used 

to calculate RWC and a dry weight measurement was included in the equation. It is possible that 

these methodological differences account for discrepancies in RWC measurements between the 

two studies. 

4.3.2.4 Normalized Transpiration Ratio (NTR) vs. Relative Soil Water Content (RSWC) 

The RSWCc in the LD50 experiment was converted to fraction of transpirable soil water 

at which plants start decreasing water use (FTSWc) using the method described by Hufstetler et 

al (2007). The FTSWc calculated in the LD50 experiment was an average of 0.303 for Belle and 

Altaswede varieties (Figure 4.15). These values were similar to the FTSWc values calculated for 

many other plant species that were in the range of 0.2-0.3 (Sinclair and Ludlow, 1986; Sinclair et 

al, 1998; Soltani et al, 2000; Hufstetler et al, 2007). In contrast, a study by Hainaut et al (2016) 

indicated that red clover decreased its transpiration rate at 0.46 and 0.51 FTSW for the two 

varieties of red clover studied, respectively, which is inconsistent with the values found in this 

study and with the values found in the literature for other plant species. However, there were 

methodological differences between the study by Hainaut et al (2016) and this study, including 

the use of compost garden soil as a growth medium for red clover plants, which could partly 

account for these discrepancies.   

Two main limitations occurred in this experiment. The first was the inability to account 

for soil evaporation differences between control and drought treatments during the dry down 

period. An evaporation control was not used during the three-week dry down for two main 

reasons outlined in section 4.1.1.3 under “Normalized Transpiration Ratio (NTR)”.  Because soil 

evaporation was greater in control treatment pots maintained at 80% RSWC, the calculated NTR 

was less than one even though drought pots and control pots had consistent water use when 
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RSWC was above the RSWCc, observed in Figure 4.5 during the “dry down week 1” time 

period. The discrepancy between water use in control and drought pots resulted in the plateau 

segment of the regression in Figure 4.15 occurring at around 0.75 instead of at 1.0. The second 

limitation was that fresh weight controls were not accounted for during the dry down period 

which would have affected the calculation of RSWC for each day. Shoot dry weight of the 

variety Belle, in drought treatments harvested 4 days after the dry down period ended (mild 

drought), was around 50% greater than that of the variety Altaswede. Therefore, it is likely that 

calculated differences in RSWCc between the two varieties could be explained by differences in 

fresh weight. This prevented the confirmation of variety differences for RSWCc.   
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5 Summary 

 The objective of this research was to better understand how low soil moisture under 

winter wheat affected stand survival, biomass accumulation and uniformity of inter-seeded red 

clover and to investigate potential differences in drought tolerance strategies between red clover 

varieties. The study aimed to test the hypothesis that low soil moisture under winter wheat 

decreases stand survival, biomass production and stand uniformity. Additionally, this research 

aimed to present differences in red clover response to drought and recovery from drought stress. 

The occurrence of re-growth from crown tissue during recovery from drought stress was 

investigated.  

5.1 Overall Findings 

The field drought experiment, repeated over three years, confirmed that under winter 

wheat, low soil moisture can decrease red clover above-ground biomass and stand density. The 

DC variety Belle had higher stand densities and above-ground biomass after water exclusion 

periods than the SC variety Altaswede. Analysis of a drought tolerance index showed no 

significant differences between varieties which suggested that drought tolerance, between the 

two varieties, did not differ between the before and after water exclusion measurements. These 

differences could instead be due to growth habit or differences in field germination rates. 

However, in subsequent controlled environment studies, Belle was observed to have higher 

seedling vigour than Altaswede, which could also partly explain the greater stand densities and 

biomass per plant of Belle after water exclusion in the field drought experiment, despite equal 

seeding rates. Selecting for plants with high seedling vigour could produce red clover varieties 

that are less vulnerable to stresses during growth with winter wheat. Increased seedling vigour 

could be due a variety of factors including larger seed, fresher seed and more rapid germination 

and seedling elongation (Haskins and Gorz, 1975; McKersie et al, 1981). 

In the field drought experiment, results were inconsistent as to which water exclusion 

period, occurring either earlier or later during growth under winter wheat, had a larger effect on 

red clover growth. This was likely due to environmental differences between years and water 

exclusion periods. Additionally, soil moisture probes may not have been representative of total 

water availability to red clover roots. The installation of probes was only to a depth of 10 cm and 

red clover roots could have extended deeper into the soil. Decreased red clover stand densities 
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under low soil moisture were not attributed to increased competition with winter wheat. In fact, 

winter wheat above-ground biomass was positively associated with red clover stand density after 

water exclusion. In the 2015 uniformity experiment, low soil moisture in early May was 

determined not only to decrease stand densities but also to decrease stand uniformity.  

Results from controlled environment experiments indicated that, while red clover plants 

can appear non-viable during drought stress due to leaf desiccation and lack of new growth, 

plants can still survive and re-grow from crown tissue after re-watering. Additionally, there 

appears to be a crown water content threshold around 44-46% below which red clover recovery 

from the crown is not possible. Higher survival rates of the SC variety Altaswede compared to 

the DC variety Belle could be due to the maintenance of crown tissue over shoot tissue during 

severe drought stress. This study revealed the importance of the survival of crown tissue for re-

growth after drought stress. 

Controlled environment studies found that Belle had higher leaf area, shoot RWC or 

biomass under mild or moderate drought stress indicating higher drought tolerance for mild 

drought. Additionally, Belle and DC seedlots were found to have significantly higher water use 

during soil drying and drought stress than Altaswede. In contrast, Altaswede decreased crown 

water content and shoot RWC, compared to Belle, but had higher survival rates during moderate 

and severe drought. The study has possibly revealed two different drought tolerance strategies, 

biomass and leaf water maintenance, and survival, for two different growth types of red clover. 

Further research focussing on crown tissue and plant survival as a drought tolerance strategy 

could improve red clover stand uniformity under winter wheat. Studies have shown that late fall 

red clover shoot biomass can be maximized for red clover stand densities of just 42 plants/m
2
 

(Singer and Meek, 2012). 

5.2 Contributions of Research 

Past research has included survey and observational evidence of non-uniform red clover 

stands across whole fields between locations. The study presented in this thesis has indicated that 

non-uniform stands of red clover can also be detected and measured in smaller plots within a 

single location. The 2015 uniformity experiment quantified red clover stand non-uniformity after 

low soil moisture within one location and year under winter wheat in early May. Additionally, 

red clover stand establishment in the field drought experiment was similar across treatments, 
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indicated by comparing early stand densities before water exclusion. In comparison to previously 

published studies, early stand densities of red clover were adequate for maximum biomass 

production after wheat harvest (Singer and Meek, 2012). However, stand losses occurred during 

growth with winter wheat due to low soil moisture. Variety differences after water exclusion 

were detected in the field drought experiment, likely due to early seedling vigour exhibited by 

the DC variety Belle. These results reveal the importance of further research focussing on 

seedling vigour in red clover varieties a means of drought tolerance. 

Past studies have investigated plant drought response and tolerance mechanisms in red 

clover; however, most research has focussed on higher growth rates and leaf RWC. No studies 

have focussed on red clover survival rates during severe drought stress and re-growth from the 

crown after recovery from drought stress. The occurrence of re-growth from the crown after 

defoliation and flooding stress has been investigated in some legume species; however, studies 

have not demonstrated re-growth from the crown after leaf desiccation due to drought. Results 

from the studies presented in this thesis suggest that even when no viable above-ground leaf 

tissue exists, red clover plants can still survive and re-grow from meristematic tissue in the 

crown.  

Additionally, no controlled environment or field studies have compared the drought stress 

and recovery response of red clover growth types, single- and double-cut. Different drought 

tolerance strategies were evident between Belle, a DC variety and Altaswede, a SC variety, 

which provides a focus for future research and breeding and screening efforts to develop red 

clover varieties with improved drought tolerance under winter wheat. The importance of 

prioritizing red clover survival over biomass accumulation and leaf water maintenance during 

drought stress to increase stand uniformity under winter wheat has been highlighted. 

5.3 Overall Limitations 

 The largest limitation of this study was a low sample size and high error variance 

between red clover populations that limited the detection of differences between means even 

when the magnitude of the numerical difference was large. Post-hoc power analyses revealed 

that many comparisons had low power of the test and that more replications, locations or years 

would increase the power of future research studies to detect differences between and within red 

clover populations. 
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Differences between years were evident as to when early water exclusion (May or June) 

had a larger effect on red clover growth under winter wheat. Differences in red clover response 

to water exclusion between May and June water exclusion periods were not attributed to winter 

wheat and were most likely due to variation in environmental conditions between years. A higher 

frequency of light measurements under the wheat canopy throughout the season as well as 

temperature and light measurements occurring in all three years would not only have assisted in 

the interpretation of the results but would have also provided a more thorough characterization of 

the rain-out shelter environment. Additionally, red clover recovery after low soil moisture in the 

field drought experiment was not assessed which could reveal important information regarding 

when red clover is better able to recover from drought stress as well as differences in recovery 

evident among different varieties.  

 A more comprehensive assessment of soil moisture would have aided the interpretation 

of results from this experiment. Increased soil moisture measurements at deeper and varying 

depths would give researchers a better understanding of soil moisture availability to red clover 

roots within the soil profile. Additionally, starting values for each of the soil moisture probes 

were not always similar. Therefore, absolute values of soil moisture measured by the probes may 

not be as accurate as expected. In future studies where these probes are used, it might be prudent 

to calculate soil moisture using another, more reliable, method at the beginning of the experiment 

in each plot where there is a probe to aid in the identification of starting values or to help assess 

the variability of soil moisture present in the experimental area. 

The growth parameters measured in this thesis mainly include survival, shoot RWC and 

shoot biomass. However, an important aspect of plant response to drought is root growth and 

dynamics. Different growth types of red clover have been found to have different root/shoot 

ratios which could have a substantial impact on the drought response and drought tolerance 

mechanisms. A lack of root measurements in this study impacted overall biomass production 

measurements, WUE calculations and any potential shifts in biomass partitioning before and 

after drought stress. However, a different growth medium may be necessary in order to separate 

root biomass from the soil medium in pot experiments. However, the study of root function and 

growth, as opposed to just biomass measurements, would also be extremely helpful when 
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looking at drought tolerance mechanisms and would not require the separation of root biomass 

from the soil medium.  

5.4 Future Research Directions 

Future research should address root function and dynamics of red clover plants in terms 

of drought response and drought tolerance, especially between growth types that have exhibited 

differences in root/shoot ratios when water is not limiting. Additionally, research investigating 

the accumulation of crown reserves in response to low soil moisture would provide useful 

information on red clover plant survival, recovery and re-growth after drought stress. Plants that 

accumulate more crown and root carbohydrates appear to better tolerate stress including drought, 

defoliation, winter and flooding. Differences in the timing, rate and quantity of crown reserve 

accumulation could confer drought tolerance to red clover. Osmotic adjustment of roots can also 

increase water uptake from the soil. Additionally, signalling pathways involved in the response 

of red clover to drought and subsequent physiological changes could be investigated. Measuring 

stomatal conductance and/or photosynthetic rate would be useful in determining whether 

differences found between varieties in this thesis study for WUE could be linked with increased 

drought tolerance in red clover. Higher WUE can increase stress tolerance and therefore increase 

yield during longer drought periods. While for shorter drought periods plants with higher WUE 

may unnecessarily reduce productivity and therefore lowering yield (Hufstetler et al, 2007), red 

clover survival is more important for uniform stand production. Therefore, screening for varieties 

with high WUE would likely be beneficial. Additionally, screening for red clover varieties that 

tend to enter a state of dormancy or quiescence in response to low soil moisture is encouraged to 

determine if higher survival rates under winter wheat can be achieved. 

This research presents evidence that low soil moisture can decrease red clover biomass 

production, stand density and stand uniformity; however, it is unclear how low soil moisture 

interacts with other factors that can affect red clover growth. Evaluating red clover overall stress 

tolerance under winter wheat could be aided by assessing other wheat management or 

environmental stress factors such as nitrogen fertilizer, herbicide or heat in combination with low 

soil moisture. 
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Appendices 

Appendix A: Air Temperature Measurements for the Arkell Drought Experiment 

 

Appendix A1 Air temperature (°C) on three days during the growing season for control and 

drought plots under rain-out shelters in May and June in Arkell, ON (2014) 

 Late May (May 29
th

) Early June (June 3
rd

) Late June (June 19
th

) 

 AM NOON PM AM NOON PM AM NOON PM 

May 

Control 
17 21 20 18 20 19 23 24 28 

May 

Drought 
18 22 23 20 20 20 21 25 25 

June 

Control 
17 22 19 18 18 18 21 24 27 

June 

Drought 
18 22 21 19 20 20 22 25 28 

 

 

Appendix A2 Air temperature (°C) on three days during the growing season for rain-out shelter 

and ambient plots in Arkell, ON (2014) 

 Late May (May 29
th

) Early June (June 3
rd

) Late June (June 19
th

) 

 AM NOON PM AM NOON PM AM NOON PM 

Rain-out 

Shelter 
18 23 23 18 20 19 21 27 27 

Ambient 17 26 27 18 21 20 20 29 30 
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Appendix B: Red clover stand count, above-ground biomass and biomass per plant 

comparisons for Belle and Altaswede and winter wheat above-ground biomass under rain-

out shelters and under ambient plots to measure the effect of the rain-out shelter (2013-

2015) 

 

Appendix B1 Effect of rain-out shelters on the growth of both Belle and Altaswede red clover 

varieties and winter wheat
*
 (mean ± SE) at the Arkell Research Station in Arkell Ontario, 2013. 

June 6
th

 

Treatment 
Growth 

Type 

Red Clover 

Biomass  

(g/m
2
) 

Red Clover 

Biomss/plant  

(g/plant) 

Red Clover 

Stand Count  

(#/m
2
) 

Wheat 

Biomass 

(kg/m
2
) 

Rain-out 

Shelter 

Belle 0.58 ± 0.188 

a  

3.0 ± 1.0 a 56 ± 14.9 a 403 ± 25.5 a 

Altaswede 0.21 ± 0.067 

a 

4.0 ± 1.3 a 67 ± 17.7 a 432 ± 25.5 a 

Ambient 

Belle 0.17 ± 0.055 

a  

9.0 ± 3.1 a 69 ± 18.2 a 423 ± 25.5 a 

Altaswede 0.24 ± 0.079 

a 

6.0 ± 2.4 a 46 ± 13.7 a 539 ± 25.5 a 

July 2
nd

 

  Red Clover 

Biomass  

(g/m
2
) 

Red Clover 

Biomass/plant  

(g/plant) 

Red Clover 

Stand Count  

(#/m
2
) 

Wheat 

Biomass 

(kg/m
2
) 

Rain-out 

Shelter 

Belle 0.26 ± 0.064 

a  

6.0 ± 2.0 a 50 ± 12.5 a 830 ± 49.7 a 

 Altaswede 0.32 ± 0.080 

a  

4.0 ± 1.4 a 60 ± 14.9 a 834 ± 49.7 a 

Ambient 
Belle 0.53 ± 0.132 

a 

6.0 ± 2.2 a 66 ± 16.4 a 823 ± 49.7 a 

 Altaswede 0.37 ± 0.091 

a  

8.0 ± 3.1 a 40 ± 10.0 a 728 ± 49.7 a 

a,b,c
 Means followed by different letter values indicate significance at 𝛼=0.05 

* Experiment was arranged as a randomized complete block (N=8) 
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Appendix C: Red clover stand count, above-ground biomass and biomass per plant 

comparisons for control and drought treatments for the Arkell Drought Experiment (2013-

2015) before water exclusion 

 

Appendix C1 Red clover stand density, biomass per plant and above-ground biomass (±SE) 

before water exclusion control and water exclusion treatments in May and June at Arkell 

Research Station in Arkell, ON (2013)
*
  

Treatment Stand Density  

(#/m
2
) 

Above-ground biomass  

(g/m
2
) 

Biomass/plant  

(g) 

 May 

Control N/A N/A N/A 

Water Exclusion 107 ± 22.3 a 0.20 ± 0.087 a 2.1 ± 0.50 a 

 June 

Control 52 ± 20.0 a 0.11 ± 0.042 a 4.6 ± 1.13 a 

Water Exclusion 44 ± 17.0 a 0.08 ± 0.018 a 2.4 ± 0.58 a 

a
 Means within water exclusion periods followed by different letter values indicate 

 significance at 𝑝 = 0.05 
*
 Experiment was arranged as a randomized complete block (N=4) 

N/A Data unavailable as before water exclusion measurements in control plots were not 

 measured 
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Appendix C2 Red clover stand density, biomass per plant and above-ground biomass (±SE) 

before water exclusion in control and water exclusion treatments in May and June at Arkell 

Research Station in Arkell, ON (2014)
*
  

Treatment Stand Density  

(#/m
2
) 

Above-ground biomass  

(g/m
2
) 

Biomass/plant  

(g) 

 May 

Control 144 ± 28.2 a 0.40 ± 0.087 a 2.9 ± 0.24 a 

Water Exclusion 136 ± 26.8 a 0.33 ± 0.068 a 2.5 ± 0.21 a 

 June 

Control 168 ± 28.1 a 1.16 ± 0.393 a 7.1 ± 0.85 a 

Water Exclusion 182 ± 30.4 a 1.32 ± 0.448 a 7.3 ± 0.88 a 

a
 Means within water exclusion periods followed by different letter values indicate 

 significance at 𝑝 = 0.05 
*
 Experiment was arranged as a randomized complete block (N=4) 
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Appendix C3 Red clover stand density, biomass per plant and above-ground biomass (±SE) 

before water exclusion in control and water exclusion treatments in May and June at Arkell 

Research Station in Arkell, ON (2015)
*
  

Treatment Stand Density  

(#/m
2
) 

Above-ground biomass  

(g/m
2
) 

Biomass/plant  

(g) 

 May 

Control 140 ± 17.8 a 0.61 ± 0.103 a 9.3 ± 0.55 a 

Water Exclusion 135 ± 17.2 a 0.59 ± 0.093 a 9.1 ± 0.54 a 

 June 

Control 160 ± 27.0 a 1.37 ± 0.490 a 17.9 ± 2.93 a 

Water Exclusion 158 ± 26.7 a 1.43 ± 0.479 a 18.4 ± 2.64 a 

a
 Means with water exclusion periods followed by different letter values indicate 

 significance at 𝑝 = 0.05 
*
 Experiment was arranged as a randomized complete block (N=4) 
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Appendix D: Post-hoc power analyses for comparisons within the Arkell drought 

experiment and the Uniformity experiment 

 

Appendix D1: Post-hoc power (β) analysis for mean red clover stand densities measured after 

water exclusion in water exclusion and control treatments after both May and June water 

exclusion periods 

Year Water 

Exclusion 

period 

Treatment Red clover stand 

density (# plants /m
2
 

± SE) 

Current power 

(β) with 4 blocks 

# of blocks 

for β=0.80 

2013 May 

Control 48 ± 20.6 

0.10 > 50 Water 

Exclusion 

39 ± 16.6 

2013 June 

Control 43 ± 17.4 

0.98 < 4 Water 

Exclusion 

8 ± 3.3 

2014 May 

Control 140 ± 26.3 

0.21 14 Water 

Exclusion 

80 ± 15.3 

2014 June 

Control 115 ± 20.6 

0.43 9 Water 

Exclusion 

90 ± 17.0 

2015 May 

Control 116 ± 27.4 

0.22 17 Water 

Exclusion 

76 ± 18.3 

2015 June 

Control 147 ± 58.0 

0.50 6 Water 

Exclusion 

55 ± 21.7 

*
 Experiment was arranged as a randomized complete block design; β values in bold were 

 values computed for contrasts for which significant differences were detected 
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Appendix D2: Post-hoc power (β) analysis for mean red clover above-ground biomass measured 

after water exclusion in water exclusion and control treatments after both May and June water 

exclusion periods 

Year Water 

Exclusion 

period 

Treatment Red clover stand 

density (# plants /m
2
 

± SE) 

Current power 

(β) with 4 

blocks
* 

# of blocks 

for β=0.80 

2013 May 

Control 0.17 ± 0.069 

0.25 17 Water 

Exclusion 

 0.10 ± 0.039 

2013 June 

Control 0.18 ± 0.107 

0.69 5 Water 

Exclusion 

0.03 ± 0.009 

2014 May 

Control 3.25 ± 1.073 

0.79 4 Water 

Exclusion 

0.85 ± 0.273 

2014 June 

Control 3.65 ± 1.492 

0.23 15 Water 

Exclusion 

2.56 ± 1.043 

2015 May 

Control 2.71 ± 1.125 

0.44 8 Water 

Exclusion 

0.75 ± 0.311 

2015 June 

Control 7.07 ± 2.743 

0.71 5 Water 

Exclusion 

1.18 ± 0.761 

*
 Experiment was arranged as a randomized complete block design; β values in bold were 

 values computed for contrasts for which significant differences were detected 
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Appendix D3: Post-hoc power (β) analysis for mean final red clover (RC) and winter wheat 

above-ground biomass and RC above-ground biomass per plant (± SE) measured 12 weeks after 

red clover seeding in irrigated and non-irrigated treatments at the Arkell Research Station in 

Arkell, ON (2015) 

Response 

Variable 

Watering 

Regime 

Red clover stand 

density (# plants 

/m
2
 ± SE) 

Current power (β) 

with 6 replications
* 

# of replications 

for β=0.80 

RC biomass 

(g/m
2
) 

Irrigated 16.79 ± 5.937 

0.35 17 Non-

irrigated 
5.69 ± 2.015 

RC biomass per 

plant (g) 

Irrigated 0.08 ± 0.015 

0.23 25 Non-

irrigated 
0.05 ± 0.009 

Winter wheat 

biomass (g/m
2
) 

Irrigated 3.25 ± 1.073 

0.34 17 Non-

irrigated 

0.85 ± 0.273 

*
 Experiment was arranged as a completely random design with subsampling (8 

 subsamples per rep) 
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Appendix E: Analysis of variance of watering regime on the final measurement date for red 

clover final biomass at the Arkell Research Station in Arkell, ON (2015) 

 

Appendix E1  Analysis of variance of the effect of watering regime (WR; irrigated or non-

irrigated plots) on the final measurement date (12 weeks after red clover seeding) on red clover 

final biomass (g DM/m
2
) at the Arkell Research Station in Arkell, ON (2015)

*
 

Effect Numerator DF Denominator DF F Value P-value 

WR 1 10 4.67
** 

0.0560 

Cov Parm
** 

Estimate Standard Error   

Rep(WR) 0.6906 0.3359   

Scale 0.4790 0.07434   

*
 Experiment was arranged as a completely random design with subsampling (N=48; 6 

 repetitions and 8 subsamples per repetition) 
** 

Effects were considered significant at p = 0.05 
***

 Data was analyzed using an identity link and a lognormal distribution 
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Appendix F: Analyses of variance of red clover growth parameters of several differences 

varieties in control and drought treatments after mild drought in the varieties experiment 

one, drought 

 

Appendix F1 Analysis of variance of water use during the dry down drought period of several red 

clover varieties in drought treatments
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 8.58 0.0003 

     SC vs DC varieties
** 

1 17 3.90 0.0011 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 3536.92 2887.88  

 Belle 4199.58 3428.95  

 General Seed DC 7968.67 6506.39  

 General Seed SC 5467 4463.79  

 Meridian 16809 13724  

 Speares 5722.92 4672.74  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to increase the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix F2 Analysis of variance of water use during the drought stress period of several red 

clover varieties in drought treatments
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 1.65 0.1969 

     SC vs DC varieties
** 

1 17 0.07 0.7986 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 58.25 47.5609  

 Belle 915 747.09  

 General Seed DC 38.25 31.231  

 General Seed SC 89.6667 73.2125  

 Meridian 23.5833 19.2557  

 Speares 82.9167 67.7012  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to increase the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix F3 Analysis of variance of the leaf area response to drought of several red clover 

varieties
*
 

Effect Num DF Den DF F Value P Value
*** 

Treatment 5 36 559.38 < 0.0001 

Variety 1 36 8.34
 

< 0.0001 

Treatment x Variety 5 36 9.41
 

< 0.0001 

     SC vs DC
 
varieties (control)

** 
1 36 6.47

 
0.0154 

     SC vs DC varieties (drought) 1 36 -1.04 0.3060 

Covariance Parameter Group Estimate Standard Error  

Residual Control Altaswede  18793 .  

 Control Belle 8197.9 6693.55  

 Control GS DC 14421 11775  

 Control GS SC 58438 .  

 Control Meridian 20446 .  

 Control Speares 8140.61 6646.78  

 Drought Altaswede  2333.27 1905.1  

 Drought Belle 834.33 681.22  

 Drought GS DC 714.4 583.31  

 Drought GS SC 1154.17 942.38  

 Drought Meridian 1599.98 1306.37  

 Drought Speares 603.41 492.68  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among variety*treatment combinations was used to improve the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix F4 Analysis of variance of the shoot biomass response to drought of several red clover 

varieties
*
 

Effect Num DF Den DF F Value P Value
*** 

Treatment 5 36 124.67 < 0.0001 

Variety 1 36 4.43
 

0.0030 

Treatment x Variety 5 36 0.99
 

0.4373 

     SC vs DC
 
varieties (control)

** 
1 36 1.06

 
0.3098 

     SC vs DC varieties (drought) 1 36 0.00 0.9937 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 0.1645 0.09499  

 Belle 0.5967 0.3445  

 General Seed DC 0.1031 0.05954  

 General Seed SC 0.07671 0.04429  

 Meridian 1.1880 0.6859  

 Speares 0.05566 0.03214  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to increase the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix F5 Analysis of variance of the water use efficiency response to drought of several red 

clover varieties
*
 

Effect Num DF Den DF F Value P Value
*** 

Treatment 5 36 118.90 < 0.0001 

Variety 1 36 1.70 0.1590 

Treatment x Variety 5 36 1.66
 

0.1689 

     SC vs DC varieties (control)
** 

1 36 2.36
 

0.1329 

     SC vs DC varieties (drought) 1 36 2.40 0.1298 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 0.1938 0.1119  

 Belle 0.1207 0.06969  

 General Seed DC 0.01648 0.009517  

 General Seed SC 0.1006 0.05811  

 Meridian 0.6919 0.3995  

 Speares 0.08266 0.04772  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to increase the fit of the model 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix F6 Analysis of variance of the shoot relative water content response to drought of 

several red clover varieties
*
 

Effect Num DF Den DF F Value P Value
*** 

Treatment 5 36 441.51 < 0.0001 

Variety 1 36 3.38 0.0135 

Treatment x Variety 5 36 4.12
 

0.0048 

     SC vs DC varieties (control)
** 

1 36 1.54
 

0.2234 

     SC vs DC varieties (drought) 1 36 0.30 0.5879 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 32.4486 18.7342  

 Belle 7.5125 4.3374  

 General Seed DC 8.6075 4.9696  

 General Seed SC 12.4993 7.2165  

 Meridian 207.80 131.43  

 Speares 7.2984 4.2137  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to increase the fit of the model 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 

 

 

 

 

 

 



 

193 
 

Appendix G: Analyses of variance of red clover growth parameters of several differences 

varieties in control and drought treatments after recovery from moderate/severe drought 

in the varieties experiment two, recovery 

 

Appendix G1 Analysis of variance of water use during the dry down period of several red clover 

varieties in drought and recovery treatments
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 1.97 0.1381 

     SC vs DC varieties
** 

1 17 1.49 0.1564 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 98.7158 80.6011  

 Belle 932.19 761.13  

 General Seed DC 304.15 248.33  

 General Seed SC 8014.51 8014.51  

 Meridian 1169.48 954.87  

 Speares 301.48 301.48  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to improve the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix G2 Analysis of variance of water use during the drought stress period of several red 

clover varieties in drought and recovery treatments
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 4.61 0.0085 

     SC vs DC varieties
** 

1 17 4.57 0.0484 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 4.0025 3.268  

 Belle 0.7758 0.6335  

 General Seed DC 4.6033 3.7586  

 General Seed SC 10.39 10.39  

 Meridian 3.0292 2.4733  

 Speares 210.96 210.96  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to improve the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix G3 Analysis of variance of water use during the recovery period of several red clover 

varieties in drought and recovery treatments
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 2.29 0.0944 

     SC vs DC varieties
** 

1 17 1.56 0.1381 

Covariance Parameter Group Estimate Standard Error  

Residual Altaswede 3.2267 2.6346  

 Belle 260.37 212.59  

 General Seed DC 133.83 109.27  

 General Seed SC 39.6433 39.6433  

 Meridian 545.63 445.51  

 Speares 201.62 201.62  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among varieties was used to improve the fit of the model 
**

 A contrast between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix G4 Analysis of variance of the leaf area response to drought of several red clover 

varieties
*
 

Effect Num DF Den DF F Value P Value
***

 

Treatment 5 36 410.07 < 0.0001 

Variety 1 36 3.73
 

 0.0011 

Treatment x Variety 5 36 3.70
 

0.0177 

     SC vs DC
 
varieties (control)

** 
1 36 0.23

 
0.6310 

     SC vs DC varieties (drought) 1 36 0.5 0.4859 

Covariance Parameter Group Estimate Standard Error  
Residual Control Altaswede  28989 .  

 Control Belle 637.69 520.67  

 Control GS DC 48995 .  

 Control GS SC 560.77 457.87  

 Control Meridian 50270 .  

 Control Speares 739.89 604.12  

 Drought Altaswede  57007 .  

 Drought Belle 0.8360 0.8360  

 Drought GS DC 17151 .  

 Drought GS SC 14639 .  

 Drought Meridian 192457 .  

 Drought Speares 30397 .  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among variety*treatment combinations was used to improve the fit of the model 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix G5 Analysis of variance of the leaf area response to drought of several red clover 

varieties
*
 

Effect Num DF Den DF F Value P Value
***

 

Treatment 5 36 410.07 0.0084 

Variety 1 36 3.73
 

< 0.0001 

Treatment x Variety 5 36 3.70
 

0.0089 

     SC vs DC
 
varieties (control)

** 
1 36 9.57

 
0.0039 

     SC vs DC varieties (drought) 1 36 0.22 0.6397 

Covariance Parameter Group Estimate Standard Error  
Residual Control Altaswede  0.1070 0.1070  

 Control Belle 0.04300 0.03511  

 Control GS DC 3.2311 2.6382  

 Control GS SC 0.03016 0.02462  

 Control Meridian 1.2386 1.0113  

 Control Speares 0.03329 0.02718  

 Drought Altaswede  2.5585 2.0890  

 Drought Belle 0.003700 0.003700  

 Drought GS DC 0.1081 0.08826  

 Drought GS SC 0.1578 0.1288  

 Drought Meridian 0.04416 0.03606  

 Drought Speares 0.8515 0.6952  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among variety*treatment combinations was used to improve the fit of the model 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 

 



 

198 
 

Appendix G6 Analysis of variance of the water use efficiency response to drought of several 

red clover varieties
*
 

Effect Num DF Den DF F Value P Value
***

 

Treatment 5 36 140.19 < 0.0001 

Variety 1 36 2.86
 

 0.0292 

Treatment x Variety 5 36 2.86
 

0.0291 

     SC vs DC
 
varieties (control)

** 
1 36 22.55 < 0.0001 

     SC vs DC varieties (drought) 1 36 0.02 0.8886 

Covariance Parameter Group Estimate Standard Error  
Residual Control Altaswede  0.003700 0.003700  

 Control Belle 0.03703 0.03023  

 Control GS DC 0.01350 0.01102  

 Control GS SC 0.02097 0.01712  

 Control Meridian 0.009625 0.007859  

 Control Speares 0.01860 0.01519  

 Drought Altaswede  0.01467 0.01198  

 Drought Belle 0.01013 0.01013  

 Drought GS DC 0.01073 0.008764  

 Drought GS SC 0.1546 0.1263  

 Drought Meridian 0.005025 0.004103  

 Drought Speares 0.5066 0.4137  

*
 Experiment was arranged as a CRD; a heterogeneous error model for residual variances 

 among variety*treatment combinations was used to improve the fit of the model 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 
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Appendix G7 Analysis of variance of red clover mortality between several different red clover 

varieties after moderate to severe drought stress and recovery
*
 

Effect Num DF Den DF F Value P Value
*** 

Variety 1 17 1.93 0.1422 

     SC vs DC varieties
** 

1 17 0.00 0.9501 

Covariance Parameter Estimate Standard Error   

Residual 0.6427 0.3117   

*
 Experiment was arranged as a CRD; the laplace method and a logit link and a binomial 

 distribution were used to analyze the response variable 
**

 Contrasts between SC: single-cut varieties (Speares Seeds single-cut, General Seeds 

 single-cut, Altaswede) and DC: double-cut varieties (General Seeds double-cut, 

 Meridian, Belle) 
***

 P-values in bold are considered significant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


