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Abstract 
 

Lentil (Lens culinaris Medik.) is an important crop for providing a source of dietary 

protein globally and is produced over three distinct agroecological zones; 

Mediterranean, sub-tropical and temperate.  Crop production is constrained by abiotic 

and biotic stresses, including acute high temperature (HT).  For Mediterranean-type 

climates, such as southern Australia, low and unreliable winter rainfall (200 – 600 

mm/year) and frequent acute HT events (heat waves) during the reproductive phase, 

limit production with yield losses up to 70%.  Consequently, increasing the adaptation 

of commercial lentil varieties within contemporary breeding programs, by utilising 

global germplasm adapted to HT environments, is the critical next step. 

 

This project screened 135 lentil genotypes (global landraces and commercial cultivars) 

for tolerance to acute HT occurring during the reproductive period.  Screening was 

through a combination of late sowing (summer - chronic and acute HT), controlled-

environment (acute HT) and subsequent in-season validation (winter - acute HT), where 

a daily maximum temperature of greater than 30°C was classified as HT tolerant.  

Genotypes selected for screening were predominately from regions where HT occurs 

during the reproductive period (i.e. Mediterranean and sub-tropical).  Across HT 

treatments ranging from acute (3 days) to chronic HT during the reproductive period, 

we observed that HT caused a 48% reduction in grain yield across genotypes screened, 

which translated to an average reduction of 0.14 and 0.19% per degree (>30°C) for 

global landraces and commercial cultivars respectively.  We identified 15 landraces and 

the commercial cultivar, Nipper to have a high level of yield stability under HT.  Within 

the 15 landraces identified, AGG 73838 and 73154 consistently exhibited HT tolerance 

under the multiple screening strategies employed in this study.  The additional 13 

landraces were identified within the late sowing field screening process.  The 

identification of these 15 HT tolerant landraces provides a valuable source of material 

that can be immediately utilised by Australian lentil breeding programs. 

 

Optimal screening approaches for HT tolerance were also identified in this study, where 

field-based and controlled environment screening methods were tested and their utility 

to breeding programs, assessed.  To align with current breeding strategies, several 
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requirements were considered important; 1) reliable methods for identifying genetic 

diversity to HT response within global material, 2) high-throughput potential and (or) 

ability to measure parameters efficiently, and 3) methods to enable screening of large 

populations.  Through assessing a range of screening methodologies, we determined 

that a multi-stage screening process integrating late sowing over spring/summer with 

subsequent winter validation, is required.  This process enables the shortlisting of HT 

tolerant germplasm from a broad range of material and further validation of phenotype 

response in field conditions.  To rank genotypes based on HT tolerance we determined 

that the indices, stress tolerant index (STI) and high temperature tolerance index 

(HTTI), which integrate the absolute and relative response of genotypes within the test 

population, were an effective means of ranking HT tolerance. 

 

The final component of this project assessed the combined effects of available soil 

water, night-time temperature and carbon dioxide (CO2) concentration on HT response 

in lentil, which provided insight to the impact of other abiotic constraints associated 

with climate change.  We determined that for HT, lentil response varied with available 

soil water and soil type.  For lentil grown in a sandy loam soil, when HT and high water 

occurred together, HT caused a significant reduction in yield (33%), whereas under low 

water the application of HT did not further reduce yield.  In contrast, for a clay soil 

there was a significant reduction in yield due to HT across both high and low water 

treatments.  This highlights the effect of soil type on crop water availability and the 

potential variable response to acute HT depending on soil type and rainfall patterns of a 

growing region.  For the impact of high night temperature, we observed no effect of 

night temperature when it occurs in conjunction with high day temperature.  For the 

collective effect of HT and CO2 concentration, elevated CO2 did not alter the pattern of 

plant response to acute HT.  This suggests that for lentil, the effects of HT are unlikely 

to be exacerbated or reduced under elevated CO2 levels. 

 

Ultimately, this project contributes to the Australian lentil industry by identifying 

landraces with HT tolerance and through the development of a screening methodology 

that can be adopted by current breeding programs to increase the HT tolerance of future 

commercial lentil cultivars.  
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General Introduction 
 

Lentil (Lens culinaris Medik.) global area and production has significantly increased 

during the last decade, reaching 6.6 million ha and 7.6 million tons in 2017 (FAO data, 

2017), where it is grown over three distinct agroecological regions; Mediterranean, sub-

tropical (South Asia) and northern temperate (Tullu et al., 2011).  Typically, lentil is 

grown in rotation with cereals in the winter within Mediterranean and sub-tropical 

environments, and as a summer crop in temperate and high elevation regions (Erskine at 

al., 2011).  Belonging to the Leguminosae family, lentil fixes atmospheric nitrogen, thus 

potentially boosting soil fertility and is also classified as a pulse where it is harvested 

solely for its dry edible seed (FAO, 1994).  Lentil plays an important role in food 

security, as it represents an affordable source of dietary proteins (25g per 100g of edible 

fresh weight), vitamins, and other nutrients (Rawal and Navarro, 2019), particularly in 

developing regions of Asia, Africa and Latin America (Joshi and Rao, 2016).  Given the 

trajectory of population growth, it is anticipated that consumption will increase as 

global demand for food and plant-based protein grows, with projections indicating an 

increase of 23% in global pulse consumption by 2030 (Global Pulse Confederation, 

2016).  The requirement to increase production poses a significant challenge, where 

global lentil yields have remained stable (Bhandari et al., 2017; Nedumaran et al., 2013) 

primarily due to abiotic and biotic stress.  Of the abiotic stresses, water deficit and acute 

HT events (heat waves) are a major constraint to productivity, and it is estimated that 

they account for 50% of yield losses are associated with these per annum in pulse crops 

globally (Gaur et al., 2015). 

 

Depending on the timing, duration and interaction with other factors such as water 

availability and crop growth stage, observed heat stress can be either chronic or acute, 

each involving different coping mechanisms, adaptation strategies and ultimately, 

breeding techniques (Wery et al, 1993; Blum and Ebercon, 1981).  High temperature 

affects crops through either: (i) above optimum temperatures for an extended period 

(chronic HT), which reduces the grain filling period and yield; or (ii) response to a 

period of acute HT that causes a non-recoverable reduction in grain-set and yield 

potential, particularly when occurring during the crop reproductive phase 

(Devasirvatham et al., 2012).  Along with expected global increases in carbon dioxide 
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(CO2) concentration and average ambient temperatures, due to climate change, there 

will be an increase in the frequency of acute HT events combined with increasingly 

severe terminal drought.  In southern Australia acute HT events (heat wave) are defined 

as several days of temperatures 10 degrees or more above the average daily temperature, 

combined with hot dry north westerly winds caused by the anticlockwise movement of 

air around a high-pressure system to the east of the region (Hunt et al., 2018; Bureau of 

Meterology, 2014).  Within this region, the frequency of acute HT under climate change 

is expected to increase from 1-in-10 years to 1-in-3 years by the mid-21st century 

(IPCC.  2014).  Lentil is particularly sensitive to HT (> 30°C) between flowering and 

physiological maturity, with HT causing pod and flower loss and significant reduction 

in grain yield and quality (Erskine et al., 1994; Siddique, 1999; Gaur et al., 2015; 

Kumar et al., 2016; Sehgal et al., 2017; Sita et al., 2017).  The sensitivity of lentil to HT 

provides a significant challenge, particularly in Mediterranean-types environments, such 

as southern Australia, where the reproductive period coincides with increasing risk of 

acute HT events combined with terminal drought.  Acute heat stress is more prevalent 

than chronic heat stress in many lentil production regions globally, including southern 

Australia, and is the focus of this study. 

 

Three adaptive mechanisms associated with HT tolerance have been identified within 

plants; escape HT with early phenology, avoidance through removal of excessive heat 

(e.g. leaf reflectiveness) and tolerance, where plant function is maintained (e.g. 

membrane stability).  Opportunities exist to increase the tolerance of lentil to acute HT 

through incorporating traits (adaptive mechanisms) that exist within global landraces.  

Global landraces provide a valuable source of genetic material, where they have adapted 

to suit the climatic, edaphic and biotic constraints of their country of origin, and so 

represent a source of genetic diversity (Corrado and Rao, 2017; Kyratzis et al., 2019).  

In harnessing this genetic diversity for improving the adaptation of lentil to HT, the 

development of effective screening methodologies, which rapidly and reliability identify 

appropriate germplasm, is vital.  Furthermore, screening methods need to have the 

capacity to assess large populations of material to ensure the maximum genetic diversity 

is being captured.  Screening for HT tolerance has usually been field-based and involves 

growing crops in regions likely to experience HT using late sowing methodologies, thus 

increasing the probability of the reproductive period coinciding with HT (Gaur et al., 
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2015; Krishnamurthy et al., 2011; El Haddad et al., 2020).  The efficiency of a 

screening method is reliant on its ability to reproduce conditions of the stress in the 

target environment, where the measure of stress needs to reflect realistic and natural 

stress conditions the crop will encounter i.e. growth stage when stress occurs (Maalouf 

et al., 2010; Wery et al., 1994). 

 

Currently lentil production within southern Australia has expanded into more marginal 

areas, where HT particularly during the reproductive phase can cause significant yield 

loss.  Within the reproductive phase of lentil, the most critical period for yield formation 

occurs between flowering and pod emergence (GS R1 – R3) and when pods begin to set 

(GS R4) (Lake et al., 2021a), during this time lentil is highly susceptible to abiotic 

stresses.  Typically, HT is managed through escape mechanisms by early sowing and 

selecting early maturing genotypes, which limit exposure to HT (Gaur et al., 2015; 

Siddique et., 2013).  Within southern Australia, the reliance of ‘escaping’ HT is limited 

whereby reducing the probability of HT increases the risk of frost and incidence of 

disease by shifting the reproductive period earlier in the season.  Increasing the 

adaptation of lentil to HT (>30°C), through selecting tolerant germplasm is critical for 

increasing yield stability in more marginal environments, and positioning for longer 

term impacts of increasing weather volatility associated with climate change (IPCC. 

2014).  Historically lentil breeding in Australia has focused on agronomic traits such as 

harvestability, improved tolerance to edaphic constraints (e.g. boron and salinity), 

disease (Ascochyta blight and Botrytis grey mould), herbicide tolerance and yield 

potential, with less emphasis on abiotic stresses associated with HT.  The identification 

and incorporation of lentil germplasm with increased HT tolerance into current breeding 

programs is an important next step to improve yield stability and provides more 

flexibility in sowing dates and enhance opportunities to expand grain legumes to new 

production areas. 

 

Research approach 

This research project was undertaken to identify global lentil germplasm with increased 

tolerance to acute HT occurring during the critical period, particularly between full 

flower and flat pod (GS R2 to R4) as per stages defined in Erskine et al. (1990), 

compared to current Australian commercial cultivars.  This work also defines optimal 
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screening methodologies targeted to identifying HT tolerance in lentil, which can be 

employed by breeding programs into the future.  Across the four experimental chapters 

within this thesis, a broad range of global germplasm was assessed for HT tolerance, 

using a combination of a late sowing field approach (Chapter 2), and controlled 

environment studies (Chapter 3).  Collectively, the results enabled the shortlisting of HT 

tolerant germplasm, which was subsequently screened under winter field conditions 

using portable heat chambers (Chapter 4) to validate initial ranking.  Finally, the 

combined effects of available soil water, night-time temperature and CO2 concentration 

on HT response in lentil was tested (Chapters 3 & 5), which provided insight to the 

collective impact of other abiotic constraints associated with climate change.  

Ultimately, this project was undertaken to contribute to the Australian lentil industry by 

identifying landraces with HT tolerance and developing optimal screening 

methodologies that can be immediately utilised by breeding programs to increase the 

HT tolerance of future commercial lentil cultivars.  
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1 Chapter 1                                                                              

Literature review 

 

Lentil is indigenous to the Near East and Central Asia (Sandhu and Singh, 2007) and 

has been an important food crop since the inception of agriculture, being one of the first 

grain legumes to be domesticated alongside wheat and barley (Hancock, 2012).  

Domestication occurred in the Fertile Crescent, and by the Bronze Age lentil had spread 

throughout the Mediterranean region, Asia and Europe (Cubero, 1981).  Domestication 

is likely to have started with selection of plants from wild species that retain their seeds 

in pods before harvesting, and with continuous selection for larger grain size.  The 

expansion of lentil suggests a demand for the grain, as yields were low in comparison to 

cereal (Sandhu and Singh, 2007).  Similar to cereals, lentil crop phenology relies on 

temperature and photoperiod to ensure that flowering occurs at a time practical to avoid 

early season frost and/or severe water deficit and acute high temperature (HT) (Erskine 

et al., 1994).  This sensitivity to thermal time and photoperiod varies with the climatic 

origins of landraces, where temperate material is more photoperiod sensitive compared 

to landraces from Mediterranean climates, which is more responsive to degree days 

(Khazaei et al., 2016; Erskine et al., 1990). 

 

Lentil belongs to the small genus Lens, with six annual diploid species (2n=2x=14).  

The genus Lens contains the cultivated form Lens culinaris Medic subsp. culinaris, with 

five other wild species (Hancock, 2012).  Lentil is an annual, short (15 to 45 cm), bushy 

compact herb with either erect, semi-erect or spreading architecture (Sandhu and Singh, 

2007).  Cultivated lentil are grouped into two subvarieties: macrosperma and 

microsperma.  Microsperma (red lentil) seeds are small, ranging in diameter from 2 to 6 

mm, with seed colour varying from light grey, through brown, to black.  Microsperma 

also contain distinct orange or red cotyledon, seen when the seed is dehulled or split 

(Pulse Australia, 2015).  Quality traits (e.g. seed shape, size and colour of seed coat and 

cotyledon) are fundamental marketing factors for the trade of microsperma lentil and 

affect properties such as ease of splitting (Sandhu and Singh, 2007; McDonald, 2020).  

In Australia, lentil production is primarily microsperma (red), which are targeted 

towards three major export classes; small (25 to 40 mg/seed), medium (40 to 50 

mg/seed) and large (45 to 55 mg/seed) (Pulse Australia, 2015).  Macrosperma, is found 
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mainly in the Mediterranean region and the Americas (Muehlbauer et al., 2015), and is 

poorly adapted to drought and sensitive to photoperiod (Shrestha et al., 2005).  In 

general, small seed landraces (microsperma) are considered more drought tolerant than 

the larger seeded (macrosperma) lentil and have played a greater role in the selection of 

plant populations for dryland environment and adaptation (Muehlbauer et al., 2015).  A 

smaller seed correlates with earlier flowering and maturity, a desirable breeding trait for 

avoiding HTs in winter-sown areas (Shrestha et al., 2005; Materne et al., 2007a; 

Erskine, 1984). 

 

The life cycle of lentil is continuous and starts with seed germination and ends with 

complete seed maturation (Fig. 1.1), with two defined growth stages: vegetative and 

reproductive (Table 1.1).  The vegetative growth stage is determined by counting the 

number of visible nodes on the main stem and the basal primary (Erskine et al., 1990).  

The reproductive growth stage describes the development stages from the onset of 

flowering (GS R1) until full maturity (GS R8), with the stages described in Table 1.1.  

Flowering starts on the lowest branches and gradually progresses up the plant.  The 

small flowers range in colour from white or pink to pale blue and lilac (Muehlbauer, 

1985) and the seeds are borne in small purse shaped pods, which usually contain one or 

two seeds. 

 

Lentil is self-pollinating (Erskine, 1984) and like other legume crops exhibits an 

indeterminate growth habit, which differs across genotype.  The indeterminacy of 

legume crops is a key difference between them and cereals, e.g. wheat and barley 

(Slafer and Rawson, 1994; Sandaña and Calderini, 2018).  For legumes, grain filling can 

be extended and a single plant can have a combination of mature pods and flowers.  

This compares to cereals, which have little overlap of phenology and growth cyles.  

Furthermore, the indeterminacy of legumes (pulses) may provide some plasticity and 

ability to recover following plant stress.  Pulse crops are susceptible to yield loss due to 

HT during the sensitivity window of approximately 20 days pre-flowering to 20 days 

post flowering (Lake and Sadras, 2014).  For lentil, the most critical period for yield 

formation is when pods begin to set (GS R4), with the period between flowering and 

pod emergence (GS R1 – R3) also been important for determining yield (Lake et al., 

2021a).  Within this reproductive period, lentil is the most sensitive to yield losses due 
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to acute HT and coincides with increasing probability of acute HT in Mediterranean 

growing environments, such as southern Australia.  During this time, crop growth is 

constrained by decreasing plant available water and increasing risk of acute HT that can 

occur over several consecutive days as a heat wave. 

 

1.1 Lentil in agriculture 

An important feature of legumes, such as lentil, is their ability to fix atmospheric 

nitrogen (N).  Following the removal of grain, lentil has been shown to provide at least 

59 kg/ha of N to soil (van Kessel, 1994) and up to 96 kg/ha of N in Australian cropping 

systems (Peoples et al., 2017) which can be accessed by subsequent crops.  This 

estimate is similar to that fixed by chickpea and dry bean but less than the N fixed by 

lupin, faba bean and vetch grown for dry matter (135 to 214 kg/ha of N) (Peoples et al., 

2017; van Kessel, 1994).  The incorporation of lentil into cropping rotations reduces the 

dependence on synthetic nitrogen, which decreases farming costs and N leaching into 

the environment (Duc et al., 2014; Stagnari et al., 2017).  As a break crop and in 

addition to the fixation of N, lentil also provide a host of benefits through diversification 

of a cropping system including: 1) acting as a pest and disease break, for example, 

suppressing cereal pests when grown in rotation with cereal crops; 2) contribute to weed 

control, through providing weed management options as grass-specific and other types 

of herbicides can be applied to reduce the weed burden for following cereal crops; and 

3) offer benefits to succeeding crops by improving soil fertility, such as soil organic 

carbon, humus and phosphorus availability (Jensen et al., 2012).  In addition to these, 

lentil is generally shallow rooted (90 cm) and removes less water from the soil profile 

compared to other crops (Zhang et al., 2000), where yield gains are often observed for 

crops grown following a legume due to additional soil nitrogen and potentially residual 

soil water.  For example, in Australia a 30% yield increase was observed for wheat 

grown following a legume phase (field pea, lupin, faba bean, chickpea and lentil) 

(Angus et al., 2015) demonstrating the overall benefit of legumes such as lentil in 

predominately cereal rotations. 

 

The yield response of lentil genotypes is affected by the interactions between genotypes, 

environment, and management options.  In recent years, the incorporation of 



 

Page | 23  
 

management strategies has had a significant impact on increasing yield, these include 

early sowing, increased sowing rate, wider row spacing and optimum sowing depth 

(Materne and Siddique, 2009).  Additionally, the increased availability of fungicides 

and cultivars with disease resistance has provided significant gains to yield and quality 

through control of diseases.  Factors that limit grain yield for lentil include lack of 

seedling vigour, slow leaf area development, high rate of flower drop, low pod set, poor 

dry matter, low harvest index, lack of lodging resistance, poor response to inputs and 

abiotic and biotic stresses (Erskine et al., 2011).  Lentil is a poor competitor with weeds 

because its slow early vigour, short stature with low biomass, which translates to it 

being easily overwhelmed by other taller, faster growing species (weeds).  Herbicides 

are often used to control weeds, however, in many situations, broad-leaf herbicides 

damage lentil and can stunt growth (Materne and Siddique, 2009).  Consequently, 

management of residual herbicides within crop sequences need to be carefully 

considered due to the sensitivity of pulses to commonly used herbicides including, 

Group B herbicides and Group I pyridine residues (Collins and Norton, 2019). 

 

1.2 Production environments 

The global area and production of lentil has significantly increased during the last 

decade, reaching 6.6 million ha and 7.6 million tons respectively, with Canada (38.3%), 

India (21.8%) Turkey (8.1%) and Australia (7.6%) being the main lentil producers 

(FAO, 2017).  Lentil consumption is primarily in Asia, where seven of the top 10 lentil 

producing countries are situated.  The other major producers being Australia, Canada 

and the United States (US), all of which grow for export markets (Erskine et al, 2011).  

In recent years there has been an increase in demand for legumes, including lentil, 

which has translated to increased legume production in export-oriented countries such 

as Canada and Australia.  In these countries, legumes within the farming enterprise 

provide significant financial returns due to their high value and high production.  

Producers also benefit from economies of scale, particularly in the deployment of 

broad-acre machines, and higher use of improved varieties, inoculants, and plant 

protection inputs (Rawal and Navarro, 2019). 
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Figure 1.1.  Growth cycle of lentil based on production in southern Australia, average minimum 

and maximum temperature.  Lentil growth cycle includes emergence, vegetative, reproductive, 

and physiological maturity, with the reproductive phase typically occurring late September to 

late October.  Temperature data is based on 1970 to 2020 data for Longerenong, Victoria which 

is proximal for pulse production in the region (weather station 079100, BoM 2021).  The 

months of the year (January to December) are indicated by the first initial letter on the x axis.  
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Table 1.1.  Growth stages of lentil (Lens culinaris) development that is applicable to all growing 

environments and divergent cultivars. 

Growth 

period 

Growth stage Description of growth stage 

Germination 

and emergence 

VE Seedling emergence, cotyledonary node visible 

Vegetative  V1 First simple leaf has unfolded at the first node 

V2 Second simple leaf unfolded at the second node 

V3 First bifoliate leaf unfolded at the third node 

V4 Second bifoliate leaf unfolded at the fourth node 

V5 First multifoliate leaf unfolded at the fifth node 

NV Nth multifoliate leaf unfolded at the nth node 

Reproductive  First flower (R1) One open flower at any node 

Full flower (R2) Flower open or has opened on nodes 10-13 of the 

basal primal branch 

Early pod (R3) Pods on nodes 10-13 of the basal primary brand 

visible 

Flat pod (R4) Pods on nodes 10-13 has reached its full length and 

is largely flat  

Full pod (R5) Seed in any single pod on nodes 10-13 fill the pod 

cavity 

Full pod cavities (R6) Seed on nodules 10-13 fill the pod cavities 

Physiological maturity 

(R7) 

Leaves start yellowing and 50% of the pods have 

turned yellow 

Full maturity (R8) 90% of pods on the plant are golden-brown 

Source: Stages of development of lentil (Erskine et al., 1990)  
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Lentil has adapted to a range of climates and is now grown across three climatic 

regions; Mediterranean, sub-tropical (South Asia) and northern temperate (Materne and 

Siddique, 2009; Tullu et al., 2011).  These zones each exhibit different day lengths and 

temperatures, which limits the exchange of germplasm between agro-ecological zone 

(Khazaei et al., 2016).  For example, lentil germplasm grown in winter across 

Mediterranean climates (e.g. Australia) is poorly suited to northern temperate 

environments (e.g. Canada), where flowering occurs too early for plants to accumulate 

sufficient vegetative growth necessary to maximize their yield potential (Haile et al., 

2021).  The Mediterranean environment typically has between 300 and 400 mm annual 

rainfall and moderate elevation (sea-level to 1000 m a.s.l.), and includes regions in West 

Asia, North Africa (WANA) and Australia.  In Mediterranean regions, crops are sown 

in autumn and harvested in late spring.  Generally, vegetative growth occurs in a period 

of increasing rainfall, low evaporative demand and increasing soil water content, with 

restricted growth due to temperature and in cases low radiation (Materne and Siddique, 

2009).  During the reproductive phase, the crop is exposed to increasing radiant HT 

where a rapid rise in temperature can causes the rate of leaf development and 

evapotranspiration to increase.  This period of high evaporative demand coincides with 

flowering and increasing terminal drought conditions, and in some cases, causes low 

yields (Silim et al., 1993).  In the sub-tropical region (Pakistan, India, Nepal, and 

Bangladesh) lentil is also grown in winter; however, temperatures are higher and soil 

moisture is usually adequate following monsoonal rain.  In the semi-arid tropics and 

Mediterranean-type environments, particularly WANA, the major abiotic constraint is 

drought induced water stress (Wery et al., 1994).  In regions of temperate environments, 

or high latitudes where winter months are cold, lentil are sown in spring with high soil 

water, where plants grow and flower under long days, and when temperatures are 

optimal (10 to 25°C) (Bhandari et al., 2015).  In these environments, yield reduction 

tends to be associated with frost events during the reproductive period and as the crop 

matures (Muehlbauer et al., 2006).  These growing regions include the United States, 

south Europe, and Canada. 

 

1.2.1 Lentil in Australia 

Since the establishment of pulse cropping in Australia in the late 1980s, the area sown 

to pulses has expanded rapidly (Victoria and South Australia) (Hobson et al, 2006; 
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Sadras et al., 2020).  For example, across the Victorian Mallee, total area sown to lentil 

has increased from 1% (1996) to 12% in 2017 (Collins and Norton, 2019).  Across 

Australia, the major pulse crops sown include chickpea, lupin, field pea, faba bean, 

lentil and mungbean, with lentil, faba bean and field pea being the predominate pulse 

crops grown in southern Australia (ABARES, 2020).  Lentil constitutes a significant 

proportion of pulse production in Australia, exporting on average 3.9 thousand tons per 

annum of grain (2014 to 2018) where markets are primarily Sri Lanka, Bangladesh, and 

India (ABARES, 2020).  Within southern Australia the climate in most production 

zones is classified as Mediterranean-type and observes characteristically low and 

unreliable rainfall (281 – 600 mm/year) (BoM, 2020; Cann et al., 2020).  Lentil is 

considered as a higher risk crop option, in comparison to cereals due to variable growth 

and unstable yields (Hobson et al., 2006), with early maturating cultivars generally 

having increased adaptation to the Mediterranean system (Siddique et al., 2013).  

Within Australia, lentil is usually grown on loam to clay soils with a neutral to alkaline 

pH, where nutrient deficiencies are common (for example phosphorus) (Muehlbauer et 

al., 2015).  Ideally, soils must be free drained as lentil do not tolerate waterlogging. 

 

1.3 Stresses in lentil 

There are two main constraints to crop production, these are biotic and abiotic stresses.  

Biotic stresses are those imposed by other organisms, such as bacteria, viruses, fungi, 

parasites, insects, or weeds.  Lentil are affected by a wide range of biotic stresses, which 

significantly decrease productivity and marketability through infection and damage to 

leaves, stems, roots, pods, and seeds.  Major biotic stresses include diseases such as 

Ascochyta blight, root rots and Stemphylium blight (Erskine et al., 2011; Rodda et al., 

2017; Kant et al., 2017)).  The management and breeding for increased tolerance play 

an important role in minimising their impact.  In addition to disease, insects such as 

aphids (Aphidoidea) also constitute a constraint to yield reduction in lentil (Stevenson et 

al., 2007).  Since biotic stresses are not the focus of this thesis these will not be 

discussed; Taylor et al. (2007) summarises the diseases to which lentil is susceptible. 
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1.3.1 High temperature 

High temperature can be either chronic or acute, chronic HT can occur at any 

developmental stage and often results in substantial yield loss, or crop failure.  Acute 

HT is defined as the rise in temperature beyond a threshold for sufficient time to cause 

irreversible damage to plant components thus limiting yield potential (Wahid et al., 

2007).  Acute HT also causes yield loses but is often short in duration (Devasirvatham 

et al., 2012).  In the Australian lentil cropping regions, the growing season is typified by 

cool (5 to 10°C) and frosty nights (0 to -1°C) in the early vegetative phase and warm 

(20 to 27°C) to hot (HT > 30°C) air temperatures during the reproductive phase 

(Summerfield, 1985).  For acute periods of HT (heat waves) these commonly occur 

across multiple consecutive days in conjunction with hot northerly winds which have a 

convective drying effect (Bureau of Meteorology, 2014; Hall, 2010; Hunt et al., 2018).  

The severity, frequency, and timing of heat waves, under climate change are expected to 

increase, with adverse effects on production (Maalouf et al., 2010, Pareek, 2010).  

Crops can develop some acclimation to HT, making them more tolerant of extreme HT 

events, whereby exposure to mild HT at any growth stage, helps develop tolerance to 

HT (thermo-tolerance) (Hall, 1992, Stone and Nicolas, 1994).  High temperature 

tolerance is the ability to maintain grain yield following brief exposure to HT without 

prior acclimation to elevated temperatures (Stone and Nicolas, 1994). 

 

Abiotic stresses affect plant productivity and include extremes of water availability, 

temperature and nutrient supply.  Abiotic stresses limit the adaptation of grain legumes 

worldwide (Latef and Ahmad, 2015).  The major abiotic stresses of pulses in Australia 

are those associated with frost, waterlogging, drought, HT, soil pH, salinity, sodicity 

and boron (Materne et al., 2007b).  Of the abiotic stresses that affect cool-season grain 

legumes, HT and drought induced water stress are considered the most important 

worldwide (Siddique, 1999; Gaur et al., 2014).  If genetic solutions were available to 

increase tolerance of crops to HT, this would increase security of global food supply 

amid potential impacts of climate change on arable cropping regions.  Given the 

significance of temperature, in particular periods of acute HT on crop (lentil) 

production, this is the focus of this review. 
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1.3.2 Probabilities of acute high temperature in southern Australia  

For lentil production regions in southern Australia, the reproductive period, which is the 

critical period for yield typically coincides with spring (September to November) (Fig. 

1.1).  During this time, crop growth is constrained by decreasing plant available water 

and increasing risk of acute HT that can occur over several consecutive days as a heat 

wave (Erskine et al., 1990).  For example, for the Victorian Wimmera, which is a major 

lentil production region (Sadras et al., 2020) in October there is a 64% chance that 

temperatures exceed 30°C for at least one day and a 16% chance of 3 consecutive days.  

The probability of temperature exceeding 30 and 35°C increases further in November 

(Table 1.2).  Furthermore, with increasing latitude, there is a higher frequency of 

consecutive days and increased probability of temperatures >30°C, (Table 1.2) within 

southern Australia, such as the Mallee environment (Beulah and Ouyen).  Importantly, 

for all production regions, the occurrence of HT reduces yield potential, where the 

effects are exacerbated by water deficit and hot northerly winds, (heat wave) in southern 

Australia.  Typically crop development is more advanced in marginal environments, 

such as the Victorian Mallee which translates to HT affecting both regions.  Historically 

lentil production regions have expanded within the Wimmera and more recently the 

Mallee, through improvements in agronomic management and breeding gains, although 

the risk associated with lentil production due to HT remains.  
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Table 1.2.  The probability (%) of high temperature (>30 and >35°C) occurring during the 

months of September, October and November in the Victorian Wimmera (Longerenong) and 

Mallee (Beulah and Ouyen).  Probability (%) is reported for one, two and 3 consecutive days.  

For each location the probability is based on 50 years of temperature data. 

    >30°C >35°C 

  Month 1 day 2 day 3 day 1 day 2 day 3 day 

Longerenong 

September 10 2 0 0 0 0 

October 64 32 16 18 4 0 

November 98 82 48 60 32 14 

Beulah  

September 28 4 0 0 0 0 

October 82 42 22 32 8 0 

November 100 94 70 80 42 22 

Ouyen 

September 50 14 2 6 0 0 

October 92 62 32 42 12 6 

November 100 100 80 82 62 28 

Source: BoM; Longerenong (079028), Beulah West (077007) and Ouyen (076047) 
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1.3.3 High temperature and climate change 

Under climate change scenarios, both the frequency of acute HT events and decreasing 

rainfall during the growing season is expected to increase (IPCC. 2012; IPCC.  2014), 

with likely adverse effects on crop production (Vadez et al., 2012; Maalouf et al., 2010).  

For example, in southern Australia, the frequency of acute HT under climate change is 

expected to increase from a 1-in-10 to a 1-in-3-year occurrence by the mid-21st century 

(IPCC. 2012; IPCC. 2014).  Crop modelling of the effect of climate change predicts that 

the increased levels of atmospheric CO2 will most likely have both positive and 

negative impacts on legumes.  The predicted benefits are associated with increasing 

levels of CO2, which include water efficiency, increased photosynthesis, and yield, and 

decreases stomatal conductance (Maalouf et al., 2010).  In addition to these, a meta-

analysis of 12 Free air CO2 enrichment experiments has shown that elevated CO2 (475 

to 600 ppm) will increase light carbon intake, diurnal carbon assimilation and dry 

matter production, whereby specific stomata conductance decreased (Ainsworth and 

Long, 2005).  Under climate change scenarios, CO2 enrichment alone has been shown 

to increase grain yield of a range of legume crops by up to 16% (Kimball, 2016), where 

roots are larger, pod number is higher, dry matter production is increased (20% increase 

in soybean), and nodulation is greater, compared to plants grown under ambient CO2 

conditions (Kimball, 2016; Ainsworth and Long, 2004).  Despite the positive effects 

under elevated atmospheric CO2 associated with climate change, both the increased 

frequency of acute HT and decreasing rainfall during the growing season are likely to 

have a negative effect (Vadez et al., 2012; IPCC. 2014).   

 

Understanding how plants respond to HT at elevated CO2 concentrations is essential to 

improving adaptation to future climates (Prasad et al., 2006; Fitzgerald et al., 2016), 

where current studies indicate plant response is complex and affected by multiple 

abiotic (e.g. drought, wind, soil nutrition) (Leakey et al., 2009; Barghi et al., 2012) and 

biotic factors, e.g. pests and diseases (Trębicki et al., 2015; Nancarrow et al., 2014).  

Increasing atmospheric CO2 induces stomatal closure (Prasad et al., 2002) and may 

limit transpiration and cooling, reducing the capacity to mitigate HT effects (Prasad et 

al., 2002; Prasad et al., 2006).  The combined effect of HT and CO2 on growth and yield 

appears to be variable, either having no effect (Ahmed et al., 1993; Prasad et al., 2006; 

Bourgault et al., 2018), reducing (Ferris et al., 1999; Fitzgerald et al., 2016), or 
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exacerbating (Heinemann et al., 2006) the impact of HT, where seasonal conditons (e.g. 

soil water) are likely to influence response. 

 

1.3.4 Cool-season pulses and high temperature 

Cool-season legumes (field pea, lentil and faba bean) are more sensitive to HT 

compared to warm-season legumes (cowpea, soybean, groundnut, pigeon pea and 

mungbean) (Devasirvatham et al., 2012; Prasad et al., 2017).  The threshold at which 

HT conditions induce a stress on a plant during its reproductive period varies across 

species.  For example, wheat 32°C (Stone and Nicolas, 1994; Talukder et al., 2014), 

corn 41°C (Thompson, 1986), cowpea 38°C (Patel and Hall, 1990) and lentil between 

25 and 32°C (Summerfield et al., 1989; Siddique, 1999; Gaur et al., 2015; Bhandari et 

al., 2016; Bhandari et al., 2020).  There is substantial inter- and intra-specific variation 

in the capacity of crop species to tolerate HT, providing opportunities to improve 

adaptation (Wahid et al., 2007). 

 

Timing and intensity of exposure to HT is critical where response varies across pulse 

crops (McDonald and Paulsen, 1997; Egli et al., 2005).  Pulses are particularly sensitive 

to the effects of period of acute HT during the reproductive stages of development 

(Erskine et al., 1994; Wahid et al., 2007) and lentil is particularly susceptible to HT 

(>30°C) effects between flowering and formation of seeds within pods.  High 

temperature during this period causes flower and pod loss, and a subsequent reduction 

in grain yield and quality (Erskine et al., 1994; Siddique 1999; Gaur et al., 2015; Kumar 

et al., 2016; Sehgal et al., 2017; Sita et al., 2017).  Several days of HT limits many 

physiological processes including photosynthesis, metabolic pathways, electron flow 

and respiration rates (Redden et al., 2014).  Lentil yield was reduced by 87% for plants 

grown under HT during the reproductive phase (>38/23°C) in field conditions (Bhandari 

et al., 2016), where grain number tends to be the most sensitive yield component (Gaur 

et al., 2015; Bhandari et al., 2016; Sehgal et al., 2017b).  Although cool-season legumes 

such as field peas, faba bean and lentil have similar sensitivity to HT, chickpea has 

increased adaptation to HT, where minimal yield loss occurs at 30°C (Summerfield et 

al. 1984; Erskine et al. 1994; McDonald and Paulsen 1997). 
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In regions where lentil is cultivated, such as the Indian subcontinent, West Asia, and 

Australia, crops frequently encounter unreliable rainfall and variable soil water, 

combined with increased frequency of HT during the reproductive period.  Soil water 

therefore becomes an important factor for maintaining yield potential.  For example, in 

a Mediterranean climate when water was non-limiting, Leport et al. (1994) observed 

that lentil grain yield increased by 74% compared to the control, where typically in 

these environments grain-set was limited by increasing temperature and water deficit.  

Under drought conditions, plant response to HT is reduced where water deficit restricts 

stomata from opening, which inhibits the capacity for plants to cool through 

transpiration (Mahrookashani et al., 2017).  For lentil, the indeterminate growth habit 

provides a recovery mechanism following HT, where yield losses may be limited by a 

continuation of flowering and pod set, although this will be influenced when the stress 

occurs (Wang et al., 2006; Vadez et al., 2012) and/or water supply (Hall, 1992).  For 

example, a period of acute HT (35°C for 6 days) in 2009 across south-eastern Australia, 

when available water was limited, is estimated to have caused a 70% yield reduction in 

lentil crops (Brand et al., 2010).  This heat wave was likely to have equated to losses of 

$1000/ha for growers (Brand, pers. Comm). 
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Table 1.3.  Optimum temperature (Topt) and maximum temperature (Tmax) temperatures for 

different growth stages in lentil. 

Growth stage Topt (°C) Tmax (°C) Literature source 

Germination/ 

emergence 

24.0 – 24.4 

22.9 

31.8 – 34.4 

40 

Covell et al., 1986 

Safahani et al., 2017 

Vegetative   

27/16 

18 

35/33 

Summerfield et al., 1989a 

Singh et al., 2015 

First flower/ full 

flower 

25/10 38/23 

38/28 

28 

Bhandari et al., 2015 

Sita et al., 2017 

Summerfield et al., 1989b 

Flat pod to 

physiological maturity 

25/10 

23/28 

38/23 

28/33 

Bhandari et al., 2015 

Sehgal et al., 2017a 

Pollen viability and 

tube growth 

25/15 

 

38/28 

 

Sita et al., 2017 

Nodulation 15 – 25  Lira et al., 2005 

Photosynthesis 14 – 18 

 

23 

>30/20 

35/25 

Pasipalak, 1991 

Sehgal et al., 2017b 

Bhandari et al., 2020 
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Acute high night-time temperatures also cause heat stress damage.  Day and night 

temperatures are interrelated, where a high diurnal temperature can cause significant HT 

response in a plant (Willits and Peet, 1998).  The importance of night-time temperature, 

or daily minimum temperature effect on plants has been assessed in field crops 

including wheat (Garćia et al., 2016; Narayanan et al., 2015; Prasad et al., 2008), dry 

bean (Konsens et al., 1991), soybean (Caviness and Fagala, 1973; Wiebbecke et al., 

2012) and cowpea (Ahmed et al., 1993; Ismail and Hall, 1992; Mutters and Hall, 1992), 

where high night temperature has been shown to further reduce grain-set and yield 

(Narayanan et al., 2015; Ismail and Hall, 1992), or have minimal effect (Caviness and 

Fagala, 1973; Wiebbecke et al., 2012).  In cowpea, an experiment by Ismail and Hall 

(1998) imposed high night temperatures (22°C night) and long days (>14 hrs) to a range 

of genotypes and determined that for each degree above the threshold of 20°C there was 

a 12% decrease in yield due to a reduction in pod set and harvest index, in heat-sensitive 

genotypes.  This is due to damage to floral development and pod set (Hall, 1992). 

 

For wheat, high day (35°C) and night temperature (24°C) has been shown to have an 

additive impact on grain yield and grain set, compared to high day (35/15°C) or night 

(25/24°C) temperature alone, indicating that average daily temperature has a larger 

impact on wheat compared to larger daily diurnal ranges (Narayanan et al., 2015).  

However, Stanfield et al. (1966) found that night temperatures are not as damaging to 

growth as day temperatures in field pea, although an interaction between a high day and 

night temperature (32/24°C & 29/16°C) delayed time to maturity, due to an increase in 

the number of nodes to first flower and reduced tillering.  In dry bean, high night 

temperature reduced biomass, as well as the specific leaf weight without affecting leaf 

area.  This was due to the depletion of starch reserves during the day period by 

respiratory losses (McDonald and Paulsen, 1997).  For field pea, the combination of 

high night and day temperature (day 33°C, night 30°C) caused rapid abscission of 

reproductive organs, with moderate HT (maximum ≤ 32°C) translating to accelerated 

termination of flower production.  Abortion of these reproductive organs also occurred 

in the control and were linked to the normal termination of flower production during the 

plant life cycle (Guilioni et al., 1997).  A range of conclusions from different night-time 

temperatures studies suggests that interactions with other factors may be important in 

understanding the response to differing diurnal conditions during acute HT events. 
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1.4 Plant responses to high temperature 

1.4.1 Effect of high temperature during vegetative growth 

In most lentil growing regions HT is uncommon during the vegetative phase (GS VE to 

NV, Table 1.1), such as within Mediterranean-type environments (Materne and 

Siddique, 2009), and is mostly a constraint in the sub-tropics, for example Bangladesh.  

Within these environments, HT can reduce germination and plant growth, where 

Ibrahim et al. (2011) determined that lentil is more sensitive to HT during germination 

than other cool-season legumes.  Lentil seed germinates in soil temperatures between 15 

and 25°C (Saint-Clair, 1972), where optimal germination occurs around 24°C (Table 

1.3) and the maximum temperature reported to be 40°C (Safahani et al., 2017).  With 

the smaller seeded cultivars germination occurs more rapidly than for larger seed.  For 

lentil, germination was found to decline at temperatures greater than 30°C which 

compared to 43°C and 33°C for chickpea and faba bean respectively, leading to poor 

establishment (Weaich et al., 1996).  Lentil can germinate in either constant or diurnally 

fluctuating temperature conditions; however, the rate of germination, emergence, and 

seedling growth are affected by temperature (Muehlbauer et al., 2015). 

 

High temperature in lentil during the vegetative phase results in several significant 

changes; a) reduced nodule development, functionality and subsequent nitrogen fixation 

efficiency (Lira et al., 2005; Hernandez-Armenta et al., 1989), b) reduction in cell 

membrane stability in leaves (Chakraborty and Pradhan et al., 2011), c) a reduction in 

photosynthetic and mitochondria activity (Gaur et al., 2015) and d) morphological 

changes in response to HT including leaf senescence, reduced shoot and root growth 

which translates to reduced node number (Bita and Gerats, 2013).  High temperature 

during this stage can also increase the number of shrivelled seedlings, due to a reduced 

vegetative period and excessive water loss from cells (Davies et al., 2002).  These 

factors contribute to reduced biomass and accelerated development through early 

flowering and shortened length to the first internode, ultimately resulting in a decrease 

in grain yield and in some cases, plant death (Gaur et al., 2015). 
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1.4.2 Effect of high temperature on reproductive development 

The physiological effects of HT stress on the reproductive phase are greater than the 

effects on the vegetative development in many crops (Hall, 1992; Sita et al., 2018; 

Devasirvatham et al., 2012; Sadras and Drecca, 2015).  For several cool-season 

legumes, yield reduction after acute HT periods have been attributed to reduced grain-

set and grain size and accelerated senescence (Sita et al., 2018).  Lower grain and pod 

set are primarily due to sterility of pollen, failure of anther dehiscence, reduced pollen 

tube penetration (Barghi et al., 2013) and damage to photosynthetic efficiency 

(Bhandari et al., 2016).  In lentil HT during the reproductive phase causes 

morphological changes in the flower organs, with HT inducing abnormal anthers and 

elongation of the styles (Giorno et al., 2013; Bhandari et al., 2016; Devasirvatham et al., 

2012; Monterroso and Wien, 1990).  Some dry bean genotypes have demonstrated HT 

tolerance during microsporogenesis (7 to 12 days before anthesis), serving as an 

adaptation to maintain reproductive function (Porch and Jahn, 2001).  It was shown for 

HT genotypes pollen morphology, pollen viability and pollen, wall architecture were 

similar to plants grown in ambient conditions, whereas heat sensitive genotypes 

experience reduced pollen viability 7 to 12 days before anthesis, during the 

microsporogenesis phase.  For cowpea, flower loss occurs consequent of male sterility 

due to anther indehiscence and abnormal pollen (Warrag and Hall, 1984).  Sita. (2017) 

identified several HT tolerant lentil cultivars (>32/20°C) and demonstrated that tolerant 

genotypes-maintained pollen function, nodulation and metabolic processes when grown 

under HT compared to sensitive genotypes. 

 

In addition to male sterility, reproductive function can also be compromised due to 

reduced ovule vilability (Devasirvatham et al., 2012; Nayyar et al., 2005).  By tracking 

individual flowers, McDonald and Paulsen (1997) demonstrated in several pulse species 

that the greatest reduction in grain size occurred when plants were exposed to HT just 

prior to full bloom, or about the time of pollination.  Choudhary et al. (2014) found in 

chickpea that fertility was decreased due to an increase in non-viable pollen, when 

exposed to temperatures above 40°C.  Beans become sensitive to HT (35°C) 

approximately 6 days before anthesis and remain sensitive throughout anthesis, where 

HT during this time, caused significant abscission of flowers (Monterroso and Wien, 

1990).  This has also been observed in lentil, where genotypes with increased HT 



 

Page | 38  
 

tolerance have increased reproductive function under HT (Sita et al., 2018; Sita et al., 

2017a, Bhandari et al., 2016; Choudhary et al., 2014).  For lentil, Bhandari et al. (2016) 

measured a 46 to 68% decrease in ovule viability for late sown genotypes compared to 

normal sown.  This combined with reduced pollen viability (52 to 63%), pollen load (42 

to 70%) and stigma receptivity (28 to 68%) resulted in signficant loss of flowers, which 

indicates the HT treatmetent in this study of 38°C day and 23°C night (Table 1.3) is 

deterimental to yield potential in lentil. 

 

Abiotic stresses strongly influence the visual characteristics of lentil, where extreme 

events including heat stress and frost can cause discolouration, shrivelling and dark 

spots on grain.  High temperature can also reduce profitability of lentil because of 

reduced grain size, causing pinched and small grains, from the HT disrupting assimilate 

accumulation (Devasirvatham et al., 2012; Shrestha et al., 2006).  The time of exposure 

is critical, with long exposure to HT at the end of grain filling causing most damage 

(Egli et al., 2005).  In addition, HT effects reduce the nutritional content of grain.  For 

lentil plants exposed to HT (33/28°C) for 20 days during grain filling, Sita et al. (2018) 

observed a significant reduction in starch (25 to 43%), protein (26 to 41%) and fat (39 

to 57%) combined with an increase in sugar (36 to 68%) compared to the control plants 

(28/23°C).  These changes in nutritional content have significant ramifications for 

global food security, particularly in the face of a changing climate, where nutritional 

content of lentil plays a critical role in diets within developing countries (Rawal and 

Navarro, 2019; Erskine et al., 2011).  Importantly, the response reported by Sita et al. 

(2018) refers to chronic HT during a critical period, where information on the 

nutritional content of lentil flowering and acute HT events is limited.  Portman et al. 

(2020), reports for downgraded lentil subject to acute periods of extreme temperatures 

(frost during the reproductive period), there was no change to the nutritional or cooking 

properties. 

 

1.4.3 Effects of high temperature on nitrogen fixation 

A major environmental factor influencing the establishment of rhizobia is HT (Karanja 

and Wood, 1988), with temperatures outside the optimum range limiting nodule 

development.  Plant stresses affect biological nitrogen fixation and the quality of grain 

and fodder (Wery et al., 1994).  In lentil and field pea a decline in nodule appearance, 
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size, number, and rate of development was observed at 25°C, with optimal development 

at 20°C (Junior et al., 2005).  High temperatures reduce final nodule size, with the 

largest nodules occurring at 15°C in lentil (Junior et al., 2005; Sita et al., 2017b).  In 

addition to this, high root temperatures affect the formation of root hairs, binding of 

rhizobia, formation of leghaemoglobin, nitrogen fixation and dry matter production 

(Munevar and Wollum, 1981).  In peanut (Arachis hypogaea), HT exposure had a 

minimal effect on plants that were inoculated and able to fix nitrogen but caused 

significant reductions in pod yield when plants were not inoculated and dependent on 

inorganic nitrogen.  This suggests that nodulated plants have a greater capacity to 

withstand HT environments (Prasad et al., 2001).  Survival at elevated temperatures is 

also related to the strain of Rhizobium, initial concentration of inoculum and the period 

of exposure to HT (Karanja and Wood, 1988).  Exploiting favourable interactions 

through the inoculation of cultivars is often limited by existing indigenous rhizobia 

strains within the soil (Duc et al., 2014). 

 

1.4.4 Physiological mechanisms 

Phenological development is accelerated under elevated temperatures reducing the 

growth period and thus limiting yield potential (Maalouf et al., 2010, Sita et al., 2018).  

Summerfield (1985) observed that warm temperatures limit growth, including reducing 

branching and biomass accumulation in lentil, when compared to plants grown within 

the optimal temperature range.  High biomass is a desirable trait, which usually 

translates to high yield under ‘normal’ and HT environments (Choudhary et al., 2014). 

 

Photosynthetic rate and chlorophyll content are important physiological parameters in 

plants.  Rates of photosynthesis and respiration increase with an increase in temperature 

until a threshold maximum photosynthesis level is achieved (McDonald and Paulsen, 

1997), which varies with species.  For lentil, the optimum temperature for the net 

photosynthetic rate is between 14 and 18°C, with a decline in rate beyond 23°C (Table 

1.3).  This net decline in photosynthesis rate causes an increase in respiration and 

transpiration rates (Pasipalak, 1991).  For lentil specifically, Bhandari et al. (2020) 

reported that photosynthetic function declined when temperatures beyond 35°C day and 

25°C night were applied (Table 1.3).  The reduction was attributed to the impact of HT 

on chloroplast membranes.  In several cool-season legumes, McDonald and Paulsen 
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(1997) demonstrated that the chlorophyll content increases, but the photosynthetic rate 

per unit of chlorophyll declines, indicating that photosynthesis becomes less efficient at 

HT (>20°C).  Furthermore, a reduction in growth observed for heat stressed beans, 

cowpea and faba bean was associated with changes in leaf weight, area, and chlorophyll 

concentration (McDonald and Paulsen, 1997).  Evidence also suggests at HT, various 

enzymes are inactivated, decreasing the photosynthetic efficiency due to a reduction in 

chlorophyll content (Pareek, 2010). 

 

Acute HT alters the structure and function of cell membranes, partly because of 

oxidative damage from active oxygen species (Stoddard et al., 2006), where the 

function of ceullular membrane thermostability has been used since the 1970s to 

measure plant stress based on electrolyte leakage (Sullivan, 1972; Sullivan and Ross, 

1979).  The CMT varies between species and genotypes, but in general the electrolyte 

leakage of heat sensitive genotypes will be greater compared to tolerant genotypes, 

which can maintain membrane stability (Srinivasan et al., 1996).  For lentil, Sita et al. 

(2018) has shown the utility of measuring CMT to identify sensitive and tolerant 

genotypes, where and increase in sensitivity correlated with decreasing CMT.  

Membrane damage also reduces photosynthesis and mitochondrial activity, as well as 

the ability of the cytoplasm to retain solutes and water (Lin et al., 1984).  High 

temperature tolerance of cowpea during pod set is associated with reduced electrolyte 

leakage (Thiaw and Hall, 2004).  Electron transfer between photosystem I and II is also 

sensitive to HT (Srinivasan et al., 1996).  Chlorophyll fluorescence can be a quantitative 

assessment of the leaf tissue injured by exposure to HT.  For example, a study by 

McDonald and Paulsen (1997) found that chloroplast thylakoids of field pea, faba bean 

and wheat were equally sensitive to HT suggesting that electron transfer was the most 

sensitive component to HT stress.  The results demonstrate that HT affects 

photosynthesis, growth and water dynamics of grain legumes, and the sensitivity to the 

stress differs among species and genotypes (McDonald and Paulsen, 1997). 

 

1.5 Adaptations to high temperature 

Adaptation to HT (toleance to HT) is likely to incorporate several mechanisims that 

reflect an adjustment of various metabolic processes (Berger et al., 2016).  Plants 
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tolerant (or resist) stress based on three types of mechanisms; escape, avoidance 

postponement) and tolerance (Wery et al., 1993a; Levitt, 1972; Larcher, 1975), which 

are outlined below. 

 

1.5.1 Escape mechanisms 

Escape mechanisms are an adaptive mechanism, which enable plants to not be exposed 

to the stress, where escape constitutes the completion of plants life cycle before the 

onset of the stress through hastened development (Levitt, 1972; Berger et al., 2016).  

Mechanisms include early flowering and maturity, indeterminacy, or the capacity to 

recover from acute HT.  Escape mechanisms are likely to represent the historic genetic 

diversity within landraces required for adaptation to their indigenous climatic 

conditions, where with expansion into new ecological regions, the genetic remnants 

have remained (Erskine et al., 1998; Nelson et al., 2010).  Lentil can escape HT by 

having more rapid development so that plants mature before acute HT is likely.  

However, adaptation through early developing cultivars does not necessarily translate to 

optimum yield outcome in any one year due to climate variability (Materne and 

Siddique, 2009).  For example, in a year without acute HT there is usually a yield 

penalty for early maturity and available soil water may not be fully utilised (Hall, 2004; 

Materne and Siddique, 2009). 

 

Flowering in lentil is regulated by response to temperature and photoperiod, with the 

contribution of each factor varying depending on genotype (Roberts et al., 1986; 

Erskine et al., 1989).  Vernalisation also has some influence on the rate of reproductive 

development in some lentil species and is a beneficial trait in Mediterranean growing 

regions (Summerfield et al., 1984).  Lentil genotypes that respond strongly to 

temperature, flower when temperatures begin to rise in spring, and are flowering early 

to avoid the HT of the summer, thus reducing exposure to HT.  However, this response 

shortens the growing season and can reduce yield potential (Erskine et al., 1994).  In a 

Mediterranean environment, lentil genotype from South Asia and Ethiopia, which are 

early in phenology, escape drought and HT are more suitable, whereas genotypes from 

northern latitudes are late-maturing and poorly adapted to drought (Hamdi et al., 1992).  

Although, the risk of HT is reduced for early flowering genotypes, the likelihood that 

crops will be exposed to frost significantly increases, an equally damaging abiotic stress 
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during the reproductive phase of lentil (Stoddard et al., 2006; Materne et al., 2007a).  

Frost and HT exposure periods are a prime example of the challenges and importance of 

management strategies to lentil producing and reducing risk of damage.  In Australia, 

dry years are associated with an increase in frost incidence, where it is likely that these 

events will coincide with flowering of early maturing varieties damaging yield (Materne 

and Siddique, 2009).  Under rainfed conditions of West Asia and Western Australia, 

time of flowering accounts for about 45-60% of the variation is grain yield (Silim et al., 

1993; Erskine et al., 1993). 

 

Crops that are early sown may mature sufficiently early to escape the most severe 

effects of HT and drought (Maalouf et al., 2010).  This is an example of an agronomic 

management option that allows lentil to flower and mature earlier in the season.  Within 

Mediterranean cropping systems in Australia there has been a shift in sowing date to 

earlier in the season, with an increased proportion of dry sowing (Fletcher et al., 2016; 

Anderson et al., 2016).  This is partially due to increased yield potential through 

avoiding water and heat stress during grain filling, combined with logistical benefits 

gained consequent of increased farm size (Fletcher et al., 2015; Hunt, 2015), and 

highlights the risk HT possess to grain production in Australia. 

 

1.5.2 Avoidance/ postponement mechanisms 

Some plants avoid HT through various mechanisms that assist in removing excess HT 

from leaves and cooling the plant canopy.  Plants growing in a hot climate avoid HT by 

reducing the absorption of solar radiation.  This is supported by traits such as the 

development of a protective layer, including, the presence of small hairs, or a waxy 

covering (Hasanuzzaman et al., 2013).  In pea, physiological parameters such as waxy 

leaves and leaf colour assist in reducing the canopy temperature without water loss 

(Manzanares et al., 1998).  The ability to change the leaf orientation aids in reducing 

heat load, through the reflection of light from leaf surfaces (Wery et al., 1993b).  Leaves 

of lentil range in shape, size, orientation, colour, and surface coating, which may assist 

in heat avoidance.  Avoidance mechanisms for HT require either abundant water supply 

for transpiration cooling or the ability to reduce transpiration by decreasing the radiation 

load (Hall, 1992).  In some cases, there may be adequate soil water, but the negative 

water balance created by HT leads to withering of plants following several days of HT.  
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This can be accelerated by hot winds, which cause desiccation within a few hours 

(Pareek, 2010).  Transpiration cooling represents the first line of defence and occurs 

only if soil moisture is available (Ibrahim, 2011).  However, if there is water deficit 

(with partial stomatal closure), the plants cannot increase transpiration and HT is further 

exacerbated (Hall, 1992).  Avoidance strategies through reducing water loss is more 

common in regions such as India where pulses are grown on stored soil water in soils 

which have a high-water holding capacity (Berger et al., 2016).  In Mediterranean 

climates, HT frequently coincides with water deficit, reducing the ability of plants to 

employ avoidance mechanisms (Berger et al., 2016). 

 

Compared to cereal crops, legumes do not have as greater water use and high water-use 

efficiency, likely due to the high protein content in pulse grain, increasing assimilate 

demand (Zhang et al., 2000).  Providing soil water is adequate, a deep root system 

enhances water extraction from lower in the soil profile and helps avoid water deficit.  

There is significant variability for root traits amongst species and genotypes (Maalouf et 

al., 2010).  Lentil roots are relatively shallow (90 cm), compared to other cool-season 

pulses, such as, chickpea (120 cm) (Zhang et al., 2000).  Despite lentil having a shallow 

root system, and therefore restricted capacity to uptake water it is better suited to 

Mediterranean climates.  This is consequent of its improved water-use efficiency 

compared to other cool-season pulse crops (Zhang et al., 2000).  Salehi (2012) found 

that screening at the seedling stage correlates with drought tolerance of cultivars, for 

instance lentil genotypes that had longer shoot length, root length and dry weight had 

increased adaptation to arid and semi-arid climates. 

 

1.5.3 Tolerance mechanisms 

Mechanisms of tolerance minimise the effects of the stress on growth and yield. 

Example mechanisms include the production of heat shock proteins, which help prevent 

damage to proteins, the ability to stabilise membranes and the production of osmolytes 

and antioxidants (Wahid et al., 2007).  The development of HT tolerant cultivars 

supports greater flexibility in sowing dates and enhance opportunities to improve yield 

stability and expand areas of grain legumes to new cropping systems (Gaur et al., 2014). 
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Historically it was proposed that mechanisms that are independent of escape and 

avoidance were tolerance traits.  This notion was based on the definition that if a stress 

is escaped or avoided, it is not encountered by the plant, and therefore the plant is not 

tolerant (Levitt, 1972; Larcher, 1981).  It is now recognised that the three mechanisms 

involved in HT tolerance occur simultaneously (Berger et al., 2016; Rani et al., 2020) 

and highlight the complexity of HT tolerance.  For lentil, Sita et al. (2017) proposed that 

tolerance was determined by pollen function, which was dependent on the availability 

of sucrose to anthers and pollen grains.  In addition to this, genotypes which were 

tolerant of HT exhibited multiple mechanisms of escape, avoidance and tolerance which 

included the protection of leaf tissues by limiting oxidative damage, which 

consequently maintained optimum photosynthetic and respiratory function, and 

produced more nodules.  High temperature tolerant cowpea lines that have been 

developed to have HT tolerance during the reproductive phase, such as the cowpea line 

‘CB27’, produce more grain than HT sensitive genotypes, but also tend to exhibit some 

dwarfing habits when exposed to hot conditions.  The tolerant lines tend to have shorter 

internodes and have a higher harvest index due to the production of less vegetative 

shoot (Hall, 2004). 

 

1.6 Lentil breeding 

Since the inception of the ICARDA lentil breeding program in 1977 substantial gains to 

grain yield have been made globally, as well as increased resistance to both abiotic and 

biotic stresses (Erskine, 1983; Materne and McNeil., 2007).  Yield is determined by the 

interaction between genotype, environment, and agronomic management.  As such, 

considerable efforts in current breeding programs aim to modify crop phenology, to 

improve adaptation of lentil to target environments (Kumar et al., 2015).  This principle 

is based on the importance of matching flowering time to a growing environment in 

order to maximise yield and reduce losses due to HT and frost (Lilley et al., 2020; Flohr 

et al., 2017).  Recent studies indicate that the optimal flowering window varies 

significantly across lentil production regions in Australia, as with other crops.  For 

example, the optimal period for flowering of canola is earlier (mid to late July), in most 

Mediterranean environments of Australia (Western Australia, South Australia and 

Victoria) and later (August to September) in the southern temperate environments of 

Tasmania, Victoria and New South Wales (Lilley et al., 2020).  The knowledge of 
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optimal flowering time for different genotypes provides breeders with the opportunity to 

develop cultivars with appropriate phenological characteristics for target environments 

(Lilley et al., 2020; Flohr et al., 2017).  In addition to optimal flowering, current 

opportunities exist within lentil breeding programs to increase yield potential of lentil 

through three major research areas: molecular marker development and validation (e.g. 

disease resistance), understanding and exploitation of the root system (root types for 

increased WUE and N fixation, biofortification) and nutritional potential of lentil (e.g. 

increasing the milling efficiency) (Vandenberg, 2016). 

 

In Australia, the lentil industry commenced in the late 1980s (Sadras et al., 2020), 

followed by the establishment of a lentil breeding program in the mid-1990’s (Materne 

and McNeil, 2007).  Cultivars that flower in response to temperature, are suited to 

Australia, where appropriately adapted landraces originate from growing regions such 

as germplasm from Syria (Materne and Siddique, 2009;Materne and McNeil, 2007).  

Additionally, selection against photoperiod sensitive landraces has been important in 

Australia to ensure flowering occurs at an ecologically and agronomically appropriate 

time (Erskine and El Ashkar, 1993).  Many improvements in crop management and 

breeding have been made in lentil to increase lentil production in Australia.  

Developments include the release of commercial cultivars that reflect market demands, 

such as increased yield (PBA Ace, PBA Jumbo are two high yielding cultivars), 

diseases resistance (PBA Jumbo 2), herbicide tolerance (PBA HallmarkXT, PBA 

HurricaneXT with imidazolinone herbicide tolerance traits) and tolerance of sub soil 

constraints (PBA Bolt).  A recent study determined that over the last 3 decades there has 

been a genetic gain of 20kg per ha per year in yield potential, primarily driven by 

increases in growth rate, grain number and harvest index.  Importantly, despite the 

measured genetic gain, national average yields do not reflect this change, where yields 

have plateaued (1.2 t/ha), which is largely due to the expansion of this crop into lower 

yielding environments (Sadras et al., 2021).  This highlights the need for continued 

breeding for increased adaptation that supports the expansion of lentil into more 

marginal growing environment such as the Victorian Mallee. 

 

Domestication has led to approximately 40% of loss in genetic diversity for cultivated 

lentil, where breeding for specific regions has further narrowed the genetic base (Alo et 
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al., 2011).  Initial selection for domestication was crop specific and aimed to improve 

plant physiology and morphology and inadvertently causing some traits to be largely 

absent in domesticated crops.  For example, Australian elite breeding lines and cultivars 

are derived from primarily three pedigrees (Inder et al., 2008), where currently the 

flowering window between the earliest and latest commercial cultivars is 3 weeks 

(Rosewarne, pers. Comm.).  The narrow genetic base limits the adaptation to biotic and 

abiotic stresses (Khazaei et al., 2016; Lombardi et al., 2014; Erskine et al., 1998). 

 

Historically breeding programs have been reluctant to increase genetic diversity to 

avoid the negative impacts of poor agronomic suitability often encountered with 

landraces (Tullu et al., 2011).  In circumstances where traits for adaptation of species to 

changing environments such as climate change is required, accessing the original 

broader diversity in genetic material is crucial.  Recently, breeding strategies, which 

have narrow genetic bases have shifted towards widening the genetic diversity through 

the introduction of landraces and wild types.  Genetic diversity through wild species and 

global landraces provides a valuable resource to increase adaptation to a range of 

constraints (Tullu et al., 2011; Lombardi et al., 2014).  Compared to developed 

cultivars, landraces have been developed over hundreds of years to suit edaphic, 

climatic, and biotic stresses of regions, and have novel genetic diversity that enables 

them to be productive in growing conditions where elite varieties may not be suitably 

adapted (Wang et al., 2016).  The expansion of the overall pool of germplasm in 

conjunction with increased capacity for assessment of allele variation provides 

significant benefit to breeding by increasing phenotype-based variation to advance 

cultivar development through wider adaptation to environmental conditions.  For 

example, the commencement of the Application of Genomic Innovation in the Lentil 

Economy (AGILE) project led by Canada, which utilised genomic technology for lentil 

improvement (Tullu et al., 2011; Haile et al., 2019) aiming to understand the genes that 

effect flowering and time to flowering that may provide adaptability to changing 

climates (Vandenberg, 2016).  Through this project primary and secondary lentil gene 

pools were characterised for its genetic diveristy using extensive genotyping and 

phenotypic techniques (Haile et al., 2019), which are made avalaible to breeding 

programs, globally. 
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1.6.1 Breeding for high temperature tolerance in lentil 

Two major breeding strategies are followed to increase HT of field crops; one by 

breeding for traits that enable plants to escape the stress period and the other by 

breeding stress tolerant genotypes (Maalouf et al., 2010).  Breeding for tolerant 

genotypes provides a combination of broad adaption to the region, in addition to plant 

function being maintained under HT.  Traits associated with tolerance in lentil include 

early vigour, maintaining biomass, grain size, pod numbers on primary branches, 

efficient water use and large grain and grain-set (Sita et al., 2017; Kumar et al., 2016; 

Kumar et al., 2013). 

 

In the absence of commercial cultivars with HT tolerance, traits associated with 

escaping HT have been recognised as an important trait for reducing losses due to HT 

(Erskine, 1983; Materne and Siddique, 2009).  Ultimately, the development of HT 

tolerant lentil cultivars contributes to mitigating the impacts of climate change on yield, 

allow greater flexibility in sowing dates, and enhance opportunities for expanding area 

of grain legumes to new environments and cropping systems. 

 

1.6.2 Screening methods for high temperature 

The major limitation of breeding for abiotic stresses, such as HT is the lack of screening 

techniques.  Screening for HT is usually field-based and involves growing crops in HT 

regions or using late sowing methodologies, and thus increasing the probability that the 

reproductive phase occurs when temperatures are high (Gaur et al., 2015; 

Krishnamurthy et al., 2011; Bhandari et al., 2016; Sita et al., 2018).  Selecting tolerant 

material is typically based on visual scoring or yield measurements in target 

environments (Wery et al., 1994; El Haddad et al., 2020, Krishnamurthy et al., 2011).  

The efficiency of a screening method is reliant on its ability to reproduce the most 

probable conditions of the stress in the target environment (Wery et al., 1994), where 

plant response needs to reflect if the stress were to occur naturally i.e. position in the 

growth cycle (Maalouf et al., 2010).  Furthermore, screening methods need to have the 

capacity to assess many genotypes with maximum genetic diversity.  High-throughput 

screening technologies have been successfully developed for some edaphic abiotic 

stresses in lentil, for example tolerance to high soil boron (Hobson et al., 2006) and salt 

screening (Maher et al., 2003).  For these examples, growth tends to be restricted from 
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germination, which enables assessment early in the growth cycle.  Screening for HT 

tolerance is challenging because the effects of HT on growth are complex due to the 

number of development and growth responses to stress (McDonald and Paulsen, 1997), 

and for reproductive HT, where the sensitive components are reproductive organs e.g. 

flowers and pods (Maalouf et al., 2010, Bhandari et al., 2016; Bhandari et al., 2020, Sita 

et al., 2018). 

 

Late sown screening typically involves growing the crop in a HT region or under late 

sown conditions and selecting plants based on their ability to maintain grain yield 

compared to the same genotypes grown under optimal conditions (Krishnamurthy et al., 

2011; Gaur et al., 2015; Canci and Toker, 2009).  Screening using a late sowing 

approach, provides an inexpensive option to screen many genotypes in a field 

environment.  Affiliated with late sowing conditions is often inadequate water supply, 

which makes separating the confounding effects of drought inflicted water stress and 

HT difficult.  To overcome this, irrigation is frequently applied.  Often in field trials, 

several sites are included over a range of climatic zones, which allows screening over 

differential water and heat gradients (Maalouf et al., 2010, El Haddad et al., 2020, Hall, 

2004).  For example, the HT and drought tolerance of 162 lentil genotypes was assessed 

using two contrasting locations combined with late sowing to impose HT on lentil 

during the reproductive period (El Haddad et al., 2020).  A limitation of late sowing 

trials is accelerated development, throughout the life cycle in response to a combination 

of chronic HT and periods of acute HT, and when photoperiod limits yield potential and 

biomass (Krishnamurthy et al., 2011; Sadras et al., 2015).  Such conditions of chronic 

and acute HT and mismatched photoperiod are unlikely during the reproductive period 

in Mediterranean growing environments (Materne and Siddique, 2009), and hence, plant 

response may not be demonstrative of heat shock caused by acute HT, typical of the 

growing region.  Despite the compressed phenology and reduced potential yield, this 

method has been widely adopted in sub-tropical regions (e.g. India) for identifying HT 

sensitive and tolerant germplasm in pulse crops (El Haddad et al., 2020, Devasirvatham 

et al., 2015; Krishnamurthy et al., 2011), where increasing HT tolerance is a major 

breeding objective (Gaur et al., 2015). 

 



 

Page | 49  
 

Screening for HT can also be completed under controlled environment conditions, 

which provides a sound method (not influenced by climate), and confidence that a 

treatment is imposed evenly (Stoddard et al., 2006).  Assessment of genotypes to 

evaluate the HT tolerance and (or) sensitivity of genotypes can also be made through 

physiological measurements, which provide quantitative measurement of a plant’s 

response.  These methods usually provide an instantaneous response and do not require 

plants to be grown to full maturity (Stoddard et al., 2006) and also have the potential to 

be a proxy for HT tolerance.  Methods which do not require growing germplasm to 

maturity include measuring flower and pod abscission (Ismail and Hall, 1999), infrared 

thermometry in cool-season legumes (Ibrahim, 2011) and measurement of electrolyte 

leakage at the vegetative stage (Thiaw and Hall, 2004).  For lentil, differential response 

across heat sensitive and tolerant genotypes based on stomatal conductance, relative leaf 

water content, PSII function, chlorophyll condition and cellular oxidising 

photosynthetic rate has been observed (Sita et al., 2017b, Bhandari et al., 2016).  For 

example, Sita et al. (2018) reported under late sowing conditions, for HT sensitive lentil 

leaf membrane (measured as electrolyte leakage), chlorophyll concentration, PSII 

function and photosynthetic were impaired to a greater extent compared to HT tolerant 

genotypes.  When comparing yield, however, there was little difference between the HT 

sensitive and tolerant germplasm, where yield reduced by 70 and 65% respectively, 

which indicates the challenge of correlating physiological measurements and yield 

response.  In some cases, controlled experiments are limiting due to the expense and the 

number of genotypes that can be assessed (Ismail and Hall, 1999).  Importantly, with 

increasing confirmation of HT sensitive and tolerant genotypes consequent of screening 

programs, the ability to apply physiological measurements will increase for high-

throughput assessment of pulses including lentil. 

 

An important component for identifying genetic variation to HT, particularly to confirm 

HT tolerance is validation within the typical growing environment.  This involves 

manipulating the temperature in field conditions to mimic a heat stress event reflective 

of the growing environment.  Previous studies have utilised tunnel houses (Daniel and 

Triboi, 2000, Benlloch-Gonzalez et al., 2014; de Oliveira et al., 2013) or tents (Cottee et 

al., 2010, Prasanth et al., 2017), mobile heat chambers (Nuttall et al., 2012; Talukder et 

al., 2014; Talukder et al., 2013), free-air heating using infrared heaters (Kimball, 2005; 
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Kimball, 2011) to increase the ambient temperature to impose a HT event.  These 

methods allow HT to be applied at a particular development stage for a defined amount 

of time in-season but often have limited capacity to assess large numbers.  Artefact 

effects associated with applying HT using methods such as heat chambers and field 

tents are associated with reduced air speed within the treatment area, which may affect 

heat dissipation and cause substantial warming of plant tissue (De Boeck et al., 2012).  

Further, within chambers, vapour pressure deficit is typically reduced, which combined 

with reduced air movement can influence patter of gas exchange and CO2 assimilation 

(Bowen et al., 2004).  Despite these limitations, portable heat chambers have been 

demonstrated to effectively simulate acute HT event, where temperature has been 

effectively increased by 10 to 15°C in wheat and canola in-season (Nuttall et al., 2012; 

Kaur Uppal et al., 2019; Talukder et al., 2013). 

 

As previously mentioned, one of the most difficult challenges is to select and evaluate 

potentially tolerant genotypes across a suitable range of environments.  This is primarily 

due to the Genetic by Environment interaction altering the pattern of response to HT 

across different locations (Redden, 2013).  The precision and efficiency of breeding 

programs can be enhanced by integrating marker-assisted selection (Gaur et al., 2015).  

Development of gene-based technologies such as single nucleotide polymorphism 

(SNP) markers for detecting genetic diversity in plant species and allows for high-

throughput genotyping that is low cost and locus specific (Lombardi et al., 2014; 

Khazaei et al., 2016).  The availability of technologies such as SNP provides the 

opportunity to quantify traits that may link with HT tolerance mechanisms.  At this 

stage, however, the application to assist with selection of HT traits is limited due to a 

lack of genetic markers associated with HT in pulses (Kumar and Srivatava, 2015).  

Biotechnology has increasing utility for pulse crops, where breeding programs are now 

utilising these technologies to increase the adaptation of lentil to changing environments 

(Siddique et al., 2013). 

 

Conclusion 

High temperature during the reproductive period limits lentil production globally, where 

identifying germplasm with increased HT tolerance is an important component to 

increasing yield stability.  For screening there are several potential screening methods 
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that can be employed for the application of improving HT, which all provide their own 

set of advantages and limitations.  These should consider the germplasm response 

across a range of environments and how the response may be influenced by 

environment.  Consequently, it is likely that screening for HT may require a sequential 

approach, where genotypes screened with increased tolerance proceed past initial broad 

screening.  A sequential approach would incorporate several methods allowing a broad 

spectrum of material to be assessed combined with in-season validation.  
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2 Chapter 2                                                                              

Field screening of lentil (Lens culinaris) for high temperature 

tolerance 

 

Abstract 

Lentil production in arable, Mediterranean-type climates is limited by periods of acute 

HT during the reproductive stage.  With changing climate and weather variability, there 

is a need to increase the high temperature (HT) tolerance of lentil to sustain production, 

where global germplasm provides adaptation opportunities.  The current study assessed 

81 genotypes for HT tolerance from a range of global climatic zones.  Field screening of 

germplasm was completed over two consecutive years (2014/15 and 2015/16), in 

southern Australia using a late sowing approach.  Shade tents within a split plot 

arrangement were also used to generate two different HT profiles (full sun and partially 

shaded).  Stress indices: yield stability index (YSI), stress tolerance index (STI), and a 

third proposed; high temperature tolerance index (HTTI) were applied to rank HT 

tolerance of germplasm.  In 2014, where field conditions associated with natural 

temperature ranges were ideal for screening, five landraces with increased temperature 

tolerance were identified: AGG 73838, AGG 70118, AGG 70951, AGG 70156 and 

AGG 70549.  Of the 10 commercial varieties tested, one (cv. Nipper) was observed to 

have HT tolerance.  Taken together these results indicate the opportunity germplasm 

provides to improve the adaptation of lentil to HT.  Ultimately, the late sowing 

approach demonstrates one possible methodology to integrate into contemporary 

breeding programs for improving adaptation of lentil within Mediterranean 

environments.  
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2.1 Introduction 

Lentil (Lens culinaris) is one of the oldest domesticated grain legumes (Zohary, 1999) 

and is grown widely throughout the Indian sub-continent, Middle East, Northern Africa, 

East Africa, southern Europe, North and South Americas, Australia, and Western Asia 

(Taylor er al., 2003).  Consequently, lentil has evolved over a broad range of growing 

environments globally, which infers broad genetic variation in tolerance to a range of 

abiotic constraints associated with these regions, including acute HT stress.  Within 

southern Australia lentil has increasing importance as a high value break crop within 

rainfed cropping systems, including the benefits of fixing nitrogen and providing 

rotation options to limit disease.  Historically lentil breeding in Australia has focused on 

agronomic traits such as harvestability and increasing yield, and more recently tolerance 

to disease and edaphic constraints (Hobson et al., 2006; Maher et al., 2003), with less 

emphasis on tolerance to abiotic stresses associated with HT.  Lentil production within 

southern Australia has expanded into more marginal areas, where risks of HT 

particularly during the reproductive phase can cause significant yield loss.  In many 

lentil producing regions, HT is managed through early sowing and selecting early 

maturing genotypes, which limit exposure to HT (Gaur et al., 2015; Siddique et al., 

2013).  Increased adaptation of lentil, through selecting for traits associated with HT 

tolerance is also an important component in maximising production potential and 

increasing yield stability, particularly amid increasing weather volatility associated with 

climate change (IPCC, 2014).  

 

During the past 3 decades, lentil breeding strategies have focused on the development of 

varieties which have higher and stable yield across diverse agroecological zones.  

Despite this the Australia national lentil yield of 1.2 t/ha has remained largely 

unchanged.  This is partially due to expansion of lentil into drier, lower yielding 

environments and lack of genetic improvement in yield (Sadras et al., 2021).  The 

concept of breeding is based on selecting material with high yield potential across years, 

hence may inadvertently increase the level of resistance to abiotic stresses.  The reliance 

on this process, however, is not adequate to increase the tolerance to targeted abiotic 

stresses such as HT.  This is due to the narrow genetic base within breeding programs 

restricting the development of improved plant types adapted to specific abiotic stresses 

(Kumar et al., 2016; Cossani and Sadras, 2021), where the genetics to increase traits is 
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unlikely to exist within breeding programs.  Consequently, pre-breeding strategies for 

screening diverse germplasm to identify increased adaptation to specific stresses is 

routinely done to identify the tolerance within landraces beyond the pedigrees within 

breeding programs.  For lentil, pre-breeding screening strategies in Australia have led to 

increased tolerance of commercial varieties to a range of edaphic constraints including 

high boron (Hobson et al., 2006), salinity (Maher et al., 2003) and Ascochyta blight 

(Rodda et al., 2017), where gains are attributed to the identification of germplasm with 

increased tolerance.  In many cases, this approach has also led to the development of 

high-throughput screening methods, which have subsequently been incorporated into 

breeding programs (Materne, 2005; Rodda et al., 2017).  Recently, genetic variation 

within lentil germplasm to HT during the reproductive phase has been identified within 

India and Morocco (Kumar et al., 2016; Sita et al., 2017b, Gaur et al., 2015), providing 

evidence for opportunity to increase HT tolerance. 

 

Future adaptive strategies for lentil to acute HT tolerance is highly reliant on genetic 

solutions to reduce production risk of this crop.  If rapid and efficient screening methods 

could be identified, which reliably identify tolerance to HT, these could be incorporated 

into contemporary breeding programs.  Screening for HT is usually field-based and 

involves growing crops in HT regions or using late sowing methodologies, thus 

increasing the probability that the reproductive phase occurs when temperatures are 

high (>30°C).  For late sown crops, development is accelerated due to more rapid 

accumulation of thermal time and photoperiod sensitivity compared to the typical winter 

cropping season (Sadras et al., 2015; Krishnamurthy et al., 2011) causing reduced 

biomass and yield potential.  Despite these artefact effects, late sowing approaches have 

been used as an effective screening method for chickpea (Canci and Toker, 2009b, 

Krishnamurthy et al., 2011; Devasirvatham et al., 2015), cowpea (Ismail and Hall, 

1999) and lentil (Sehgal et al., 2017; Choudhury et al., 2012; Choudhury et al., 2012; 

Sehgal et al., 2017), due to being an efficient and relatively inexpensive methodology 

(Sadras et al., 2015). 

 

For HT screening a combination of visual scoring (Canci and Toker, 2009), 

growth/yield traits (Devasirvatham et al., 2015) and stress indices (Krishnamurthy et al., 

2011) have been used to identify genotypes with increased yield stability under HT.  



 

Page | 55  
 

The approach of using stress tolerance indices has been successful for screening a range 

of abiotic stresses in chickpea (HT) (Krishnamurthy et al., 2011) and common bean 

(HT) (Porch, 2006).  For chickpea, Krishnamurthy et al. (2011) assessed the 

temperature tolerance of 277 chickpea genotypes using a heat tolerance index across 

two locations and identified 18 genotypes with HT tolerance, which were subsequently 

utilised in Indian breeding programs.  Similarly, for common bean, 14 genotypes in 

both glasshouse and field conditions were screened for HT, where stress indices 

(geometric mean, stress tolerance index and stress susceptibility index) (Fernandez, 

1992), were effective for the selection of genotypes with high yield potential across 

high and low stress conditions (Porch, 2006).  Other screening technologies may be 

either controlled glasshouse studies, or laboratory-based methods such as quantifying 

membrane stability, a proposed surrogate for HT tolerance (Sita et al., 2017a, Sehgal et 

al., 2017). 

 

Using a late sowing methodology to screen for HT tolerance in plants is likely to 

combine the impacts of i) higher ambient daily temperature (minimum and maximum 

temperature), ii) acute HT effect causing a non-recoverable reduction in yield potential 

and iii) water deficit stress.  Irrespective of these factors being co-correlated, such 

screening methodologies are likely to have value within large screening programs.  The 

objectives of this research were to: 1) assess the utility of a late sowing methodology for 

screening a broad range of global lentil germplasm under field conditions in southern 

Australia, and 2) identify lentil germplasm with HT tolerance, particularly during the 

reproductive phase.  Specifically, we hypothesised that i) a late sowing methodology 

including a partial shade comparison (non-limiting to photosynthesis) for imposing 

differential temperature treatments, will be effective in testing for HT tolerance in lentil 

and ii) we will be able to identify lentil genotypes with improved HT tolerance 

compared with current commercial cultivars.  
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2.2 Materials and methods 

2.2.1 Site description 

Two late sown lentil field trials were established over consecutive years in 2014 (trial 

one) and 2015 (trial two) at Horsham, Victoria, Australia (3675’44.62” S, 

14211’18.84” E, a.s.l. 128 m) on a grey Vertosol soil (Isbell, 1996).  The site is 

characterised by a Mediterranean-type climate with a mean annual rainfall of 436 mm 

based on 100 years of data (BoM, station 79023).  The two trials were a randomised 

split-plot complete block design with two replicates in 2014 (trial one) and four 

replicates in 2015 (trial two), where the main plot was the heat treatment and the 

subplot genotype.  For trial one, 49 genotypes × 2 HT treatments × 2 replicates equated 

to 196 plots and for trial two 54 genotypes × 2 HT × 4 replicates equated to 432 plots.  

At sowing, lentil grain was placed in single 1 linear metre rows with a 5 cm depth 0.65 

m row spacing at the rate of 55 seeds per linear metre.  Lentil seed was treated with 

inoculum (peat-based group E and F), and fertilizer (N% 10, P% 21.9, S% 1.5, Ca% 

1.6) was pre-drilled below the seed bed at the rate of 80 and 70 kg/ha for trial one 

(2014) and trial two (2015) respectively.  For trial two (2015), some genotypes had 

limited seed supply, therefore 0.6 linear metres of seed was sown, the remaining 0.4 m 

was sown with bulk seed (breeding line CIPAL0901) to maintain 1 linear metre of sown 

crop.  These were then separated at harvest.  Results are for the 0.6 linear metre were 

corrected to a whole plot basis (g/m) using a multiplication factor of 1.67. 

 

Sowing of lentil was timed for late spring, so the crop flowering period coincided with 

naturally hotter growing conditions occurring in November and December within 

southern Australia.  For each trial, two differential HT treatments were imposed by 

having half the trial in full sun and the second half under partial shade tents (shade) 

using a split (strip) plot approach.  Shading was imposed using 50% white UV 

stabilized high density polyethylene fabric (196 g/m2), installed 0.65 m above the 

canopy from early flowering and remained until crop maturity (Fig. 2.1).  Within this 

study the contrasting HT treatments are defined as S for the full sun and P for the shaded 

treatments within each experiment, where this nomenclature is consistent with other 

abiotic stress studies (Rad and Abbasian, 2011).  Throughout the growing period, lentil 

plots were kept weed and pest free and no disease was observed within these trials.  
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Figure 2.1.  Late sowing screening trial testing for high temperature tolerance in lentil at Horsham, 

Victoria in 2015 (trial two).  A 50% shade tent was used to impose a temperature differential as 

a split plot design.  Plots were 1 linear metre per genotype. 

  



 

Page | 58  
 

Across both years, sites were pre-irrigated using flood irrigation of 150 mm 3 weeks 

prior to sowing.  During the growing period supplementary irrigation was also applied.  

For trial one, which was sown 17/10/2014, 81 mm was applied between sowing and 

first flower and 9 mm from first flower to maturity.  For trial two, which was sown 

29/10/2015, 95 and 65 mm was applied for the equivalent time periods.  For in-season 

irrigation water was applied manually for trial one and automated in trial two using 

Aqua-Traxx® irrigation lay-flat tube.  Rainfall for trial one in the period of sowing to 

first flower and first flower to maturity was 19 and 87 mm respectively, and for the 

same periods was 24 and 89 mm in trial two (2015).  Including rainfall and irrigation, 

the total water received was 196 and 273 mm for trial one and two respectively for the 

period from sowing to crop maturity. 

 

2.2.2 Genotypes 

Across both trials, genotypes constituted a combination of commercial cultivars and 

landraces selected from a range of climates and geographic global regions (Fig 2.2.) to 

maximize genetic diversity, where regions associated with HT were the primary focus.  

For trial one (2014), a total of 41 landraces and 8 commercial cultivars (49 genotypes) 

were screened, compared to 44 landraces and 10 commercial cultivars (54 genotypes) 

for trial two (2014).  These genotypes were sourced from the Australian Grains 

Genebank, Horsham, Victoria, Australia.  The genetic background of the genotypes and 

year of screening is summarised in Table 2.1.  Twenty-two of the genotypes screened in 

trial one were included in the second year of screening (trial two) and are recorded in 

Table 2.1.  The ten cultivars included were a representation of the current commercial 

varieties grown in winter rainfed cropping systems within southern Australia.  Lentil 

germplasm identified as having HT tolerance, in trial one was included in trial two for 

verification. 

 

2.2.3 Data collection 

Air temperature and relative humidity (RH) at the height of the canopy (approximately 

0.25 m) and 1.2 m were recorded across the temperature treatments: full sun (YS) and 

shaded (YP) at 5-minute intervals using TinyTag Ultra 2 sensors TGU-4500.  All 

TinyTag sensors were housed in white louvered screens to shield from solar radiation.  

Crop development including time to; first flower (GS R1), full flower (GS R2), flat pod 
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(GS R3), full pod (GS R4) and maturity (GS R7 and R8) was collected 3 times per week 

according to Erskine et al. (1990) which is summarised in Table 1.1.  Days to flower 

and to maturity were calculated based on days from emergence to first flower (GS R1, 

open flower on any node of a plant) and days to maturity (GS R8, 90% of pods on the 

plant are golden-brown).  The reproductive window for each genotype was considered 

from first flower (GS R1) to maturity (GS R8).  At crop maturity plants from each linear 

metre were cut at the base and dried at 40°C and total biomass, grain yield, number, 

size, and harvest index were determined and reported as g/m. 

 

2.2.4 Heat load 

To account for different HT treatments (across years and partial shade effect) we used a 

calculation of heat load to characterise the four HT treatments, which combines the 

duration and temperature to determine the heat stress during the growing period used in 

Nuttall et al. (2018).  Briefly, heat load was calculated as a sum of degrees (°C) above 

the threshold value (>30°C) for the logged crop canopy temperature data (5-minute 

intervals), averaged to give degree per hour (°C.h).  For lentil, growth is reduced at 

temperatures above 30°C (Bhandari et al., 2016), therefore within this study heat load 

was calculated using a threshold of 30°C, where temperature beyond this threshold were 

considered as acute HT stress.  Two duration windows were calculated, these were 

sowing to pre-flowering and flowering to maturity, where a cumulative heat load was 

determined and reported for these intervals. 
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Figure 2.2.  World map showing the origins of the lentil genotypes screened in trial one (2014) 

and two (2015) for high temperature using a late sowing field screening approach.  

*Countries not labelled, a. Algeria, b. Tunisia, c. Italy, d. Cyprus, e. Greece, f. Macedonia, g. 

Bulgaria, h. Turkey, i. Iran, j. Lebanon, k. Egypt, l. Jordan and Syria, m. Iraq, n. Iraq  
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Table 2.1.  Lentil genotypes screened for high temperature tolerance using late sowing field 

conditions in 2014 (49 genotypes), 2015 (54 genotypes) and both years (22 genotypes).  The 

genotypes screened constitute landraces sourced from the Australian Grains Genebank (AGG) 

and Australian commercial cultivars.  Described within the table: Year of the trial the genotype 

was tested, Identity is unique name used by AGG, Region/ Country signifies collection site, 

Accession name (ACC), Donor No the global identifier, Basic Description describes 

appearance. 

Identity Region/ Country ACC Name Donor No Basic Description Trial 

AGG 70003 Saskatchewan/ Canada LAIRD LEN 4 
Large - 

Brown/Green - 
2014 

AGG 70118 Doures/ Lebanon ILL 484 

 
Medium 

Brown/Green 
2014 

AGG 70138 Manisa/ Turkey ILL 647 IG 647 Medium - Brown 2014 

AGG 70392 Aleppo/ Syria ILL 4497 IG 4497 Medium - Brown 2014 

AGG 70402 Al Hasakah/ Syria ILL 4542 IG 4542 Medium - Brown 2014 

AGG 70457 / Morocco ILL 4788 11/03/1962 
Medium/Large - 

Green 
2014 

AGG 70462 Bavaria/ Germany ILL 4879 
 

Medium - Brown 2014 

AGG 70478 / Jordan ILL 5223 UJL81-111 Medium - Green 2014 

AGG 70527 Bale/ Ethiopia ILL 5912 OITA 703 Small - Brown 2014 

AGG 70542 Hyderabad/ Pakistan ILL 6066 IG 70121 Medium - Brown 2014 

AGG 70884 Bangladesh 09920303   2014 

AGG 70685 Diyarbakir/ Turkey PI 509377 

 
Medium/ Brown - 

Grey 
2014 

AGG 70873 / Bangladesh 9920291 
 

Small - Grey 2014 

AGG 70951 Lovech/ Bulgaria ILL 512 IG 512 Small - Green 2014 

AGG 71119 / Syria ILL 240 PI 254553 Medium - Brown 2014 

AGG 71698 / Cyprus 
RPIP 33-039-

10124 
PI 431610 

Small/Medium - 

Brown 
2014 

AGG 71806 Voronezh/ Russia  IG 123615 Borinskaja Small - Grey 2014 

AGG 72366 / Turkey 
RPIP 33-153-

11133 
PI 432278 Medium - Brown 2014 

AGG 72860 Tehran/ Iran PI 472573 
 

Medium - Green 2014 

AGG 73076 Punjab/ Pakistan PI 513259  Small - Brown 2014 

AGG 73103 Punjab/ Pakistan PI 513286 MASSAR Medium - Brown 2014 

AGG 73252 Urfa/ Turkey PI 568219 W6 11532 Medium - Brown 2014 

AGG 73364 Alexandria/ Egypt PI 606595 W6 10474 
Medium - 

Brown/Green 
2014 

AGG 73572 / Libya ILL 4804 IG 4804 
Small/Medium - 

Brown 
2014 

AGG 73580 / Greece LENS 30 LENS 30 Medium - Grey 2014 

AGG 73858 Delhi/ India ILL 221 13.3 Medium - Brown 2014 

AGG 74021 / Jordan ILL 5586 
 

Medium - Tan 2014 

AGG 70037 
Amzibegovo/ 

Macedonia 
ILL 623B IG 623 

Medium/Large - 

Brown/Green 
2015 

AGG 70082 Mosul/ Iraq ILL 53 IG 53 Medium - Brown 2015 

AGG 70106 Cairo/ Egypt ILL 337 GIZA Medium - Brown 2015 

AGG 70155 Oran/ Algeria ILL 856 IG 856 
Large - 

Brown/Green 
2015 

AGG 70161 Esfahan/ Iran ILL 901 IG 901 Medium - Brown 2015 

AGG 70287 Dahuk/ Iraq ILL 2153 IG 2153 Medium - Brown 2015 

AGG 70437 / Algeria ILL 4658 IG 4658 
Large - 

Brown/Green 
2015 

AGG 70471  Irbid/ Jordan ILL 5065 IG 5065 
Medium - 

Brown/Green 
2015 

AGG 70492 Cartago/ Costa Rica ILL 210 74TA-209 
Small/Medium - 

Brown 
2015 
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Identity Region/ Country ACC Name Donor No Basic Description Trial 

AGG 70538 Larnaca/ Cyprus ILL 5984 IG 69593 
Medium/Large - 

Brown/Green 
2015 

AGG 70551 La Rioja/ Argentina ILL 6111 IG 70166 
Large - 

Brown/Green 
2015 

AGG 70554 / Tunisia ILL 6268 IG 71200 
Small/Medium - 

Green 
2015 

AGG 70564 Baluchistan/ Pakistan ILL 6385 IG 71317 Medium - Black 2015 

AGG 70816 / Bangladesh ILXB 87099 
 

Medium - Green 2015 

AGG 70874 / Bangladesh 9920343 
 

Small - Grey 2015 

AGG 70954 Cordoba/ Spain ILL 915 IG 915 Medium - Brown 2015 

AGG 70995 Diyarbakir/ Turkey ILL 122 PI 172938 
Medium - Brown/ 

Tan 
2015 

AGG 71099 Gujarat/ India ILL 220 PI 212904 
Small/Medium - 

Brown 
2015 

AGG 71104 / Yemen ILL225 PI 2440046 
Small/Medium - 

Brown 
2015 

AGG 71127 / Ethiopia ILL 247 PI 273664 
 

2015 

AGG 71223 Cairo/ Egypt ILL 337 PI 298357 Medium - Grey 2015 

AGG 71448 Aleppo/ Syria ILL 477 PI 300255 
 

2015 

AGG 72381 Tehran/ Iran 
ILL 1040; ILL 

882; ILL 749 
PI 435956 

Medium - Brown 
2015 

AGG 72858 Hamadan/ Iran PI 472571  Medium - Grey 2015 

AGG 72990 Adiyaman/ Turkey PI 509356 
 

Medium - Brown 2015 

AGG 73154 Hyderabad/ Pakistan PI 513337 PI 513337 Medium - Brown 2015 

AGG 73188 Punjab/ Pakistan PI 513372 MASSAR 
Medium - 

Brown/Green 
2015 

AGG 74439 Xinjiang/ China ILL 8288 IG 123539  2015 

AGG 74466 / Libya ILL 8411 IG 123662 Medium - Grey 2015 

AGG 74470 / Libya ILL 8457 IG 123708 Medium - Brown 2015 

AGG 74718 / Tajikistan ILL 8321 IG 123572 Small - Green 2015 

PBA Jumbo2 Australia   Large - Red 2015 

AGG 70156 Constatine/ Algeria ILL 857 IG 857 
Medium - Brown/ 

Green 
2014 & 15 

AGG 70270 Hudeiba/ Sudan ILL 1861 IG 1861 Medium - Brown 2014 & 15 

AGG 70400 Al Hasakah/ Syria ILL 4532 IG 4532 Medium - Brown 2014 & 15 

AGG 70549 Santa Fe/ Argentina ILL 6109 IG 70164 
Medium - Brown/ 

Green 
2014 & 15 

AGG 70569 Al Hasakah/ Syria ILL 6525 IG 71476 
Large - 

Brown/Green 
2014 & 15 

AGG 70882 / Bangladesh 9920308  Small - Grey 2014 & 15 

AGG 71456 Taybi village/ Lebanon ILL 485 PI 300565 Medium - Green 2014 & 15 

AGG 71457 Iribid/ Jordan ILL 486 PI 302398 Medium - Green 2014 & 15 

AGG 72578 Uttar Pradesh/ India PI 472290  Small/Medium - 

Tan/ Grey 
2014 & 15 

AGG 73693 / Libya LENS 157  Small - Grey 2014 & 15 

AGG 73745 / Italy ITA-828752 B 1045 Medium - Grey 2014 & 15 

AGG 73838 Lushnje/ Albania PI 606693 BERATI 
Medium/Large - 

Brown/Green 
2014 & 15 

AGG 74172 Merida/ Venezuela JCMMF4-1 
 

Large - Grey 2014 & 15 

Boomer Australia 
  

Medium - Green 2014 & 15 

CIPAL0901 Australia   Medium - Red 2014 & 15 

HS3010 Australia   Medium - Red 2014 & 15 

Nipper Australia   Small - Red 2014 & 15 

Nugget Australia   Medium - Red 2014 & 15 

PBA Ace Australia 
  

Medium - Red 2014 & 15 

PBA Bolt Australia   Medium - Red 2014 & 15 

PBA Giant Australia 
  

Large - Green 2014 & 15 

PBA Jumbo Australia   Large - Red 2014 & 15 
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2.2.5 High temperature stress indices  

Three sets of indices were calculated for both trial one (2014), and trial two (2015), and 

were used for assessing the HT tolerance of lentil landraces tested, where the relative 

utility of these indices as a ranking tool were also compared.  For these indices, YS is the 

yield of the genotype under stress (full sun), YP the yield of genotype under the low-

stress conditions (shaded) and Y̅P is the mean yield of all genotypes under low-stress 

conditions.  The first index is a simple ratio of yield response between high stress and 

low stress crops, which has been previously defined as the yield stability index (YSI) to 

compare the drought tolerance of soybean genotypes (Bouslama and Schapaugh Jr., 

1984): 

𝑌𝑆𝐼 =  
𝑌𝑆

𝑌𝑃
 [Eq. 1] 

Secondly, the stress tolerance index (STI), which has been previously used to assess 

mungbean breeding lines across optimal and stressed (suboptimal soil water, nutrients 

and temperature) environments (Fernandez, 1992).  This approach compares absolute 

yield response of the stressed and non-stressed plants to the square of the average yield 

response of crops under low stress conditions.  The STI is calculated as follows: 

𝑆𝑇𝐼 =  
𝑌𝑃 × 𝑌𝑆

( 𝑌𝑃̅̅ ̅̅̅)2   [Eq. 2] 

The third index is the high temperature tolerance index (HTTI), which is proposed 

within the current study.  The proposed index, HTTI was developed to provide an 

alternative weighting between ratio response and absolute yield compared with STI.  

The HTTI uses a combination of the square-root of the YSI and multiples this by the 

absolute yield response of the high stress plants (YS) and is designed to capture both 

relative and absolute response to stress in defining a ranking.  The HTTI is calculated as 

follows: 

𝐻𝑇𝑇𝐼 =  √(
𝑌𝑆

𝑌𝑃
)  × 𝑌𝑆  [Eq. 3] 

 

2.2.6 Data analysis  

Randomized split-plot complete block designs were applied across both years, where 

the main treatment was shade and split plot was the genotype.  Best linear unbiased 

prediction (BLUP) analysis using REML showed significant difference in temperature 
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treatments across years.  Subsequently, the trials were analysed separately using 

analysis of variance (ANOVA) where the main effects and interaction of temperature 

treatment and genotype were tested for independent variables.  All statistical analysis 

was done using GENSTAT version 18 (Payne et al., 2012).  Stress indices were 

calculated where the interaction of genotype and temperature treatment was significant 

(p < 0.05).  Linear regression models were applied to determine the relationship 

between the reproductive heat load and yield and determine the correlation of the 22 

genotypes screened across years using stress indices, YSI, STI and HTTI.  
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2.3 Results 

2.3.1 Heat load 

In both years, temperatures >30°C occurred during the reproductive period and were 

sufficient to achieve HT stress conditions.  In 2014 there was a gradient in response 

across the two temperature treatments, full sun (YS) and shade (YP).  In contrast, for 

trial two (2015) HT effects were severe and corresponded with lower yields and harvest 

index due to the severe stress encountered across the two temperature treatments (Table 

2.3). 

 

For the two field trials conducted over consecutive years, the average air temperature at 

canopy height was substantially lower for trial one (2014) compared to trial two (2015).  

During the period between sowing and when the shade tents were installed (first flower 

across genotypes), the heat load was 173 and 353C.h (>30°C) in 2014 (trial one) and 

2015 (trial two) respectively.  For the subsequent growing period, for the full sun (Ys), 

cumulative heat loads were 1378 and 1994°C.h (>30°C) in 2014 and 2015 respectively 

(Fig. 2.3).  During this growth period the average vapour pressure deficit (VPD) for trial 

one was 1.2 and 1.6 kPa for trial two for the experimental period.  Within the average 

35-day flowering window (26/11/2014 – 29/12/2014) for trial one, the accumulation 

rate of heat load was 18°C.h per day.  In contrast, for trial two, the accumulation rate of 

heat load was over double (43°C.h per day) for the mean flowering window of 29 days 

(04/12/2015 – 02/01/2016).  The shade tents decreased the ambient air temperature at 

canopy height of the YP treatment by 2.0°C in trial one and by 0.5°C in trial two.  This 

translated to a 441 and 259°C.h (>30°C) reduction in 2014 and 2015 respectively 

compared with full sun conditions (YS) (Fig. 2.3).  For YP, the shade tents reduced the 

photosynthetic active radiation (PAR) by 38.5%, which was non-limiting to 

photosynthesis, demonstrated by the significant increase of biomass for the YP treatment 

(Table 2.3).  For the clear day average comparison of photosynthetic active radiation 

(PAR) was 1917 and 2227 µmol/m2/s for shaded and full sun respectively, which 

exceeds the optimal range for lentil of between 400 and 800 µmol/m2/s (Yuan et al., 

2017).  For RH, the shade tent had no impact across treatments within year, where for 

the period between sowing and flowering, average RH was 57 and 52% for 2014 and 

2015 respectively.  In comparison during the post flowering period RH was 56 and 51% 

across the respective years.  
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Figure 2.3.  Cumulative heat load (°C.h >30°C) of the full sun, YP (- -) and shaded, YS (―) 

temperature treatments that lentil genotypes were exposed to during 2014 (trial one) and 2015 

(trial two) at Horsham, Victoria.  Heat load was calculated commencing from first flower (GS 

R1, 0 DAF) through to maturity (GS R8).  Days after flowering and maturity were based on the 

average across genotypes.  
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2.3.2 Lentil growth 

In both years, the rate of development varied across the genotypes screened, where the 

shade (YP) extended days to first flower and to maturity (Table 2.2a & b).  For trial one, 

in 2014 first flower (GS R1) occurred between 31 and 65 days after sowing (DAS), with 

an average of 46 DAS across genotypes.  Maturity occurred between 80 and 133 DAS, 

with a mean of 98 DAS.  On average YS plants reached physiological maturity 12 days 

earlier compared to YP.  For trial two (2015) lentil development was accelerated 

compared to trial one (2014).  On average across genotypes, flowering occurred 42 

DAS, with a range between 32 and 61 DAS.  Physiological maturity occurred between 

70 and 111 DAS, with an average of 81 DAS across genotypes.  For trial two the YS 

treatment accelerated development, where on average physiological maturity occurred 7 

days earlier, compared to YP.  The cumulative degree days for the average days between 

sowing and maturity were relatively consistent across both years occurring 1854 and 

1746°Cd for 2014 and 2015 respectively. 

 

For the commercial varieties, average time to first flower (GS R1) occurred 40 and 34 

DAS for 2014 and 2015 respectively.  For trial one, CIPAL0901 was earliest to flower, 

where it occurred 38 DAS.  Breeding line, CIPAL0901 and PBA Bolt were earliest to 

reach physiological maturing (82 to 86 DAS), which compares to an average of 95 DAS 

across commercial varieties tested.  For trial two, the commercial varieties, flowered 

within 6 days of each another, where CIPAL0901 was the earliest to flower (34 DAS) 

and Nipper the latest (40 DAS).  Except for Nipper, the commercial varieties tested in 

trial two also reached physiological maturity within 6 days of each other (74 to 81 

DAS).  For both years, Nipper was the latest commercial variety to start flowering (48 

DAS in 2014 and 40 DAS in 2015) and reach physiological maturity (112 DAS in 2014 

and 88 DAS in 2015). 

 

Variation in the rate of development across the genotypes tested meant that the heat load 

during the reproductive period varied slightly across both genotypes and the HT 

treatments (Table 2.2a & b).  For trial one (2014) under full sun (YS), genotype AGG 

70685 had the shortest duration for the reproductive growth period (33 days) which 

corresponded to a reproductive heat load of 972°C.h (>30°C), compared to 44 day and 

809°C.h (>30°C) for the YP treatment (Table 2.2a).  For genotypes AGG 70457, 73745 
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and Nipper, which had the longest reproductive period (68 days) for the YS treatment, 

the heat loads were 1437, 1356 and 1437°C.h (>30°C) respectively.  In comparison, for 

these genotypes the heat loads were 1649, 1325 and 1136°C.h (>30°C) for the YP 

treatment, where the reproductive durations were 86, 67 and 70 days respectively.  For 

trial two (2015), the genotype with the shortest reproductive duration for YS was AGG 

70492 (21 days), which corresponded to a heat load of 818°C.h >30°C), and 1628°C.h 

(>30°C) for the YP treatment which was 16 days longer (Table 2.2b).  In comparison, 

the heat load for the genotype (AGG74439) with the longest reproductive window (62 

days) for the YS treatment was 2263, and 2037°C.h (>30°C) for YP, where the 

reproductive duration was 3 days longer for the YP. 

 

Despite the variation in heat load that occurred for lentil genotypes during their 

reproductive window, due to staggered phenology, there was no correlation between 

grain yield (YP and YS) and reproductive heat load across genotypes (Fig. 2.4a & b).  

The correlation coefficient for trial one was r = 0.06 and for trial two, r = 0.13, which 

confirmed that for the ranking of species using the stress indices YSI, STI and HTTI, 

the analyses did not need to account for small differences in heat load due to variation in 

phenology across genotypes. 
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Table 2.2a.  Days to flower (GS R1), days to maturity (GS R8) and the corresponding 

reproductive (GS R1 – R8) heat load (°C.h >30°C) for 49 lentil genotypes screened in 2014 

(trial one) for HT tolerance using late sowing conditions two contrasting environments (YS and 

YP).  Genotypes are ordered from earliest to latest to reach flowering (GS R1) based on YS. 

  Full sun (YS) Shaded (YP) 

Genotype  
Flowering 

(GS R1) 

Maturity 

(GS R8) 

Heat 

load 

Flowering 

(GS R1) 

Maturity 

(GS R8) 

Heat 

load 

70003 - - - - - - 

70478 31 87 1251 46 96 856 

70882 38 80 990 38 82 885 

70884 38 82 1145 38 105 1148 

72578 38 83 1236 38 83 971 

74172 38 81 1053 38 81 805 

CIPAL0901 38 80 962 38 84 971 

70457 39 107 1437 46 129 1649 

70873 39 80 990 38 81 805 

PBA Giant 39 91 1285 39 100 1147 

70527 40 102 1432 41 135 1841 

70542 40 86 1236 39 87 971 

73076 40 80 990 41 90 1009 

73103 40 84 1236 42 82 885 

PBA Bolt 40 87 1236 38 85 971 

Boomer 41 82 1145 40 107 1148 

Nugget 41 91 1285 42 130 1806 

72860 42 91 1285 47 102 968 

Nipper 42 110 1437 46 115 1137 

PBA Ace 42 87 1236 38 105 1148 

70549 43 87 1237 45 90 853 

71457 43 86 1236 45 97 939 

72366 44 105 1431 40 115 1293 

73745 44 112 1356 62 128 1325 

HS3010 44 85 1230 42 95 1009 

70156 45 86 1147 42 114 1251 

73838 45 84 1147 45 86 814 

73858 45 87 1063 45 91 936 

73693 48 87 1010 44 106 1142 

70569 49 101 1183 48 131 1628 

71698 49 91 1036 56 110 903 

73252 49 101 1183 47 133 1642 

70402 50 91 1035 46 88 853 

70951 50 86 987 48 114 1056 

70392 51 94 1035 46 113 1022 

70462 52 89 1035 48 91 814 

70118 53 96 1040 50 96 809 

70138 53 100 1165 52 117 1106 

71456 53 92 1035 49 130 1610 

71806 54 92 1018 49 105 945 

71119 55 94 972 55 108 908 

73364 55 107 1134 51 112 975 

74021 55 89 982 53 106 945 

70270 56 109 1125 44 108 1142 

70685 56 89 972 52 96 809 

73580 56 107 1125 56 94 764 

74718 56 94 968 49 127 1453 

70400 56 88 968 46 94 853 

73572 62 108 909 65 128 1325 
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Table 2.2b.  Days to flower (GS R1), days to maturity (GS R8) and the reproductive (GS R1 – 

R8) heat load (°C.h >30°C) for 54 lentil genotypes screened in 2015 (trial two). 

 Full sun (YS) Shaded (YP) 

Genotype 
Flowering 

(GS R1) 

Maturity 

(GS R8) 

Heat 

load 

Flowering 

(GS R1) 

Maturity 

(GS R8) 

Heat 

load 

70874 32 70 1484 44 72 1090 

74439 33 95 2263 46 111 2037 

PBA Ace 34 74 1463 35 83 1785 

PBA Jumbo 2 34 73 1403 34 79 1554 

71104 35 79 1669 34 80 1565 

73154 35 71 1329 35 83 1785 

74172 35 72 1350 38 70 1210 

CIPAL0901 36 72 1350 36 77 1449 

73188 37 74 1463 37 91 1945 

PBA Giant* 37 73 1403 38 77 1523 

Nugget 37 76 1556 35 79 1554 

PBA Bolt* 37 77 1669 37 83 1709 

72578 38 92 2076 38 99 1914 

Boomer* 38 75 1460 38 80 1523 

70471 39 72 1320 40 78 1398 

71457 39 74 1363 39 81 1464 

72858 39 83 1814 39 93 1844 

73076 39 80 1568 38 91 1914 

PBA Jumbo 39 81 1579 38 82 1679 

70156 40 80 1512 41 83 1628 

70551 40 73 1247 40 79 1453 

70554 40 81 1580 44 87 1735 

71127 40 82 1580 39 83 1609 

71223 40 80 1568 46 91 1788 

73103 40 85 1831 38 89 1892 

HS3010 40 70 1219 41 77 1398 

70082 41 74 1307 40 86 1791 

70287 41 75 1335 42 81 1408 

71456 41 82 1580 44 89 1739 

74466 41 73 1247 40 77 1293 

Nipper 41 87 1890 40 89 1791 

73693 42 80 1512 43 90 1759 

70816 43 75 1335 38 79 1523 

74470 43 72 1194 47 81 1396 

70400 44 77 1400 53 82 964 

70995 44 81 1580 44 93 1788 

70037 45 75 2021 41 82 1553 

71448 45 82 1580 45 90 1759 

70437 46 80 1504 45 79 1398 

70549 46 78 1494 45 84 1628 

70569 46 83 1740 46 83 1616 

73838 46 75 1335 47 79 1386 

70538 47 78 1494 48 90 1667 

70564 47 86 1832 44 95 1788 

71099 47 77 1342 40 85 1691 

70155 48 80 1401 49 84 1536 

72990 50 87 1610 44 95 1788 

73745 50 80 1331 48 83 1581 

70161 51 81 1299 54 104 1417 

70954 53 81 976 55 85 1223 

70106 54 88 1343 42 98 1788 

70270 57 83 1063 45 103 1917 

70492 61 81 818 48 85 1644 

72381 61 79 739 47 78 1386 
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Figure 2.4.  The relationship between grain yield and the heat load for the reproductive period 

for lentil genotypes in full sun (YS) and shaded (YP) in a) 2014 and b) 2015.  The reproductive 

heat load represents from first flower (GS R1) to physiological maturity (GS R8).  The 

correlation coefficient (r) is also given for each year.  
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2.3.2.1 Trial one – 2014 

There was a significant interaction between HT (YS and YP) treatment and genotype, 

where the ratio of yield response across the two temperature treatments varied with 

genotype (Fig. 2.5a).  For lentil grown under the YP treatment, the range in absolute 

yield response was large across genotypes.  For example, the top 19 yielding genotypes 

could be ranked as significantly greater than the nine lowest yielding genotypes, which 

constituted largely of commercial varieties including CIPAL0901, Boomer and PBA 

Bolt, PBA Giant, PBA Ace and PBA Jumbo.  Within the high yielding cohort, the only 

commercial line was Nipper.  Where the YS treatment was imposed, absolute yields 

across all genotypes were uniformly lower and statistically equivalent, with the 

exception being Nipper and 73745, which had significantly higher yields than the 

lowest yielding line, AGG 70596.  

 

Across YS and YP temperature treatments average absolute yield was 3.8 and 11.3 g/m 

respectively, which corresponded to a 66% reduction in yield due to full sun conditions, 

compared with plants under the shade tents (Table 2.3).  This yield penalty was due to 

both average grain number and grain size across genotypes being significantly reduced 

by 13 and 16% respectively across temperature treatments.  When comparing the 

overall relationship between grain number and yield for lentil genotypes (Fig. 2.6a), 

there was a strong linear relationship (yield = 0.02 × grain number; R2 = 0.89), where 

this relationship was the same across temperature treatments, with minimal 

compensatory increase in grain size for crops maturing under HT conditions (YS).  For 

vegetative growth across all lentil genotypes, there was a significant reduction in 

biomass of 9% for crops grown in full sun conditions (YS), compared with YP (Table 

2.3).  
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Figure 2.5.  Grain yield (g/m) for lentil genotypes grown in full sun (YS) and shaded (YP) 

treatments.  Lentil landraces were screened for high temperature in a) 2014 and b) 2015.  Values 

are ordered from high yielding for YP to lowest.  The error bar represents Least Significant 

Difference (LSD) for the interaction between genotype and temperature (p < 0.05).   
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Table 2.3.  Lentil response to high temperature using late sowing methodology across trial one 

(2014) and two (2015).  Within each year, contrasting temperature environments were compared 

using a shading tent.  For trial in 2014 and 2015 YS is plant grown in full sun plants and YP is 

for shaded. 

  

Trial Yield components 

Heat load 

 

(°C.h >30) 

Grain 

number 

(no.) 

Grain 

size 

(mg) 

Yield 

 

(g/m) 

Biomass 

 

(g/m) 

Harvest 

Index 

2014 YS (1144) 175 20 3.8 137 0.04 

YP (886) 429 30 11.3 151 0.08 

LSD (p < 0.05)  41 0.001 1.0 n.s 0.01 

2015 YS (1628) 53 20 1.1 50.9 0.02 

YP (1399) 64 20 1.4 46.8 0.03 

LSD (p < 0.05)  7 ns 0.2 2.27 0.004 
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Figure 2.6.  The relationship between grain number and yield for the genotypes screened for 

high temperature tolerance in a) 2014 and b) 2015.  Open circles (○) represent full sun (YS) 

plots and the full circles (●) are shaded plots (YP).  



 

Page | 76  
 

Stress tolerance indices 

Yield stability index (YSI), which is the ratio of YS and YP, varied across the genotypes 

tested (Fig 2.7).  For example, genotypes, AGG 71457, 73838, 70549, 72578 and PBA 

Bolt were relatively stable across contrasting temperature treatments (high YSI).  In 

contrast, genotypes AGG 73572, 71456, 70569, 70527, 72860 and Nugget, had a low 

YSI indicating low yield stability for the YS treatment.  The commercial cultivars PBA 

Bolt, Boomer, PBA Jumbo and PBA Ace had a moderate YSI (Fig 2.7), although the 

absolute yield was relatively low when grown under hotter conditions (Fig 2.5a). 

 

The STI was calculated for grain yield (Fig. 2.8).  Across the genotypes screened, there 

was significant difference in tolerance ranking, where 13 lines were identified as having 

significantly higher STI compared with the 13 most sensitive genotypes.  The top ten 

ranking lines for STI were AGG 70118, 71806, 71119, 73693, 70951, 71456, 71698, 

73364, HS3010 and Nipper.  For seven of the commercial cultivars screened: PBA 

Giant, PBA Bolt, PBA Ace, PBA Jumbo, Boomer, Nugget and CIPAL0901, these were 

within the lowest STI ranked genotypes, reflecting both low to moderate stability across 

temperature treatments and low absolute yield. 

 

The HTTI proposed in this paper, was calculated for lentil genotype yield response 

across temperature treatments (Fig. 2.9).  For the genotypes screened, there was 

significant difference in tolerance ranking, where six genotypes were identified as 

having significantly higher HTTI compared with the seven most sensitive genotypes.  

Like STI, the HTTI ranked genotypes Nipper, AGG 70118, 70951, 71698 and HS3010 

within the top ten for tolerance (Table 2.4).  In contrast, HTTI ranked the five genotypes 

73838, 70156, 70549, 73580 and 73103 within the top ten cohort but excluded AGG 

71806, HS3010, 71119, 73693 and 73364, which reflect HTTI greater weighting of 

relative yield stability (YSI) over absolute yield (YP) compared with STI.  For the 

commercial cultivars, the STI ranked cultivars, PBA Giant, PBA Bolt, PBA Ace and 

PBA Jumbo as low tolerance, whereas for the HTTI rated PBA Ace and PBA Jumbo as 

moderately tolerant, where these cultivars had higher YSI, despite their lower absolute 

yield response.  When comparing YSI, STI and HTTI for ranking lentil genotypes, the 

HTTI had better agreement with YSI (4 out of the top 10 for HTTI) compared with the 

agreement between STI and YSI (1 out of the top 10 for STI), again because of the 
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HTTI bias to relative response across temperature treatments, and so more closely 

reflects the YSI (Table 2.4). 

 

The HTTI was also applied to lentil yield components, grain size and grain number to 

assess the agreement between ranking of these and yield (Table 2.4).  The high 

correlation between grain number and yield translated to the HTTI ranking of these 

being similar, where for example the top ten ranking genotypes for yield were also the 

top seven for grain number, but four out of ten when comparing yield ranking with 

grain size.  For a selection process based on large and stable grain size under HT, the 

genotypes AGG 74172, 70569, 72578 and 70478 and commercial varieties PBA Giant 

and CIPAL0901 were also in the top 10 cohort for HTTI ranking. 
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Figure 2.7.  Yield stability index (YSI) for grain yield for the 49 genotypes screened in 2014.  

The YSI value presented are for log10 transformation.  Genotypes are ordered from most tolerant 

to most sensitive based on grain yield YSI.  Least Significant Difference (LSD) for genotype 

comparison (p < 0.05).  
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Figure 2.8.  Stress tolerance index (STI) for grain yield for the 49 genotypes screened in 2014.  

The STI value presented are for log10 transformation.  Genotypes are ordered from most tolerant 

to most sensitive based on grain yield STI (Fernandez, 1992).  Least Significant Difference 

(LSD) for genotype comparison (p < 0.05).  
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Figure 2.9.  High temperature tolerance index (HTTI) for grain yield for the 49 genotypes 

screened in 2014.  The HTTI value presented are for log10 transformation.  Genotypes are 

ordered from most tolerant to most sensitive based on grain yield HTTI.  Least Significant of 

Differences (LSD) for genotype comparison (p < 0.05).
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Table 2.4.  Comparison of lentil genotype ranking for HT tolerance using yield stability index 

(YSI), stress tolerance index (STI) and high temperature tolerance index (HTTI), for trials in 

2014 and 2015.  The top ten genotypes for yield HTTI are cross matched with ranking position 

for YSI and STI.  HTTI ranking is also compared for yield components, grain number, size and 

yield, where black boxes show the overlap between the top ten ranking genotypes for HTTI and 

the corresponding position of grain number and size for this index.  

2014 2015 

YSI STI 
HTTI 

Yield 
HTTI 

Grain no 
HTTI 

Grain size 
YSI STI 

HTTI 

Yield 
HTTI 

Grain no 
HTTI 

Grain size 

Highest ranking (most HT tolerant) 

71457 Nipper Nipper 70270 74172 72990 CIPAL0901 Ace 73154 70954 

73838 70118 73838 71698 70549 70287 Ace 70874 70874 70437 

70549 71806 70118 73103 Nipper HS3010 73154 CIPAL0901 Ace 71457 

72578 HS3010 70951 70118 70569 70437 73188 73076 CIPAL0901 73838 

Bolt 71119 70156 HS3010 72578 70551 Jumbo 2 71104 73076 71099 

70156 73693 70549 73838 Giant 74466 73076 Jumbo 2 71104 70564 

Boomer 70951 71698 Nipper 73838 72381 70874 70287 73188 74439 

74172 71456 73580 73364 70156 74470 71104 73188 73103 71456 

70685 71698 HS3010 71806 CIPAL0901 Nipper 73103 73103 Jumbo 2 Jumbo 

Nipper 73364 73103 70951 70478 71457 Bolt 72990 70287 70569 

70873 72366 72366 73580 Bolt 70874 72578 72578 72990 70155 

Jumbo 73580 73364 70400 71119 Nugget 70816 Nipper Bolt 71223 

70478 73103 71457 70156 70951 71099 Nipper Bolt 72578 74470 

70951 70156 70400 71457 Boomer 71104 73693 73154 Nipper 70287 

Ace 70527 71806 73693 70542 70400 72858 72381 74466 70106 

73580 70392 71119 72366 Jumbo 73076 70287 70551 70551 73154 

70400 70400 70685 70549 70882 74439 70471 74466 72381 70816 

71698 73838 72578 70873 73858 73103 70538 Nugget HS3010 70161 

73103 73858 70392 70685 73580 Ace 71127 74470 70471 Giant 

72366 70138 70873 70392 72366 71448 73745 70816 70816 Ace 

70118 72860 73693 70884 72860 Jumbo 70082 HS3010 73693 72381 

73364 70884 70478 73745 70527 70082 70106 74172 70082 Boomer 

HS3010 70549 70138 70462 70118 Jumbo 2 Giant 70082 74470 71127 

CIPAL0901 73572 73858 70138 73745 72578 Jumbo 71457 71448 Jumbo 2 

73076 73252 70884 71119 71457 73838 70155 71448 70995 70492 

70884 70685 Boomer 73858 70685 Bolt 74172 Jumbo 70538 70538 

70270 70882 Jumbo Ace 70138 70155 70995 70538 70554 70554 

73745 70457 70270 70457 74021 70816 72381 73745 73745 73745 

70392 70270 73745 70478 73076 70471 70156 70471 Giant 72578 

70138 73745 71456 71456 70270 70538 70564 70155 Jumbo 70551 

70462 70478 Bolt Boomer 70392 73745 Boomer 71099 70155 CIPAL0901 

73858 70873 70457 72578 70400 Giant 73838 Giant 71457 71448 

70402 74021 70402 73572 70884 CIPAL0901 70270 73693 70400 72990 

70457 70402 73076 70402 70402 70549 71223 73838 71099 74172 

Giant 70462 Ace 73076 70873 70554 71448 70995 73838 71104 

71119 73076 70462 Jumbo HS3010 73188 70161 74439 70156 73076 

71806 Nugget 74172 74718 73364 70954 70954 71127 Nugget Nipper 

74718 72578 72860 Nugget 71456 74172 72990 70400 71127 70156 

73693 Boomer 70527 73252 73693 70995 74470 70954 70270 70549 

70542 70542 70882   Bolt 73252 70156 70551 70156 72858 70082 

74021 71457 73252 72860 70457 70569 74466 70437 74439   Bolt 

70882 Jumbo 74021 70527 71806 71456 71457 71223 74172 70400 

73252 74718 74718 74021 71698 73154 70037 70270 71223 70874 

Nugget Ace CIPAL0901 70882 Ace 73693 Nugget 70161 70549 HS3010 

72860 70569 70542 CIPAL0901 74718 71127 HS3010 70554 70161 73188 

70527 CIPAL0901 Nugget 74172 Nugget 70161 70549 71456 70437 73103 

70569 74172 73572 70542 73572 Boomer 71456 70549 71456 70995 

71456 Bolt Giant Giant 73103 71223 70400 70564 70106 72858 

73572 Giant 70569 70569 70462 70270 71099 72858 70564 73693 

 

    72858 70554 70106 70954 70471 

 

 

  70106 74439 70569 70037 70037 

  70564 70569 Boomer 70569 74466 

  70037 70492 70037 Boomer 70270 

   70492 70437 70492 70492 Nugget 

Lowest ranking (most HT sensitive) 
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2.3.2.2 Trial two - 2015 

For the lentil screening in 2015, heat load was substantially higher than for 2014, with a 

smaller differential between full sun (YS) and shaded (YP) treatments.  The average 

yield pooled across genotypes was 1.4 and 1.1 g/plot for shaded and full sun treatments 

respectively, which compares with 11.3 and 3.8 g/plot in 2014 across the same 

treatment comparison (Table 2.3).  For 2015, the reduction in yield of Ys treatments 

was due to a corresponding reduction in grain number of 13% compared with the YP 

treatment. 

 

There was a significant interaction between temperature and genotypes tested where the 

relative response across YS and YP varied with genotype (Fig. 2.5b).  For lentil grown 

under the YP temperature treatment, the top 10 yielding genotypes, were made up of six 

genotypes, AGG 73154, 73103, 71104, 73188, 70874 and 73693 and four commercial 

varieties CIPAL0901, PBA Ace, PBA Jumbo 2, PBA Bolt, and collectively ranked as 

significantly greater than the 37 lowest yielding genotypes.  Within the high-ranking 

cohort, the four genotypes AGG 73103, 73188, 70874 and 73693 had equivalent yields 

with their respective YS treatments. 

 

Stress tolerance indices 

The YSI varied across the genotypes tested (Fig 2.10), where the 10 genotypes with the 

highest yield stability were statistically more stable compared to the 13 most sensitive 

genotypes.  The genotypes which ranked within the top 10 genotypes based on YSI 

were: AGG 72990, 70289, 70437, 70551, 74466, 72381, 74470, Nipper 71457 and 

HS3010 which demonstrated the yield stability of these across contrasting temperature 

treatments (high YSI).  For this experiment, comparison of YSI and absolute yield 

across the genotypes, was generally more varied than that observed in 2014, where 

genotypes had either high YSI (Fig 2.10) or absolute yield, with few possessing both 

(Fig. 2.5b).   

 

For STI based on grain yield, there was a significant difference in tolerance ranking, 

where 11 lines were identified as having significantly higher STI compared with 37 of 

the most sensitive genotypes (Fig. 2.11).  The top ten ranking genotypes for STI were 
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made up of the six landraces AGG 73154, 73188, 73076, 70874, 71104 and 73103 and 

the commercial cultivars CIPAL0901, PBA Ace, PBA Jumbo and PBA Bolt.  Four of 

the commercial cultivars, Nugget, PBA Boomer, PBA Jumbo 2 and PBA Giant ranked 

within the cohort of significantly lower tolerance compared with the top cohort when 

applying the STI. 

 

The HTTI ranked 13 lentil genotypes as having significantly greater tolerance compared 

with the 18 most sensitive genotypes (Fig. 2.12).  The top-ranking cohort included the 

eight landraces AGG 70874, 73076, 71104, 70287, 73188, 73103, 72990 and 72578 and 

the five commercial cultivars including PBA Ace, PBA Jumbo 2, PBA Bolt, Nipper and 

CIPAL0901.  Boomer was the lowest ranking commercial variety for HTTI.  For 2015, 

comparison of the ranking using STI and HTTI showed stronger agreement, compared 

with that in 2014, where for the top ten ranked genotypes, eight matched (Table 2.4), 

which reflects the smaller absolute difference and high correlation between YP and YS 

response in 2015. 
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Figure 2.10.  Yield stability index (YSI) for grain yield for the 54 genotypes screened in 2015.  

The YSI value presented are for log10 transformation.  Genotypes are ordered from most tolerant 

to most sensitive based on grain yield YSI.  Least Significant Difference (LSD) for genotype 

comparison (p < 0.05).  
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Figure 2.11.  Stress tolerance index (STI) for grain yield for the 54 genotypes screened in 2015.  

The STI value presented are for log10 transformation.  Genotypes are ordered from most tolerant 

to most sensitive based on grain yield STI (Fernandez, 1992).  Least Significant Difference 

(LSD) for genotype comparison (p < 0.05).  
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Comparison across two years 

Twenty-two lentil genotypes were screened across both years (2014 and 2015).  In 

assessing the agreement of lentil ranking for HT tolerance across these two independent 

trials, stress tolerance indices were compared.  For YSI, 11 out of 22 genotype had 

similar yield stability across both years (Fig 2.13), where the YSI for these varied by 

less than 25% between years.  These genotypes were: AGG 73693, 70400, 72578, 

71457, 70156, 70270, 74172, 73103, 74172, PBA Ace and PBA Bolt.  In comparison, 

for STI and HTTI, there was less agreement for inter-season comparison.  For STI, 5 

out of 22 which had low STI values were within 25% across the 2 years, these were: 

Nugget, PBA Giant, PBA Jumbo and 74172.  Based on HTTI, there were six genotypes 

which had strong agreement across the 2 years (+/- 25%), these were 73076, 72758, 

74172, PBA Bolt, PBA Giant and Nugget.  The simple ratio, YSI provided greatest 

utility when comparing screening data across years, as it is not confounded by the 

influence of absolute yield, which can vary significantly with seasonal conditions.  

Conversely, STI and HTTI provide valuable intra-year ranking information, which 

encapsulates both relative and absolute plant response. 
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Figure 2.12.  High temperature tolerance index (HTTI) for grain yield for the 54 genotypes 

screened in 2015.  The HTTI value presented are for log10 transformation.  Genotypes are 

ordered from most tolerant to most sensitive based on grain yield HTTI.  Calculation is based on 

significant interaction (p < 0.05) for genotype × temperature treatment and error bar represent 

Lease Significant Difference (LSD) for genotype comparison.  
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Figure 2.13.  The agreement between stress indices, a) yield stability index (YSI), b) stress 

tolerance index (STI) and c) high temperature tolerance index (HTTI) across two independent 

trials run in 2014 and 2015 for 22 genotypes tested in both years.  The solid line is a 1:1 

relationship.  Genotypes not labelled: b) Nugget, 74172, PBA Jumbo, Boomer, 71457, 73838, 

70549, 70400, PBA Giant, 70156, 73693,71456: c) Nugget, 74172, 71465, HS3010, 71457, 

70400 and PBA Jumbo.  



 

Page | 89  
 

2.4 Discussion  

The high temperature (HT) tolerance of 81 genotypes was assessed over two 

consecutive years, using a late sowing approach, where the temperature exceeded 30°C 

for 30 and 35 days for trial one (2014) and two (2015) respectively between flowering 

and physiological maturity.  This induced a non-recoverable reduction in grain-set and 

yield due to acute HT effects.  Based on a HTTI used for ranking, we identified six 

lentil genotypes with HT tolerance in 2014, where field conditions were associated with 

natural temperature ranges suitable for differentiating variation in HT tolerance.  

Tolerant genotypes were Nipper, AGG 73838, 70118, 70951, 70156 and 70549, which 

were from Australia, Albania, Lebanon, Bulgaria, Algeria, and Syria respectively.  In 

2015, an additional 13 lines were identified.  The genotypes tested over the two years 

were largely from origins with semi-arid and sub-tropical climates where the HT 

tolerant lines were from climates, which are typically characterised by hot conditions 

and terminal drought during the reproductive period (e.g. Syria and Lebanon).  Other 

studies of pulse crops including chickpea, faba bean and lentil for drought and heat 

tolerance have also determined tolerant germplasm was associated with naturally hot 

environments (Khazaei et al., 2013; Gaur et al., 2015, Canci and Toker, 2009a).  

Importantly, this study determined that of the ten commercial varieties that are currently 

grown in southern Australia, only one of these was identified as having good HT 

tolerance (i.e. cv. Nipper).  It also represents an opportunity to further improve tolerance 

of future commercial varieties by utilising global germplasm, where for example 

significant HT tolerance in lentil was identified in the current study. 

 

For HT stress imposed on 81 lentil genotypes using the late sowing approach, where the 

reproductive phase is shifted into the summer period, we were able to identify 

differences in HT response and inferred tolerance for germplasm selected from a broad 

range of environments globally.  Late sowing is recognised as one field option for HT 

screening with previous studies using this methodology in wheat (Sial et al., 2005), 

chickpea (Canci and Toker, 2009; Gaur et al., 2014; Krishnamurthy et al., 2011; 

Upadhyaya et al., 2011), cowpea (Ismail and Hall, 1999) and more recently lentil (Gaur 

et al., 2015; Sehgal et al., 2017; Sita et al., 2017).   For the current study, late sowing 

combined with imposing partial shading using tents within a split plot design generated 

two different HT profiles during the growing period and enabled a range of tolerance 
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indices to be calculated across genotypes.  The use of shade tents to create a temperature 

differential worked effectively in 2014, where there were significant differences in 

growth and response of lentil due to large differences in canopy heat load.  Importantly, 

we measured higher biomass accumulation and grain yield for the shade relative to the 

full sun treatment, which confirms that the shade tent did not negatively influence plant 

growth, with light non-limiting to photosynthesis (> 1000 µmol/m2/s) (Yuan et al., 

2017).  In contrast for 2015, the hotter natural growing environment caused an 

overwhelming effect of ambient air temperature, where shading did little to create a 

temperature contrast.  The combination of low yields with little differential in 

temperature treatment inflated the effect of natural plot variance and caused yield 

stability ratios of genotypes to often exceed unity, and so limited the value of rating 

comparative tolerance across genotypes.  Evidently, the reliability of using a late 

sowing approach is likely to be influenced by inter-season variability in testing 

conditions.  Nonetheless, this methodology provides an economic and efficient way of 

screening large populations of germplasm, where multi-year and site testing would be 

recommended to maximise the likelihood of growing conditions conducive of testing 

HT response. 

 

For HT studies, the approach of using stress tolerance indices has been successful for 

screening and ranking a range of pulse crops including chickpea (HT) (Krishnamurthy 

et al., 2011) and common bean (HT) (Porch, 2006).  The current study compared three 

stress indices, YSI, STI (Fernandez, 1992) and a proposed HTTI, to define ranking of 

lentil genotypes.  For YSI, which is a simple ratio of response across contrasting 

temperature treatments, it had utility when comparing ranking across independent trials 

over different years. When used to compare the performance of the 22 genotypes tested 

across both years, there was reasonable agreement (11 of 22 genotypes), which indicates 

that YSI is less affected by inter-year seasonal variation due to contrasting 

environmental conditions causing significant variation in absolute yield (i.e. yield was 

78% less for YP in 2015 compared to 2014).  For STI and HTTI, these indices integrate 

both absolute yield and relative stability response across HT treatments, where STI has 

previously been used to rank drought tolerance in canola (Rad and Abbasian, 2011) and 

temperature tolerance in lentil (Rajendran et al., 2020).  We observed that STI could 

also be used to rank HT tolerance in lentil but tended to select genotypes which were 
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high yielding under non-stressed conditions, rather than on comparative yield stability 

across contrasting temperatures.  This concurs with Singh et al. (2015) who assessed 

multiple indices for evaluating salinity stress, where STI identified genotypes which 

produced higher yields under non-stressed conditions but failed to produce high yields 

in the stressed environment (Singh et al., 2015).  Subsequently, we proposed HTTI, 

which reduced the weighting of absolute yield compared with relative response and had 

utility in screening lentil for HT in the current study.  For inter-year comparison of 

indices stability, STI and HTTI, agreement was generally poor, with 5 and 6 of the 22 

common genotypes having close agreement for the respective indices.  This indicates 

that these indices may be used for assessing genotype response within a season, 

however, indices such as YSI provide a better option when inter-year comparison is 

required. 

 

When using a late sowing approach as a mechanism for imposing HT during the crop 

reproductive phase, differences in development rate across genotypes may translate to 

genotypes having different reproductive windows between flowering and maturity both 

in duration and days of the year the window occurs and so different reproductive head 

loads.  Despite some observed variation in heat load, this was not correlated with yield 

or ranking order for the stress indices.  Furthermore, there was only a small difference 

in the reproductive heat load between the six HT sensitive genotypes and 6 HT tolerant 

genotypes (1143 vs 1166°C.h >30°C for the YS treatment) based on HTTI ranking.  

Consequently, in using indices for ranking HT tolerance of lentil genotypes, the analysis 

did not require normalization of genotypes to their respective reproductive heat loads 

and demonstrates this approach appears adequate when applying such a screening 

methodology. 

 

Overall, plant response to HT, under late sowing would be expected to be an integrated 

response to non-critical increases in temperature across the growing period limiting 

biomass accumulation, hastening senescence, potential water deficit and acute HT stress 

during the reproductive phase, all which can reduce grain yield and quality (Sadras et 

al., 2015; Bonada and Sadras, 2015).  For plants, rate of development increases with 

warmer temperatures and longer day length (Erskine et al., 1990; Yuan et al., 2017).  

The hastened development of plants in this study is most likely due to increased 
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temperature, rather than the extended comparative day length, where the median 

cumulative degree day requirement for 50% flowering is 1199°C.d for lentil (Lake et 

al., 2021 b), which translates to approximately 126 days after sowing (DAS) in southern 

Australia.  In contrast, under the late sowing in this study, 50% flowering occurred 63 

and 57 DAS for the 2014 and 2015 trial respectively.  For lentil accelerated growth 

reduces the opportunity for biomass accumulation and induces early senescence which 

translates to lower yield potential (Sadras et al., 2015).  For the current study the 

average total biomass for the control (YP) of cultivar PBA Bolt in trial one and two was 

2 t/ha, whereas total biomass under winter growing conditions is typically 6 to 7 t/ha. 

Furthermore, warm night temperatures (28°C), which are frequently observed for late 

sowing screening have adverse effects on plants, reducing pollen production in 

groundnut and contributed to yield loss (Prasad et al., 1999).  Despite the hastened 

phenology and reduced potential yield associated with screening using a late sowing 

approach, the ability to inexpensively screen many genotypes in a field environment, 

has value as a high throughput option to support breeding program objectives 

(Upadhyaya et al., 2011; Krishnamurthy et al., 2011; Devasirvatham et al., 2013; Canci 

and Toker, 2009).  In further developing such late sowing methodologies, staggered 

time of sowing (TOS) could also be used to generate multiple environments and 

utilizing the TOS treatments where the balance between limited penalties associated 

with hastened development and adequate imposition of HT during the reproductive 

phase, occurs. 

 

The tolerance of the Australian commercial cultivars to HT in the current study were 

relatively poor (excluding Nipper), where in 2014, PBA Giant, Nugget and CIPAL0901 

were within the six most sensitive genotypes based on HTTI.  The generally poor 

tolerance may indicate that previous breeding and selection processes for other key 

traits have restricted genetics which infer HT tolerance in the current commercial 

varieties (Lombardi et al., 2014; Sadras et al., 2021).  Despite most commercial 

varieties having poor relative HT tolerance, the commercial cultivar Nipper ranked as 

having high HT tolerance.  This may reflect the broader genetic base relative to the 

other commercial cultivars within the Australian breeding programs, which translated to 

increased HT tolerance (Khazaei et al., 2016; Tullu et al., 2011). 
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For late sowing, consideration needs to be given to if these growing conditions penalize 

yield potential of the commercial cultivars due to the narrow and early flowering 

window (38 to 42 DAS).  For dry bean, where a boundary analysis was applied it was 

determined that maximum yield was linked with an optimal flowering time (White et 

al., 2018).  Universally, for crops grown in their normal seasonal window, time of 

sowing and associated flowering is vital to achieving maximum yield potential (Flohr et 

al., 2017; Lilley et al., 2019; White et al., 2018).  For screening studies that are 

conducted using a late sowing approach, the atypical growing conditions and associated 

hastened phenology translates to time of flowering being less relevant; particularly 

when comparative plant growth across genotypes is the focus, rather than absolute 

response.  For the current study we determined that despite the early and narrow 

flowering period for the sensitive commercial cultivars, there was only a small 

difference in the time to flowering (GS R1) between these and the HT tolerant 

genotypes (40 vs 46 days) and there was no relationship between the time to flowering 

and yield in the current screening study.  Taken together these indicate that the 

commercial lines were unlikely to have inflated yield penalties due to their slightly 

earlier flowering window compared with the landraces screened. 

 

For field screening trials where material is limited, there is the need to either have small 

or single row plots for testing genotypes.  It is known that there are numerous potential 

artefact effects of small plots on growth where large edge effects alter access to water, 

nutrients and light (Rebetzke et al., 2013; Cossani and Sadras., 2021).  Consequently, 

edge-effects can limit the applicability of crop development, biomass and yield data 

compared to crops grown in a larger canopy context.  Moreover, if there are differences 

in vigour across genotypes, this can affect growth of adjacent plots due to competition 

(Rebetzke et al., 2013).  Other factors that may affect comparison of commercial 

cultivars which represent the industry benchmark and landraces, is that advanced 

breeding cultivars have traits such as reduced height, and stature compared to historic 

cultivars and landraces, where new varieties tend to be shorter and intercept less 

radiation (Donald, 1963; Evans, 1993; Cossani and Sadras. 2021).  For the current 

screening trial, the limited seed available from seed banks (e.g. Australian Grains 

Genebank) determines the experimental approach of single row, however, because the 

single rows were evenly spaced at wide intervals (0.65 m), access to resources is likely 
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to be the same across genotypes.  The use of replication, where genotypes were 

randomised also limits the confounding effects of single observation on potential 

competition between contrasting genotypes. 

 

Overall, screening for HT tolerance in arable crops will require a multi-level approach, 

where late sowing is combined with further validation using controlled environments 

(Choudhury et al., 2012) or elevating HT artificially on field plots at targeted 

development stages (Nuttall et al., 2015).  Such a screening strategy would provide a 

cascading approach for screening and selection of crop germplasm with HT tolerance. 
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3 Chapter 3                                                                                  

Lentil (Lens culinaris) response to acute high temperature under 

controlled environment 

 

Abstract 

Heat waves are characterised by periods of acute high temperature (HT), often with high 

day and night temperatures that have the potential to significantly limit grain production 

in rainfed cropping systems.  Lentil is particularly vulnerable to yield loss due to HT 

during the reproductive period.  This study presents lentil response from three 

controlled-environment experiments that assessed the HT tolerance of a range of global 

germplasm and compared these results to cellular membrane thermostability (CMT) and 

finally determined the impact of high night-time temperature on growth and yield.  

Firstly, for 60 lentil genotypes (56 landraces and 4 commercial cultivars) screened for 

acute HT tolerance (3 days of 42°C day, 15°C night), eight genotypes were identified to 

be tolerant of HT, based on stress tolerance indices.  These genotypes were AGG 

70816, 73838, 71618, 70480, 71462, 73140, 73160 and the Australian commercial 

cultivar Nipper, where global landraces identified were primarily from Mediterranean 

and sub-tropical regions.  Secondly, CMT was determined for ten genotypes that were 

previously screened.  For this high-throughput method, there was no obvious agreement 

between ranked lentil germplasm based on CMT and yield-based stress tolerance 

indices.  Thirdly, we tested the combined effect of 3 days of high day and night 

temperature (22|18, 39|18, 39|25 and 39|30°C) imposed during the pod-filling stage 

under two contrasting post-flowering water treatments (20 and 80% field capacity of a 

sandy loam).  High night temperature (2 nights at either 25 or 30°C) did not influence 

lentil growth when applied in conjunction with high day-time temperature; yield 

response was the same.  This response was consistent across two contrasting post-

flowering water treatments.  This indicated that supra-optimal minimum temperature 

did not affect lentil growth during periods of acute HT.  Taken together we have 

determined that controlled environments can be used for screening HT tolerance in 

lentil; however, the high-throughput method of CMT may be limited in its utility of 

ranking germplasm.  
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3.1 Introduction  

Acute high temperatures for short periods significantly reduce grain production of 

arable cropping systems.  Additionally, due to anthropogenic climate change the 

frequency and intensity of acute HT, drought periods, average temperature and 

atmospheric CO2 concentration are expected to increase, further impacting food security 

(IPCC. 2014).  Lentil (Lens culinaris) is one of the most sensitive crops to abiotic 

stresses (Bhandari et al., 2020).  Despite a potential fertilization effect of rising CO2 that 

increases crop water use efficiency and yield (Bourgault et al., 2017a), any additional 

effect of increasing day and night temperature and water stress are likely to have a net 

negative effect on yield stability and production.  Across Australia, there is a trend of 

acute HT occurring earlier where for example in Victoria HT (classified as >35°C) now 

occurs 17 days earlier when comparing historic weather data from the period between 

1950 to 1980 and 1981 to 2011 (Stefen et al., 2014; Collins et al., 2000).  The 

occurrence of earlier HT is more likely to coincide with the highly sensitive 

reproductive period of crops.  For increasing crop adaptation to HT, breeding strategies 

ideally need to focus on HT tolerance during the reproductive period utilising global 

germplasm (Khazaei et al., 2013; El Haddad et al., 2020), more so than breeding for 

other traits associated with escape mechanisms.  Escape mechanisms such as early 

flowering limit yield potential through reduced biomass accumulation.  In 

Mediterranean environments such as southern Australia, early flowering increases the 

probability of frost during the reproductive period, which also reduces lentil quality and 

yield.  Within breeding programs, the ability to rapidly screen for HT tolerance is an 

important consideration where efficient selection may use laboratory-based bioassays 

such as cellular membrane thermostability (Cottee et al., 2010, Ismail and Hall, 1999).  

Importantly for such bioassays, genotype ranking needs to correspond with the 

expression of the desired traits within a field context. 

 

For cool-season pulse crops such as lentil water stress and acute HT are significant 

abiotic stresses worldwide (Sehgal et al., 2017; Siddique, 1999).  Together these 

stresses are estimated to cause up to 50% yield loss per annum in pulse crops globally 

(Gaur et al., 2015).  For lentil, optimum growth coincides with an average day 

temperature ranging between 15 and 25°C (Bhandari et al., 2016).  Minimum and 

maximum temperatures outside these thresholds can impact lentil growth and 
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development.  Lentil grain yield is primarily determined by pod filling where HT 

(>30°C) during this period significantly reduces grain yield and quality (Summerfield et 

al., 1985; Erskine et al., 1994; Kumar et al., 2016).  During this growth period HT 

causes damage to reproductive organs, leading to loss of flowers and pods, which 

reduces grain number (Bhandari et al., 2016; Sita et al., 2018).  Furthermore, the impact 

of HT is likely to increase when combined with water stress, where for lentil water 

deficit causes significant reduction in grain size (Sehgal et al., 2017). 

 

The response of plants to HT is usually assessed under high day-time temperature 

treatments with less consideration given to diurnal temperature between day and night.  

For field crops, high night-time temperature has the potential to limit grain yield and 

quality (Warrag and Hall, 1984; Ismail and Hall, 1998; Gross and Kigel, 1994).  For dry 

bean, anthers and pods failed to develop when high night temperature of 27°C was 

imposed (Konsens et al., 1991).  For field grown wheat and barley, for every degree 

increase above ambient in night temperature (14°C), there was a 4% reduction in grain 

yield attributed to the high night-time temperature affecting the plant metabolism 

between photosynthesis and night respiration (García et al., 2016).  In contrast, Jiang et 

al. (2020) reported that field pea grain yield was unaffected by 7 days of high night-time 

temperature (26°C) during flowering.  Importantly, the variation in response to high 

night-time temperature for field crops confirms the need to determine the response of 

lentil to high night-time temperature, where little information on this crop is currently 

published (Devasirvatham et al., 2012). 

 

Glasshouse and growth chambers provide the opportunity to impose controlled 

temperature treatments, as well as controlling other environmental parameters making 

them a valuable method for undertaking HT studies.  For high-throughput laboratory 

screening technologies, such as CMT, growth chambers are also vital for accurate 

treatment imposition on plants.  The CMT of field crops is often as an indicator of HT 

tolerance, where tolerance is associated with increased thermostability, as previously 

demonstrated in cotton (Cottee et al., 2012), cowpea (Ismail and Hall, 1999), pigeon 

pea, ground nut and chickpea (Srinivasan et al., 1996).  Membrane stability (reduced 

electrolyte leakage), measured as conductivity of electrolytes from the leaf disks, was 
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linked to temperature tolerance (Ismail and Hall, 1999).  The cellular membrane 

thermostability method may also have utility for ranking the HT tolerance of lentil. 

 

For the current work, the response of lentil to acute HT during the grain filling period 

were assessed and the results of three controlled environment experiments are 

presented.  The objectives of these studies were to determine whether controlled 

environment screening is an effective method for HT screening lentil (Experiment 1 – 

High temperature tolerance genotype screening), evaluate the relationship between HT 

tolerance based on yield and electrolyte membrane stability in lentil (Experiment 2 – 

Electrolyte leakage of lentil), and define the response of lentil to acute HT stresses with 

respect elevated night-time temperature (Experiment 3 – Day and night temperature 

interaction).  Taken together, the three controlled-environment experiments on lentil 

examined the utility of screening for HT tolerance across a range of global germplasm 

and compared these results to rapid laboratory-based methods and finally determined 

the impact of high night-time temperature on growth and yield.  
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3.2 Method 

3.2.1 Experiment 1 – High temperature tolerance genotype screening 

The response of 60 lentil genotypes (56 landraces and 4 commercial cultivars) to HT 

stress during the pod-filling stage (GS R3 to R4, Table 1.1) was tested within a 

randomized complete block design, at a single time with three replicates.  The 

experimental work was conducted in a naturally lit glasshouse at Horsham, Victoria, 

Australia (36°43’18.82” S, 142°10’26.56” E, a.s.l. 128 m).  The genotypes were a 

combination of four commercial cultivars and 56 genotypes sourced from the Australian 

Grains Genebank (AGG), Horsham, Victoria, Australia (Table 3.1).  The landraces 

included were primarily from locations with a similar latitude (between 30° and 40°) 

and climate encountered in southern Australia (Köppen classification Csa; warm 

Mediterranean climate or Bsk; semi-arid climate).  These genotypes were a combination 

of those previously screened (n = 13, Chapter 2) and new entries (n = 47), which 

included 15 landraces from the Focused Identified Germplasm Strategy (FIGS) heat 

stress dataset, which is publicly available through the AGG.  This set of genotypes, was 

generated by International Centre for Agriculture Research in the Dry Areas (ICARDA) 

in partnership with Grains Research and Development Cooperation (GRDC) and 

contains germplasm from longitudes and latitudes with increased probability of traits 

associated with HT tolerance, based on global climate, geophysical traits, and soil type 

information (Mackay et al., 2005; Mackay, 1990).  The four commercial cultivars, PBA 

Jumbo 2, PBA Giant, PBA Bolt and Nipper were also included to compare the relative 

HT tolerance of cultivars grown within the Australian lentil industry. 

 

Lentil was sown on 11/07/2016 within 360 square pots (9 × 9 × 8 cm) containing a 

sandy loam textured topsoil (0-10 cm, Calcarosol) excavated from a paddock at Curyo, 

Victoria (35°82’00.00” S, 142°78’62.25” E, a.s.l. 90 m).  Prior to sowing fine gypsum 

(5.5 g/pot) was applied to each pot to ensure soil dispersion did not limit plant 

establishment and growth.  Lentil seed was inoculated with granular inoculum (Group E 

and F) and sown at six seeds per pot with basal nutrients of Mallee Mix 1 fertilizer 

(Pacific Fertilisers, N 4.6 mg/pot, P 9.6 mg/pot, S 0.8 mg/pot, Zn 9.6 mg/pot).  

Seedlings began to emerge after seven days and greater than 50% emergence was 

observed in most pots.  At the third node stage seedlings were thinned to 3 plants per 

pot.  Pots were watered every 2 to 4 days with 70 ml of Reverse Osmosis water 
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throughout the growing season so that water stress did not occur.  Plants also received 

regular applications of a liquid fertilizer, Mircale-gro® (NPK 24-3.5-16 with trace 

elements of B, Cu, Fe, Mn, Mo and Zn) at a rate of 0.22 g per L of water following the 

manufactures recommend rate, using approximately 70 ml per pot up until full pod (GS 

R5). 

 

For each genotype, the HT treatment was applied at the early pod-filling stage (GS R3, 

early pod, pod on nodes 10 – 13 of the basal primary branches visible) (Erskine et al., 

1990).  The HT treatment constituted 3 days (6 hours) at 42°C day and 15°C nights, 

where response was compared to the plants grown under ambient air temperature, which 

had a daily minimum (night) and maximum (day) temperature of 15 and 22°C 

respectively.  For plants grown under ambient air (glasshouse conditions) the 

temperature did not exceed 30°C throughout the experiment.  Acute HT was applied 

using a growth cabinet (Thermoline scientific, Climatron), which controlled 

temperature, RH (day 20%, night 80%) and lighting by a combination of incandescent 

and high-pressure sodium lamps, where PAR was 800 to 1000 µmol/m2/s, which was 

comparable to conditions within the glasshouse.  Watering during the heat treatment 

phase occurred the day of plants were exposed to HT and at the end of the third day, to 

limit confounding effects of plant water stress. 
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Table 3.1.  Lentil genotypes screened in Experiment 1 (2016) for high temperature tolerance.  

The genotypes constitute landraces sourced from the Australian Grains Genebank (AGG) and 

Australian commercial cultivars.  Described within the tables: Genotypes tested as per AGG 

descriptor, Region/ Country signifies collection site, Accession name (ACC), Donor number 

global identifier and Basic description describing seed/ market class appearance.  The 

commercial cultivars are varieties that were widely grown in Australia. 

Identify Region/ Country ACC. name Donor no. Basic description 

AGG 70031 Harer/ Ethiopia ILL 247A LEN 32 Medium - Brown 

AGG 70547 Punjab/ Pakistan ILL 6096 IG 70151 Medium - Green/Black 

AGG 70216 Kerman/ Iran ILL 1464 IG 1464 Medium - Black 

AGG 70334 Nepal PAN 8 ILL 3484 Medium - Brown 

AGG 70335 Nepal PAN 9 ILL 3485 Medium - Brown 

AGG 70540 Sind/ Pakistan ILL 6061 IG 70116 Medium - Brown/Green 

AGG 70541 Sind/ Pakistan ILL 6063 IG 70118 Medium - Brown/Green 

AGG 70543 Sind/ Pakistan ILL 6077 IG 70132 Medium - Brown/Green 

AGG 70544 Sind/ Pakistan ILL 6080 IG 70135 
Medium - 

Brown/Green/Black 

AGG 70545 Sind/ Pakistan ILL 6082 IG 70137 Medium - Brown 

AGG 70547 Punjab/ Pakistan ILL 6096 IG 70151 
Medium - 

Brown/Green/Black 

AGG 70548 Punjab/ Pakistan ILL 6102 IG 70157 Medium - Brown 

AGG 70781 Sind/ Pakistan ILL 6060 IG 70115 Medium - Brown 

AGG 70005 Maharashtra/ India ILL 219 LEN 6 Medium - Brown 

AGG70080 Iraq ILL 51 IG 51 Medium - Brown 

AGG 70081 Iraq ILL 52 IG 52 Medium - Brown 

AGG 70149 Egypt F141 ILL 817 Medium - Brown 

AGG 70152 Egypt F170 ILL 822 Medium - Brown 

AGG 73878 Urfa/ Turkey ILL 666  Medium - Brown/Green 

AGG 70399 Al Hasakah/ Syria ILL 4529 IG 4529 Medium - Brown/Grey 

AGG 70401 Al Hasakah/ Syria ILL 4535 IG 4535 Medium - Brown 

AGG 70469 Al Jadid/ Egypt ILL 4920 IG 4920 Small/Medium - Brown 

AGG 70480 Irbid/ Jordan UJL81-52 ILL 5271 Medium - Brown 

AGG 70481 Irbid/ Jordan UJL81-57 ILL 5276 Medium - Brown/Green 

AGG 70569 Al Hasakah/ Syria ILL 6525 IG 71476 Large - Brown/Green 

AGG 70816 Bangladesh ILXB 87099  Medium - Green 

AGG 70874 Bangladesh 09920343  Small - Grey 

AGG 71098 Maharashtra/ India ILL 219 PI 212903 Medium - Brown 

AGG 71104 Yemen ILL 225 PI 244046 Small/Medium - Brown 

AGG 71618 Morocco ILL 1941 PI 374120 Medium - Brow, mottling 

AGG 71648 Sind/ Pakistan K-29 PI 426766 Small – Brown, mottling 

AGG 71652 Sind/ Pakistan K-131 PI 426770 Small - Brown 

AGG 72578 Uttar Pradesh/ India PI 472290  Small/Medium - Tan/Grey 

AGG 72631 
Madhya Pradesh/ 

India 
PI 472343   

AGG 72658 
Madhya Pradesh/ 

India 
PI 472370  Small - Tan/Grey 

AGG 73076 Punjab/ Pakistan MASSAR PI 513259 Small - Brown 
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ATC State/ Country Acc. name Donor no. Basic description 

AGG 73140 Sind/ Pakistan MOUHRI PI 513323 Medium - Brown 

AGG 73141 Sind/ Pakistan MASOOR PI 513324 Medium - Brown 

AGG 73151 Sind/ Pakistan MASOOR PI 513334 Medium - Brown 

AGG 73154 Sind/ Pakistan PI 513337 PI 513337 Medium - Brown 

AGG 73160 Sind/ Pakistan MASSAR PI 513343 Medium - Brown 

AGG 73162 Sind/ Pakistan MASOOR PI 513345 Medium - Brown 

AGG 73163 Sind/ Pakistan MASSAR PI 513346 Medium - Brown 

AGG73251 Urfa/ Turkey 010785-0702 PI 568218 Medium - Brown 

AGG 73366 Cairo/ Egypt E92-12 W6 10485 Medium - Brown/Green 

AGG 73452 Morocco M89-15 W6 32 Medium - Brown/Green 

AGG 73838 Lushnje, Albania BERATI PI 606693 
Medium/Large - 

Brown/Green 

AGG 73882 Egypt ILL 786  Small - Brown, mottling 

AGG 73924 Sidamo/ Ethiopia ILL 1726  Small - Brown/Grey 

Nipper Commercial   Small - Red 

AGG 70215* Kerman/ Iran ILL 1452 IG 1452 Medium - Brown 

AGG 70533* Shewa/ Ethiopia 36122 ILL 5957 Medium - Brown/Black 

AGG 71457* Jordan ILL 486 PI 302398 Medium - Green 

AGG 70151* Egypt F166 ILL 821 Medium - Brown 

AGG 70398* Al Hasakah/ Syria ILL 4527 IG 4527 Medium - Brown 

AGG 73443* Morocco M89-14 W6 31 Large - Pink  

AGG 73719* Egypt LENS 190 B 32  

PBA Bolt * Commercial Australia  Medium - Red 

PBA Giant  Commercial Australia  Large - Green 

PBA Jumbo2 * Commercial Australia  Large - Red 

*Electrolyte leakage of genotype assessed 
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3.2.2 Experiment 2 – Electrolyte leakage of lentil 

During the vegetative stage, membrane damage caused by moderate HT was measured 

across ten genotypes (Table 3.1) using leaf tissue from Experiment 1.  The leaves were 

assessed at the seedling stage, 6 weeks after sowing and the experiment was replicated 6 

times.  For each sample per genotype, ten leaves were excised from lentil plants and 

rinsed with distilled water to remove any electrolytes.  Leaf tissue was placed in a 

sealed test tube and placed in a thermostatic water bath at 30°C for 1 hour.  The 

temperature and duration were determined to be sufficient to impose plant injury on 

lentil in a pre-study, which used genotypes PBA Bolt and AGG 73693.  The control 

vials were maintained at room temperature (25°C).  Following the heating process, 30 

ml of deionized water was used to submerge leaf tissue in each vial, and vials were 

incubated at 10°C for 18 h.  Subsequently, the electric conductivity (EC) of the solution 

was determined for heat initial (T1) and control initial (C1).  All vials were then covered 

and heated at 120°C and 103 kPA for 15 minutes, and the final EC was measured for 

heat final (T2) and control final (C2) after samples had equilibrated to room 

temperature.  The cellular membrane thermostability (CMT) was calculated according 

to equation 1 (Sullivan, 1979). 

𝐶𝑀𝑇 (%) = 1 − (
1−𝑇1

𝑇2⁄

1− 𝐶1
𝐶2⁄

) × 100  [Eq. 1] 

 

3.2.3 Experiment 3 – Day and night temperature interaction 

The response of three lentil genotypes to HT was tested within a randomised complete 

block design, which was replicated four times.  The genotypes PBA Bolt (commercial 

cultivar), AGG 71457 from Jordan and AGG 73693 from Libya were selected due to 

their reputed tolerance to HT stress (Delahunty et al., 2015). 

 

Lentil was sown 03/05/2016 in a naturally lit glasshouse within square pots (17 × 17 × 

24 cm) lined with UV stable plastic and filled with the sandy loam textured soil used in 

Experiment 1 that was packed to a bulk density of 1.6 Mg/m3.  At the third node stage 

pots were thinned from six to four plants per pot and alkathene granules were applied to 

the surface to reduce water loss due to evaporation.  The water treatments tested two 

factorial combinations of low water (LW) and high water (HW) availability from 

flowering.  These treatments were applied from first flower (unique to each pot) and 
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equated to 20 and 80% of field capacity for the LW and HW treatments respectively.  

The field capacity (–30 kPa) and wilting point (–1500 kPa) of the soil was 0.44 and 0.23 

Mg m−3 respectively, where field capacity was determined using a sintered glass filter 

funnel under a 30 kPa suction (Passioura, 2006) and wilting point using pressure plate 

apparatus.  The water treatments were maintained by watering to weight using Reverse 

Osmosis water at regular intervals (every 2 to 4 days).  During the vegetative phase 

(emergence to first flower), prior to imposition of the post-flowering water treatment, all 

pots were maintained at 80% of the soil field capacity. 

 

The method used for the application of HT for each genotype was the same as 

Experiment 1, where HT was applied using a growth cabinet.  To test the combined 

effect of high day and night temperature, four temperature treatment combinations were 

imposed: 22|18°C (control under glasshouse conditions), 39|18°C, 39|25°C and 

39|30°C.  The application of the HT treatments (day and night) consisted of high day 

(39°C for 6 hours per day) and night (either 25°C or 30°C for 14 hours per day) 

temperature for three days and nights.  For the high day and 18°C night temperature 

treatment plants were relocated to the glasshouse each night and returned to the growth 

cabinet each morning.  During the growing period the temperature did not exceed 30°C 

under controlled conditions.  High temperature was applied at the flat pod stage (GS R4, 

where pods on nodes 10 to 13 of the basal primary branch have reached full length and 

are largely flat) (Erskine et al., 1990), approximately 3 to 4 weeks after the water 

treatments were imposed. 

 

3.2.4 Data collection 

Temperature and relative humidity data for Experiments 1 and 3 were recorded for 

ambient and elevated treatments within the crop canopy every 5-minutes using TinyTag 

Ultra 2 sensors TGU-4500 housed in radiation screens.  Development notes were 

collected throughout the growing period based on growth stages defined by Erskine et 

al. (1990).  At maturity plants were cut at the base and dried at 40°C until for 3 days and 

yield components were determined (plant biomass, grain number, grain size, grain yield 

and harvest index). 
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3.2.5 Heat load 

To account for differing HT treatments (intensity and duration) across the two 

experiments a calculation of heat sums, which combines the duration and temperature to 

determine the heat load lentil were exposed to during the growing period were used.  

Heat load was calculated as a sum of degrees (°C) above the threshold value (30°C) for 

the logged temperature data (5-minute intervals), averaged to give degree per hour 

(°C.h) that the plant was exposed to over the duration of heat treatment.  For lentil, 

growth is reduced from 30°C (Bhandari et al., 2016), where temperatures above this 

threshold were considered as acute HT stress. 

 

3.2.6 Data analysis 

Statistical analyses were undertaken using GENSTAT version 18 (VSN International, 

Hemel Hempstead, UK) and results expressed on a per-pot basis.  Analysis of variance 

(ANOVA) was used to test for the main effects and interaction of HT and genotype 

(Experiment 1), and for HT, post-flowering water and genotype (Experiment 3) for the 

independent variables.  Individual means were compared using Least Significant 

Difference (LSD), where all p values <0.05 were considered significant.  For 

Experiment 1, stress tolerance indices, yield stability index (YSI) (Bouslama and 

Schapaugh Jr., 1984), stress tolerance index (STI) (Fernandez, 1992) and the high 

temperature tolerance index (HTTI) were calculated where the interaction of genotype 

and temperature treatment was significant (p < 0.05).  The formulae used to calculate 

stress tolerance indices are defined in Chapter 2, where YP represent the control plants 

and YS plants exposed to acute HT using the growth cabinet at the early pod-filling 

stage.  Linear regression models were applied to determine the relationship between 

yield components (both through zero and intercept model), stress indices and CMT.  

Spearman’s Rank Correlation was also determined for the relationship between 

electrolyte leakage (CMT) and stress tolerance indices, STI and HTTI.  
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3.3 Results 

3.3.1 Experiment 1 – High temperature tolerance genotype screening 

The HT treatments across the 3 days equated to an average heat load of 342°C.h 

(>30°C) and a relative humidity of 65%, where the average daily temperature was 41°C 

(6 h per day).  The average temperature reported of 41°C, rather than 42°C reflects the 

rate of change in temperature from 25 to 42°C over 3 hours (5.3°C/h), where all 

measurements greater than 30°C are included in the heat load calculation.  In 

comparison, the average temperature within the glasshouse was 20°C and there were 

zero-degree hours greater than 30°C throughout reproductive growth (GS R1 – R8). 

 

3.3.1.1 Lentil response  

Across the HT (YS) and control (YP) temperature treatment, average absolute yield was 

0.6 and 1.6 g/plot, which corresponded to a 59% reduction in grain yield due to HT.  

There was a significant interaction between HT treatment and genotype, where the 

response to the HT treatment varied significantly with genotype (Fig. 3.1).  For 

example, 19 genotypes had grain yields which were statistically equivalent across the 

two temperature treatments (YS and YP), whereas for other genotypes large (and 

significant) differences existed between YS and YP.  Six of the genotypes, which had 

yields equivalent across the temperature treatments also had above average yields under 

both temperature treatments (Fig. 3.1), indicating potential genotypes with temperature 

tolerance.  These genotypes were AGG 73140, 70480, 73838, 70548 and 72658 and the 

commercial cultivar Nipper.  Based on YSI, these genotypes were also ranked within 

the top 14 genotypes, which had significantly higher YSI compared to the 17 lowest 

ranked genotypes (Fig. 3.1).
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 1 

Figure 3.1.  Heat (YS) and ambient (YP) grain yield (g/pot) and yield stability index (YSI) for 60 lentil genotypes screened for high temperature.  High 2 

temperature was applied during early podding for 3 days (40/25°C).  Values are ordered based on YSI, from highest to lowest.  The grain yield error bar 3 

represents Least Significant Difference (LSD) for the interaction between genotype and temperature (p <0.001) and the YSI error bar represent main 4 

effect of genotype (p < 0.001). 5 
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For grain number, HT during the pod-filling stage caused a reduction of 41%, where 

there was a very good agreement (R2 = 0.9) between grain number and yield (Fig. 3.2a).  

For grain size there was no relationship between grain size and grain yield (Fig. 3.2b), 

where HT caused an average reduction of 35% due to HT.  High temperature caused a 

significant reduction in biomass (29%).  For plants exposed to HT the harvest index was 

0.22, compared to 0.39 for plants under ambient condition. 

 

3.3.1.2 Stress tolerance indices 

Based on the STI, which was calculated for grain yield (Fig. 3.3a), there were a 

significant difference across genotypes in tolerance ranking.  There were seven 

genotypes with significantly higher STI compared with the 38 most sensitive genotypes.  

These seven genotypes were AGG 73140, 70480, 73838, 70553, 71652, 70548 and 

Nipper.  The high temperature tolerance index (HTTI), proposed in Chapter 2, was also 

calculated (Fig 3.3b).  For the genotypes screened, there was a significant difference in 

tolerance ranking, where eight genotypes had significantly higher HTTI compared to the 

41 most sensitive genotypes.  Of the genotypes identified to have increased HT 

tolerance, based on HTTI, four concurred with the STI ranking (AGG 73838, 73140, 

70480 and Nipper).  In contrast, HTTI also ranked AGG 70816, 71462, 73160 and 

71618 as tolerant, where these lines reflected lower absolute yield but higher relative 

stability across HT treatments. 

 

For the commercial cultivars screened, PBA Jumbo 2, PBA Bolt and PBA Giant were in 

the lowest ranked 42 and 17% for both STI and HTTI respectively (Fig. 3.3a & b).  The 

higher placement in ranking observed for STI for the commercial varieties is due to a 

biasing of these cultivars towards higher absolute yield (YP); for PBA Bolt (2.2 g/plot), 

PBA Jumbo 2 (1.8 g/plot) and PBA Giant (1.7 g/plot), but lower relative ratio between 

HT and ambient treatment response. 
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Figure 3.2.  The relationship between a) grain number and b) grain size on grain yield for lentil 

genotypes screened for acute high temperature tolerance.  Open circles (○) represent high 

temperature treatment (YS) and the full circles (●) are control pots (YP).  Linear regressions 

functions for grain number and grain yield fitted for intercept equals 0 (full trendline) and 

intercept model (dotted trendline). 
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Figure 3.3.  Stress tolerance index (STI) a) and high temperature tolerance index (HTTI) b) for 

60 lentil genotypes screened for high temperature (HT) tolerance in 2016.  Genotypes are 

ordered from most tolerant to most sensitive for both indices.  Genotypes with significant HT 

tolerance based on HTTI are marked on STI with open bars, the equivalent for STI is present on 

the HTTI graph b).  Least Significant Difference (LSD) for genotype comparison (p < 0.001).  
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3.3.2 Experiment 2 – Electrolyte leakage of lentil 

The cellular membrane thermostability (CMT) for ten genotypes was assessed for 

sensitivity to HT.  Across the genotypes tested the CMT ranged from 90.9 to 96.3%, 

where a lower percentage of electrolyte leakage indicates higher CMT stability under 

HT.  Based on this, the genotypes which had lower amounts of electrolyte leakage 

compared to the other genotypes were PBA Jumbo 2, AGG 70553 and 73719.  The 

most sensitive genotype was PBA Bolt based on the high CMT score (Fig. 3.4).  For the 

ten genotypes, the relationship of CMT was compared to stress tolerance indices, HTTI 

and STI (Experiment 1).  For this comparison based on Spearman’s Rank Correlation 

Coefficient there was poor agreement between CMT and both HT tolerance-based 

indices, HTTI (p = 0.7) & STI (p = 0.4) (Fig. 3.4a & b).  For example, PBA Jumbo 2 

was the most stable genotype based on CMT but was highly sensitive to HT based on 

HTTI and STI.  Based on a comparison of the relative electrolyte (%) between the HT 

and control treatment for each genotype, there was a significant difference across 

genotypes (p = 0.007), indicating that membrane stability varies across genotypes (data 

not shown).  
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Figure 3.4.  The response of ten genotypes to high temperature (HT) applied based on cellular 

membrane thermostability (CMT) and yield based stress indices, a) high temperature tolerance 

index (HTTI) and b) stress tolerance index (STI). 
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3.3.3 Experiment 3 – Day and night temperature interaction 

3.3.3.1 Lentil response 

For lentil yield, there was a significant interaction between temperature treatment and 

post flowering water supply.  For lentil under the HW treatment grain yield was 

significantly reduced by HT compared to 22|18°C (control) (Table 3.2).  Under HW, the 

HT treatment (average across contrasting night temperatures) caused a significant 

reduction in yield of 34%, compared with the 22|18°C treatment.  In contrast, under 

LW, all temperature treatments were equivalent.  Under HW, elevated night-time 

temperature (25 and 30°C) had no significant effect on grain yield compared to the 

control night-time temperature (18°C).  When comparing growth for the 22|18°C 

temperature treatment, LW caused a 71% reduction in yield compared to the HW 

treatment. (Table 3.2).  For grain number, there was a significant main effect of post 

flowering water treatment, where grain number was reduced by 60% for LW (Table 

3.2).  There was, however, no significant effect of temperature treatment (p = 0.2) on 

grain number, where for the 39|18 and 39|30°C there was a trend of grain number being 

reduced by 17 and 18% respectively compared to the 22|18°C treatment (Table. 3.2).  

For the 39|25°C treatment there was no effect on grain number compared to the 22|18°C 

treatment. 

 

There was a significant interaction for grain size between temperature and post-

flowering water treatment.  When day-time temperature was increased from 22 to 39°C, 

and night-time temperature remained constant at 18°C, this induced a significant 

reduction in grain size, across both LW and HW treatments.  For LW and HW the 

reduction in grain size was 27 and 6% respectively.  For day-time temperature of 39°C, 

under HW, increasing night-time temperature caused a progressive decrease in grain 

size.  In contrast, for LW treatments, increasing night-time temperature induced an 

increase in grain size.  Consequently, at lower night-time temperatures (18°C), grain 

size was significantly greater for HW treatments compared with LW.  However, as 

night-time temperature increases to 30°C, grain size across water treatments became 

significantly equivalent. 

 

Across the three genotypes, 3 days of HT had no significant effect on total biomass.  

There was, however, a main effect of water treatment (Table 3.2), where for pooled 
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response across genotypes, LW reduced biomass by 57% highlighting the sensitivity of 

lentil biomass accumulation to LW between flowering and physiological maturity.  For 

the three genotypes tested there was no significant difference between response to HT 

or water treatment for the yield components measured.  There was a main effect of 

genotype, where PBA Bolt (2.4 g/pot) was higher yielding compared to 71457 and 

73693, which had yields of 2.2 and 1.4 g/pot respectively.  This was due to PBA Bolt 

having a higher grain number (71 /pot) compared to AGG 71457 (58 /pot) and 73693 

(61 /pot).  In contrast, the grain size of 71457 had a large influence on yield, where 

average grain size was larger (36 mg/pot) compared to PBA Bolt (31 mg/pot) and AGG 

73693 (23 mg/pot).  The low yield relative to the other two genotypes of AGG 73693 

was a combination of both low grain number and small grain size. 

 

On average, LW reduced days to maturity by 30 days for the three genotypes tested, 

where there was no significant effect of HT treatment on crop duration.  To assess the 

capacity of the three lentil genotypes to recover from HT, flower, and pod number 

(combination of pods, which contributed to yield and ones with non-developed grain) 

was measured.  Under HW, flower number was increased by HT, where for the 39|30°C 

there were 28% increase in flowers compared to the 22|18°C.  For the LW treatment, 

there was no difference in flower number.  There were more pods for the HW treatment 

compared to LW (64%), where no difference across temperature treatment was 

observed.  There was a significant effect of genotype, where AGG 73693 had 

significantly less flower and pod number compared to AGG 71457 and 73693.  
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Table 3.2.  Effect of high temperature (HT) applied at pod-filling for 3 days on yield 

components of three lentil genotypes in Experiment 2.  High temperature treatments are 22|18, 

42|18, 42|25 and 42|30°C.  Least Significant Difference (LSD) is reported for the independent 

variables Temperature (T), Water (W) and their interaction (TW). 

  

Temperature 

treatment (°C) 

Yield components 

Biomass 

(g/pot) 

Grain no 

(/pot) 

Grain size 

(mg) 

Grain yield 

(g/pot) 

Harvest 

Index 

High Low High Low High Low High Low High Low 

22|18  7.5 3.1 99 33 47 31 4.2 1.0 0.54 0.35 

42|18  6.4 2.8 82 34 34 22 2.8 0.8 0.44 0.27 

42|25  6.6 3.6 95 43 31 26 3.0 1.2 0.43 0.30 

42|30  6.8 3.2 78 36 28 27 2.4 1.0 0.36 0.29 

LSD 

(p <0.05) 

T 

W 

TW 

ns 

0.51 

ns 

ns 

0.38 

ns 

2.04 

2.58 

5.28 

0.54 

0.38 

0.77 

0.06 

0.04 

ns 
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3.4 Discussion 

Using HTTI to rank lentil response for acute HT treatments, applied within growth 

cabinets, we were able to identify eight global genotypes with HT tolerance.  These 

genotypes were AGG 70816, 73838, 71618, 70480 and Nipper where their origins are 

Bangladesh, Albania, Morocco, Jordan, and Australia respectively, and three genotypes 

(AGG 71652, 73140, 73160) from Pakistan.  Excluding Nipper, the Australian 

commercial cultivar, the genotypes identified with potential tolerance were from global 

regions where lentil typically mature into warm temperatures and receding soil water.  

In addition to this the daily maximum temperature during the reproductive phase 

exceeds 30°C in these regions.  For these genotypes, grain yields across temperature 

treatments were statistically equivalent, where yield stability was due to a combination 

of maintaining grain-set and grain size.  When comparing the ranking of genotypes 

based on HTTI and the STI (Fernandez, 1992), there was reasonable agreement, where 

for HTTI the seven most tolerant genotypes for HTTI, four were within the top six 

ranked, based on STI (Nipper, AGG 73140, 73838 and 71652).  This suggests that these 

genotypes had combined yield stability and absolute yield relative to the other 

genotypes tested.  The other three genotypes HTTI identified, had lower yield potential 

and therefore were not as highly ranked based on STI, where STI weights ranking to 

genotypes with higher absolute yield under non-stressed rather than on yield stability 

across contrasting temperature treatments. 

 

Within the genotypes screened for HT tolerance, one quarter were from the Focused 

Identification Germplasm Strategy (FIGS) developed for HT tolerance (Mackay et al., 

2005; Mackay, 1990).  The value of FIGS for HT screening is through providing a fast 

method of selecting germplasm from origins linked to growing environment and 

associated adaption traits associated with HT (Khazaei et al., 2013; Mackay et al., 

2004).  This is in contrast with manual selection of germplasm from large global seed 

bank data bases, which is a time-consuming process.  Given the limited number of FIGS 

germplasm tested, we cannot confirm the benefits of FIGS as a selection tool, where a 

larger proportion of genotypes identified through this strategy need to be screened. 
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For HT tolerance screening in lentil, Sita et al. (2018) observed a significant difference 

between previously identified heat tolerant and sensitive germplasm based on 

electrolyte leakage, where CMT was higher for HT sensitive genotypes.  In addition, 

genotypic variation in CMT has been observed for other species, where identification of 

HT tolerance has been based on this response (Barghi et al., 2013; Choudhury et al., 

2012).  For these studies, the increased membrane stability has been linked to HT 

tolerance through continued function of the cellular membrane, thus the ability to 

maintain processes such as photosynthesis and respiration (Blum and Ebercon, 1981).  

Importantly, little correlation was demonstrated between membrane stability and 

expression of field-based traits such as yield under HT conditions.  For these studies and 

our study, plants were not exposed to HT during the growing period.  The HT treatment 

was applied to leaves under laboratory conditions, where we also could not demonstrate 

an agreement between ranked lentil germplasm based on CMT (p = > 0.05) and stress 

tolerance indices.  In contrast, moderate correlation between CMT and HT tolerance 

based on grain yield has been demonstrated for heat sensitive and tolerant lentil 

genotypes, which have been exposed to a longer duration of HT and at a later growth 

stage (Kumar et al., 2013; Sita et al., 2018).  For example, Sita et al. (2018) assessed 

leaves from lentil during the reproductive period following 20 days of HT under field 

conditions, where HT tolerant genotypes had significantly less electrolyte leakage and 

higher grain yield compared to sensitive genotypes.  This indicates that expression of 

HT tolerance based on CMT in lentil may require an extended period of exposure to the 

stress, where further development of an appropriate method would be beneficial in 

providing a laboratory-based screening method as a proxy for mechanisms associated 

with HT tolerance. 

 

High night-time temperature did not deleteriously influence lentil growth, where yield 

response to high night temperature (3 nights at 25 and 30°C) was the same for the two 

contrasting water treatments.  This indicates that for periods of acute HT, with supra-

optimal minimum temperature, lentil growth is influenced by the maximum day-time 

temperature.  A similar response has been observed in soybean, where day-time 

temperatures have been confirmed to be the primary factor affecting pod-set 

(Wiebbecke et al., 2012, Caviness and Fagala, 1973).  Other studies, however, suggest 

that high night temperature influences reproductive potential and processes, limiting 
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yield in wheat (García et al., 2016; Prasad et al., 2008), sorghum (Prasad et al., 2006), 

peanuts (Prasad et al., 2000), dry bean (Konsens et al., 1991) and cowpea (Ahmed et al., 

1993; Mutters and Hall, 1992).  For these studies, HT was applied to plants for a longer 

duration that ranged from 6 days (Prasad et al., 2000; Ahmed et al., 1993) to the entire 

growth period (Garcia et al., 2016; Wiebbecke et al., 2012).  In cowpea, Mutters and 

Hall (1992) reported that HT during the late-night period (second half of 12 hour night) 

resulted in much lower pod-set (7 to 20%) and pollen viability (2 and 35%) compared to 

HTs during the early‐night period (51 and 76%, and 65 and 69% respectively).  

Importantly, for the current study, HT was applied for a short period (3 days and 3 

nights), where a longer duration, or chronic high night temperature may have a larger 

effect.  For lentil it is widely recognised that HT accelerates growth and development, 

leading to reduced grain filling, which has adverse effects on grain yield and quality 

(Bhandari et al., 2016; Sehgal et al., 2017; Sita et al., 2018).  For wheat and barley, 

based on climate analyses it has been demonstrated that for every degree increase in 

post anthesis night temperature there is a 4% reduction in global production (García et 

al., 2016).  This has significant implications for global export and highlights the 

requirement of increasing adaptation to higher diurnal temperature, including further 

assessment of lentil response to this. 

 

For lentil, when acute high day-time temperature and adequate water supply (HW) were 

accompanied by a progressive increase in night-time temperatures, this caused a parallel 

decrease in lentil grain size.  In contrast, under LW supply post-flowering, where a 

significant reduction in grain number occurred, grain size increased as night-time 

temperature was raised.  Evidently, reduced sink demand may have provided the 

opportunity for available assimilate to be allocated to grain filling, despite water 

availability being low, where higher night-time temperatures induced this increase in 

grain size.  Consistent with our study, Prasad et al. (2006) observed that short periods of 

high day and night temperature increase seed filling in sorghum, although once the 

intensity of HT extended beyond a threshold, grain size was negatively affected.  

Despite the positive response observed for combined HT and LW for grain size, there 

was an overall reduction in grain yield of 71% due to low soil water (20% field 

capacity) applied from flowering, restricting grain-set.  Based on previous research of 

lentil development and grain filling patterns, 52% of grain-set is accounted for prior to 
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grain filling (Erskine et al., 1990; Erskine and Goodrich, 1991), hence for the current 

study grain-set was primarily determined by water availability during the pod formation 

period.  This response may have been exacerbated by the soil type utilised, where 

despite frequent watering to weight, the plant available water of a sandy loam may be 

depleted rapidly within a pot, thus creating short periods of water stress and causing a 

large and significant reduction in grain-set.  In comparison, for a Vertosol clay soil type, 

with greater water holding capacity, Delahunty et al. (2018) reported a significant 

reduction in grain yield due to HT regardless of plant available water.  This highlights 

the effect of soil type on crop water availability and the potential variable response of 

crops to acute HT depending on soil type and rainfall patterns of a growing region. 

 

Controlled environment studies provide an important approach for understanding the 

plant response to specific treatments where other confounding factors, which may exist 

under field conditions, can be controlled.  For the current study, the controlled 

environment provided the opportunity to apply HT at a targeted growth stages, where 

the temperature regimes are highly accurate and repeatable.  Despite this, controlled 

environment studies can also be constrained by factors such as crop response based on a 

per-plant basis, where response may not effectively account for crop canopy dynamics 

including buffering through cooling linked with transpiration and potential heating 

through water stress and heat storage within the canopy.  Previous research also 

suggests that pot trials often show a greater response to acute HT treatments than is 

observed under field conditions (Asseng et al., 2011; Bourgault et al., 2017b), 

potentially due to cooler root temperatures in the field compared to pot trials (Hall, 

2004).  Irrespective, using controlled environments for defining response function of 

crop at a mechanistic level and for validation of field observations is vital, particularly 

when assessing temperature tolerance and interactive effects of factors such as day and 

night-time temperature as well as plant water availability. 
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4 Chapter 4                                                                                 

Application of acute high temperature to lentil (Lens culinaris) 

using field chambers 

 

Abstract 

Heat waves (acute HT events) have a significant impact on crop production for many 

staple grains, including lentil.  Under climate change, variable weather patterns and 

more frequent acute HT is likely to further affect yield stability.  Lentil is particularly 

sensitive to high temperature (>30°C) during the reproductive period, where grain yield 

and quality are both reduced.  If increased tolerance to high temperature (HT) through 

appropriate genetic selection could be achieved, then this could improve lentil 

adaptation.  The current study assessed the HT tolerance of 21 genotypes (17 landraces 

and 5 commercial cultivars) where landraces were from a range of global latitudes, with 

selection informed by results from previous screening studies.  Assessment of lentil 

genotypes occurred in-season using portable heat chambers to artificially apply acute 

HT (>30°C) for 3 days (8 hours per day) at the early pod-filling stage.  Seven lentil 

genotypes with tolerance to acute HT were identified, with five of these genotypes 

(AGG 70995, AGG 71448, AGG 72380, AGG 73838 and AGG 73154) being able to 

maintain yield when exposed to heat loads >100°C.h (>30°C). The average reduction in 

grain yield observed for these genotypes was 0.21 kg/ha/°C.h (>30°C), compared to a 

reduction of 0.13 kg/ha/°C.h (>30°C) for the most sensitive of genotypes tested.  

Overall, the landraces had greater yield stability, showing a yield reduction of 0.1% per 

degree hour (>30°C) compared to 0.2% per degree hour for the commercial cultivars 

Boomer, Nugget, CIPAL0901, PBA Bolt and PBA Giant.  We also demonstrated that 

portable heat chambers were an effective means to assess lentil response to acute HT 

scenarios within a winter field setting, which is an important step in validating 

shortlisted germplasm material from broader screening methods.  Finally, the 

identification of HT tolerant germplasm shows promise for increasing adaptation of 

lentil grown within more marginal environments globally, to mitigate increasing abiotic 

stress due to climate change in grain production systems.  



 

Page | 121 

 

4.1 Introduction 

Lentil is one of the first domesticated grain legumes, originating from the Fertile 

Crescent in western Asia more than 8,500 years ago (Zohary, 1999), which 

subsequently spread to central Asia, and the Mediterranean Basin (Cubero et al., 2009).  

Lentil is grown over three distinct agroecological zones globally; the Mediterranean, 

sub-tropical and northern temperate (Tullu et al., 2011).  These zones exhibit different 

day lengths, temperatures and climates.  This range of geographical regions collectively 

demonstrates a broad base of adaptation, which currently exists in lentil (Materne and 

Siddique, 2009).  Success in crop breeding is a function of heritability, genetic diversity 

and selection, where natural biodiversity, which is stored in Genebanks, can be used to 

expand the diversity in crops.  Historically, enhancement of crops through breeding 

have targeted specific abiotic and biotic traits to improve grain yield and quality 

(Khazaei et al., 2016).  In Australia, for example, there are high yielding lentil varieties 

with improved tolerance to boron (Hobson et al., 2006), salt (Maher et al., 2003) (i.e. 

PBA Bolt), Botrytis grey mould and Ascochyta blight, such as the commercial variety, 

PBA Jumbo 2 (Rodda et al., 2017).  This has led to successful expansion of production 

into more marginal cropping regions within semi-arid environments.  Despite these 

successes, however, the increasing effects of climate change in many arable cropping 

regions are likely to affect yield stability, through an increase in extreme temperatures 

and water stress during the reproductive phase. 

 

The occurrence of acute HT, during the reproductive period remains a significant 

production constraint for lentil, where management options are reliant on avoidance or 

escaping heat stress.  Adaptation of lentil to HT using genotypic solutions has been 

largely the focus of countries such as India (Gaur et al., 2015; Krishnamurthy, 2011; 

Canci and Toker, 2009).  Within the pedigrees of Australian cultivars and breeding lines 

there is potentially a restricted genetic base (Erskine et al., 1998; Lombardi et al., 2014) 

for increasing adaptation to HT.  Global landraces may provide a source of genetically 

diverse material to further advance lentil yield potential, particularly associated with 

abiotic stresses in semi-arid growing environments, such as southern Australia (Erskine 

et al., 1998; Lombardi et al., 2014; Erskine and El Ashkar, 1993).  Consequently, 

opportunities are likely to exist to increase the yield stability of lentil through 
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identifying and incorporating traits associated with HT tolerance into contemporary 

lentil breeding programs. 

 

A range of screening techniques have been used to identity HT tolerance in field crops 

for the incorporation of these genotypes into breeding programs to improve the HT of 

commercial varieties.  For example, in India the HT tolerance of chickpea has been 

extensively evaluated based on yield-based traits (Krishnamurthy et al., 2011; Kumar et 

al., 2017), biochemical and reproductive function (Devasirvatham et al., 2012; 

Devasirvatham et al., 2013) to identify HT tolerance and ultimately lead to the release 

of HT varieties (Rani et al., 2020).  The evaluation of HT utilises, controlled 

environment and laboratory studies, and in some cases a multi-level approach, using a 

combination of methodologies.  For example, screening for HT tolerance in cotton used 

a combined approach of growth cabinet with field validation in polyhouse tents (Cottee 

et al., 2010), and a bioassay, using in vitro measurement of electrolyte leakage, 

proximal fluorescence measurements and gene expression using PCR (Cottee et al., 

2012; Cottee et al., 2014).  Field-based studies may be advantageous for broad 

screening, providing agronomically relevant, trait-based selection and opportunity to 

include a larger number of lines compared to controlled environment studies.  Field-

based methods include tunnel houses (Daniel and Triboi, 2000, Benlloch-Gonzalez et 

al., 2014; de Oliveira et al., 2013) or tents (Cottee et al., 2010, Prasanth et al., 2017), 

mobile heat chambers (Nuttall et al., 2012; Talukder et al., 2014; Talukder et al., 2013), 

free-air heating using infrared heaters (Kimball, 2005; Kimball, 2011), or more 

commonly in pulse crops, late sowing (Devasirvatham et al., 2015; Gaur et al., 2015; 

Kumar et al., 2013).  For the late sowing screening approach, this method is practical, 

inexpensive and allows comparison of large collections of genotypes, however, does not 

allow insight into phenological related traits due to the elevated temperature over the 

entire growing period (Sadras et al., 2015).  As part of a sequential screening 

methodology, the coupling of broad screening of late sowing with winter field programs 

where acute HT can be applied, using artificial heating of crop at key growth stages, 

provide validation of performance of short-listed genotypes. 

 

In this study we selected genotypes identified from previous screening to be either 

sensitive or tolerant to HT based on previous work (Chapter 2 and 3) and grew them 
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under normal field conditions of autumn sowing and maturing into summer.  These 

were also compared with a range of current commercial lentil varieties.  Acute HT was 

applied, using mobile heat chambers, to increase canopy temperature by between 10 and 

15°C above ambient conditions at the early pod fill stage of growth.  For the selection of 

lentil genotypes with potential HT tolerance, the aim of the current study was to i) 

assess if there is a correlation between the field screening techniques of late sowing 

(with hastened phenological artefacts) and normal winter growing conditions where 

artificial acute HT is applied, and ii) determine genotypic response of autumn sown 

lentil when acute HT is applied at the early pod fill growth stage.  Overall, this work 

aims to identify genetic diversity within lentil germplasm to HT and provide breeding 

programs with optimism for improving the adaptation of lentil to Mediterranean 

environments through the development of a screening methodology. 
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4.2 Method 

Two field experiments were conducted in the Wimmera, Victoria, Australia in 2013 at 

Kalkee (36°33’21.70” S, 142°14’20.4” E, a.s.l. 130 m; Experiment 1) and in 2016 at 

Rupanyup (36°53’55.90” S, 142°63’05” E; a.s.l. 145 m; Experiment 2).  The soil type at 

both sites was a uniform grey clay (Australian soil taxonomy; Grey Vertosol; USDA, 

soil taxonomy; Typic Haplustert) (Isbell, 1996).  Both experiments were a complete 

block with a split-plot design, where the main plot was lentil genotype and the 

temperature treatment was the sub-plot, blocked for the four replicates.  Experiments 

were kept weed-free using a combination of hand weeding and the application of 

herbicides applied at recommended rates.  Disease (Ascochyta blight and Botrytis grey 

mould) was controlled by fungicide applications also as per standard practice. 

 

4.2.1 Experiment 1 – Kalkee, 2013 

Thirteen lentil genotypes were tested, consisting of four commercial cultivars and nine 

landraces from a range of global latitudes associated with HT growing environments, 

including Jordan, Lebanon, Syria and Turkey.  These were previously identified as 

having HT tolerance through a preliminary glasshouse study (results not presented).  

Seed of genotypes used in this experiment was sourced from the Australian Grains 

Genebank, Horsham, Victoria (Table 4.1).  Commercial cultivars, Boomer, PBA Bolt, 

Nugget and breeding line, CIPAL0901 were included as a representation of industry 

standards within Australian lentil growing regions. 

 

The field trial was sown 10/05/2013, with plots 8 m in length, with 5 rows at 0.30 m 

row spacing (Fig. 4.1).  Due to limited seed, the experimental area sown to test 

genotypes was restricted to 1 crop row (8 m in length), with buffer crop (cv. Nugget) 

sown in the adjacent rows, where within each plot two genotypes were sown in rows 2 

and four, with buffers in the other rows.  At sowing, seed was pre-treated with pre-

emergence fungicide (P-Pickle T) and insecticide (Emerge, Syngenta) and hand sown 

inter-row into standing wheat stubble at a plant density of 150 seeds/m².  Fertilizer 

(80kg/ha MAP + 2.5% Zn) and granular inoculum (Group E and F, Tag Team, 

Monsanto) were pre-drilled (depth 4 cm) prior to sowing. 
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4.2.2 Experiment 2 – Rupanyup, 2016 

Ten lentil genotypes, constituting two commercial cultivars and eight landraces from a 

range of global latitudes were tested, where selection was informed by results from late 

sown field screening previously conducted, which ranked for HT tolerance (Chapter 2).  

Selected genotypes were sourced from the AGG (Table 4.1).  Commercial cultivars, 

PBA Bolt, and PBA Giant were also included to determine the HT response of current 

Australian commercial cultivars.  Across Experiments 1 and 2 there were two genotypes 

that were consistent, PBA Bolt and AGG 71457. 

 

Lentil was sown 19/05/2016 in a field environment, plots were 8 m in length with 4 

rows at 0.36 m row spacing.  At sowing, a mechanical seeder was used to predrill 

fertilizer into the 4 crop rows and seed sown in the outer rows of lentil with cv. PBA 

Flash (Fig. 4.1).  Due to limited seed, the experimental rows (inner 2) were hand sown 

with test genotypes (2 rows, each 1 metre in length), and the remaining plot area sown 

with bulk lentil (cv. PBA Flash) to create a crop canopy context.  For the test areas, 

plant establishment was variable across genotypes, leading to the exclusion of two 

genotype (AGG 70270 and 70874). 
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Figure 4.1.  Schematic diagram of the plot layout for the field application of high temperature to 

lentil genotypes in-season, at the Victorian locations a) Kalkee and b) Rupanyup.  For both 

years, heat chambers were installed during early podding over a footprint of 980 mm W x 1060 

mm L, covering either 1 or 2 rows of each test genotype at Kalkee and Rupanyup respectively.  

Lentil plots were sown interrow in cereal stubble. 
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Table 4.1.  Lentil genotypes screened at Kalkee (2013) and Rupanyup (2016) for high 

temperature tolerance in-season using heat chambers.  The genotypes screened constitute 

genotypes sourced from the Australian Grains Genebank (AGG) and Australian commercial 

cultivars.  Described within the table: Year of the trial the genotypes were tested, Identity is 

unique number used by AGG, Region/Country, Accession Name (Acc), Donor No the global 

identifiers, Basic Description describes the appearance. 

Year Identity Region/Country Acc Name Donor No Basic Description 

2013 70138 Manisa/ Turkey ILL 647 IG 647 Medium - Brown 

2013 70498 Jerash/Jordan ILL 5565 ILL 17 Medium - Brown 

2013 70569 Al Hasakah/ Syria ILL 6525 IG 71476 Large - Brown/Green 

2013 70995 Diyarbakir/ Turkey ILL 122 PI 172938 Medium - Brown 

2013 71060 Urfa/ Turkey ILL 184 PI 179323 
Medium/Small - 

Green/Brown 

2013 71441 Aleppo /Syria ILL 470 PI 300248 Small - Red 

2013 71448 Aleppo/Syria ILL 477 PI 300255 Large - White 

2013 71457 Irbid/ Jordan ILL 486 PI 302398 Medium - Green 

2013 72331 Lebanon RPIP 33-085-10595 PI 432243 Medium - Grey 

2013 72380 Zanjan/ Iran ILL 887 ILL 754 Small/Medium - Grey 

2013 Boomer Australia   Medium - Green 

2013 CIPAL0901 Australia   Medium - Red 

2013 Nugget Australia   Medium - Red 

2013 PBA Bolt Australia   Medium - Red 

2016 70270 Al Hudaiba/ Sudan ILL 1861 IG 1861 Medium - Brown 

2016 71457 Irbid/ Jordan ILL 486 PI 302398 Medium - Green 

2016 73076 Punjab/ Pakistan MASSAR PI 513259 Small - Brown 

2016 73154 Sind/ Pakistan PI 513337 PI 513337 Medium - Brown 

2016 73188 Punjab/ Pakistan MASSAR PI 513372 
Medium - 

Brown/Green 

2016 73572 Greece LENS 21 LENS 21 Small - Grey 

2016 73838 Lushnje/ Albania BERATI PI 606693 
Medium/Large - 

Brown/Green 

2016 PBA Bolt Australia   Medium - Red 

2016 PBA Giant Australia   Medium - Green 
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4.2.3 High temperature application 

High temperature treatments were applied at the early pod-filling stage (GS R3, pods on 

nodes 10 to 13 of the basal primary branch visible) (Erskine et al., 1990) using purpose-

built heat chambers that were installed in the field for the duration of the heat treatment 

(Fig. 4.2).  The HT treatment consisted of 3 days (8 hours) at a target temperature of 

between 30 and 36°C, where there were five and three sets of treatment times for 2013 

and 2016 respectively, which provisioned for the variation in phenology across lentil 

genotypes, intra-season.  The HT treatments were applied in the October to November 

period, for both years.  During the treatment period, night temperature was ambient, 

where doors on the chambers were opened to allow mixing of outside air.  The heat 

chambers consisted of right-angle hollow section (RHS) frame boxes (1060 mm L × 

980 mm W × 920 mm H) that were clad with Sun Tuff Greca Laserlight®, a transparent 

UV stable material.  Electric fan heaters (1000 W) were mounted at the top of the 

chambers with the temperature controlled by a thermocouple.  In 2016, electric fans 

were installed at the top of each heat chamber to increase the circulation of the warm air 

into the plant canopy.  The heat chambers were powered by diesel generators.  For both 

experiments, the chambers were oriented, so that the heating unit was on the south side, 

to avoid shading effects on the crop and covered approximately 1 m2 of crop area. 

 

4.2.4 Data collection 

Phenology notes based on the growth stages defined in Erskine.et al. (1990) and 

summarised in Table 1.1 were collected throughout the reproductive growing period to 

ensure heat chambers were applied at the same growth stage (GS R3, early pod filling) 

for each genotype.  At crop maturity plants were cut at the base and oven-dried at 40°C 

to constant weight and yield components were measured (plant biomass, grain yield, 

grain number, grain size and harvest index). 

 

Temperature at crop canopy were recorded for ambient and HT treatments every 5-

minutes using TinyTag Ultra 2 sensors TGU-4500 (temperature, relative humidity and 

dew point) for both experiments.  Ambient air temperature of the trial site was also 

recorded at crop canopy and 1.2 m height.  At Kalkee, in 2013 TinyTag loggers, were 

only installed within replicate one, where temperature was measured as manual readings 

taken at regular time interval using manual thermocouples for the other three replicates.  
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To account for differences between the two measurements, a calibration (agreement of 

R2 = 0.7) of manual observations using thermocouples and TinyTag was established and 

an adjustment to thermocouple measurements applied.  For both trials, TinyTag sensors 

were housed in white radiation screens. 

 

4.2.5 Heat load 

To account for different HT treatments, across portable heat chambers and intra-year 

treatment times, we used a calculation of heat load, which combines the duration and 

temperature to determine the heat stress the lentil were exposed to during the treatment 

period.  The heat load was calculated as a sum of degrees (°C) above the threshold value 

(>30°C) for the logged crop canopy temperature data (5-minute intervals), averaged to 

give degree hour (°C.h).  For lentil, growth is reduced from 30°C (Bhandari et al., 

2016), therefore within this study heat load was calculated using a threshold of 30°C, 

where temperatures beyond this threshold was considered as acute HT stress. 

 

4.2.6 Data analysis 

Given the heat treatments were applied across multiple times, to align with differences 

in crop development over genotypes, variation in external day-time temperatures caused 

differences in the resultant HT treatments delivered within the chambers.  Analysis of 

variance could not be applied to this dataset, due to the heat treatments being variable 

across genotypes tested.  The response of genotypes to acute HT treatments were 

calculated as the absolute change in grain yield, number and size between the control 

and heat chamber treatment (Equation. 4.1) and reported with standard error of mean for 

each genotype.  The comparative response of genotypes was plotted as the absolute 

change in each yield components, grain number, grain size and versus heat load 

(>30°C).  For example, the absolute change for yield (kg/ha) was the difference between 

the response of heat and control treatments.  The absolute change values of zero on the 

y axis are genotypes that were unaffected by applied HT, with increasing negative 

values representing a larger reduction in HT (sensitive to HT).  Due to the variable heat 

loads applied, three heat load bands were used to characterise temperature stress 

imposed on plants: high >100°C.h, moderate 50 to 100°C.h and low <50°C.h for heat 

loads >30°C. 
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Figure 4.2.  Heat chamber installed within lentil plots and used to simulate acute high 

temperature stress during the early pod-filling stage to determine the impact on growth.  The 

target high temperature (HT) was >30°C for 6 hours per day, over 3 consecutive days.  
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4.3 Results  

4.3.1 Seasonal conditions and heat chamber performance 

4.3.1.1 Experiment 1 – Kalkee, 2013 

Total annual rainfall was 509 mm, with 383 mm (BoM station, 79028) occurring during 

the growing season (May – November), which compares to the long-term average of 

411 and 285 mm, for the respective periods.  Between the period from sowing to 

flowering (average date across genotypes), 283 mm of rainfall was measured, compared 

to 57 mm for the period between 50% flowering and maturity (1 October – 30 

November).  From the onset of flowering to physiological maturity there were 2 days 

(04/10/2013 and 18/10/2013) of frost conditions, defined as 2°C at the crop canopy. 

 

The heat chambers effectively increased canopy temperature of lentil to above 30○C for 

ca. 6 hours per day across the 3 consecutive day treatment period (Fig. 4.3a & Table 

4.2).  The range in average temperatures for the treatments were between 34 and 37°C, 

which corresponded to heat loads ranging between 60 and 136°C.h (>30°C) (Table 4.2).  

This variation was largely due to the five different treatment times, associated with 

aligning growth stage, as having different ambient air temperatures and wind run which 

caused variation in chamber performance.  For example, the HT treatment applied on 

16/10/2013 had an average heat load of 70°C.h (>30°C) across genotypes, whereas for 

heat treatment applied on the 28/10/2013 average heat load was 127°C.h (>30°C).  In 

comparison, the average ambient air temperature (across controls) was 21°C and briefly 

exceeded 30°C twice (9/10/2013 and 16/10/2013) during the treatment period, which 

equated to a cumulative heat load of 3°C.h (>30°C) (Table 4.2). 

 

The relative humidity (RH) was lower within the heat chambers compared to ambient 

air across all treatments (Table 4.2), excluding treatment one, where RH was not 

measured.  The lower RH corresponded with increased vapour pressure deficit (VPD) 

and represents drying of crop within the chambers.  For example, within treatment three 

(21/10/2013) the average RH inside the heat chambers was 29%, which compared with 

47% for the ambient air during the same (day-time) period (Fig. 4.3c).  For night-time, 

RH levels of 99 and 97% were recorded within the heat chambers and ambient air 

respectively. 
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Table 4.2.  Acute high temperature applied to lentil at the early pod-filling stage and the 

corresponding temperatures for 2013 (Kalkee) and 2016 (Rupanyup).  Variation in crop 

development meant that treatments were staggered across multiple dates.  Temperatures and 

heat loads are for the canopy average across four replicates for the 3 day period starting on the 

date specified.  Temperatures include maximum, average (when temperature >30°C), and 

corresponding vapour pressure deficit (VPD) and relative humidity (RH, %).  For heat loads, 

standard error of mean is for four replicates and are in parentheses. 

Date  
Treatment/ 

Genotype 

Temperature (C) VPD 

 (kPa) 

Heat load 

(C.h >30C) 

RH (%) 

Maximum Average 

Kalkee, Victoria 2013 

9/10/2013 Ambient  32 21 - 1.91 - 

 CIPAL0901 39 35 4.39 76 (8) 22 

 PBA Bolt 39 35  91 (6) - 

 Average 39 35  81  

16/10/2013 Ambient 31 25 2.54 0.94 20 

 Boomer 38 34 - 78 (5) - 

 Nugget 37 34 4.05 60 (9) 24 

 Average 38 34  70  

21/10/2013 Ambient 25 19 0.79 0 64 

 70498 39 35 3.06 77 (10) 36 

 70569 39 35 3.77 82 (6) 33 

 71457 40 35 - 87 (4) - 

 Average 40 35  82  

24/10/2013 Ambient 20 16 0.91 0 50 

 71060 40 36 3.93 120 (1) 34 

 71441 41 35 - 97 (11) - 

 70138 42 36 4.34 123 (5) 27 

 Average 42 36  110  

28/10/2013 Ambient 27 21 - 0 53 

 70995 41 36 - 111 (2) - 

 71448 41 36 4.10 133 (6) 31 

 72380 38 37 4.46 136 (7) 29 

 Average 40 36  127  

Rupanyup, Victoria 2016 

11/10/2016 Ambient  22 17 13.08 0 55 

 70874 41 35 3.88 104 (23) 31 

 73154 40 35 3.77 128 (23) 33 

 73838 44 36 4.22 187 (29) 29 

 Average 42 36  140  

02/11/2016 Ambient 29 24 1.88 0 37 

 73188 37 32 3.52 43 (8) 26 

 73076 35 33 3.63 33 (11) 28 

 PBA Bolt 36 32 3.47 38 (7) 27 

 PBA Giant 42 35 4.05 115 (25) 28 

 Average 38 33  61  

22/11/2016 Ambient 29 25 2.12 0 33 

 71457 39 34 4.05 58 (14) 24 

 73572 36 34 3.73 30 (7) 30 

 Average 33 38  37  
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Figure 4.3.  Acute high temperature and relative humidity trace during the treatment period for 

Kalkee (a & c) commencing on 21/10/2013 and Rupanyup (b & d) 11/10/2016.  Traces are an 

average of all chambers for the treatment period.  Time is hours across 3 consecutive days. High 

temperature (target >30°C) was applied during early pod-filling stage. 
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4.3.1.2 Experiment 2 – Rupanyup, 2016 

Annual yearly rainfall was 512 mm with 384 mm occurring during the growing season 

(May – November).  This was above the long-term average annual and growing season 

rainfall of 439 and 307 mm respectively.  Rainfall for the period between sowing and 

flowering (average date across genotypes) was 310 and 74 mm for the period of 

flowering to crop maturity (1 October – 10 December).  From the onset of flowering to 

the physiological maturity there were no days of frost.  At sowing, plant available water 

was 179 mm for the profile (0 – 100 cm), compared to 190 mm at harvest. 

 

The heat chambers increased canopy temperature of lentil to above 30○C for ca. 6 hours 

per day across the 3 day treatment period (Table 4.2 & Fig. 4.3b).  Consistent with the 

heat chamber performance in 2013, there was variation in heat loads across treatment 

times within season, where external factors influenced performance.  For example, the 

average heat load for 11/10/2016 was 140°C.h (>30°C) compared to 61°C.h (>30°C) for 

the 02/11/2016.  In comparison, the average ambient air temperature (controls) across 

the treatment period was 22°C and the temperature did not exceed 30°C. 

 

The ambient RH ranged from 55 to 33% for treatment one and three respectively.  

Consistent with Experiment 1, RH within the heat chambers tended to be lower 

compared with the ambient air during the treatment (day-time) period (Table 4.2).  For 

example, for treatment one (11/10/2016) the average RH within the heat chambers was 

37%, compared with 58% for the ambient air during the same (day-time) period (Fig. 

4.3d).  Over the 3 day treatment period, the RH within the chambers remained stable, 

whereas the outside RH progressively dropped associated with drying weather 

conditions.  For night-time, RH levels of 86 and 89% were recorded within the heat 

chambers and ambient air respectively. 

 

4.3.2 Lentil response to high temperature 

4.3.2.1 Experiment 1 – Kalkee, 2013 

Under ambient conditions (control), in the absence of naturally occurring HT during the 

reproductive period, CIPAL0901 had the highest grain yield of 3643 kg/ha (Table 4.3).  

The genotype AGG 72380 and 71060, had the lowest grain yields of 603 and 785 kg/ha 
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respectively (Table 4.3).  Overall, HT caused a reduction in biomass, grain number and 

yield of 9, 17 and 14% respectively and a grain size increase of 3% (Table 4.3). 

 

Variation in the HT treatment occurred across the application times (and lentil 

genotypes), given the fluctuation in experimental conditions, lentil response was split 

according to three bands based on the heat load genotypes were exposed to: high 

(>100°C.h >30°C), moderate (50 to 100°C.h >30°C) and low (<50°C.h >30°C).  For 

grain number, genotypes AGG 71448, 70995 and 72380 were relatively stable, where 

there was an overall reduction of 1434 per m2 under high heat load (>100°C.h) across 

the genotypes (Fig. 4.4a).  In contrast, genotypes AGG 71060 and 70138 were sensitive 

to HT, where grain number was reduced by 17604 and 28010 per m2 respectively.  

Under moderate heat load (50 to100°C.h >30°C), the commercial cultivar PBA Bolt and 

landrace AGG 70498 were relatively stable, where grain number was unaffected by HT.  

In contrast, under moderate heat loads of between 50 to 100°C.h (>30°C), there was a 

large reduction in grain number in the commercial varieties Nugget and Boomer, and a 

reduction in both grain number and size of Nugget causing a significantly lower grain 

yield (Fig 4.4a, b & c).  Overall, the HT treatment induced a positive response to grain 

size, this increasing for 10 of the 13 genotypes.  For genotypes AGG 71457 and 71441 

grain yield was substantially reduced due to a significant reduction in grain number and 

no compensatory increase in grain size.  The differences in relative response of grain 

number and grain size translated to variable response to grain yield.  For example, grain 

yield remained relatively stable for genotypes AGG 71448, 70995, 72380 and 70138 

under high heat load and genotypes AGG 70498, PBA Bolt and CIPAL0901 under 

moderate heat load (Fig. 4.4c).  Collectively for these genotypes, grain yield was 

reduced by 0.46 kg/ha when HT was applied (heat load >50°C.h, >30°C), compared to 

1146 kg/ha for Nugget which was the most sensitive genotype tested. 

 

Across genotypes, grain number was strongly correlated (R2 = 0.7) with grain yield 

(Fig. 4.5a), apart from AGG 71060.  This overall good agreement indicating that the HT 

treatment effects on grain number usually translated through to a yield penalty.  For 

grain size there was a weak correlation (R2 = 0.4) with grain yield (Fig. 4.5), where 

response to HT tended to be variable across genotypes.  
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Table 4.3.  Lentil response to acute high temperature during the 2013 growing season.  Grain 

yield and yield components for genotypes tested in 2013 in-season at Kalkee, Victoria.  Results 

are an average of four replicates (high temperature and ambient) and genotypes are in two 

groups based on heat load applied: moderate (50 - 100°C.h >30°C) or high (>100°C.h >30°C).  

Standard error of mean is reported in parentheses. 

Genotype Temperature 

treatment 

Biomass 

(kg/ha) 

Grain no 

(grains/ha) 

Grain size 

(mg) 

Grain yield 

(kg/ha) 

Harvest 

Index 

Moderate heat load (50-100°C.h >30°C) 

70498 Ambient 5549 (550) 56683 (8367) 34 (0.7) 1978 (294) 0.35 (0.02) 

 High 5449 (480) 59175 (5538) 36 (0.8) 2156 (237) 0.39 (0.02) 

70569 Ambient 5447 (480) 45125 (6518) 62 (3.7) 2701 (279) 0.12 (0.13) 

 High 7419 (745) 40883 (5590) 64 (1.0) 2595 (333) 0.35 (0.01) 

71441 Ambient 5027 (688) 49044 (5044) 29 (0.7) 1436 (131) 0.24 (0.08) 

 High 3636 (357) 31442 (5518) 28 (1.8) 899 (192) 0.21 (0.03) 

71457 Ambient 7122 (941) 57542 (9180) 46 (1.3) 2702 (499) 0.37 (0.02) 

 High 5828 (584) 43217 (9568) 44 (1.1) 1906 (397) 0.32 (0.04) 

Boomer Ambient 7381 (613) 59542 (3937) 49 (2.3) 2885 (209) 0.40 (0.01)  
High 6609 (568) 42553 (3513) 52 (1.5) 2215 (244) 0.35 (0.02) 

CIPAL0901 Ambient 6735 (1284) 81400 (5880) 44(0.5) 3643 (255) 0.68 (0.25)  
High 7671 (250) 70767 (3569) 45 (1.4) 3240 (148) 0.40 (0.20) 

Nugget Ambient 6433 (72) 64675 (6144) 39 (.16) 2288 (253) 0.39 (0.03)  
High 3903 (72) 49544 (9121) 37 (0.17) 1376 (167) 0.40 (0.02) 

PBA Bolt Ambient 6449 (602) 69550 (8569) 37 (0.1) 2583 (316) 0.39 (0.01)  
High 3903 (72) 69767 (3873) 40 (0.6) 2796 (179) 0.39 (0.02) 

High heat load (>100°C.h >30°C) 

70138 Ambient 5700 (664) 68325 (11008) 29 (2.1) 1926 (275) 0.34 (0.09) 

 High 4405 (380 45917 (5780) 30 (2.3) 1308 (159) 0.39 (0.03) 

70995 Ambient 4916 (705) 43000 (1009) 27 (0.4) 1172 (275) 0.23 (0.03) 

 High 4854 (411) 41633 (6845) 28 (0.5) 1185 (203) 0.24 (0.02) 

71060 Ambient 3008 (182) 58050 (4861) 13 (0.2) 785 (69) 0.26 (0.01) 

 High 2787 (199) 43967 (1252) 15 (1.6) 617 (61) 0.22 (0.02) 

71448 Ambient 5502 (272) 49483 (6054) 36 (1.6) 1781 (255) 0.32 (0.03) 

 High 6294 (861) 53742 (9413) 36 (1.6) 1991 (409) 0.31 (0.03) 

72380 Ambient 3347 (218) 40225 (7344) 16 (1.4) 603 (75) 0.18 (0.03) 

 High 3539 (447) 27700 (3500) 18 (0.2) 511 (65) 0.15 (0.01) 

Average Ambient 5586 (259) 57216 (2722) 35 (1.7) 2037 (140) 0.33 (0.03) 

 High 5100 (267) 47716 (2430) 36 (1.8) 1753 (129) 0.32 (0.01) 
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Figure 4.4.  Lentil response to heat load for a) grain number b) grain size and c) grain yield.  

Response is absolute change in yield component across high temperature and control treatments.  

High temperature was applied during the early pod-filling stage during the 2013 winter growing 

season at Kalkee, Victoria.  Error bars are standard error of means across four replicates.  For 

absolute change, values close to zero are genotypes that were largely unaffected by applied HT, 

with increasing negative values representing greater sensitivity of genotypes to HT. 
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Figure 4.5.  Effect of grain number and size on grain yield (2013).  The relationship between a) 

grain number and b) grain size on grain yield for field lentil.  High temperature was applied 

during the early pod-filling growth stage in-season at Kalkee, Victoria.  Error bars are standard 

error of means across four replicates.  
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4.3.2.2 Experiment 2 – Rupanyup, 2016  

Under ambient conditions (control), in the absence of naturally occurring HT during the 

reproductive period, cv. PBA Bolt had the highest grain yield of 3272 kg/ha (Table 4.4), 

whereas the genotype, AGG 73076 had the lowest grain yield of 505 kg/ha.  The 

average grain yield across all lentil genotypes under ambient conditions was 1928 

kg/ha.  Overall, HT caused a reduction in grain number and yield of 5 and 7% 

respectively. 

 

Variation to HT was observed across lentil genotypes.  For the three genotypes where 

high heat loads (>100°C.h >30°C) occurred, there were two genotypes where grain 

yield was relatively stable, AGG 73154 and 73838, whereas cv. PBA Giant was most 

sensitive to HT with a 1044 kg/ha reduction in yield.  For AGG 73154, grain yield was 

stable due to both grain number and size being maintained under HT (Fig 4.6a, b & c), 

whereas for cv. PBA Giant the grain number was significantly reduced, while the grain 

size reduced slightly.  Under moderate heat load (50 - 100°C.h >30°C) AGG 71457 had 

stable grain yield due to an increase in grain number.  For the cohort of HT treatments 

where lower heat load were recorded (< 50°C.h >30°C), there was still a large range in 

response across genotypes.  For genotype 73076, there was a positive response of yield 

to HT, where the grain number remained unchanged due to HT, however, grain size 

increased.  For the three genotypes (PBA Bolt, AGG 73572 & 73188) yield was 

reduced due to HT, for the grain-set of AGG 73572 and cv. PBA Bolt was substantially 

reduced.  For AGG 73188 and cv. PBA Bolt there was a compensatory increase in grain 

size, however, this was not the case for AGG 73572. 

 

At Rupanyup in 2016, grain number was strongly correlated (R2 = 0.8) with grain yield 

(Fig. 4.7a).  For grain size there was no correlation with grain yield, which 

demonstrated the variable response of genotypes to HT, regarding this yield component 

(Fig 4.7b).  Overall, the correlation between grain number and grain size with yield was 

lower for 2016, compared to correlations observed in 2013.  



 

Page | 140 

 

 

 

Table 4.4.  Lentil response to acute high temperature during the 2016 growing season.  Grain 

yield and components for genotypes tested in 2016 in-season at Rupanyup, Victoria.  Results 

are pooled for temperature treatment (high temperature and ambient) and are the average of four 

replicates and genotypes are grouped based on heat load applied: low (<50°C.h >30°C) or high 

>100°C.h >30°C.  Standard error of mean is reported in parentheses. 

 

  

Genotype Temperature 

Treatment 

Biomass 

(kg/ha) 

Grain no. 

(/m2) 

Grain 

size (mg) 

Grain yield 

(kg/ha) 

Harvest 

Index 

Low heat load (<50°C.h >30°C) 

70270 Ambient 6171 (1669) * * * * 

 High 4424 (1182) * * * * 

73076 Ambient 3777 (522) 27332 (5628) 18 (0.7) 505 (112) 0.46 (0.08) 

 High 4705 (2548) 32191 (1753) 19 (0.3) 615 (42) 0.10 (0.03) 

73188 Ambient 7528 (801) 57337 (18343) 15 (2.1) 733 (123) 0.12 (0.01) 

 High 8535 (1951) 33293 (7355) 18 (0.3) 591 (123) 0.08 (0.03) 

73572 Ambient 2975 (67) 73847 (10305) 22 (0.6) 1637 (170) 0.60 (0.06) 

 High 6212 (2717) 64246 (583) 20 (0.6) 1535 (162) 0.19 (0.03) 

PBA Bolt Ambient 5130 (1701) 89759 (19839) 36 (0.6) 3272 (764) 0.65 (0.31) 

 High 5287 (1819) 80310 (8243) 38 (0.8) 3043 (298) 0.45 (0.04) 

71457 Ambient 6710 (1818) 65247 (10880) 44 (1.0) 2900 (237) 0.44 (0.02) 

 High 3916 (2172) 85942 (11037) 44 (0.9) 3822 (500) 0.44 (0.03) 

High heat load (>100°C.h >30°C) 

73154 Ambient 6716 (-) 32292 (2014) 23 (2) 760 (111) 0.13 (-) 

 High 6023 (1476) 33158 (5326) 24 (0.3) 788 (115) 0.23 (0.09) 

73838 Ambient 4871 (879) 47469 (8937) 46 (2.3) 2200 (498) 0.32 (0.08) 

 High 5331 (2266) 39955 (6629) 42 (2.1) 1637 (195) 0.56 (0.21) 

PBA Giant Ambient 6170 (1674) 65740 (1455) 50 (3.0) 3218 (111) 0.41 (0.01) 

 High 4990 (559) 39037 (4094) 57 (2.7) 2237 (291) 0.44 (0.04)  

Average Ambient 5386 (479) 53664 (5397) 32 (0.3) 1928 (293) 0.39 (0.08) 

 High 5715 (688) 51017 (4779) 32 (0.2) 1784 (217) 0.31 (0.19) 
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Figure 4.6.  Lentil response to heat load for a) grain number b) grain size and c) grain yield.  

Response is absolute change in yield component across high temperature and control treatments.  

High temperature was applied during the early pod-filling stage during the 2016 winter growing 

season at Rupanyup, Victoria.  Error bars are standard error of means across four replicates.  For 

absolute change, values close to zero are genotypes that were largely unaffected by applied HT, 

with increasing negative values representing greater sensitivity of genotypes to HT. 
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Figure 4.7.  Effect of grain number and size on grain yield (2016).  The relationship between a) 

grain number and b) grain size on grain yield for field lentil.  High temperature was applied 

during the early pod-filling growth stage in-season at Rupanyup, Victoria.  Standard error of 

mean is presented for grain yield and grain number a) and grain size b).  
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4.4 Discussion 

Within this study, seven lentil genotypes were identified that had apparent tolerance to 

acute HT applied artificially during the early flat pod stage within a field environment.  

For genotypes where high heat load (at least 100°C.h >30°C) was applied, genotypes 

AGG 70995, 71448, 72380, 73838 and 73154 maintained stable grain yield, where their 

average reduction was 0.21 kg/ha/°C.h (>30°C) compared with ambient controls.  In 

addition to these genotypes, AGG 70498 and cv. PBA Bolt (2013 only) showed stable 

grain yields under moderate heat loads (50 to 100°C.h >30°C).  Grain yield stability of 

these seven genotypes was achieved through either maintaining grain number, or 

alternatively if a reduction in grain number occurred, the capacity to partially 

compensate through increased grain size.  For lentil germplasm, grain size is a trait 

associated with genetic morphology (Roy et al., 2013).  Consequently, within the 

genetic variation of global landraces screened in this work, response of some of these 

genotypes was a compensatory increase in grain size compared with ambient controls 

and represents one possible adaptation mechanism for lentil to HT (Sehgal et al., 2017; 

Erskine et al., 1989; Shrestha et al., 2006). 

 

Several lentil genotypes were highly sensitive to applied HT at the early pod-filling 

stage, including AGG 71441, 71457, PBA Giant, Boomer and Nugget.  Of these, the 

commercial cultivar Nugget was particularly sensitive where for every degree hour 

(>30°C) grain yield was reduced by 0.7% where HT caused both a decrease in grain 

number and size.  The lentil genotypes with observed HT tolerance in this study were 

from countries including Syria, Iran and Pakistan, which are regions characterised by 

HT and water stress during the reproductive phase within their cropping systems (Beck 

et al., 2018).  These landraces are likely to have adaptative traits associated with 

maintaining grain yield under HT conditions encountered in these regions.  Importantly, 

the origin or collection site of a landraces is a strong indicator of potential adaptive 

traits but does not mean HT exists.  For example, for a subset of 166 lentil landraces 

selected based on geographic location and agroclimatic information (FIGS) 3% were 

identified as HT tolerant (El Haddad et al., 2020).  For our study, the identification of 

genotypes with increased HT tolerance compared to several commercial varieties that 

are currently grown in southern Australia highlights the opportunity to increase broad 

adaptation of lentil to acute HT in lentil growing regions such as southern Australia. 
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Over two growing seasons, 21 lentil genotypes were screened for yield stability, where 

the average reduction in yield due to HT was 14 and 6% in 2013 and 2016 respectively, 

which equated to an overall percentage reduction in yield of 0.1% per degree hour 

above 30°C.  In comparison, grain yield reductions of 33% for lentil due to HT was 

observed following 3consecutive days between 38 and 40°C, applied at the flat podding 

stage (Bourgault et al., 2018), while for late sowing experiments grain yield losses of 

ca. 50% have been measured (Bhandari et al., 2016; Sehgal et al., 2017).  For the 

Bourgault et al. (2018) study, the percent rate of yield reduction due to HT equated to 

approximately 0.2% per degree hour above 30°C.  In comparison for chickpea, a 

reduction in yield of 0.05% per degree hour has been observed (Wang et al., 2006).  

This highlights the variation in adaptation to HT for pulse crops and relative sensitivity 

of lentil (Siddique, 1999).  Of the winter pulse crops grown in Australia, chickpea has a 

higher cardinal temperature and higher HT tolerance, which is an artefact of the 

different selective pressures of chickpea during domestication, where chickpea was 

partially domesticated as a summer crop (Sadras and Drecca, 2015). 

 

The higher rate of yield decline of previous lentil studies compared with what we 

observed may be due to either i) the higher absolute temperatures of the heat treatments, 

within the Bourgault et al. (2016) study causing greater non-recoverable damage, ii) the 

drier seasonal conditions encountered, where greater water stress in the earlier study 

(decile 1) may have compounded the effects of acute HT stress compared with the 

current study (decile 7 and 9 over the 2 years) or iii) the greater genetic diversity within 

the landraces compared to the Australia commercial cultivars in our study, where higher 

intrinsic tolerance to HT reduced average impact across lentil genotypes screened.  For 

the latter point, the average rate of yield loss for the commercial varieties (Nugget, 

Boomer, CIPAL0901, PBA Bolt and PBA Giant) in the current study was 0.2% per 

degree hour above 30°C, which is consistent to Bourgault et al. (2018).  In contrast for 

the pooled global landraces, we observed average percentage reduction in yield due to 

HT to be 0.1% per degree hour above 30°C.  This highlights the overall greater HT 

tolerance of the landraces tested and the need to widen the genetic diversity within the 

Australian commercial cultivars, which is currently limited (Lombardi et al., 2014). 
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With regard to the effect of seasonal water availability, greater than average seasonal 

rainfall occurred within the two experimental years of the current study, which 

translated to regional lentil crops yielding over 3.0 t/ha, which is higher than the 

average for the region of 2.2 t/ha (Nigussie et al., 2017).  Consequently, for lentil 

exposed to HT, adequate water supply is likely to have provided some buffering 

capacity for grain yield recovery where through lentil indeterminacy plants are able to 

set new flowers and pods (Erskine and Goodrich, 1991; Zakeri et al., 2012).  Moreover, 

adequate water supply, post-flowering in our study would have supported the increase 

in grain size response when HT caused a reduction in pod-set.  Irrespective of this, with 

climate shifts towards drier springs in many global arable cropping regions (IPCC. 

2014), the need for crops to have increased HT tolerance, inferred through stable grain 

number is of high importance. 

 

The portable heat chambers used in this study provided an effective way of applying 

acute HT to field-grown lentil.  Field-based screening for HT typically involves late 

sowing, thus increasing the probability that the reproductive phase occurs when 

temperatures are high (>30°C) (Krishnamurthy et al., 2011; Devasirvatham et al., 2015; 

El Haddad et al., 2020).  For late sowing approaches plant response is an integrated 

response to non-critical increases in temperature across the growing period limiting 

biomass accumulation, hastened senescence and acute HT stress during the reproductive 

phase (Sadras et al., 2015).  The benefit of portable heat chambers, such as those used in 

this study, was being able to deliver a discrete heat load to lentil, as a winter crop, 

within a paddock context at a precise growth stage.  Furthermore, the nature of heat 

applied within the chambers was convective combined with natural radiant heat, which 

provides a robust method for applying acute HT event simulations to crops 

representative of a heat wave.  In southern Australia acute HT events (heat wave) are 

defined as several days of temperatures 10°C or more above the average daily 

temperature, combined with hot dry north westerly winds caused by the anticlockwise 

movement of air around a high-pressure system to the east of the region (Hunt et al., 

2018; Bureau of Meterology, 2014), which have a significant convective drying effect.  

Furthermore, within the heat chambers, we demonstrated a reduction in RH and a 

progressive increase in VPD over the 3 consecutive day HT treatment, which 
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demonstrates the capacity to simulate crop stress through both acute HT and high VPD 

(Vadez et al., 2011). 

 

For this study, some variability in chamber temperature occurred for the different 

treatment periods attributed to the variation in external environmental conditions, 

including wind run and ambient air temperature.  Engineering opportunities identified to 

improve the performance of the heat chambers and limit heat loss to the external 

environment, include double glazing and increasing the power ratting of the heater units 

to increase the heating capacity.  The heater units used were 1000-watt, which is 

equivalent to 1041 watts per m3 within the chamber context.  This compares to 1333 

and 1500 watts per m3 for previous studies in wheat (Talukder et al., 2013; Wang et al., 

2016).  In addition, the natural vertical temperature gradient existing within the 

chambers may be another source of inefficiency, where the crop canopy was up to 0.75 

m below the chamber ceiling.  Consequently, reducing the chamber height could also 

increase the capacity to heat the canopy of low statue crops more efficiently.  

Previously, reliable heat loads have been observed in inherently taller crops such as 

wheat and canola (Talukder et al., 2014; Talukder et al., 2013; Nuttall et al., 2012; Kaur 

Uppal et al., 2019; Wang et al., 2016).  Despite the variable heat loads, the heat 

chambers provided an effective means of precisely controlling the timing of acute HT, 

where other field methodologies that rely on natural growing conditions and time of 

sowing to manipulate abiotic treatment scenarios, are limited by weather and seasonal 

uncertainty. 

 

The current study identified seven lentil genotypes with tolerance to acute HT 

artificially applied in-season during the reproductive stage.  Such genetic responses 

show promise for increasing adaptation of lentil growing in more marginal 

environments globally and mitigating the effects of increasing abiotic pressures due to 

climate change.  Ultimately, this method provided a means to assess lentil response to a 

scenario of an acute HT event in a winter/ spring field setting, which an important step 

in validating shortlisted material from broader screening methods conducted at late 

sowing experiments. 
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Footnote  

For Chapter 5, a critical temperature threshold of 32°C was used, which departs from the 30°C 

used within the rest of thesis (Chapter 2, 3 and 4).  Chapter 4 was early experimental work 

within the PhD, and the temperature threshold was altered to 30°C given ongoing critical review 

of the topic and reflects pulses (lentil) greater sensitively to acute high temperature compared 

with crops such as cereals.   
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5 Chapter 5                                                                                  

Response of lentil to high temperature under variable water supply 

and carbon dioxide enrichment 

 

Abstract 

Lentil production in arable, Mediterranean-type climates is limited by heat waves and 

unreliable rainfall.  Under climate change scenarios, increased atmospheric carbon 

dioxide (CO2) concentration will increase plant growth, however, the net effect of 

increasing occurrence and intensity of heat waves and drought are unclear.  This study 

tested the response of combined acute high temperature (>32°C) at the early pod-filling 

stage and, i) crop-available soil water, and ii) elevated CO2 on three lentil genotypes in 

two experiments.  The three lentil genotypes selected were commercial cultivar PBA 

Bolt and two landraces (Lens culinaris) sourced from the Australian Grains Genebank 

(AGG), AGG 71457 (71457) and AGG 73838 (73838).  High soil water availability (42 

Mg/m3) throughout the growing season, increased yield by 28% compared with low soil 

water (35 Mg/m3).  Across contrasting water (HT) treatments, there was no difference in 

crop pattern of response to high temperature during the early pod-filling phase (5 days 

at 42°C day, 25°C night), where yields were reduced by 45%.  A significant interaction 

between HT response and genotype was observed, where reduction in grain number was 

higher for 73838 (0.74% per °C.h >32°C) compared to 71457 (0.07% per °C.h >32°C) 

and cv. PBA Bolt (0.10% per °C.h >32°C).  For heat and CO2 effects, there was no 

significant interaction between HT (3 days at 38°C day, ambient night) and CO2 

treatment on yield components.  There was, however, an overall trend of increased 

biomass, grain number and yield due to elevated CO2.  Although non-limiting soil water 

did not reduce the impact of HT in this study, the range in response across genotypes to 

HT supports opportunity for increased adaptation of lentil for increasing yield stability 

under climate change effects.  



 

Page | 149 

 

5.1 Introduction 

For cool-season pulses such as lentil (Lens culinaris), water-stress and HT are one of 

the most significant abiotic stresses that limit production worldwide (Siddique, 1999; 

Seghal et al., 2017; Gaur et al.,2015).  This is particularly the case in Mediterranean-

type climates such as southern Australia, where rainfall is characteristically low and 

unreliable (200 – 600 mm/year) and heat waves (short-term HT) during the reproductive 

phase are frequent and impact yield stability (Erskine et al., 2011).  While crop water 

availability over the growing season is variable and tends towards terminal drought 

(water stress), HT either impacts crops through i) above optimum temperatures for an 

extended period, which increases supply of assimilates, however, reduces grain filling 

period and yield or ii) heat wave response, which is a short period of HT (Stone and 

Nicolas, 1994; Wardlaw and Wrigley, 1994; Shresha et al., 2006; Prasad et al., 2008; 

Mahrookashani et al., 2017) that causes a non-recoverable reduction in grain-set and 

yield potential (Guilioni 2003; Vadez et al., 2012).  Together these abiotic stresses are 

estimated to cause up to 50% yield loss per annum in pulse crops globally (Gaur et al., 

2014).  Despite, the sensitivity to abiotic stresses, lentil has rapidly become a high value 

crop within Australia, now cultivated over 355,000 hectares (ha), producing 419,000 

tonnes of grain per annum (ABARES, 2017), averaging a gross margin of $783/ha 

(Hall, 1992 SA, 2017). 

 

Under climate change scenarios, both the frequency of heat waves and decreasing 

rainfall during the growing season is expected to increase (IPCC. 2012; IPCC. 2014), 

with likely adverse effects on crop production (Vadez et al., 2012).  For example, in 

southern Australia, the frequency of heat waves under climate change is expected to 

increase from a 1-in-10 to a 1-in-3-year occurrence by the mid-21st century (IPCC. 

2012; IPCC. 2014).  The global phenomenon of elevated atmospheric CO2 is expected 

to increase crop growth, where the combined effect of short-term HT and CO2 on lentil 

growth is unclear.  The trend towards expanding lentil into more marginal cropping 

regions to obtain the financial and break crop benefits such as reducing grass weed 

burden, limiting disease carryover and building soil nitrogen, potentially increases the 

likelihood of these abiotic stresses (Kumar et al., 2015).  For lentil production, variation 

in genotypic response to HT has been observed (Delahunty et al., 2015; Gaur et al., 
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2015; Kumar et al., 2016), providing opportunity to select genotypes with improved 

adaptation. 

 

Timing and intenisty of exposure to high tempeature is critical where response varies 

across pulse crops (McDonald and Paulsen, 1997; Egli et al., 2005).  Lentil is 

particularly sensitive to HT (>30°C) during the reproductive phase, causing pod and 

flower abortion and significant reduction in grain yield and quality (Erskine et al., 1994; 

Hall, 1992; Gaur et al., 2015; Kumar et al., 2016; Sehgal et al., 2017; Sita et al., 2017b).  

Several days of HT limits many physiological processes including photosynthesis, 

metabolic pathways, electron flow and respiration rates (Redden et al., 2014).  Lentil 

yield was reduced by 87% for pots grown under HT during the reproductive phase 

(>38/23°C) in field conditions (Bhandari et al., 2016), where grain-set was observed to 

be the most sensitive yield component (Gaur et al., 2015; Bhandari et al., 2016). 

 

In areas where lentil is primarily cultivated, such as the Indian subcontinent, West Asia, 

and Australia, crops often encounter water limited conditions, with unreliable rainfall 

and variable soil water, combined with increasing frequency of heat.  Soil water 

therefore becomes an important factor for maintaining yield potential.  Under drought 

conditions, plant response to HT is limited as water stress restricts stomata from 

opening, thus inhibiting plant cooling through transpiration (Mahrookashani et al., 

2017).  These combined stresses can reduce grain yield (Zhang et al., 2010) through 

either synergistic (combination of stresses being more severe than either stress alone, or 

added), antagonistic (combination of stresses being less severe than either stress alone 

or added), or hypo-additive (the effect of combined stress is higher than individual 

effects but lower than their sum) effects on grain filling, growth and yield traits 

(Mahrookashani et al., 2017).  For pulse crops such as lentil, the indeterminate growth 

habit, may offer a recovery mechanism to maintain grain-set by continuing to flower 

and set pods following short term HT events, although this will be influenced by timing 

(Wang et al., 2006; Vadez et al., 2012) and/or water supply (Hall, 1992). 

 

For C3 plants, the response to elevated atmospheric CO2 is to universally increase crop 

growth with biomass and grain yield increasing by 27 and 24% respectively, through 
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increased photosynthesis and decreased stomatal conductance, resulting in increased 

crop water use efficiency (Leakey et al., 2009; Kimball, 2016).  For wheat and pulse 

crops (soybean, pea, peanut and common bean), yield response to elevated CO2 was a 

19 and 16% increase respectively (Kimball, 2016).  Increasing atmospheric CO2 induces 

stomatal closure (Prasad et al., 2002) and may limit transpiration and cooling, reducing 

the capacity to mitigate HT effects (Prasad et al., 2002; Prasad et al., 2006).  The 

combined effect of HT and CO2 on growth and yield appears to be variable, either 

having no effect (Ahmed et al., 1993; Prasad et al., 2006; Bourgault et al., 2018), 

reducing (Ferris et al., 1999; Fitzgerald et al., 2016), or excerbating (Heinemann et al., 

2006) the impact of HT. 

 

The objective of this study was to define the response of lentil to acute HT with respect 

to changes in water supply or CO2 concentration; where the results of two controlled 

environment experiments are presented; Experiment 1: High temperature and water 

supply, and Experiment 2: High temperature and carbon dioxide.  Collectively, this 

work tested if; i) short term HT impacts during the early pod-filling phase (ca. 38°C) 

are reduced by non-limiting water supply (Experiment 1) and ii) if elevated CO2 

increases the impact of HT (Experiment 2).  These hypotheses were tested across three 

lentil genotypes from different geographical origins varying in climate. 
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5.2 Method 

The experimental work was conducted in naturally lit, controlled environments at 

Horsham, Victoria, Australia (36°43’18.82” S, 142°10’26.56” E, a.s.l. 128 m).  Two 

temperature treatments were applied to lentil during pod-filling phase, where the 

interactive effects with water and CO2 enrichment were investigated through two 

controlled environment experiments: 1) High temperature and water supply, and 2) 

High temperature and carbon dioxide.  For the two experiments reported, HT refers to 

short periods (3 to 5 days) of very high maximum temperatures (>32°C days) to reflect 

acute HT (heat wave) conditions.  The HT treatment was applied using a growth cabinet 

for Experiment 1 (5 day treatment; 42 day 25°C night) and purpose-built heat chambers 

for Experiment 2 (3 day treatment; ca. 38°C day ambient night). 

 

5.2.1 Experiment 1 – High temperature and water supply 

The response of three lentil genotypes to water availability and HT was tested within a 

randomized complete block design, which was replicated four times.  The genotypes 

from different global agro-ecological zones, were selected due to their potential 

tolerance to HT stress (Delahunty et al., 2015).  These genotypes included a commercial 

cultivar developed by Pulse Breeding Australia (PBA), PBA Bolt (a medium red 

variety) and two landraces sourced from the Australian Grains Genebank (AGG) AGG 

71457 Lens culinaris (71457) a small green/brown landrace (origin, Jordan) and AGG 

73838 Lens culinaris (73838) a medium/large green/brown advanced cultivar (origin, 

Albania). 

 

Ninety-six square pots were prepared with a topsoil (5 to 15 cm) of a grey Vertosol soil, 

where preparation was according to Nuttall et al. (2018).  Briefly, soil was air-dried 

(40°C for 4 days) packed in large sealed square pots (160 mm W × 160 mm D × 240 

mm H), 5500 g of soil per pot, which equated to a bulk density of 1.15 Mg/m3.  The 

large pot size was used to limit the artefact effects of pot volume on treatment response 

(Bourgault et al., 2017b).  The field capacity (-30 kPa) and wilting point (-1500 kPa) of 

the soil was 0.53 and 0.28 Mg/m3 respectively.  Pots were pre-watered to weight to the 

0.42 Mg/m3 of water. 
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Seed was inoculated with a peat-based slurry (Group E and F) and six seeds per pot 

sown (30 May 2015) with basal nutrients of Mallee Mix 1 fertilizer (N 5.8, P 12, S 1.0, 

Zn 1.2%).  The experiment was grown in a naturally lit polyhouse.  At the third node 

stage, pots were thinned to four plants per pot and polyethylene granules applied to the 

surface to reduce water-loss due to evaporation.  The water treatments tested four 

factorial combinations of low and high water availability during the pre- and post-

flowering phase (Fig. 5.1) ranging from low pre- and post-flowering, to high pre- and 

post-flowering.  These treatments were applied from emergence, where the high water 

and low water treatments were to a water content of 0.42 (58% relative available water) 

and 0.35 Mg/m3 (28% relative water content) respectively.  The water treatments were 

maintained by watering to weight using Reverse Osmosis water to limit the risk of 

hypoxia. 

 

For each genotype, the HT treatment was applied at the early pod-filling stage (pod on 

nodes 10 – 13 of the basal primary branches visible).  The HT treatment constituted 5 

days (8 hours) at 42 days and 25°C nights, where response was compared to pots grown 

under ambient temperature.  For the HT treatments, plants were periodically transferred 

from the polyhouse to a controlled growth cabinet (Thermoline) for the 5-day period, 

where the HT treatment was applied.  The growth cabinet regulated temperature (day 

42, night 25°C) and relative humidity (day 20, night 80%). 
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Figure 5.1.  Cumulative water applied (ml) to lentil throughout growing period under four 

factorial water treatments (Experiment 1).  Treatments were high pre-, high post- (High | High) 

flowering, high pre-, low post- (High | Low) flowering, low pre-, high post- (Low | High) 

flowering and low pre-, low post- (Low | Low) flowering. 
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5.2.2 Experiment 2 - High temperature and carbon dioxide  

The response of lentil to elevated CO2 and HT across three genotypes was tested within 

a Randomized Complete Block Design (RCBD), which was replicated three times with 

2 pots per treatment within each replicate.  The three genotypes included were 

consistent with Experiment 1: PBA Bolt, and landrace genotypes AGG 71457 and AGG 

73838, from Jordan and Albania respectively. 

 

Seventy-six pots were prepared, and sown (12/06/2015) consistent with the 

methodology used in Experiment 1.  The experiment was grown in a naturally lit 

glasshouse, with refrigerant cooling to maintain temperature.  Throughout the 

experiment, each pot was maintained at a water content of 0.42 (58% relative available 

water) by watering to weight weekly with Reverse Osmosis water. 

 

For the CO2 treatment, the ambient air CO2 concentration of 500 ppm within the 

glasshouse, was compared with an elevated CO2 concentration of 700 ppm, where we 

induced a differential of 200 ppm, which is sufficient to test plant response to elevated 

CO2 (Kimball et al., 2016).  Three of the six glasshouse rooms were sealed, and CO2 

enrichment was monitored and maintained using an infrared gas analyser (Guardian SP 

CO2 monitor), attached to a regulation valve controlling the flow of CO2 from cylinders.  

The CO2 gas was injected into each room in proximity to the air conditioner outflow to 

ensure even distribution within the rooms.  The treatment was imposed from pre-

emergence to crop maturity. 

 

High temperature treatments were applied at early pod-filling (pod on nodes 10 – 13 of 

the basal primary branches visible) using purpose built heat chambers (Nuttall et al., 

2012) that were installed within the six glasshouse rooms.  The heat treatment 

constituted 3 days (8 hours) at 38 C, where the application was staggered to 

accommodate variation in the development rate across lentil genotypes.  The heat 

chambers consisted of right-angle hollow section frame boxes (1200 mm W × 800 mm 

D × 500 mm H) that were clad with Sun Tuff Greca Laserlight®, a transparent UV 

stable material.  Electric fan heaters (1200 W) were mounted at the top of the chambers 

with the temperature controlled by a thermocouple at canopy height.  Relative humidity 
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(RH) was measured but not controlled during the HT treatments, where the design of 

the chambers allowed for mixing of ambient air. 

 

5.2.3 Heat load 

To account for differing HT scenarios (temperature and duration) across the two 

experiments, we used a calculation of heat load, which combines the duration and 

temperature data together to determine the heat stress or load applied to the plant.  For 

Experiment 1 and 2, heat load was calculated as a sum of degree Celsius (°C) above the 

threshold value (32°C) for the logged temperature data (5-minute intervals), averaged to 

give degree per hour (°C.h) that the plant was exposed to over the duration of the HT 

treatment as per Nuttall et al. (2018).  The cumulative heat load calculated included if 

the temperature within the polyhouse (Experiment 1) or glasshouse (Experiment 2) 

exceeded 32°C during the growing period.  For lentil, growth is reduced between 30 and 

35°C (Siddique, 1999; Gaur et al., 2015), therefore within this study a heat load was 

calculated using a temperature threshold of 32°C. 

 

5.2.4 Data collection 

Temperatures for Experiment 1 and 2 were recorded for ambient and elevated 

conditions every 5-minutes using TinyTag Ultra 2 sensors TGU-4500 (temperature, 

relative humidity and dew point).  Crop development notes were collected throughout 

the growing period.  At maturity, plants were cut at the base and dried at 40°C and yield 

components were measured (plant biomass, grain yield, number, size and harvest 

index).  Grain nitrogen was determined by the Dumas combustion method (AACC 

2000) using the LECO TruMac equipment based on Approved Method 4630.01.01 

(Chemist, 2000). 

 

5.2.5 Data analysis 

Randomized Complete Block Designs were applied to the two experiments.  Analysis of 

variance (ANOVA) was used to test for the main effects and interaction of the 

independent variables, HT, and pre- and post-flowering water supply (Experiment 1) 

and HT and atmospheric CO2 concentration.  Linear models were also fitted to the 

temperature response data (expressed as heat sum).  All statistical analysis were done 
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using Genstat® version 18.  Results are expressed on a per pot basis, where each pot 

contained four plants.  Individual means for all treatments were compared using Least 

Significant Difference, where all p values of < 0.05 were considered significant. 
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5.3 Results 

5.3.1 Experiment 1 – High temperature and water supply  

5.3.1.1 Heat load 

The HT treatments across the 5 days (8 hours per day) were maintained at 42°C, which 

equated to an average heat load of 347°C.h (>32°C).  For the duration of the experiment 

the ambient temperature within the polyhouse exceeded 32°C for 62°C.h occurring 

during the late pod-filling stage. 

 

5.3.1.2 Lentil response 

Rate of maturity varied across the three genotypes, where genotype 73838 was earlier to 

reach 50% flowering and maturity compared to PBA Bolt and 71457.  For PBA Bolt 

and 71457, 50% flowering was 116 and 119 days after sowing (DAS) respectively, 

compared to 112 DAS for 73838.  Maturity occurred marginally later for PBA Bolt and 

71457, occurring 173 and 174 DAS respectively, compared to 73838, which reached 

maturity 169 DAS.  The HT and water treatments both had no significant effect on the 

rate of development across the three genotypes. 

 

The impact of HT on lentil growth was not reduced by high water availability during 

either the pre- or post-flowering phase.  Grain yield was reduced by low water (pre- and 

post-flowering treatments), HT (at the early pod-filling) and combined low water and 

HT.  Water stress during the post-flowering phase caused a reduction in yield of 28%, 

while the HT treatment caused reductions of 47 and 43% for the low and high water 

treatments (post-flowering) respectively.  There was no significant interaction of pre-

flowering water supply and HT on yield components, however, high water during this 

period significantly increased grain yield by 16%, compared with the low water 

treatment.  For grain number, grain size, plant biomass and harvest index there was no 

interaction of HT and water treatment in the pre- or post-flowering phase. 
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Table 5.1.  The effect of high temperature applied at early pod-filling for 5 days (42°C day, 

25°C night) on three lentil genotypes (Experiment 1).  Yield components are biomass (g/pot), 

grain number (number/pot), grain size (mg), grain yield (g/pot) and harvest index.  Means are 

pooled for water treatment combinations.  Least Significant Differences (LSD) for genotype 

(G), temperature treatment (T) and the interaction (G × T) are p < 0.05. 

  

  Temperature Genotype 

    71457 73838 PBA Bolt 

Biomass (g/plot) Ambient 15.89 8.59 18.58 
 High 14.19 6.84 16.27 

LSD  G = 1.71, T = 1.39 

Grain number (/pot) Ambient 116 79 180 
 High 96 37 112 

LSD  G × T = 22.62 

Grain size (mg) Ambient 58.20 55.60 44.34 
 High  46.44 49.64 37.39 

LSD   G = 2.60, T = 2.30 

Grain yield (g/pot) 

  

LSD 

Ambient 6.66 4.32 7.97 

High 4.48 1.76 4.10 

 G = 0.74, T = 0.60 

Harvest Index  Ambient 0.43 0.49 0.43 

  High  0.33 0.28 0.26 

LSD  G × T = 0.06 
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Across the three genotypes, HT caused grain number of PBA Bolt and 73838 to be 

significantly reduced by 38 and 53% respectively, however, for 71457, grain number 

was equivalent to the ambient temperature (Table. 5.1).  Under ambient temperature, 

absolute grain number of PBA Bolt was significantly higher than 71457 and 73838, 

whereas under HT grain-set for 71457 was equivalent to PBA Bolt.  High temperature 

caused a reduction of 16% for grain size and there was a trend (p = 0.07) for genotype 

and temperature treatment, where 71457 (20% reduction) had poor stability, compared 

to PBA Bolt and 73838, which were reduced by 11 and 16% respectively (Table 5.1).  

For yield, there was a near significant interaction (p = 0.06) of genotype and 

temperature treatment (Table 5.1) where the reduction due to heat was lower for 71457 

(33%) compared with PBA Bolt (49%) and 73838 (59%).  Although there were no 

differences in the response across genotypes for biomass, HT caused average 13% 

reduction compared to the ambient treatment.  PBA Bolt produced the highest biomass, 

averaging 14 and 56% higher than 71457 and 73838 respectively (Table 5.1).  Harvest 

index was reduced by 23, 40 and 43% for 71457, PBA Bolt and 73838 respectively, due 

to HT.  Comparing genotypes, 73838 had the highest harvest index for the ambient 

treatment but was reduced to less than 71457 and PBA Bolt in the HT treatment (Table 

5.1). 
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Figure 5.2.  Lentil response to high and low water availability during the post-flowering phase 

on a) biomass, (g/pot), b) grain number (number/pot), and c). grain yield (g/pot) on three lentil 

genotypes (Experiment 1).  The lentil genotypes were PBA Bolt and landraces 71457 and 

73838.  Means are pooled for temperature treatments.  Bars indicate ± 1 standard error of water 

treatment and genotype (n = 3).  
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There was a significant interaction between water during the post-flowering phase and 

genotype for biomass, grain number and grain yield (p < 0.05) (Fig. 5.2).  For plant 

biomass, under high and low post-flowering water there was no difference in biomass 

for 73838, while low water reduced the biomass of PBA Bolt by 20% and 71457 by 

45% (Fig. 5.2a).  A similar trend in response was observed for grain number and yield, 

where there was no significant difference between high and low water for genotype 

73838.  Conversely, the grain number and yield of PBA Bolt and 71457 were both 

reduced by 20 and 39% respectively and 73838 remained equivalent (Fig 5.2b & c).  

There was no effect (interactive or main) of soil water availability or genotype on grain 

size or harvest index. 

 

5.3.1.3 Grain nitrogen  

There was a significant effect of HT on the grain nitrogen concentration (GNC), where 

HT caused an increase of 8% compared to the ambient lentil grain.  There was no effect 

of soil water availability or genotype on GNC. 

 

5.3.2 Experiment 2 - Elevated carbon dioxide and high temperature 

5.3.2.1 Heat Load 

The average temperature for the HT treatment across the 3 days (8 hours per day) was 

38°C, which equated to an average heat load of 118°C.h (>32°C).  Variation in 

performance across the six heat chambers meant that the heat load applied ranged from 

60 to 163°C.h (>32°C).  In comparison, the average air temperature and heat load for 

the ambient control was 19 and 0°C.h (>32°C) respectively for the same period (Fig. 

5.3a).  The RH within the heat chambers was 24%, which compared with 60% for the 

ambient air during the same period.  For night-time, levels of 74 and 82% RH were 

recorded within the heat chambers and ambient air respectively.  Over the 3-day period 

there was a progressive decrease in ambient air RH from 68 to 49%, whereas levels 

were relatively stable within the heat chambers (average 21%) (Fig. 5.3b).  For the CO2 

enriched treatment, the heat chamber did not influence the concentration of CO2 (Nuttall 

et al., 2012). 
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Figure 5.3.  Temperature and relative humidity during high temperature treatment.  Heat traces 

of crop canopy a) temperature (°C) and b) Relative Humidity for ambient air and heat chambers 

during the application of high temperature on lentil (Experiment 2).  High temperature (target 

temperature 38°C) was applied during early pod-filling stage.  
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5.3.2.2 Lentil response 

There was no significant interaction between temperature, CO2 and genotypes on any of 

the lentil yield components measured, although there were significant main effects of 

temperature and genotype.  High temperature caused a reduction of 16% for grain-set 

compared with the ambient control, whereas grain size increased by 5% under HT 

(Table 5.2).  High temperature also caused a decrease in harvest index of 10%.  For 

lentil exposed to HT there was no significant effect on biomass accumulation (Table 

5.2). 

 

Although there was no significant effect of CO2 on lentil yield components, CO2 

enrichment corresponded to an increase in biomass accumulation, grain number and 

yield of 16, 11 and 4% respectively (data not shown).  In contrast, there was a decline of 

harvest index and grain size under elevated CO2 of 11 and 4% respectively. 

 

Comparing genotypes, there was no significant difference for plant biomass.  However, 

PBA Bolt, produced significantly higher grain number (24%) and harvest index (10%) 

compared with both 71457 and 73838, which were equivalent (Table 5.3).  In contrast, 

grain size was significantly greater for 71457 and 73838 compared with PBA Bolt, 

resulting in equivalent yield across genotypes. 

 

5.3.2.3 Grain nitrogen 

There was no effect of HT or CO2 concentration on GNC.  There were, however, 

significant (p = 0.01) differences across genotypes; higher GNC was observed for 

genotype 73838 compared to PBA Bolt and 71457 (5 and 4% respectively). 
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Table 5.2.  The effect of high temperature applied at early pod-filling for 3 days (38°C day) on 

biomass (g/pot), grain number (no/pot), grain size (mg), grain yield (g/pot), harvest index on 

three lentil genotypes (Experiment 2).  Means are pooled for CO2 concentration (500 and 700 

ppm) and genotype (71457, 73838 & PBA Bolt). 

 High temperature    

 Control Heat LSD (p < 0.05) 

Biomass (g/ pot) 8.5 8.4 ns 

Grain number (/pot) 99.8 83.6 12.2 

Individual grain weight (mg) 50.7 53.6 1.3 

Grain yield (g/pot) 4.9 4.4 0.5 

Harvest Index  0.59 0.53 0.03 
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Table 5.3.  The effect of genotype on biomass (g/pot), grain number (no/pot), grain size (mg), 

grain yield (g/pot), harvest index on three lentil genotypes (Experiment 2).  Means are pooled 

for CO2 concentration (500 and 700 ppm) and temperature treatment (3 days at 38°C). 

 Genotype  

 71457 73838 PBA Bolt LSD (p < 0.05) 

Biomass (g/pot) 8.2 8.9 8.2 ns 

Grain number (/pot) 80.8 88.9 105.4 15.0 

Individual grain weight (mg) 54.4 55.9 46.2 1.6 

Grain yield (g/pot) 4.3 4.9 4.8 ns 

Harvest Index  0.54 0.55 0.60 0.04 
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Figure 5.4.  Overall percent change of lentil yield components, a) grain number (no/pot), b) 

grain size (mg), c) grain yield (g/pot) due to high temperature at the early pod-filling stage.  The 

interactive effect of 2 experiments on cumulative heat load (°C.h >32°C) and a) water 

availability and b) CO2 concentration is presented.  The CO2 and high temperature experiment 

had 2 CO2 levels, ambient, 500 ppm (ο) and elevated, 700 ppm (●).  For the water availability 

and high temperature experiment there were 2 post-flowering treatments, low water (ο) and high 

water (●).  For both experiments, three genotypes were assessed 71457 (ο), 73838 (∆) and PBA 

Bolt (□).  A trendline (--) was fitted for grain number and yield for 71457 (grain number R² = 

0.2, y = -0.07x; yield R² = 0.6, y = -0.10x), 73838 (grain number R² = 0.7, y = -0.15x; yield R² = 

0.8, y = -0.16x), where PBA Bolt (grain number R² = 0.3, y = -0.10x; yield R² = 0.7, y = -0.12x) 

was similar to the overall trendline (grain number R² = 0.4, y = -0.11x; yield R² = 0.7, y = -

0.13).  Outlies (×) were excluded from regression analysis. 
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5.3.2.4 Cumulative heat comparison for yield components 

The overall response of lentil to high temperature across the two experiments was 

compared (Fig. 5.4).  The response of lentil to high temperature was a 0.11% reduction 

in grain number per °C.h (>32°C) (Fig. 5.4a).  For grain size, there was also a trend 

across genotypes where grain size increased when cumulative heat load was less than 

150°C, beyond this grain size was reduced (Fig. 4b).  Overall, this translated to a 0.13% 

reduction in grain yield per °C.h (Fig. 5.4c). 

 

There was variation across genotypes in the rate of reduction relative to cumulative heat 

load for grain number, size and yield (Fig. 5.4).  Response across genotypes followed a 

similar trend for grain number and yield, where genotype 71457 was the most stable to 

high temperature at the early pod-filling stage, where for every degree greater than 32°C 

there was a reduction of 0.07 and 0.10% for grain number and yield respectively.  This 

compares to PBA Bolt and 73838, with reductions for grain number of 0.10 and 0.15% 

per °C.h respectively, and 0.12 and 0.16% per °C.h for grain yield.  Differential 

response across genotypes for grain size indicates that for this yield component, 71457 

is the most sensitive to high temperature, where 73838 was the most stable.  
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5.4 Discussion 

The impact of HT occurring during the early pod-filling phase of lentil was not affected 

by water supply during either the pre- or post-flowering phase within the current study.  

Overall, the combination of water stress and HT caused a 45% reduction in grain yield, 

which was equivalent to the response observed for lentil exposed to HT when water was 

non-limiting.  Evidently, the indeterminate nature of lentil combined with non-limiting 

water did not offer a mechanism for recovery to HT, where the lack of recovery 

observed is likely due to insufficient time for further flower development ahead of 

maturity (Sehgal et al., 2017).  A similar response has also been recorded in other 

indeterminate crops including soybean, sorghum, and chickpea (Egli and Wardlaw, 

1980; Wang et al., 2006; Prasad et al., 2008).  For chickpea, Wang et al. (2006) 

observed that HT imposed for 10 days at pod development caused plants to add fewer 

pods during post-stress recovery compared to equivalent stress imposed at early 

flowering.  In contrast, non-limiting water has also been shown to reduce the impact of 

HT in lentil (Erskine and Goodrich, 1991; Zakeri et al., 2012).  Moreover, Ferris et al 

(1999) observed that for soybean grown under ambient air temperature (winter growing 

period) within a glasshouse, HT (15°C above ambient) applied at early pod-filling 

combined with water stress had a synergistic effect, where the combination of stresses 

significantly reduced grain yield compared to the individual impact. 

 

For our study, HT applied at pod-filling in lentil had a greater impact on yield 

components, compared to low water, indicating the sensitivity of lentil to HT.  This 

response is consistent with Sehgal et al. (2017), which reports that for lentil although 

combined HT and water stress has a hypo-additive effect, individually HT is more 

damaging compared to water stress, causing significant reductions in biomass, grain 

number and yield.  Overall, it is likely that the timing of HT relative to the crop growth 

stage and time for recovery based on available water supply are likely to drive the 

variable outcomes observed across a range of studies.  For most lentil growing regions, 

globally, crops mature into terminal drought, thus limiting the opportunity for recovery 

by these crops from HTs and indicating the indeterminacy may be of limited value in 

yield recovery under field conditions. 
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Under predicted climate change conditions, the combined effects of a global increase in 

CO2 and severity and frequency of HT stress will challenge crop production, thus 

understanding the collective effect is important.  For studies on the combined effect of 

CO2 and temperature, response is variable, where there is either no interactive effect 

such as for cowpea and kidney bean (Ahmed et al., 1993; Prasad et al., 2002), or 

interactive (Heinemann et al., 2006; Prasad et al., 2006; Fitzgerald et al., 2016).  In the 

current study, we did not observe any interaction between CO2 and temperature 

treatment on grain yield or its components.  This concurs with Bourgault et al. (2018), 

which found that HT applied to lentil at the flat pod stage reduced yield by 33% under 

both ambient and elevated CO2.  Moreover, for soybean Ferris et al. (1999) observed a 

slight but significant positive interaction between temperature and CO2 concentration, 

where the HT increased grain yield under elevated CO2 but reduced it under ambient 

CO2.  These findings indicate that the response of elevated CO2 in pulses may be 

affected by temperature, where at supra-optimum temperatures the impact of HT is 

worsened under increased atmospheric CO2, potentially due to increased tissue 

temperature, caused by partial stomatal closure (Prasad et al., 2008).  For wheat, 

combining elevated CO2 and HT at grain filling decreased screenings compared to HT 

under ambient CO2 (Fitzgerald et al., 2016).  Amongst grain legumes, (soybean, pea, 

peanut, common bean), CO2 fertilization increases average yield by 16%, which 

compares with 19% for cereals (Kimball, 2016).  For the current study, there was a 

trend towards increased biomass and grain number (11 and 16% respectively) for plants 

grown under elevated CO2.  The lack of statistically significant response to CO2 

enrichment may be due to both the variable growth habit of lentil causing large variance 

within treatments combined with the forced pseudo-replication due to glasshouse 

constraints. 

 

In this study, the overall response to HT, was a 0.11 and 0.67% reduction in grain-set 

and yield respectively for every degree hour exceeding 32°C.  This compares to a field 

study by Bourgault et al. (2018), which observed that 3 consecutive days of HT 

(120°C.h) at the pod-filling stage in lentil, caused a significant decline in grain number 

(37%) and yield (33%), whereas grain size was unaffected.  The grain size response to 

HT tends to be variable, either decreasing (Prasad et al., 2006), increasing (Ferris et al., 

1999; Heinemann et al., 2006), or more commonly remaining statistically equivalent 
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(Wang et al., 2006; Bourgault et al., 2018).  This range in response probably reflects 

differences in the timing and severity of the HT scenarios and/or other environmental 

factors occurring during the grain filling phase (McDonald and Paulsen, 1997), where 

yield losses associated with a decrease in grain size tend to be soon after flowering 

(Prasad et al., 2008).  Furthermore, the initial plant response to HT is to reduce grain 

number, where existing assimilate is used to maintain the size of developing grains 

(Egli, 1998; Shrestha et al., 2006).  For the current study, the grain size response varied 

for the two experiments, which differed in temperature treatment, suggesting that 

reduction in grain size due to HT is related to the severity and duration of the HT 

treatment.  Reduction in grain size occurred for Experiment 2, where heat load was 

much higher (363 ºC.h) compared to Experiment 1 (118 ºC.h), where grain size was 

statistically the equivalent.  A similar response was observed in kidney bean, where 

grain size declined linearly (0.07 g per °C) only when the temperature scenario 

exceeded a critical threshold (32/22°C) (Prasad et al., 2006).  For our study, GNC was 

variable across the two experiments; for Experiment 1 acute HT caused an increase in 

GNC of 8%, compared to no effect for Experiment 2 where heat load was less, 

indicating a variable response.  For lentil, Bourgault et al. (2018) reported no change in 

GNC due to 3 days of HT during the flat pod stage or for plants grown under elevated 

CO2.  Bourgault et al. (2017a), however, reported that for field pea, elevated CO2 

signifcantly reduced GNC by 2%, thus implying that response varies across pulse crops. 

 

The present study demonstrates a significant interaction between HT response and 

genotype, where the grain number of genotypes 73838 was significantly more sensitive 

to HT (reduction of 0.15% °C.h) compared to, genotype 71457 (reduction of 0.07% 

°C.h).  This response is consistent with previous studies in lentil and chickpea (Gaur et 

al., 2014; Gaur et al., 2015; Sita et al., 2017b) and highlights the opportunity for 

limiting the impact of HT, where grain-set appears to be more important than the 

compensatory offset through grain size.  Genotypic variation was also observed by Gaur 

et al. (2015), where several heat tolerant (>35°C) lentil genotypes were identified.  

Temperature tolerance was linked with stability of grain-set and pollen sterility at the 

reproductive phase.  Screening for temperature tolerance in chickpea also indicates that 

variability in pollen viability was linked to tolerance, where tolerant genotypes 

remained fertile at high temperatures, thus maintaining grain-set (Devasirvatham et al., 
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2010; Sita et al., 2017a).  We demonstrate a significant interaction between water 

availability and genotype for grain yield, where response varied across the three 

genotypes.  Genotype 73838 was unaffected by limited water supply indicating a level 

of drought tolerance, but absolute yield was low.  PBA Bolt, however, was moderately 

stable under low water and HT as well as having high absolute yield.  The response of 

PBA Bolt indicates the recent success of Australian breeding to the adaptation of lentil 

to dryland production zones within Australia (Materne and Siddique, 2009). 

 

Next steps will include field validation to determine whether the magnitude of response 

is equivalent under field conditions and determine if the response observed here holds 

for a canopy context.  Controlled environment studies cannot account for processes 

occurring within a crop canopy such as cooling linked with transpiration and/or other 

artefact effects associated with root temperatures (Passioura et al., 2006; Bourgault et 

al., 2017b).  Despite these limitations, controlled environments provide a valuable 

method for understanding response to targeted treatments where other confounding 

factors, which may exist in the field, can be controlled. 

 

For lentil exposed to acute HT, adequate water supply in either the pre- or post-

flowering phase did not buffer the impact of HT effects occurring at the early pod-

filling stage.  For plants with unlimited soil water availability, yield was reduced to 

equivalent of that observed under low water treatments and indeterminacy growth habit 

did not provide an advantage.  Under controlled conditions there was no interaction 

between HT and contrasting CO2 concentrations.  The overall response of lentil to HT 

occurring at the early pod-filling stage, was a reduction in grain-set and yield of 0.11 

and 0.67% °C.h (>32°C) respectively.  Although, grain-set was universally decreased 

due to HT at the pod-filling stage, the variable response across genotypes tested 

indicates the opportunity to improve adaptation to HT using genetic solutions through 

existing lentil germplasm.  This study builds our fundamental understanding of lentil 

response to heat wave conditions, where acute HT under limited water had a hypo-

additive effect, and response was equivalent for current (500 ppm) and predicted (700 

ppm) CO2 concentrations.  
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6 General discussion 
 

For legume crops, there are limited studies of plant response to acute HT, where the 

focus is typically chronic HT (Krishnamurthy et al., 2011; El Haddad et al., 2020, Gaur 

et al., 2015).  The current research was undertaken to assess the genetic variation of 

lentil genotypes to acute periods of HT during the reproductive period.  This study 

assessed the response of lentil genotypes to HT using a combination of field-based and 

controlled environment screening methods.  This involved a novel approach enabling 

the application of acute HT (3 days) to field grown lentil.  Outcomes of this study 

include genotypes with HT tolerance identified which are available for incorporation 

into current breeding programs and a multi-stage screening approach for assessing 

germplasm for HT tolerance.  This study also determined the effects of HT, soil water 

deficit and elevated CO2 on lentil.  The development of lentil cultivars with improved 

HT tolerance is likely to increase yield stability within Mediterranean-type regions and 

support the expansion of lentil into more marginal environments. 

 

6.1 Stress indices for the use in screening for high temperature 

tolerance 

The HT tolerance of lentil genotypes was compared using stress tolerance indices; yield 

stability index, YSI (Bouslama and Schapaugh., 1984), stress tolerance index, STI 

(Fernandez, 1992) and a proposed index, high temperature tolerance index, HTTI 

(Chapter 2).  These indices were used to rank genotypes based on HT tolerance 

(Chapter 2 and 3).  Consistent with previous studies (Kamrani et al., 2018; El Haddad et 

al., 2020), we observed that STI was weighted towards absolute yield (yield potential) 

response, compared with the relative response across temperature treatments.  

Subsequently, we proposed HTTI, which reduced the weighting of absolute yield 

compared with relative response, between the contrasting temperature treatments and 

was a reliable index for ranking heat tolerance in lentil.  For experimental approaches 

such as late sowing the shorter growing season limits yield potential due to hastened 

phenology, thus making absolute yield comparison less applicable compared with a 

relative response. 
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Throughout this thesis, heat load was used as a measure of the HT applied to lentil.  The 

heat load considered both absolute temperature and duration above the critical threshold 

of 30°C, where both influence plant response.  The advantage of this approach is it 

allows comparison across experiments (e.g. trial location, time of sowing, year), which 

is essential for breeding programs, where field evaluations for HT tolerance is carried 

out over multiple years and environments. 

 

6.2 Evaluating of high temperature tolerance screening strategies 

To improve the genetic diversity within Australian cultivars with respect to HT 

tolerance, screening strategies need to be established, which can be used in breeding 

programs.  To align with current breeding strategies, several requirements were 

considered during this project to assess screening methodologies: 1) physiological or 

yield traits that reliably measure genetic diversity, 2) high-throughput and/ or ability to 

measure parameters efficiently, and 3) allow screening of large populations of genetic 

material.  For the current project, several field-based and controlled environment 

approaches were evaluated for screening germplasm.  The utility and constraints of each 

of these strategies are summarised below relating to their potential use within breeding 

programs. 

 

Late sowing screening 

Late sowing is widely used for HT screening and temperature studies in field crops such 

as chickpea and lentil (Krishnamurthy et al., 2011; El Haddad et al., 2020, Gaur et al., 

2015).  For the current study, genotypes were screened using late sowing combined with 

imposing partial shade, which generated two different HT profiles within each year.  

This approach differs from previous studies where the non-stressed treatment is 

typically either crops sown within the normal window, or crops grown in contrasting 

environments.  The shade facility as the control comparison reduced variation in other 

inter-site environmental factors, such as plant available water (rainfall and irrigation), 

variation in soil type, temperature fluctuation and mode (average, minimum, 

maximum), relative humidity and photoperiod (Sadras et al., 2015; Stoddard et al., 

2006).  This allowed for a direct comparison of genotype performance between less 

stressed and HT treatments, where plant response to HT is often difficult to assess for 
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late sown screening trials, due to comparing plant response across contrasting 

environments (Krishnamurthy et al., 2011; Gaur et al., 2015). 

 

The advantage of late sowing is it provides an efficient, high-throughput methodology 

for screening a broad spectrum of germplasm for HT tolerance, where capacity exists to 

expand genotypes screened beyond the lines evaluated in this study.  The performance 

of lentil genotypes was based on stress tolerance indices, which provided a reliable 

method to identify genetic diversity.  Limitations of late sowing include plant response 

is influenced by increased photoperiod, chronic and acute HT effects are combined, and 

potential water deficit.  These factors influence plant growth and rate of development, 

resulting in reduced yield potential (Sadras et al., 2015; Sehgal et al., 2017; El Haddad 

et al., 2020).  Consistent with these studies, we found that these factors affected 

development rate, biomass accumulation and yield potential i.e., for cv. PBA Bolt, the 

biomass for the late sown control was 2 t/ha, whereas total biomass under winter 

growing conditions is in the order of 6 to 7 t/ha (Chapter 2).  In addition, the efficiency 

gained through utilising naturally hot conditions, also carries risk associated with inter-

season variability.  For example, within the current study the use of shade tents to create 

a temperature differential worked effectively in 2014, however, in 2015 the hotter 

seasonal condition translated to an overwhelming effect of ambient air temperature and 

reduced the utility of the shade tents for generating a differential crop response (Chapter 

2).  Despite the reduced yield potential and reliance on natural conditions, late sowing is 

a practical method, which is inexpensive and efficient to establish, maintain and assess, 

where in-season acute HT can be subsequently assessed on genotypes identified through 

this method. 

 

Controlled environment  

Controlled environment conditions provided an effective and reliable method for HT 

screening, allowing for a high level of control over temperature and other environmental 

factors, which influence lentil response (Chapter 3).  Consistent with late sowing stress 

tolerance indices, an advantage is it provides a reliable physiological parameter to 

identify genetic diversity.  One limitation is restricted number of genotypes that can be 

included, where space within heating units such as growth cabinets is often limited.  For 

eight lentil which were screened across both the late sowing method and glasshouse, we 
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observed a consistent response based on STI (R2 = 0.96) and HTTI (R2 = 0.89).  The 

strong correlation between the two methods indicates that for screening germplasm 

either late sowing or controlled environment studies can be utilised for preliminary 

stage screening.  Furthermore, the good agreement between the two methods, suggests 

that despite the environmental effects associated with chronic HT imposed by a late 

sowing (Sadras et al., 2015), this environment causes expression of traits associated 

with HT tolerance, and not just escaping HT, as previously proposed (El Haddad et al., 

2020). 

 

Field validation 

As part of a sequential screening approach, broad screening was coupled with winter 

validation where acute HT was applied using artificial heating to a restricted set of 

germplasm (Chapter 4).  The advantage of this method was being able to deliver a 

discrete heat load to lentil, as a winter crop, within a paddock context at a precise 

growth stage.  Overall, the response to HT for the genotypes, which were identified as 

having HT tolerance through preliminary screening based on calculated indices 

(Chapter 2 and 3) was consistent under in-season conditions (e.g. tolerant; AGG 73838, 

73154 moderate tolerance AGG 71457, 73076, and sensitive; AGG 73572, 70569, PBA 

Giant and Nugget).  Direct comparison was, however, limited where indices were not 

applicable to the in-season trial, where there was variation between heat treatments 

imposed by the heat chambers, due to substantial variation in external environmental 

conditions.  To overcome these limitations, we propose several engineering solutions 

(e.g. double-glazed material) to help maintain temperature within the heat chambers 

irrespective of external weather conditions (Chapter 4).  Despite the variability in 

delivery of heat loads the mobile chambers provided an effective means of precisely 

controlling the timing of acute HT, where other field methodologies, which rely on 

natural growing conditions and time of sowing to manipulate abiotic treatment scenarios 

are limited by weather and seasonal uncertainty. 

 

Recommendation for industry  

Based on the outcomes of the research presented in this thesis, a recommendation of a 

multi-stage screening process measuring grain yield from late sowing over the 

spring/summer period, followed by subsequent in-season field validation of short-listed 
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genotypes using heat chambers for high-throughput screening of HT tolerance.  This 

sequential approach meets the criteria of having the capacity to efficiently screen large 

numbers of germplasm, as well as providing a reliable measure of HT tolerance in 

material assessed through applying stress tolerance indices.  For the initial screening, 

the late sowing approach provides the following advantages over controlled 

environment; 1) the production of seed for high performing lines, which is then 

sufficient to be used in the autumn sowing field program; 2) reduced in-season 

management; and 3) reduced energy costs associated with controlled environment 

chambers and glasshouses.  In this study we observed that the late sowing methodology 

is reliant on certain climatic conditions occurring, where we recommend careful 

consideration of historic weather data and probability of exceedance of >30°C to 

determine region specific time of sowing.  We also propose that late sowing could be 

coupled with multiple time of sowing regimes to provide a range of HT growing 

conditions within the spring and summer period.  Importantly, the second stage of the 

proposed screening approach is integral to assessing plant response to HT under optimal 

conditions including sowing time (phenology occurs within an appropriate window) and 

where plant growth and response can be assessed on a canopy scale.  For the mobile 

heat chambers, we suggest engineering solutions to increase the consistency of the heat 

load delivered for the second stage of screening. 

 

Whilst the multi-stage screening approach proposed is high-throughput in terms of 

number of lines that can be assessed, it is limited by the length of time the screening 

would take; ca. 13 months to assess the two-stages (one summer and one winter 

season).  It does, however, allow for initial screening using the late sowing approach 

and then immediately allow for field validations to confirm the robustness of the 

tolerance in the lines being screened in the subsequent winter period.  In addition to this, 

assessment of HT tolerance is based on grain yield traits, whereas assessment earlier in 

the growth cycle would increase the throughput (Stoddard et al., 2006), but may be 

limited by assessing traits that are not directly related to grain yield.  Previously high-

throughput bioassays have been successfully developed to screen for lentil tolerance to 

high soil boron (Hobson et al., 2006) and salinity (Maher et al., 2003).  For HT 

screening, potential in-season high-throughput methodologies include measuring of 

floral biology (e.g. scanning electron microscopy) or stomatal conductance, where 
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studies have shown, HT tolerance in lentil is linked to reproductive function and 

pathways related to higher relative water leaf content and stomatal conductivity (Sita et 

al., 2017a, Bhandari et al., 2016).  During this project we observed minimal correlation 

between cellular membrane stability and stress tolerance indices, where this initial set of 

results suggest that the current methodology of CMS (Blum and Ebercon, 1981) is not a 

reliable proxy for HT tolerance in lentil. 

 

Germplasm selected for screening in this project involved identifying global regions and 

targeting agroecological zones with high probability of HT during the reproductive 

phase, combined with other environmental factors.  One option to increase the 

productivity of screening is to increase the efficiency of the global genotype selection 

process, where selection of germplasm can be challenging due to the large populations 

of material available.  For example, the Australian Grains Genebank currently has 5601 

lentil genotypes, which represent 9% of the germplasm stored globally (Khazaei et al., 

2016).  With increasing availability of passport information enriched with phenological 

data and origin coordinates, combined with advanced computer technology, 

opportunities to develop algorithms for selection are becoming more readily available.  

For example, the Focused Identified Germplasm Strategy (FIGS) provides one tool to 

aid with selection and increase the likelihood of capturing genotypes with specific 

adaptive traits (Bari et al., 2012; Khazaei et al., 2013; Mackay et al., 2004).  

Incorporating FIGS or developing an approach, which creates environmental profiles 

for regions globally, to shortlist germplasm would be a significant benefit to future 

screening, for accessing germplasm with increased probability of HT tolerance.  

Additionally, the incorporation of molecular markers with traits associated with HT 

tolerance could be used for the selection of parental material for breeding programs, as 

well as traits.  This combined with phenological validation using the multi-stage 

approach proposed in this study would provide targeted selection leading to increased 

efficiency to select for HT traits. 

 

6.3 Genetic diversity 

For this study we determined that significant variation in response to acute HT exists 

across global lentil germplasm screened, where 135 lentil genotypes (global landraces 
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and commercial cultivars) were assessed for HT tolerance.  Acute HT caused a 48% 

reduction of grain yield across genotypes screened, which translated to an average 

reduction of 0.14 and 0.19% per degree (>30°C) for global landraces and commercial 

cultivars respectively.  Initial selection of material for screening was informed by 

country of origin, where genotypes predominately from regions likely to encounter 

acute HT, such as the Mediterranean and South Asia, were targeted.  In these regions, 

crops typically experience increasing temperature during the reproductive phase (Tullu 

et al., 2011) and are likely to exhibit a high level of natural adaptation to these hotter 

environments.  Resultantly, we identified 15 lentil landraces with increased HT 

tolerance relative to most of the current commercial varieties, where ranking was 

determined through a combination of either late sowing and/or controlled-environment 

screening.  Of the 15 lentil landraces selected, six were identified using the late sowing 

approach and eight through controlled environment screening for acute HT.  For the 13 

genotypes tested across both approaches, seven were consistently identified as: tolerant 

(AGG 73838, 73154, Nipper), moderate (AGG 72578, 70736, 71457) or sensitive (cv. 

PBA Giant) to HT.  The yield stability of these lentil lines to HT was inferred through 

either the capacity to maintain grain number, or alternatively if a reduction in grain 

number occurred, the capacity to partially compensate through increased grain size.  

These landraces were predominately characterised as microsperma (small to medium 

seeded), which tends to correlate with increased tolerance to HT and drought 

(Muehlbauer et al., 2015).  Additionally, these landraces were primarily from 

Bangladesh, Syria, Jordan and Turkey, which highlights the correlation between origin 

and adaptation to HT.  This has implications for future screening in lentil where 

selection of further material from these regions would be a priority.  More broadly, this 

principle could also be applied to other heat sensitive field crops, such as field pea and 

faba bean. 

 

Within the 15 landraces identified with increased HT tolerance, AGG 73838 and 73154, 

consistently showed HT tolerance under various screening strategies; late sowing and/or 

controlled-environment and in-season validation.  Based on HTTI, AGG 73838 ranked 

in the top two and five for late sowing in 2014 (Chapter 2) and controlled-environment 

screening (Chapter 3) respectively, with in-season field confirmation using portable heat 

chambers (Chapter 4).  Comparative to the commercial cultivar PBA Giant which 
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received a similar heat load (>100°C.h >30°C) grain yields were reduced by 82 and 

1044 kg/ha respectively, which highlights the increased HT potential of AGG 73838.  

The consistency in response for AGG 73838 is promising for further development of 

HT commercial cultivars, where this genotype had a combination of yield stability and 

relatively high yield potential.  The genotype AGG 73154 was consistent across the 

three screening methodologies, where for ranking based on stress tolerance index (STI), 

AGG 73154 performed well relative to other genotypes, having consistently high yield 

potential and moderate yield stability.  One of the objectives of this project was to 

screen a broad range of germplasm for HT tolerance, hence germplasm was continually 

added to screening experiments, where selection was informed by outputs of the 

subsequent experiments.  Consequently, the additional 13 landraces identified in 

preliminary screening (Chapter 2 and 3) to have HT tolerance were not able to be 

validated in-season due to resource constraints of the current project.  These shortlisted 

lines, however, provide a valuable source of material, which could be immediately 

utilised by breeding programs and be included within early-stage breeding assessment 

for HT tolerance in lentil. 

 

The HT tolerance of ten Australian commercial cultivars was assessed throughout this 

project, where poor HT tolerance relative to the landraces screened was generally 

observed, the exception being Nipper, which is a small seeded red variety.  Nipper 

demonstrated HT tolerance when screened under late sowing (Chapter 2) and controlled 

environment conditions (Chapter 3).  Importantly, the increased HT tolerance of Nipper 

in this study is consistent with yield stability of Nipper in the National Variety Trials 

(NVT) for the Wimmera (Fig. 6.1).  Based on 11 years of NVT data (2008 to 2019) the 

yield of Nipper remains stable with increasing occurrence of acute HT (>30°C) during 

the reproductive period (25 September to 15 November).  Previous studies of the 

genetic diversity based on Single Nucleotide Polymorphism and principal component 

analysis, have determined that Nipper is one of the most diverse cultivar/ breeding lines 

within the Australian breeding program (Lombardi et al., 2014).  The broader genetic 

diversity of Nipper compared to other Australian commercial cultivars potentially 

corresponds to its increased HT tolerance and provides cause for optimism that utilising 

targeted germplasm will increase adaptation of commercial varieties into the future.  

Based on this notion that genetic diversity is important to increasing the adaptive traits 
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of developed cultivars, breeding programs found to have a narrow genetic base, such as 

Canada and Australia have recently shifted towards selecting material with maximum 

genetic diversity (Khazaei et al., 2016; Tullu et al., 2011). 

 

Whilst Nipper does have increased HT tolerance, it does not have the yield potential of 

other elite commercial cultivars (Fig. 6.1), being released in 2005 for disease resistance.  

An alternative commercial cultivar, which has high yield potential and broad adaptation 

to a range of soil types, was PBA Bolt.  This commercial cultivar was within the 

medium grouping for HTTI and STI demonstrated that it had increased yield stability 

based on YSI, indicating the differential between the two treatments was minimal.  This 

response is demonstrated through growers in marginal cropping regions, such as the 

Victorian northern Mallee opting to grow cv. PBA Bolt, due to its high yields in this 

region, which are associated with increased yield stability under HT at the end of the 

season and adaptation to subsoil constraints (Latta and Brand, per comms).  

Furthermore, the increased HT tolerance of PBA Bolt is also demonstrated through its 

stable yield across years based on NVT Wimmera data, where the performance based on 

grain yield tends to improve with increased heat load (Fig. 6.1).  The identification of 

Nipper and PBA Bolt provides Australian breeders with a valuable resource as parents 

for crossing programs to begin incorporating both the HT traits with the agronomic 

traits of interest to the Australian industry.  Of the commercial cultivars screened, PBA 

Giant, Nugget and Boomer were the most susceptible to HT due to significant reduction 

of grain set for PBA Giant and for Nugget a combined decrease of grain-set and size.  

The sensitivity of Nugget and Boomer correlates with the yield response of these two 

varieties within NVT (Fig. 6.1).  The similarities in the pattern of response for the 

commercial cultivars screened through a combination of controlled and field within the 

NVT Wimmera site data confirm the utility and relevance of the screening approach for 

the assessment of genotypes to acute HT in southern Australia.  Importantly, the 

identification of global germplasm with increased HT tolerance represents an 

opportunity to further improve the tolerance by utilising global germplasm where 

significant HT has been identified. 
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Figure 6.1.  Adjusted grain yield of cv. Nipper, PBA Bolt, Nugget, Boomer and PBA Giant 

expressed as percentage of site mean for the National Variety Trial at Horsham, Victoria.  The 

adjusted grain yield is the percentage of the site mean yield for each variety and is for trial data 

between 2008 and 2019, with yield data from 2013 and 2015 excluded.  The heat loads range 

from 0 to 109°C.h (>30°C) and is temperature data from Longerenong, Victoria (BoM station, 

079028).  Linear regression functions and R2 values are presented for Nipper, PBA Bolt, Nugget 

and Boomer.  Due to a reduced dataset (included in 3 years of NVT) a linear function was not 

applied to PBA Giant.  Yield data was obtained from GRDC National Variety Trials, 2021 

(source: https://nvt.grdc.com.au/trial-results). 
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6.4 Effect of environmental factors on lentil response to HT 

This project assessed the interaction of HT and soil water availability, where in 

Mediterranean-type climates, such as southern Australia, the reproductive period of 

lentil typically occurs when plant available water is declining, and the risk of HT is 

increasing.  The pattern of HT response of lentil varied with available soil water.  For 

lentil grown in a sandy loam soil-type, combined HT and low water caused a reduction 

in grain yield of 76% compared with high water, due to low soil water (20% field 

capacity) restricting grain-set (Chapter 3).  In contrast, for a clay soil there was a 

significant reduction in yield due to HT across both high and low water treatments of 

45% (Chapter 5).  This highlights the effect of soil type on crop water availability and 

the potential variable response of crops to acute HT depending on soil type and rainfall 

patterns of a growing region.  In addition to this we assessed the combined effect of 

high night temperature, where we observed limited effect of nigh temperature when it 

occurs in conjunction with high day temperature. 

 

Under predicted climate change scenarios, the combined effects of a global increase in 

atmospheric CO2 and severity and frequency of HT will challenge crop production; 

thus, understanding the collective effect is important.  For lentil, we demonstrate 

elevated carbon dioxide (ambient, 500; elevated, 700ppm) did not significantly alter the 

pattern of plant response (3 days 38°C and ambient night) based on grain number, size 

or yield.  Within this study, elevated CO2 in the absence of HT caused a non-significant 

increase of 16% for grain yield.  Importantly, a contributing factor to the lack of 

statistically significant response to CO2 enrichment observed may be due to the 

constraints to the trial design, where pseudo-replication was required for the CO2 

treatment (Chapter 5).  Despite this, the response observed for this study is consistent 

with studies on lentil response to the combined effects of HT and CO2, under field 

conditions (Bourgault et al., 2018).  Furthermore, this suggests that for lentil, response 

is comparable to other pulse crops (kidney bean and cowpea) (Prasad et al., 2002; 

Ahmed et al., 1993) that the effects of HT are unlikely to be exacerbated or reduced 

under elevated CO2 levels.  
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6.5 Future work 

The collective results presented in this project provide the foundation for increasing the 

high temperature (HT) tolerance of lentil through identifying improved germplasm 

using a multi-stage screening methodology.  This work supports the Australian lentil 

industry with strategies to increase adaptation to HT with a targeted approach for 

breeding programs to introduce new global genetics that will increase adaptation of 

lentil beyond that observed in many current commercial varieties.  The major 

opportunities identified through this project are summarised as follows: 

• The integration of the multi-stage screening process proposed in this study, to be 

implemented within pre-breeding, to enable additional lentil germplasm with HT 

tolerance to be utilized.  Close linkages with the public Australian lentil 

breeding program have allowed for initial adoption of some of the 

methodologies, developed in this study.  As landraces with HT tolerance 

continue to be identified, these phenotypes can be incorporated into validation 

programs to determine genomic regions associated with HT tolerance in lentil.  

This approach will become increasingly important where initial Single 

Nucleotide Polymorphisms associated with HT tolerance mechanisms have 

recently been identified in lentil (Singh et al., 2019). 

• Incorporate HT tolerant lentil genotypes identified in this research into current 

Australian breeding programs.  In particular, the two landraces, AGG 73838 and 

73154 which had consistent response across multiple screening platforms and 

the 13 further landraces shortlisted for HT tolerance.  Breeding strategies could 

incorporate these lines and the commercial cultivars Nipper and PBA Bolt, 

which already have reasonable level of tolerance, so that agronomic traits and 

heat tolerance can be selected simultaneously.    

• Address impacts of chronic high temperature to lentil growth and 

phenology.  With the gradual increases in ambient temperature associated with 

climate change, the rate of development may need to be reduced to allow 

flowering to occur later than present day crops under such new climates.  This 

may be achieved through photoperiod synchrony by increasing photoperiod 

sensitivity to maintain grain yield under rising temperatures.  
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6.6 Conclusion 

Lentil is sensitive to HT during the reproductive phase, where yield losses of up to 70% 

have been observed previously in southern Australian cropping systems.  This compares 

with an average reduction 48% observed across genotypes screened in this study.  The 

opportunity to increase the adaptation of lentil to HT exists through incorporating global 

germplasm with increased tolerance to acute HT occurring during the reproductive 

period.  The current study confirmed the landraces AGG 73838 and 73154 from 

Albania and Pakistan as having improved HT tolerance, where yield stability was 

observed for the multi-stage screening approach (late sowing and glasshouse) and under 

in-season field conditions.  Thirteen further landraces were also identified with HT 

tolerance using a combination of late sowing and controlled environment screening.  

The identification of these lines provides the opportunity to increase temperature 

tolerance through including these genotypes into breeding crossing blocks with 

commercial cultivars such as Nipper and PBA Bolt, which also had higher HT 

tolerance.  Lentil response to HT is influenced by other environmental factors including 

plant available water and soil type but is unlikely to be affected by increases in 

atmospheric carbon dioxide, anticipated under climate scenarios.  This highlights that 

within a production region, lentil growth will vary depending on interaction of local 

climate and edaphic factors. 

 

The methodologies developed in the current project, particularly the proposed multi-

stage selection strategy for screening for HT tolerance in lentil, has the potential to be 

adapted into Australian breeding programs with the aim of improving the heat tolerance 

of commercial lentil cultivars for the Australian landscape.  The proposed approach of 

using stress tolerance indices and standardising heat response based on heat loads has 

high utility for future screenings for HT tolerance in-field crops, allowing for genotype 

comparisons across environments and years.  Finally, this project contributes to the 

ongoing objective of breeding programs to increase the yield stability of lentil.  The 

research outcomes of this project provide a platform for continued research to increase 

the HT tolerance of lentil.  



 

Page | 186 

 

References 

 

Ahmed, F. E., Hall, A. E. & Madore, M. A. 1993. Interactive effects of high 

temperature and elevated carbon dioxide concentration on cowpea [Vigna 

unguiculata (L.) Walp.]. Plant, Cell & Environment, 16, 835-842. 

Ainsworth, E. A. & Long, S. P. 2005. What have we learned from 15 years of free-air 

CO2 enrichment (FACE)? A meta-analytic review of the responses of 

photosynthesis, canopy properties and plant production to rising CO2. New 

Phytologist, 165, 351-372. 

Alo, F., Furman, B. J., Akhunov, E., Dvorak, J. & Gepts, P. 2011. Leveraging genomic 

resources of model species for the assessment of diversity and phylogeny in wild 

and domesticated lentil. Journal of Heredity, 102, 315-329. 

American Association of Cereal Chemists (AACC). 2000. Method 46.30.01. Approved 

Methods of Analysis, 10th edition. AACC International, St Pauls MN USA. 

Anderson, W. K., Stephens, D., & Siddique, K. H. (2016). Dryland agriculture in 

Australia: experiences and innovations Innovations in Dryland agriculture (pp. 

299-319): Springer. 

Angus, J., Kirkegaard, J., Hunt, J., Ryan, M., Ohlander, L. & Peoples, M. 2015. Break 

crops and rotations for wheat. Crop and Pasture Science, 66, 523-552. 

Asseng, S., Foster, I. & Turner, N. C. 2011. The impact of temperature variability on 

wheat yields. Global Change Biology, 17, 997-1012. 

Australia Bureau of Agriculture and Resource Economics and Sciences (ABARES) 

(2017) Australian grains, oilseeds and pulses. Australian Government. Accessed 

September 2018.Department of Agriculture and Water Resources. 

https://www.agriculture.gov.au/abares. 

Australia Bureau of Agriculture and Resource Economics and Sciences (ABARES) 

(2020) Australian grains, oilseeds and pulses. Australian Government 

Department of Agriculture and Water Resources. Accessed 15 October 2020. 

https://www.agriculture.gov.au/abares. 

Bai, J., Yan, W., Wang, Y., Yin, Q., Liu, J., Wight, C. & Ma, B. 2018. Screening oat 

genotypes for tolerance to salinity and alkalinity. Frontiers in Plant Science, 9, 

1302. 

Barghi, S., Mostafaii, H., Peighami, F. & Zakaria, R. 2012. Path analysis of yield and its 

components in lentil under end season heat condition. International Journal of 

Agriculture: Research and Review, 2, 969-974. 

Barghi, S. S., Mostafaii, H., Peighami, F., Zakaria, R. A. & Nejhad, R. F. 2013. 

Response of in vitro pollen germination and cell membrane thermostability of 

lentil genotypes to high temperature International Journal of Agriculture, 3, 13. 

Bari, A., Street, K., Mackay, M., Endresen, D. T. F., De Pauw, E. & Amri, A. 2012. 

Focused identification of germplasm strategy (FIGS) detects wheat stem rust 

resistance linked to environmental variables. Genetic Resources and Crop 

Evolution, 59, 1465-1481. 



 

Page | 187 

 

Beck, H. E., Zimmermann, N. E., McVicar, T. R., Vergopolan, N., Berg, A. & Wood, 

E. F. 2018. Present and future Köppen-Geiger climate classification maps at 1- 

Benlloch-Gonzalez, M., Bochicchio, R., Berger, J., Bramley, H. & Palta, J. A. 2014. 

High temperature reduces the positive effect of elevated CO2 on wheat root 

system growth. Field Crops Research, 165, 71-79. 

Berger, J. D., Kumar, S., Nayyar, H., Street, K. A., Sandhu, J. S., Henzell, J. M., Kaur, 

J. & Clarke, H. C. 2012. Temperature-stratified screening of chickpea (Cicer 

arietinum L.) genetic resource collections reveals very limited reproductive 

chilling tolerance compared to its annual wild relatives. Field Crops Research, 

126, 119 - 129. 

Berger, J., Palta, J. & Vadez, V. 2016. Review: An integrated framework for crop 

adaptation to dry environments: Responses to transient and terminal drought. 

Plant Science, 253, 58-67Bhandari, K., Sharma, K. D., Rao, B. H., Siddique, 

K.H., Gaur, P., Agrawal, S. K., Nair, R. M. & Nayyar, H. 2017. Temperature 

sensitivity of food legumes: a physiological insight. Acta Physiologiae 

Plantarum, 39, 68. 

Bhandari, K., Siddique, K. H. M., Turner, N. C., Kaur, J., Singh, S., Agrawal, S. K. & 

Nayyar, H. 2016. Heat stress at reproductive stage disrupts leaf carbohydrate 

metabolism, impairs reproductive function, and severely reduces seed yield in 

lentil. Journal of Crop Improvement, 30, 118-151. 

Bhandari, K., Sita, K., Sehgal, A., Bhardwaj, A., Gaur, P., Kumar, S., Singh, S., 

Siddique, K. H. M., Prasad, P. V. V., Jha, U. & Nayyar, H. 2020. Differential 

heat sensitivity of two cool-season legumes, chickpea and lentil, at the 

reproductive stage, is associated with responses in pollen function, 

photosynthetic ability and oxidative damage. Journal of Agronomy and Crop 

Science, 734. 

Bidinger, F., Mahalakshmi, V. & Rao, G. D. P. 1987. Assessment of drought resistance 

in pearl millet (Pennisetum americanum (L.) Leeke). II. Estimation of genotype 

response to stress. Australian Journal of Agricultural Research, 38, 49-59. 

Bita, C.E. & Gerats, T. 2013. Plant tolerance to high temperature in a changing 

environment: scientific fundamentals and production of heat stress-tolerant 

crops. Frontiers in plant science, 4, 273-273. 

Blum, A. & Ebercon, A. 1981. Cell membrane stability as a measure of drought and 

heat tolerance in wheat 1. Crop Science, 21, 43-47. 

Board, J. E. & TAN, Q. 1995. Assimilatory capacity effects on soybean yield 

components and pod number. Crop Science, 35, 

cropsci1995.0011183X003500030035x. 

Bonada, M. & Sadras, V. 2015. Critical appraisal of methods to investigate the effect of 

temperature on grapevine berry composition. Australian Journal of Grape and 

Wine Research, 21, 1-17. 

Bourgault, M., Armstrong, R. D., Brand, J., Delahunty, A. J., Fitzgerald, G. J., LöW, 
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