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ABSTRACT 

Yield of a crop depends on growth and developmental responses 

to various environmental factors. Agronomic practices for high yield 

of two new crops of Saskatchewan, lentil (Lens culinaris Medik.) and 

chickpea (Cicer arietinum L.), must be based on these responses to 

variations of the local climate. Controlled environment and field 

studies were conducted: 1) to determine the effects of variations in 

temperature, soil moisture and radiation intensity on physiological 

characteristics and growth of Laird lentil and Cheston chickpea; 2) 

to determine the effects of temperature and photoperiod on time to 

first flower in five genotypes of lentil; and 3) to compare the 

efficiency of the degree-day, rate-factor and equivalent hours of 

maximum net photosynthesis (EHMNP) models for predicting time of 

first flower in the same five lentil genotypes. 

The optimum temperature for net photosynthetic rate (Pn} of 

both lentil and chickpea was around l8°C. The decline of Pn at high 

temperatures was accompanied by increases in respiration (R) and 

transpiration (E1 } rates. Rates of all these physiological processes 

decreased as temperatures dropped below the optimum temperature. 

Exposure to a single hot day (35°C} decreased Pn of lentil for 6 to 

78 h, but did not decrease Pn of chickpea, whereas exposure to a 

single cold night (0°C) decreased Pn of chickpea for 6 to 54 h and 

Pn of lentil for 30 h, depending on growth stage. Both exposures 

increased R only at a later growth stage of both species for at 

least 78 h. A soil moisture deficit decreased Pn, E 1 , stomatal 

conductance (g5 } and shoot water potential and accentuated leaf 

senescence of both species. Chickpea produced higher seed yield than 

lentil only at the lowest soil moisture supply, but both responded 
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to irrigation. Radiation intensity did not affect ~, probably due 

to the short interval between changes in radiation intensity. 

Low temperature or short photoperiod increased time to 

flower in all five genotypes of lentil in the controlled 

environments. However, in the field flowering responses were related 

to variation in temperature only. 

All developmental models adequately predicted time of 

first flower of five lentil genotypes within each of six field 

environments. However, only degree-days and the two variations of 

the rate-factor adequately predicted the time of first flower over 

a wide range of environments. The rate-factor model based on mean 

daily temperature and photoperiod was most successful, but must be 

validated for each crop and each environment. 
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1. J:NTRODOCTJ:ON 

Lentil (Lens culinaris Medik.) is an important pulse crop 

in dryland areas of the Indian subcontinent, the Middle East, Turkey 

and northern Africa. In recent years lentil also has been grown in 

the United States and Canada. Most of the lentil in Canada is 

produced in Saskatchewan and over 120,000 hectares were covered in 

recent years. Lentil is well suited to Saskatchewan conditions, 

which are characterized by a cool growing season terminated by a 

period of drought stress (Evans and Slinkard, 1975) . In Saskatchewan 

lentil is seeded in May and experiences increasing temperature and 

photoperiod during the early stages of growth, and long-day 

conditions throughout the growing season. 

Laird is the most popular lentil cultivar in Saskatchewan 

because of its large seed and suitability for mechanical harvest. 

However, it is a late maturing genotype. If high yield of Laird 

lentil is desired under the short growing season (100 frost-free 

days) in drought prone southern Saskatchewan, growth and development 

of this crop must synchronize harmoniously with the seasonal 

variation of the climate in this region. Such a synchronization can 

be achieved by choosing the optimum seeding date, based on the 

growth and developmental responses of the lentil to environmental 

factors. To explain these responses, studies on physiological 

characteristics should be closely integrated with studies on growth 

and development. Research of this nature is lacking. 

Chickpea (Cicer arietinum L.) is another pulse crop of 

dryland areas. An early maturing desi type of chickpea known as 

Cheston chickpea has only recently been introduced into Saskatchewan 
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and is grown in a limited area. However, its production potential 

has not been evaluated in terms of compatibility with the local 

climate. Moreover, since Cheston chickpea is a crop of the same area 

and season as Laird lentil, comparative studies on responses of 

these two crops to the environment of this region are of agronomic 

significance and such studies are lacking. 

Of all environmental factors, radiation, temperature and 

soil moisture are most likely to affect photosynthesis, which is the 

basis of growth. During photosynthesis carbon enters the plant via 

stomata by diffusion of C02 from the atmosphere and is synthesized 

into carbohydrates. Some of the assimilated carbon is lost through 

respiration. The net gain in carbon per unit leaf area per unit time 

is the apparent rate of photosynthesis, better known as net 

photosynthetic rate. Since plants also lose water through the 

stomata by the process of transpiration, stomatal opening plays a 

major role in plant growth. Ideally, all the physiological responses 

to environmental factors should be studied together in order to 

analyze growth. 

Onset of flowering is a well defined developmental event 

in lentil, whereas developmental stages beyond this stage are 

difficult to determine precisely, since lentil has an indeterminate 

growth habit and vegetative growth continues long after the onset of 

flowering. Temperature and photoperiod are the two most critical 

variables in influencing the genotype-specific flowering response in 

lentil (Summerfield, 1981) . A few previous studies on temperature 

and photoperiod effects have been carried 

out for Laird lentil, but none for the other lentil genotypes 

investigated in this work, namely, PI 224026, Eston, Indianhead and 

PI 298121. 
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Studies on the effects of environmental factors on the 

flowering response of lentil can be used to develop a model to 

predict the onset of flowering. Thermal time, expressed as degree

days, is a well established tool for predicting the flowering of 

crops. However, it does not perform well for all crops under all 

circumstances (Quinby et al., 1973}, because it involves only 

temperature. Studies on performance of degree-days to predict onset 

of flowering in lentil are lacking. Another model, using the inverse 

of time together with temperature and photoperiod, has performed 

consistently well for various grain legume crops (Roberts and 

Summerfield, 1987}. However, this model (known as the rate-factor 

model} has not been tested for lentil under the climatic conditions 

of southern Saskatchewan. Moreover, this model is not truly 

predictive, since it is based on the average temperature and 

photoperiod from seeding to flowering. Hence, work is needed to 

determine if this model can be modified to accurately predict 

flowering time in lentil, using growing season temperature and 

photoperiod on a day-by-day basis. 

Pease (1984) developed the concept of equivalent hours of 

maximum net photosynthesis (EHMNP} as a photothermal time scale to 

describe the physiological growing season of a crop. Pease justified 

the incorporation of hourly solar irradiance into his scale on the 

bases of the photochemical aspects as well as its effects on leaf 

temperature. EHMNP represents the net accumulation of photosynthates 

and thus reflects the capacity of crop plants to accumulate biomass. 

According to observations of M. C. Saxena (personal communication) 

lentil requires a minimum number of nodes in order to reach the 

flowering stage. These ideas suggest that EHMNP might serve as an 

indicator of crop development. 
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In light of the above points, experiments on lentil and 

chickpea were conducted under a wide range of temperature, soil 

moisture and radiation conditions in controlled environments and in 

the field. The objectives were to: (1) determine the effects of 

variation in temperature, soil moisture and radiation on 

physiological characteristics and growth of Laird lentil and Cheston 

chickpea; (2) determine the effects of temperature and photoperiod 

on time to first flower in lentil; and (3) compare the effectiveness 

of degree-day, rate-factor and EHMNP models for predicting time of 

first flower in lentil. 



2 . REVJ:EW OF LITERATURE 

2.1 Effects of Temperatura, Soi1 MOisture and Photosynthetic Photon 

F1ux Density on Physio1ogica1 Characteristics 

2.1.1 Net photosynthesis 

Lentil and chickpea are C3 plants in which photosynthesis 

follows the pentose phosphate pathway of C02 assimilation (Sinha, 

1977) . The photosynthetic capacity of lentil leaves is similar to 

that of other grain legumes (Muehlbauer et al., 1985). Sinha (1977) 

reported that the net photosynthetic rates (Pn) of several lentil 

genotypes ranged between 0. 278 and 0. 394 mg C02 m-2 s-1
• However, Pn 

of lentil is probably not a useful selection criterion in breeding 

for high yield since it varies widely and has low repeatability 

(Summerfield and Muehlbauer, 1982). 

The Pn of leaves of one-month-old chickpea plants ranged 

between 0. 695 and 1.113 mg C02 m-2 s-1 (van der Maesen, 1972), which 

is comparable with Pn of other C3 crops. However, cultivar 

differences were quite large for Pn (Mehrotra et al., 1981; Pandey 

et al., 1976; Shanthakumari and Sinha, 1972; van der Maesen, 1972). 

The highest Pn was observed in two-week-old leaves (van der Maesen, 

1972) . Radiation, in the photosynthetically active range (PAR) of 

wavelengths between 400 and 700 nm, drives the primary processes of 

photosynthesis (McCree, 1972). Radiation intensity in this 

wavelength is known as photosynthetic photon flux density (PPFD) . 

Chickpea genotypes differed in their responses to PPFD 

(Shanthakumari and Sinha, 1972) . Pn saturation occurred at a PPFD 

near 1500 J.LE m-2 s-1 on individual leaves of various chickpea 

genotypes (van der Maesen, 1972). 

5 
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Few studies on the responses of Pn to temperature, soil 

moisture and PPFD have been carried out for lentil and chickpea. 

However, some general conclusions from studies on other plants may 

be used to describe their response to environment. Temperature 

affects photosynthesis in two ways: through the photosynthetic 

capacity of photosynthetic membranes, and through the efficiency of 

carbon metabolism reactions as affected by photorespiration (Berry 

and Raison, 1981) . At supra-optimal temperatures, an irreversible 

decline in Pn occurs due to a decrease in the availability of C02 for 

ribulose biphosphate (RuP2 ) carboxylase-oxygenase (Bowes and Ogren, 

1972; Oja et al., 1988) and an increase in respiration, particularly 

photorespiration (Zelitch, 1971) . According to Al-Khatib and Paulsen 

(1989), the reduction in photosynthesis at high temperatures is 

accentuated by high PPFD; the two stresses may act at a common site 

near the water oxidizing complex. Bjorkman (1981) concluded that 

quantum yield was essentially the same in normal healthy leaves of 

higher plants, regardless of species and light regimes during 

growth. However, it varied due to other stresses, such as low 

temperature. Photosynthesis is considerably less tolerant to high 

temperature than respiration (Bjorkman, 1975) and, thus temperature, 

affects the light compensation point. 

Leaf water content controls diffusion of C02 into the 

plant through stomatal control mechanisms and, thus, constrains Pn 

(Lommen et al., 1971). However, under water deficit conditions 

photosynthesis is not limited by C02 diffusion through stomata, but 

rather by decreased chloroplast activity (Boyer, 1971). At higher 

PPFD levels, stomatal diffusion would usually be more effective in 

controlling photosynthesis (Boyer, 1976). When a fully turgid plant 

is subjected to progressive dehydration, its rate of photosynthesis 
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remains unaffected as long as the leaf water potential is above some 

threshold value (Boyer et al., 198 0) . However, if leaf water 

potential decreases below that value, photosynthesis diminishes 

progressively and, with severe drought stress, the stomata close. 

Quantum yield decreases as leaf water potential decreases (Boyer, 

1976) . Low leaf water potentials inhibited photosynthesis more than 

respiration so that respiration rate relative to photosynthesis rate 

is increased (Boyer, 1970b). 

The influence of PPFD on photosynthetic rate is 

frequently characterized by models of the Michaelis-Menten type 

(Thornley, 1976). However, the Michaelis-Menten equation predicts a 

more gradual saturation than actually observed. To deal with this 

problem, Muller (1986) suggested a non-orthogonal asymptote in the 

rectangular hyperbola so that the response curve becomes a non

rectangular hyperbola. Zhang (1988) found the non-rectangular 

hyperbolic model better than the rectangular model for wheat 

(Triticum aestivum) and bamboo (Phyllostachys pubescens). 

2.1.2 Respiration 

Respiration is associated with the growth and maintenance 

of plant materials. Growth respiration provides energy for the 

synthesis of new plant tissue, whereas maintenance respiration 

provides energy for maintenance of existing tissues, depending upon 

both mass and temperature of the respective tissue (McCree, 1970; 

Thornley, 1970). Elston and Bunting (1978) concluded that little is 

understood about the effect of drought stress on respiration in 

grain legumes. Since studies on the respiration of lentil and 

chickpea have not been done, some general findings of the research 

on other crops will be discussed. 
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Respiration occurs in two separate biochemical pathways 

in higher plants, dark respiration and photorespiration. Generally, 

dark respiration rates are between 1 and 2% of the rate of 

photosynthesis (Tolbert, 1980) . Low temperature decreases 

respiration due to a general reduction in kinetic energy and 

mitochondrial membrane alteration (Raison et al., 1971), depending 

on the magnitude and duration of low temperatures. A sustained 

increase in the rate of respiration after exposure to a low 

temperature indicates a permanent, irreversible effect (Raison, 

1980). Lawlor (1976) reported that water deficit had no effect on 

dark respiration rate in wheat leaves, but it increased the 

proportion of respiration relative to photosynthesis (since the 

photosynthesis rate decreased) . In some cases, respiration rate 

increased at the early stage of desiccation, but this was species

specific, and the ultimate effect of a severe water deficit was 

always to decrease the dark respiration rate (Boyer, 1976). Graham 

(1980) reviewed the effects of light intensity on dark respiration, 

which varied from total inhibition to stimulation and concluded that 

dark respiration in light is possible in some cases, such as in 

young growing tissue, where it provides carbon skeletons, rather 

than energy. 

Photorespiration, which is a characteristic of C3 plants 

such as lentil and chickpea, may exceed the dark respiration rate by 

3- (Ludwig and Canvin, 1971) to 8.5-fold (Zelitch, 1975). 

Photorespiration increases with temperature (Zelitch, 1971), due 

partly to a more rapid decrease in C02 solubility relative to 0 2 (Ku 

and Edward, 1977) . This decrease in C02 solubility increases the 

activity of RuP2 oxygenase more than RuP 2 carboxylase (Bowes and 

Ogren, 1972). A water deficit decreased the photorespiration rate 
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more than the dark respiration rate and the Pn decreased more than 

the respiration rate, suggesting that respiration alone cannot 

account for the decrease in photosynthesis (Mohanty and Boyer, 

1976) . Increasing light intensity increases photorespiration in two 

ways: by increasing pH of stroma of the chloroplast, which decreases 

available C02 since more of it is converted to bicarbonate; and by 

increasing the reducing capacity relative to available C02 (Tolbert, 

1980). The rate of photorespiration is greater than dark respiration 

in open environments with high light intensities (Zelitch, 1975). 

However, under conditions of low light intensity and resulting low 

photosynthetic rate, the dark respiration rate is also significant 

(Graham, 1980). 

2.1.3 Stomata~ conductivity and transpiration 

Transpiration rate increases with decreasing atmospheric 

humidity and increasing leaf temperature (Larcher, 1983). Since the 

transpiration rate is inversely proportional to the sum of the 

stomatal and aerodynamic resistances, it increases curvilinearly 

with increase in stomatal conductance. At high conductance values 

the transpiration rate will be controlled by the aerodynamic 

resistance rather than by the stomata (Burrows and Milthorpe, 1976). 

Hodgkinson (1974) found very high values (1 - 2 em s-1
) 

for stomatal conductance of alfalfa (Medicago sativa) leaves, 

depending upon light intensity. Kanemasu and Tanner (1969) also 

reported a similar effect in snap beans (Phaseolus vulgaris) . 

Stomatal conductance increased with temperature above the optimum 

temperature for photosynthesis (Hall et al., 1976). However, 

stomatal response to temperature was affected by preconditioning 

(Ludlow and Wilson, 1971) . Under a water deficit, leaf conductance 
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decreased as leaf water potential decreased, but hardened plants 

were less responsive to this change than well-watered plants 

(McCree, 1974). 

2.1.4 PJ.ant water potential. 

Most legume plants are mesophytes and do not develop 

substantial negative water potential (Elston and Bunting, 1978). The 

role of osmoregulation in legumes is not well understood. 

Osmoregulation occurs in most grain legumes (Elston and Bunting, 

1978), but is low (Turner et al., 1978) or absent (Oosterhuis and 

Wullschleger, 1988) in soybean (Glycine max [L.] Merr.). 

2.2 Effects of Temperature, Soil. MOisture and PPFD on P1ant Growth 

and Yiel.d 

2.2.1 Leaf area 

Photosynthetically active leaf area is an extremely 

important factor in crop production (de Wit, 1965) . Sheldrake and 

Saxena (1979) reported that leaf area expansion closely followed the 

leaf dry matter accumulation in chickpea. In early maturing desi 

type chickpea, leaf area increased until half way through the 

reproductive phase. However, in medium-late desi types leaf area 

began to decline early in the reproductive phase. Comparison of a 

number of different cultivars showed that the range of time in which 

leaf area index (LAI) began to decline was much narrower (70 to 80 

days after seeding (DAS)) than the range of time to first flower (37 

to 72 DAS). Siddique and Sedgley (1986) reported that the LAI of 

desi chickpea varied from 1. 6 to 2. 5 in different years and 

developed more slowly in late seeded crops, whereas a high LAI of 

six has also been found (Sheldrake and Saxena, 1979). A LAI greater 
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than six can lead to yield reduction because of lodging (Saxena, 

1984). 

Drought stress adversely affects leaf area expansion and 

triggers leaf senescence (Boyer, 1970b}. This involves loss of 

chlorophyll, which is associated with a reduction in photosynthetic 

activity. The chloroplasts become disorganized during early 

senescence, whereas mitochondria remain structurally intact until 

the final stages of senescence (Butler and Simon, 1971, cited in 

Rhodes, 1980}. Respiration rates during senescence vary from a 

steady decline throughout senescence to a constant rate until the 

terminal stage of senescence (Smillie, 1962), at which time a small 

transient rise may occur (Hardwick et al., 1968). 

2.2.2 Dry matter accumu1ation 

2.2.2.1 Lenti.1 

Dry matter accumulation in lentil follows a sigmoidal 

curve and is affected by both environment and genotype (Saxena and 

Hawtin, 1981) . Almost 50% of the total stem dry weight accumulates 

after flowering ceases, indicating that stems are an active sink for 

photosynthates during reproductive growth. Lentil plants differ 

widely in vegetative growth during the pre-flowering period, 

depending on temperature (Summerfield et al., 1989a). Even in the 

same genotype, the number of nodes per plant can vary by a factor of 

six, reflecting a plastic branching habit and associated differences 

in dry weight of shoot components. 

2.2.2.2 Chickpea 

The growth pattern of chickpea is characterized by an 

initial slow growth period followed by an active growth period 

(Sinha, 1985). Pod and seed weights decrease with increasing node 
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position. For a range of planting dates, leaves and stems develop 

together and reach their maximum weight first, followed by flowers, 

then pods and finally seeds (Siddique and Sedgley, 1986). 

After reaching a maximum, leaf dry weight in chickpea 

declines steadily until maturity due to shedding of senescent 

leaves. Saxena (1984) reported that stem dry weight, which 

constituted 30 to 40% of total dry matter, began to decrease between 

the flowering and active pod-filling stage . In early maturing desi 

chickpea, stem weight continued to increase up to half way through 

the reproductive phase, whereas in a medium-late desi chickpea, 

weight of the vegetative structure increased only slightly after 

flowering started (Sheldrake and Saxena, 1979). The pod wall 

attained its final dry weight before the seeds began to grow rapidly 

(van der Maesen, 1972). Siddique and Sedgley (1986) also observed 

that seed filling started as pod walls approached their maximum 

weights. Seed growth alone accounted for changes in dry weight from 

then to maturity. 

Seeding date influences dry matter accumulation. Stems 

and leaves accumulated dry weight for 45 days after flowering in an 

early planting, and for 20 days after flowering in a late planting, 

and then lost weight until maturity due to translocation and leaf 

fall (Siddique and Sedgley, 1986). Late seeding delayed accumulation 

rate and total production of dry matter, whereas drought stress 

reduced dry matter and seed yield (Sivakumar and Singh, 1987) . The 

partitioning of dry matter into vegetative components was similar 

among chickpea cultivars, despite large temperature effects on early 

dry matter production and reproductive development (Summerfield et 

al., 1984a). 
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2.2.3 Seed yie~d and yie~d components 

Seed yields of lentil and chickpea are usually low 

(Muehlbauer et al., 1985; Smithson et al., 1985), although yields 

as high as 4000 kg ha-1 have been reported (Saxena, 1984; Sinha, 

1985) . Large variations in seed yields are partly due to wide 

variation in growth conditions. 

2.2.3.1 Lentil. 

Seed yield of lentil varies with length of the growing 

season; a longer growing season generally leads to a greater yield 

(ICRISAT, 1980). Muehlbauer et al. (1985} stated that branching 

pattern and number of mature pods are the two most important traits 

related to seed yield. However, agronomic and environmental effects 

are more important than genetic effects in determining these two 

traits. 

High temperatures during the reproductive period 

restricted branch initiation and development (Summerfield et al., 

1989b) . When exposed to cool regimes during the pre-flowering stage, 

lentil plants usually produced many more pods than those exposed to 

warmer regimes (Summerfield et al., 1989a). However, in the former 

case plants clearly lacked the potential to fill all the pods formed 

so that a larger proportion of the pods (47%} aborted than in the 

latter case (31%) . Plants grown originally in the warmer regime 

produced less stem and branch growth after flowering and senesced 

relatively rapidly, leading to a low yield. Analyzing the results of 

different experiments, Summerfield et al. (1989b) suggested that 

lentil plants would abort many pods if grown until flowering at 

temperatures higher than 18°C. Post-flowering temperatures above 20°C 

were found supra-optimal. 
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Although lentil is normally grown under dryland 

conditions, irrigation, particularly at the early reproductive 

growth stage, may increase yield significantly (Ojha et al., 1977; 

Tollefson, 1985). This is particularly true in areas where the crop 

season rainfall and water holding capacity of the soil are not 

favourable (Summerfield, 1981) . At Tel Hadia, Syria, two 

supplementary irrigations increased lentil yield between 21 and 50%, 

depending on genotype (Saxena, 1981). The seedling and flowering 

stages were most sensitive to drought stress in India (Yusuf et al., 

1979), whereas drought stress during early vegetative growth did not 

reduce seed yield in the Prairie region of Canada (Tollefson, 1985). 

Lentil is also sensitive to excess soil moisture (Saraf and Ahlawat, 

1975) . Frequent irrigation resulted in luxurious vegetative growth, 

but adversely affected pod formation and seed filling (Yusuf et al., 

1979) . On the other hand, drought stress at a later stage of crop 

may be beneficial in areas with a short growing season (Tollefson, 

1985). 

2.2.3.2 Chickpea 

Seed yield in chickpea is usually limited by source 

rather than sink, i.e., by the supply of photosynthates. Number of 

flowers does not limit yield since only 10 to 50% of the flowers 

form mature fruits (Summerfield and Wein, 1980; Wein and Tayo, 

1978). The first few flowers may desiccate and abort before opening 

(Aziz et al., 1960}. The number of these flowers, called pseudo

flowers, varies among genotypes (ICRISAT, 1983). The number of pods 

and branches per plant are two major yield components (Smithson et 

al., 1985}. The number of pods per plant depends on the product of 

total number of nodes per plant, the fraction of nodes in a plant 



15 

that becomes reproductive and the number of pods set per 

reproductive node (Sandhu and Singh, 1972). The pod number increases 

with LAI (ICRISAT, 1976), primarily because a higher leaf area is 

usually associated with a higher number of nodes (Saxena, 1984). 

Seed weight is not as important as pod number in 

determining seed yield (Singh and Auckland, 1975) . However, if the 

number of pods is reduced, compensation may occur in another yield 

component such as seed weight or number of seeds per pod (ICRISAT, 

1978). Siddique and Sedgeley (1986) found the seed number as the 

main component of the seed yield. Moreover, both positive and 

negative relationships have been observed between seed size and seed 

yield (Pandya and Pandey, 1980; Singh and Auckland, 1975) . 

A cool (22/10°C) environment produced more branches on 

chickpea than a warm (30/18°C} environment (Roberts et al., 1980). 

A low temperature and an ample soil moisture supply increased the 

number of pseudo-flowers (Aziz et al., 1960). Flowers aborted after 

opening, especially when the nights were cold. Low temperatures also 

adversely affected fruit setting; a mean temperature of 18°C appeared 

optimum for fruit setting (Sinha, 1985) . An explanation is that both 

germination and growth of pollen tubes were inhibited at low 

temperature (Savithri et al., 1980). High temperatures reduced the 

number of branches and caused flower abortion (Saxena, 1984), 

leading to poor pod set (Saxena, 1980; Saxena and Sheldrake, 1980). 

The higher the number of hot days during the reproductive period, 

the lower the seed yield; plants exposed to hot regimes from 50% 

flowering onward were almost barren (Summerfield et al., 1984a). 

Soil moisture deficit adversely affects pod number per 

plant, partly by limiting the number of nodes formed. Sivakumar and 
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Singh (1987) reported that seed yield of chickpea increased with 

increasing number of irrigations and maximum yield was recorded with 

four irrigations. 

Seeding date has a significant influence on seed weight 

of different cultivars of chickpea. In India, late maturing 

cultivars or late seeding (during the cool season) produced low seed 

yields. Lower seed yield in the late-sown plots was due to high 

temperature rather than water deficit (Sivakumar and Singh, 1987) . 

Late sowing adversely affected assimilation capacity, vegetative 

growth and reproductive load (Roberts et al., 1980). Normal sowing 

date resulted in poor dry matter partitioning, but produced more 

biomass than late seeding (Sinha, 1985) . In southwestern Australia, 

grain yield of desi chickpea was affected little by sowing between 

the middle of May and the end of July (Siddique and Sedgley, 1986) . 

PPFD also affects grain yield of chickpea. Reducing 

radiation intensity by 15% reduced yield significantly, but shading 

as high as 50% marginally increased yield when high temperature or 

low soil moisture limited yield (Sheldrake and Saxena, 1979} . 

The harvest index of chickpea is greater than that of 

many other pulse crops and varies between 0.35 and 0.50 (Saxena, 

1984) . An extended period of vegetative growth decreases the harvest 

index. Generally, total dry matter at harvest is underestimated 

because leaflets are shed early. As a result harvest index in 

chickpea is overestimated by about 10% (Saxena and Sheldrake, 1980) . 

Siddique and Sedgley (1986} reported that seed yield was poorly 

correlated with harvest index, but highly correlated with biological 

yield. 



2.3 Effects of Temperatura, Photoperiod and PPFD on P1ant 

Deve1opment 

2.3.1 Deve1opmenta1 stages 
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Gepts (1987) suggested that identification of plant 

developmental stages should be based on sound morphological and 

physiological characteristics. One problem associated with 

establishing well defined developmental stages in lentil and 

chickpea is the overlap between vegetative and reproductive phases 

due to their indeterminate growth habits. To deal with this problem, 

Gepts (1987) suggested use of a criterion that ignores the overlap 

and considers only the highest ranking growth stage. 

The developmental stages of lentil can be identified as 

vegetative (including juvenile), mature (ripeness-to-flower), 

reproductive (flowering and setting of fruits) and senescent 

(including ripening of fruits) (Summerfield et al., 1989b). However, 

the last three development stages occur simultaneously in different 

parts of indeterminate plants. The rate of phasic change and 

duration of each phase depend on genotypic and environmental 

factors. 

Summerfield and Roberts (1985) noted that a pronounced 

juvenile phase, during which plants were too young to flower under 

normally inductive conditions, has not been reported in lentil. 

However, the possibility of such a stage could not be ruled out, 

since the first flower in some genotypes was not recorded below node 

11 on the main stem, even though the environment was not limiting 

during the pre-flowering stage (M. C. Saxena, personal 

communication). In general, the later the first flower, the higher 

the subtending node and the higher the number of nodes per plant 

(Summerfield et al., 1989a}. 



18 

2.3.2 Time to f1owering in lenti1 

Temperature strongly modulated the rate of flowering of 

lentil grown in controlled environments with simulated warm day and 

cool night temperatures (typical of those experienced during the 

vegetative period of lentil in the Palouse Region of USA) so that 

time to flowering varied appreciably between the warmest (21/7°C, 

day/night temperatures) and the coolest (14/3°C) regimes 

(Summerfield et al., 198 9a) . As temperature decreased from the 

warmest to the coolest regime, time to flowering increased by 22 to 

60%, depending on the genotype. 

Solar irradiance affects flowering in lentil genotypes; 

threshold values varies from 0. 42 to 0. 49 W m-2 and . saturated 

irradiance from 50 to 80 W m-2 (Summerfield et al., 1984b). However, 

these values are low, comparable to irradiance at twilight. Similar 

responses were also found for other grain legumes and, thus, 

Summerfield and Roberts (1987) proposed a unified model to describe 

the effect of irradiance on the flowering response. According to 

this model, the quantitative responses to irradiance do not reflect 

sensitivity to irradiance per se, but are responses to photoperiod. 

Most types of lentil are quantitative long-day plants. In 

a controlled environment study, Laird lentil was most sensitive to 

photoperiod; its rate of progress toward flowering increased 

continuously as photoperiod increased from 11 to 16 h (Summerfield 

et al., 1984b). Results of lentil trials at the International Center 

for Agricultural Research in the Dry Areas (ICARDA) showed that 

photoperiods and temperatures higher than more normal hastened the 

onset of reproductive growth (Murinda and Saxena, 1985). However, 

genotypes differed in their sensitivity to photoperiod and 

temperature. 



2.4 Mode~s of Deve~opmenta~ Stages 

2.4.1 Description of moda~s 

2.4.1.1 Degree-day 
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The concept of thermal time, often referred to as "heat

units", is actually a sum of temperatures above (or below) a given 

threshold value (Monteith, 1981). According to the heat-unit 

concept, a plant requires a certain amount of thermal time, commonly 

measured in degree-days, for completion of a particular 

developmental process. Hence, models- based on the degree-days 

require determination of number of degree-days (critical value) 

needed for each developmental process. Switching from one 

developmental process to another occurs only after the index exceeds 

the critical limit required for th~t developmental process. Growing 

degree-day is usually calculated as the sum of daily mean 

temperatures above a given base temperature. The base temperature is 

often in the range of 0 to 5°C and may vary with species and 

development stage. 

Pruess (1983) and Higley et al. (1986) have reviewed the 

literature on degree-days, including various methods of calculation. 

A suitable developmental minimum temperature or base temperature can 

be determined using the x-intercept method (Arnold, 1959) or by an 

iteration method. An analogous threshold at the upper end of the 

scale, the developmental maximum temperature, can be determined as 

the temperature beyond which growth rate levels off or declines. The 

relationship between growth rate and temperature is linear between 

the minimum and maximum developmental temperatures. Above this range 

the relationship becomes non-linear (Higley et al., 1986) and may be 

described by a negative exponential function in the case of wheat 

(Angus et al., 1981). 
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Determining the degree-day accumulation for a day 

involves calculating the area between the developmental threshold 

and the actual temperature curve for that day. Recent interest in 

degree-days has focussed on more' precise calculations. However, 

since degree-days are usually used as an index, representation of 

the exact area under the temperature curve has no more biological 

validity than their estimated counterparts (Pruess, 1983). Computer 

programs for calculating degree-days, using three different methods 

based on interpolation using rectangles, triangles and sine waves, 

are available (Higley et al., 1986}. However, Pruess (1983) 

suggested that in the absence of actual degree-days the sine-wave 

estimate should be the method of choice. 

2.4.1.2 Rate-factor 

Plant growth and development are non-linear functions of 

environmental parameters (Arkin et al., 1976; de Wit et al., 1970). 

Hence, the assumption of linearity between growth and temperature in 

degree-days does not seem appropriate. The rate-factor model assumes 

non-linearity between development and environmental factors. 

However, if the rate of developme~t is used, a linear relationship 

results (Roberts and Summerfield, 1987). Monteith (1977) proposed 

such a linear relationship between rate of vegetative development 

and temperature: 1 I t= (T - Tb) h, where t is the time to reach a 

particular developmental stage, T the mean temperature (°C) during 

this period, Tb the base temperature and b the reciprocal of the 

thermal time required for the process to occur. Furthermore, the 

effect of temperature on time to flower is described by the same 

function that describes the relation between temperature and 

vegetative development (Monteith, 1977) . 
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Roberts and Summerfield (1987) described the rate of 

progress toward flowering (11f) as a linear relationship to mean 

temperature (T) : 1 I f = a + bT 1 where f is number of days to 

flower, and a and bare constants. The base temperature (Tb), or the 

temperature below which the rate of progress toward flowering is 

zero, is given by the relation: Tb = -a I b. At sub-optimal 

temperatures, the base temperature is subtracted from the mean 

diurnal temperature (Summerfield and Lawn, 1987) . In cases where 

flowering is also affected by photQperiod, rate of flowering may be 

linearly related as the sum of the separate effects of temperature 

and photoperiod with or without interaction between the two. 

Implicit in most of thes:e analyses is the assumption that 

rate of development is independent of the prevailing physiological 

stage of the plant and depends upon the growth environment alone 

(Rimmington and Charles-Edwards, 1987). 

2.4.1.3 Equiva~ent hours of maximua net photosynthesis (EBMNP) 

Pease (1984) described a method that defines the 

physiological growing season for ai crop plant at a location, using 

a unit of accumulation called the equivalent hours of maximum net 

photosynthesis (EHMNP}. The EHMNP is calculated as the duration of 

optimum photosynthetic conditions that would produce the same net 

photosynthesis as one hour of actual conditions. The scale is 

defined by assuming that it depends on temperature and solar 

irradiance in the same fashion as does net photosynthesis. As 

mentioned in the Introduction Section, EHMNP scale might serve as an 

indicator of lentil development. One of the aim of the present study 

is to test the usefulness of EHMNP' as a predictor of time of first 

flower, in comparison with a numbe,r of other predictors. 



2.4.2 MOde1s for various crops 

2.4.2.1 Lanti1 
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Data from controlled environment experiments with three 

lentil cultivars grown at 18/5°C (day/night) showed that time to 

flowering can be precisely predicted by the rate-factor model using 

daily mean temperature (Summerfield et al., 1989b). Summerfield et 

al. (1985a,b) observed that the photothermal response of flowering 

in lentil, over the range of environments normally experienced by 

the crop, can be described by the equation : 1/f a + bT + cP in 

which f is the number of days from sowing to first flower, T is mean 

temperature between sowing and first flowering and P is mean 

photoperiod between sowing to first flowering. The values of the 

constants a, band c vary among gehotypes. McKenzie and Hill (1989) 

were able to accurately predict time of flowering in lentil from 

temperature corrected for photoperiod. 

2.4.2.2 other qrain 1agumas 

In chickpea, a linear r!elationship was found between mean 

temperature and rate of progress toward flowering (the reciprocal of 

time to flower) for nine genotypes (Roberts et al., 1985). 

Temperature did not interact with photoperiod in genotypes showing 

response to both temperature and photoperiod. The photothermal 

response of flowering in chickpea, over the range of environments 

normally experienced by the crop, 'was described by the same equation 

that Summerfield et al. (1985) r~ported for lentil. 

In faba bean (Vicia faba L.), a positive linear 

relationship was found between rate of development and sub-optimal 

temperatures and a negative linear relationship between rate of 

development and supra-optimal temperatures from seedling emergence 
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to flowering (Ellis et al., 1988) ., The best prediction of harvest 

date of vining pea (Pisum sativum L.) was obtained by dividing total 

duration into two periods, sowing to emergence and emergence to 

harvest (Friis et al., 1987) . The least error of prediction of 

harvest date was obtained using the soil temperature sums from 

sowing to emergence and the number of days from emergence to 

harvest. In photoperiod-insensitiv~ cultivars of pigeon pea (Cajanus 

cajan L. ) , the response function for flower bud development was 

linearly related to mean daily t~mperature (Troedson and Meekin, 

1988). 

The rate of progress toward flowering in two genotypes of 

mung bean (Vigna radiata) was related primarily to temperature 

(Summerfield and Lawn, 1987). Thi;s relationship was improved for 

short-day genotypes of mung bean by the addition of photoperiod as 

a second independent variable. Linear relationships between rate of 

flowering and both temperature artd photoperiod were found for 

other grain legumes as well (Summerfield and Lawn, 1988; Summerfield 

and Roberts, 1988). Summerfield and his co-workers concluded that 

failure to appreciate this linearity has led to complex non-linear 

models with large coefficients of determination, but they are 

difficult to interpret in biological and evolutionary terms. 

2.4.2.3 other crops 

The classical growing degree-days (GDD) concept was not 

able to accurately predict phenological development in sorghum, 

Sorghum bicolor L. Moench. (Quinby et al., 1973). However, inclusion 

of relative humidity in the temperature-based model improved the 

accuracy of prediction of various development phases (Reddy et al., 

1984) . Field data from sorghum trials in Nebraska and Kansas showed 
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that the rate of GDD accumulation was more important than total 

number of GDD in determining the duration of different developmental 

phases in a variety of environmentts (Saeed and Francis, 1986) . 

As planting date in corn (Zea mays L.} was delayed (and 

photoperiod increased), all cultivars developed more rapidly in 

relation to accumulated thermal units (Stevens et al. 1986a,b). In 

north-western India durations of various developmental stages of 

corn were not affected by photoperiod (Narwal et al., 1986). When 

seeded during high temperature regimes, corn required fewer GDD for 

the later stages of development. 

Phenology of winter wheat was studied by McMaster and 

Smika (1988), using number of days (ND), GDD and photothermal units 

(PTU) to predict various growth stages. ND outperformed the other 

models in predicting the early stages, whereas PTU accurately 

predicted the stages from heading to maturity. Since the time to 

emergence is usually short with a relatively small range about the 

mean, McMaster and Smika (1988) suggested that ND alone can be a 

good predictor of emergence. The relationship between heat-units and 

growth of winter wheat in Texas was improved by subdividing the 

summation of GDD into periods of growth (Undersander and 

Christiansen, 1986) . Water status during a particular stage affected 

temperature-dependent reproductive development. Developmental rates 

responded linearly to both temperature and photoperiod (Porter et 

al., 1987}; the effect of photoperiod was apparent up to anthesis, 

with longer days accelerating development. In the ARCWHEAT model, 

which considers both temperature and vernalization, the optimized 

parameter values predicted the double ridge stage more accurately 

than the original parameter values, but the superiority of the non-
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linear model was not consistent over the linear model (Travis et 

al., 1988). 

In spring wheat the relationship between rate of 

development and mean temperature was linear for each developmental 

phase (DelPozo et al., 1987). A linear regression model, relating 

rate of development to mean temperature and photoperiod, gave 

results as good as a five-parameter non-linear model (Perry et al., 

1987) . Edwardson (1989) developed the CROP GROW computer program 

that uses GDD to predict the developmental stages of spring wheat, 

according to the Hahn developmental scale. The model used lower and 

upper threshold temperatures. If the minimum temperature was below 

the lower threshold temperature or if the maximum temperature was 

above the upper threshold temperature, the minimum and maximum 

temperatures were set to respective threshold temperatures. 

Threshold temperatures differed with growth stage. 

2.5 Summary 

The above survey shows that only a few physiological 

studies have been carried out to determine the effects of 

temperature, soil moisture and radiation on photosynthesis, 

respiration, transpiration and plant water relationships of lentil 

and chickpea. Although several studies have been made on the 

influences of environmental factors on growth and yield of lentil 

and chickpea, no systematic studies have been made under the 

climatic conditions of Saskatchewan. All the studies on lentil 

flowering conclude that high temperatures and long photoperiods 

shorten the period between seeding and flowering, but none of the 

studies was on the lentil genotypes grown in Saskatchewan, except 

for Laird. Flowering time in lentil was well described by 
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Summerfield's rate-factor model. However, no efforts have been made 

to compare the efficiency of the rate-factor and commonly-used 

degree-day models. The EHMNP model describes the physiological 

growing season for a crop, which in turn reflects the potential 

growth of a crop as the season advances. Since lentil plants require 

a certain amount of growth to reach the flowering stage, the EHMNP 

model may have the potential to predict time of flowering in lentil. 



3 . MATEIUALS AND METHODS 

3.1 Description of Experiments 

The studies reported in this thesis include a series of 

experiments under both controlled environments and field conditions. 

Controlled environment studies were made to determine the effects of 

soil moisture, temperature and radiation on physiological 

characteristics of Laird lentil and Cheston chickpea. The effect of 

soil moisture was also studied under field conditions by conducting 

irrigation trials for two years. Seeding date trials on lentil were 

designed to determine the effects of temperature and soil moisture 

on physiological characteristics, growth and yield of five lentil 

genotypes, since these environmental factors (and of course, 

photoperiod) change with the seeding dates. Seeding date trials also 

served to validate six phenological models, some of which were based 

on flowering response studies under controlled environments. 

3.1.1 Contro11ed environment studies on Laird 1enti1 and Cheston 

chickpea 

3.1.1.1 Radiation and temperature distribution 

Studies were conducted in two growth cabinets to 1) 

determine the variability in radiation intensity and temperature in 

a growth cabinet and 2) determine the proper conversion factor 

between two units of radiation intensity. The conversion factor was 

developed for use in the EHMNP model (Sec. 3.3.3). The radiation 

source in the two growth cabinets (Model ElS, Controlled 

Environments Ltd., Winnipeg MB) was a mixture of 28% incandescent 

and 72% cool white fluorescent light, based on wattage. 

27 
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In the first growth cabinet, radiation intensities in the 

wavelengths between 400 and 700 nm were measured for three 

replications at six horizontal positions and four heights. The LI-

1776 solar monitor was used with an LI-190SB quantum sensor and an 

LI-190SEB photosynthetic irradiance sensor (LI-COR, Inc., Lincoln 

NE) to give PPFD in J.LE m-2 s-1 and photosynthetic irradiance in W m-2
, 

respectively. The six horizontal positions were 1) centre, 2) left 

back centre, 3) left centre, 4) front centre, 5) right centre and 6) 

right back centre of the growth cabinet. The four heights were 20, 

38, 56 and 74 em below the radiation source. A conversion factor (F) 

was calculated as the ratio of PPFD in J.LE m-2 s-1 to photosynthetic 

irradiance in W m-2 • Temperature was measured at three horizontal 

positions (centre, left back centre and left centre) and three 

heights (at the top of canopy of the Laird lentil plants, 15 em 

above the canopy and 15 em below the canopy) . Only one half of the 

cabinet was used due to inadequate number of thermometers. PPFD and 

solar irradiance were also measured for one horizontal position at 

one height at reduced radiation intensities produced by increased 

number of layers of cheese cloth and the conversion factor F was 

calculated as before. 

In the second growth cabinet, radiation intensity was 

measured at six horizontal positions as in growth cabinet 1, but 

only for the first three heights. The conversion factor was 

calculated as in the first growth cabinet. 

3.1.1.2 Soi~ moisture response 

One greenhouse experiment was conducted to determine the 

effect of soil moisture stress on physiological characteristics of 

Cheston chickpea and Laird lentil. Treatments were severe water 
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stress, moderate water stress and no water stress (control) . Soil 

moisture varied between 70 and 100% of field capacity in the 

control, between 50 and 80% of field capacity in the moderate water 

stress, and between 30 and 80% of field capacity in the severe water 

stress (see Appendix A for the soil moisture retention curve) . At 

the start of the experiment the soil moisture was set at the upper 

limit of the individual treatments. Soil moisture was monitored by 

weighing three pots for each treatment. The experiment was arranged 

in a completely randomized design with three replications. 

Cheston chickpea and Laird lentil plants were grown in 

pots, 50 em high and 20 em diameter, filled with a mixture of soil, 

peat moss and vermiculite in the volume ratio of 3:2:1. Five seeds 

of each species were seeded in each pot and at two weeks the plants 

were thinned to three plants per pot. Plants were grown under 

uniform conditions of 16 h day and 8 h night. Natural radiation was 

supplemented with a radiation source of a mixture of 28% 

incandescent and 72% cool white fluorescent light, based on wattage. 

The supplementary radiation source in terms of PPFD at the top of 

the plants ranged between 300 and 350 J.l.E m-2 s-1
• 

Data were collected from one plant in each pot on net 

photosynthetic rate (Pn) at the PPFD of 1000 J.l.E m-2 s-1 and 

respiration (R) at a PPFD of zero. Data on stomatal conductivity ( gs) 

and initial transpiration rate (E1 ) during photosynthesis and 

respiration were also recorded. Data were collected from 35 DAS for 

control and moderate water stress and 85 DAS for all three 

treatments. The top portion of the main shoot consisting of 3 to 4 

leaves was sampled. 
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3.1.1.3 Temperature response 

Three experiments were conducted in growth cabinets to 

study the effects of temperature variation both in magnitude and 

duration on physiological characteristics of Cheston chickpea and 

Laird lentil. In the first experiment, plants grown either with 

water stress or without water stress were exposed to high and low 

temperatures for 6 h and then data were collected on Pn, R, E1 and 

gs. In the second experiment, the effects of temperature change 

during the daylight were determined on plants 35 DAS following 

exposure to various temperatures at 1 h intervals during the day. 

Plants were exposed first to low temperature followed by gradually 

increasing temperature and then gradually decreasing temperature 

back to the initial temperature. Data were collected on Pn, R, E1 and 

gs after 30 min exposure. In the third experiment, the duration of 

after-effects of a single hot day or single cold night on Pn and R 

were studied up to 78 h after exposure. 

In all three temperature response experiments, plants 

were grown in growth cabinets (Model E15, Controlled Environments 

Ltd., Winnipeg MB) with a 16 h day and an 8 h night. PPFD at top of 

the plants ranged between 300 and 350 J.LE m-2 s-1
• The radiation source 

was a mixture of 28% incandescent and 72% fluorescent light, based 

on wattage. The day/night temperatures of 22. 5/14°C (± 1 °C) were 

maintained up to the time of temperature treatment. Three seeds of 

a crop were sown in a 15 em pot filled with a mixture of soil, peat 

moss and vermiculite in volume proportions of 3:2:1. After two weeks 

plants were thinned to one plant per pot. Pots were irrigated after 

three weeks with a nutrient solution containing 20 mg N L-1
• The top 

portion of the main shoot with 3 to 4 leaves comprised the leaf 

sample for measurements. Data were collected from three replications 



31 

(individual plants) for each treatment. Details of the three 

experiments are described in the following sections. 

(a) Temperature response with and without water stress 

Two separate studies were conducted to determine the 

effect of temperature variation on physiological characteristics of 

Laird lentil and Cheston chickpea; one with water stress and another 

without water stress conditions. Soil moisture in the without water 

stress study ranged between 70 and 100% of field capacity (see 

Appendix B for the soil moisture retention curve) . Soil moisture in 

the water stress study ranged between 40 and 100% of field capacity 

and stress was applied 3 weeks after seeding. The desired amount of 

water was added to a container containing the pots. Soil moisture 

was regulated by weighing three pots. 

In the first study (without water stress) Cheston 

chickpea and Laird lentil plants 30 and 60 DAS were exposed to three 

temperatures in three separate growth cabinets for 6 h during the 

light period. Leaf temperatures for these three temperature 

treatments were about 6, 14 and 22°C at 30 DAS and 18, 23 and 28°C 

at 60 DAS. Data on Pn of chickpea and lentil were collected for a 

range of PPFD from 0 to 1200 j.LE m-2 s-1 after 6 h of exposure to the 

above temperatures. The Pn at zero PPFD was negative as only 

respiration was taking place. The E1 and gs during photosynthesis and 

respiration were also recorded. The maximum net photosynthetic rate 

(Prnax>, photosynthetic efficiency (eP) and PPFD compensation point (r) 

were estimated from the PPFD response curve (Sec 3.2.1.4). 

In the second study (with water stress) data on Pn at the 

ambient PPFD of 350 J..LE m-2 s-1 and R at a PPFD of zero were collected 
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after 6 h of exposure to temperatures of 18, 23 and 28°C at 30 DAS 

and 13, 17 and 21 °C at 60 DAS. Data on gs and initial E1 during 

photosynthesis and respiration were also recorded. 

(b) Temperature variation during the day 

In order to determine the effect of daytime temperature 

~variations on photosynthetic responses of Cheston chickpea and Laird 

lentil at 35 DAS, daytime leaf temperatures were decreased from 22.5 

to 15.7 ± 0.8°C, by monitoring the leaf temperatures by LI-6000 

photosynthetic system. Then leaf temperatures were gradually 

increased to 28.8 ± 0.4°C and finally brought back to the initial 

temperature. The time interval between one temperature treatment and 

the next was 1 h. Data on Pn, gs and E1 were collected for the 

ambient PPFD (350 ~ m-2 s-1
) after exposing plants for 30 min at each 

temperature. The same plants were repeatedly exposed to the 

different temperature treatments. 

(c) One day exposure to a cold night or a hot day 

This experiment was aimed at determining the effect of a 

single cold night or single hot day on photosynthesis and 

respiration of Cheston chickpea and Laird lentil. Half of the 

uniformly grown plants were exposed to three temperature treatments 

35 DAS and the other half 55 DAS. The day/night temperatures of the 

three treatments were 23/0°C (cold night), 23/15°C (control) and 

35/15°C (hot day) . The duration of each treatment was for one day (16 

h day and 8 h night). Temperatures were measured at the top of the 

plant canopy. Data on Pn at the ambient PPFD of 30 0 ~ m-2 s-1 and R 

at a PPFD of zero were recorded 6, 30, 54 and 78 h after the end of 

the temperature treatments. 



33 

3.1.1.4 PPFD response 

These growth cabinet studies were carried out to 

determine the photosynthetic response of Cheston chickpea and Laird 

lentil to variation in PPFD. Two separate studies were conducted; 

one with water stress and another without water stress. Soil 

moisture varied between 70 and 100% of field capacity in the without 

water stress study and between 40 and 100% of field capacity in the 

water stress study. Water stress was applied 20 DAS. Growth 

conditions of the plants and monitoring of soil moisture were 

similar to that for the temperature response studies (Sec. 3.1.1.3}. 

Pots in three replications were completely randomized in the growth 

cabinet. 

Data on Pn, gs and initial E 1 35 and 55 DAS for the 

without water stress study and 35 DAS for the water stress study 

were collected over a wide range of PPFD at 2 to 4 min intervals. 

The top portion of the main shoots of individual plants containing 

four to five leaves comprised the leaf sample for Pn. Plants in the 

water stress study did not survive to 55 DAS. 

Variations in PPFD induced variations in leaf 

temperature. Thus, data on Pn were adjusted to a constant temperature 

of 23°C because most of the data were between 21.5 and 24.5°C. Two 

separate factors for lentil and chickpea were derived by regression 

analyses of respiration data over the temperature range of 21 to 28°C 

(Sec. 3 .1.1. 3) . The factor for lentil was 0. 00 9 mg C02 m-2 s-1 Pn 

change per l°C temperature change. The corresponding factor for 

chickpea was 0.01. Moreover, since data on Pn were not collected for 

low PPFD, and PPFD points varied among replications, the regression 

between light level and Pn, gs or E1 was not carried out. 
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Accordingly, PPFD treatments were grouped in or<;:ier to maintain 

replication. 

3.1.1.5 Leaf position affect 

This experiment was started with the objective of 

determining the effects of water stress on photosynthesis at various 

leaf positions. However, the lower leaves of water stressed chickpea 

plants were completely senesced as early as 45 DAS. This prevented 

a valid comparison between without water stress and with water 

stress. Hence, the data were analyzed separately for the two soil 

moisture conditions with the objective of investigating the effect 

of leaf position on photosynthesis. 

Studies included one growth cabinet study and one 

greenhouse study. Cheston chickpea and Laird lentil plants, grown 

concurrently with plants for the without water stress treatment of 

the radiation response studies (above), were used as plant material 

in the growth cabinet study. Cheston chickpea and Laird lentil 

plants, grown concurrently with the plants for the soil moisture 

stress study (Sec. 3.1.1.2), were used for the greenhouse study. 

Three leaf positions were top, middle and bottom. The uppermost 

unfolded leaf was considered the top leaf. A lower leaf, less than 

one half senescent, comprised the bottom leaf. A leaf half-way 

between the top leaf and the bottom leaf was used as the middle 

leaf. 

Data were collected on Pn (at 350 J.LE m-2 s-1 PPFD) and R 

from the three leaf positions 35 and 45 DAS of growth-cabinet-grown 

plants. Data on Pn from the three leaf positions of greenhouse-grown 

plants were collected over a range of PPFD (to derive Pmax, eP and r) 

4 5 DAS and at a PPFD of 7 50 J.LE m-2 s-1 7 5 DAS. Data on Pn of chickpea 



35 

were not collected from the bottom leaf 45 and 75 DAS when grown 

with water stress, and 75 DAS when grown without water stress and 

the middle leaf 75 DAS when grown with water stress, since these 

leaves were senescent. Data were collected from three replications. 

3.1.1.6 Time-to-f1owerinq in 1enti1 

The objective of these studies was to characterize the 

flowering responses of five lentil genotypes to four combinations of 

temperature and photoperiod, when grown in growth cabinets. The five 

lentil genotypes were PI 244026, Eston, Laird, Indianhead and PI 

298121. The four growing environments comprised long (17 h) and 

short (13 h) days, each combined with warm (21/14°C) and cool 

(17/10°C) day/night temperatures. Day-night temperature changes 

coincided with photoperiod, so that the mean daily temperatures were 

19°C (warm) and 15°C (cool) for the 17 h day and 17.8°C (warm) and 

13. soc (cool) for the 13 h day. Within each growing environment 

plants of five genotypes were completely randomized with three 

replications. Plants were grown in 15 em plastic pots containing a 

rooting medium of soil, peat moss and vermiculite mixed in 

proportions of 3:2:1 by volume. Plants were irrigated at regular 

intervals to avoid water stress. 

Records were taken for individual plants in all 

environments of the time (days) to first flower, which is the period 

from seeding until the appearance of the first unopened flower bud 

in the axil of a fully unfolded leaf on 50% of the plants. Multiple 

regression techniques were applied to the data from individual 

genotypes to obtain temperature and photoperiod response 

coefficients of Summerfield's rate-factor equation (Roberts and 

Summerfield, 1987): 
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1/f = a + bT + cP, 

where 1/f is rate of progress toward flowering (f is the number of 

days to first flower), a is the intercept (the reciprocal of which 

is a partial estimate of intrinsic earliness) , and b and c are 

response constants for temperature (T} and photoperiod (P}, 

respectively. Degree-day accumulations up to first flower were 

calculated from mean daily temperatures. Two variations of EHMNP 

accumulations (EHMNP-1 and EHMNP-2) were also calculated, as 

described in Section 3.3.3. 

3.1.2 Fie1d experiments 

The relationship between PPFD and solar irradiance (400 -

1100 nm) was established in the field. PPFD was measured in ~ m-2 

s-1 using LI-6000 photosynthesis system and solar irradiance in W m-2 

using a pyranometer sensor (model LI-200SB) in a bright sunny day 

and a partial cloudy day in summer. The measurement was repeated at 

reduced radiation intensity after shading with multi-layered cheese 

cloth. A conversion factor was calculated as the ratio between PPFD 

and solar irradiance so the data could be used in the EHMNP model 

(Sec. 3. 3. 3) . 

3.1.2.1 Seedinq date effects on 1enti1 

The objective of these field trials was to study the 

effects of air temperature, radiation intensity, day length and soil 

moisture, as determined by a range of seeding dates, on 

physiological characteristics, growth, flowering and yield of lentil 

plants. In 1987, this experiment was conducted at two locations: 

Preston Plots on the University of Saskatchewan campus and the 

Goodale Farm (20 km southwest of Saskatoon) . The treatments 
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comprised five genotypes of lentil with five seeding dates at 

Preston (12, 23, 35, 46 and 54 days after April 30) and six seeding 

dates at Goodale (5, 11, 21, 34, 45 and 53 days after April 30}. The 

five lentil genotypes were PI 244026, Eston, Laird, Indianhead and 

PI 298121. In 1988, the sites were Preston, with and without 

irrigation, and Hagen (130 krn north-east of Saskatoon), without 

irrigation, using the same five lentil genotypes as in 1987. Six 

seeding dates were used in both trials at Saskatoon (3, 13, 23, 35, 

47 and 63 days after April 30) and five seeding dates at Hagen (12, 

25, 33, 44 and 54 days after April 30) . However, in the unirrigated 

Saskatoon trial, data from the last three seeding dates were 

discarded, since plants did not emerge until early July, due to the 

extreme drought in 1988. Trials in 1989 were the same as the 1988 

trials except only three seeding dates were used (3, 13 and 24 days 

after April 30 at Saskatoon and 13, 33 and 46 days after April 30 at 

Hagen). 

All trials were arranged in a split-plot design with 

seeding date as the main effect and genotype as the split effect 

with four replications. Seeding was done with a small cone-seeder at 

the rate of 36 seeds per linear min four rows of 3.6 m long and 30 

em apart for all lentil genotypes except that PI 244026 was seeded 

at 48 seeds per linear m in rows 30 em apart. Data on the physico

chemical properties of the soil at the various experimental sites 

are presented in Table 1. The weekly weather data during the crop 

seasons are presented in Appendices C to G. 

Data on days to first flower were recorded for all 

seeding dates for both trials in 1987, for the first four seeding 
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Tab~e 1. Physico-chemica1 properties of the soi~s at the exper~enta~ sites in 
fie1ds. 

Exper1.ment S1.te Year Sample Texture pH Cond- Ava1.lable nutrients 
depth ucti- -------------------

vity N03-N p K so4-s 

em mS em - ----- kg ha -

Seeding date Saskatoon 1988 0-15 Loam 7.5 0.8 68 48 650 24+ 
15-30 Clay loam 7.8 1.0 

Seeding date Goodale 1988 Sandy loam 7.2 
Seeding date Hagen 1988 Silty clay 

loam to 
silty clay 

Soil moisture Saskatoon 1988 0-15 Loam 7.2 0.9 84 58 630 24+ 
15-30 Loam 7.5 1.1 

dates in 1988 unirrigated trials at Saskatoon and Hagen and for all 

three seeding dates in the 1989 unirrigated trials at Saskatoon and 

Hagen. However, days to flower of PI 244026 lentil from the 1987 

Goodale trial was not recorded for the first two seeding dates. Data 

on Pn and R were recorded 40, 60 and 80 DAS for a range of PPFD in 

the 1988 irrigated trial at Saskatoon and for only the high PPFD 

(above 1400 ~ m-2 s-1 ) in the unirrigated trial at Saskatoon. At 

harvest, data were recorded on biological yield, seed yield and 

1000-seed weight from all six trials in 1988 and 1989 (see Sec. 

3.2.2.4). 

3.1.2.2 Soi1 moisture effects on Laird 1enti~ and Cheston chickpea 

Field trials were conducted to determine the effect of 

soil moisture stress on physiological characteristics, growth and 

yield of the Laird lentil and Cheston chickpea plants. Trials on 

Laird lentil were conducted on the Preston plots in 1987 and 1988. 

Trials on Cheston chickpea were conducted on the Investigation Plots 

(near Preston) in 1987 and on the Preston Plots in 1988. In 1987, 
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moisture stress treatments on these two crops consisted of five soil 

moisture regimes: 

M1: Two-thirds of the rain water diverted 

M2: One-third of the rain water diverted 

M3: No irrigation (control) 

M4: One irrigation 

MS: Two irrigations 

Rain water was diverted by placing corrugated fibre glass sheets 

between the rows of a plot so that some of the rain water drained 

off the plot. Fibre glass sheets (20 em wide) were placed in all 

inter-rows in treatment M1 and in alternate inter-rows in treatment 

M2. Treatments M4 and M5 were surface irrigated with 5 em water once 

(early flowering) or twice (early flowering and early pod filling), 

respectively. For trials on both crops in 1988 the treatments 

consisted of only three moisture stress levels by dropping 

treatments M2 and M4. 

All four trials were arranged in a randomized complete 

block design with four replications. Seeding was done with a small 

cone-seeder at the rate of 36 seeds per linear m for Laird lentil 

and 27 seeds per linear m for Cheston chickpea in eight row plots, 

3. 6 m long with rows 30 em apart. Data on the physico-chemical 

properties of the soil at the experimental sites are presented in 

Table 1. Weekly weather data during the crop season for the 

experimental sites are presented in Appendices C and D. 

Data on Pn, R, leaf area index (LAI) and dry matter 

accumulation were recorded 25, 45 and 65 DAS in the 1987 trials and 

30, 50 and 70 DAS in the 1988 trials. Data on Pn were recorded for 

high PPFD (over 1000 J!E m-2 s-1 ) in both trials. Data on pre-dawn and 
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afternoon shoot water potential ('l'shoot) were recorded 40, 50 and 60 

DAS in the 1987 trials and 28, 42, 70 and 84 DAS in the 1988 trials. 

At harvest, data were recorded on biological yield, seed yield and 

1000-seed weight from all four trials in 1987 and 1988 (see Sec. 

3.2.2.4) 0 

3.2 Measurement and Estimation of Parameters 

3.2.1 Physio1oqica1 characteristics 

3.2.1.1 Net photosynthetic rate (Pn) 

Data on Pn were recorded in terms of C02 fluxes into the 

leaves by the LI-6000 portable photosynthesis system. The instrument 

is a closed system model, which utilizes a transient measurement 

technique with an infrared gas analyzer. A custom built 2000 mL 

plexiglass chamber was used. The chamber had water jackets on the 

top and bottom through which ice-cold water was pumped from an ice 

box to cool the chamber. The controller had a temperature sensor 

inserted into the chamber and used step-wise temperature control to 

regulate water circulation. 

Measurements involved placing an intact leaf sample 

inside the chamber so that a thermocouple was in contact with the 

leaf surface. Each leaf sample consisted of a top portion of the 

main shoot consisting of 3 to 6 leaves. Meausrements over a range of 

PPFD were made after exposing the intact sample at each radiation 

level for 2 to 4 min , starting from highest to lowest PPFD by using 

multiple layers of cheese cloth. Initial C02 concentration inside the 

leaf chamber varied from 330 to 350 ~L L-1 • The rate of change of C02 

for a single measurement was obtained as the average of 10 readings 

at 4 s intervals. The LI-6000 portable photosynthesis system was 
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also used to record leaf temperature during photosynthesis. The rate 

of Pn was expressed as mg C02 m-2 s-1
• 

3.2.1.2 Repiration rate (R) 

Techniques used for the measurement of R were essentially 

the same as for Pn, except that the leaf chamber was covered by a 

multi-layered cheese cloth sandwiched between an outermost layer of 

aluminium foil and an innermost sheet of black polyethylene. After 

Pn was recorded, the leaf was darkened for 2 to 5 min and then R was 

recorded. R was expressed as mg C02 m-2 s-1
• 

3.2.1.3 Transpiration rate (B1 ) and stomata~ conductivity (g.) 

The LI-6000 was also used to record initial B1 (mg H20 

m-2 s-1
) and gs (em s-1

) during photosynthesis and respiration 

measurements. 

3.2.1.4 Photosynthetic ~iqht response 

Data on Pn at a range of PPFD were used to develop 

photosynthetic photon flux response curves (Pn versus PPFD), based 

on the following exponential model (Kotvalt and Hak, 1987; Leith and 

Reynolds, 1987): 

Estimated Pn = Pmax ( 1 - e-P (PPFD - n I pmax> 

where ~ is initial slope (mg C02 ~E-
1 photon) of the response curve. 

The photosynthetic light response functions were developed by 

nonlinear curve fitting, using the Marquardt algorithm (SAS, 1988) . 

This method gave estimated Pmax' ~ and r. Photosynthetic efficiency 

(apparent quantum yield), eP, was calculated from~ and expressed as 

mole C02 mole-1 photon. 
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3.2.1.5 P1ant water potentia1 

Total plant water potential (MPa) was measured with a 

pressure chamber apparatus (PMS Instrument Co., Corvallis OR) using 

nitrogen gas. It was measured at predawn (4 a.m.) and afternoon (2 

p.m.). The main shoot of Laird lentil was cut close to the ground 

when sampled prior to 40 DAS. At later stages the Laird lentil plant 

sample was the upper 10 to 15 em of the main stem. In Cheston 

chickpea, the plant sample consisted of the upper 15 to 20 em of the 

main stem. 

3.2.2 Agronomic characteristics 

3.2.2.1 Leaf area index (LAI) 

Leaf area was measured by an electronic area meter with a 

continuous belt feed (Model LI 3000, Li-Cor, Inc., Lincoln NE}. 

Leaves having greater than 50% yellow or necrotic areas were not 

included in the measurements. In the field studies the leaf samples 

contained all leaves from 5 plants prior to 30 DAS and from 2 plants 

thereafter. LAI was computed from dividing leaf area by ground area 

covered by these plants. 

3.2.2.2 Growth ana1ysis 

The pattern of growth of Cheston chickpea and Laird 

lentil was studied, using the following growth analysis formulae 

(Radford, 1967): 

CGR (W2-Wl) I (t2-t1) , 

RGR (lnW2-lnWt> I (t2-t1), 

and NAR = ( (W2-W1) * (lnA2-lnA1)) I ( (A2-A1) * (t2-t1)), 

where CGR is the mean crop growth rate ( g m-2 land day-1) , RGR is the 

mean relative growth rate (g g-1 day-1} and NAR is the mean net 
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assimilation rate (g m-2 leaf day-1
} • W1 and W2 are total plant dry 

weights (g m-2
) at time t 1 and t 21 respectively, and A1 and A2 are 

corresponding total leaf area (m2 leaf m-2 land) . Growth analysis 

were conducted on measurements made between 25 and 45 DAS in 1987 

and between 30 and 50 DAS in 1988 from the field trials on effect of 

soil moisture. 

3.2.2.3 Harvest characteristics 

Biological yield prior to harvest was determined from the 

samples used in leaf area measurement and was recorded after drying 

at 70°C for 72 h and expressed as g m-2
• At harvest, lentil and 

chickpea plants from the field experiments were cut close to the 

ground from the entire plot (3.6 X 1.2 m) in 1988 and 1989 seeding 

date experiments. The net plot area for harvest in the irrigation 

experiment was 2. 4 X 1. 2 m in both 1987 and 1988. Plants were 

bagged, dried and weighed for biological yield (excluding roots) . 

The plants were then threshed and the seeds were cleaned and weighed 

for seed yield. Harvest index (HI) was determined as the ratio of 

seed yield to biological yield. Weight of 1000 seeds was determined 

as four times the weight of 250 hand counted seeds, randomly drawn 

from the bulk seed yield of each plot. 

3.2.3 Weather parameters 

Weather stations equipped with Campbell Scientific 

dataloggers (Model CR-21, Logan UT) were located at the Preston 

Plots (Saskatoon} and Hagen to record hourly global radiation (W m-

2}, daily minimum and maximum temperature (°C), and daily 

precipitation (mm d-1
) from May 1 to harvest. As weather data for 

some days were lost due to malfunction of dataloggers and 
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calculation of EHMNP needed daily bright sunshine hours to estimate 

daily solar irradiance, data from the Atmospheric Environment 

Service weather station at Saskatoon (Atmospheric Environment 

Service, Regina SK, personal communication) were also used. 

Precipitation during the growing seasons of the various years 

differed considerably: 1988 was dry at first and wet later in the 

summer, whereas 1987 was just below normal in precipitation, and 

1989 was somewhat above normal in precipitation. 

3.3 Mode~s for Predicting Time to First F~ower in Lenti1 

Six models were constructed with some variations from 

three basic models namely, degree-day, rate-factor and EHMNP. 

Degree-days to first flower were calculated from the daily maximum 

and minimum temperature data. Two variations of the rate-factor 

model were tested: one using seasonal weather data and another using 

daily weather data. Three variations of the EHMNP model were tested: 

the first two used the same critical value (discussed below) derived 

from the controlled environment, but differed in response to light 

intensity; the third variation used a critical value derived from 

the field data, but had the same light response function as the 

second variation. 

In both variations of the rate-factor model, predicted 

days to first flower was calculated as the inverse of the rate of 

progress toward flowering. All other models used respective critical 

values for first flowering. In these cases, predicted day of 

flowering occurred when accumulation of daily values after seeding 

reached the the critical value. The predicted time of flower was 

calculated separately for each seeding date and lentil genotype of 

all six seeding date trials. The predicted data were tested against 
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the observed data from these field trials to determine the 

predictive powers of the six models. 

3.3.1 Degree-day 

Degree-days were calculated for controlled environment 

flowering (Sec. 3.1.1.6) data to obtain a critical value for the 

first flower, so as to test this model under the field conditions. 

Since the commonly used equation of degree-days (used for the field 

studies) does not take into account the photoperiods,dDegree-days 

for the controlled environments were calculated as follows: 

DD = (T - T~w> X Days to flower, 

and T = (Td X D1 + Tn X N1 ) /24, 

where DD is degree-days to first flower, T is average daily · 

temperature (°C), T10w is the base temperature, 0°C (McKenzie and 

Hill, 1989), Td is temperature during the light period, Tn is the 

temperature during the night, D1 was day length (h) and N1 was night 

length (h) . The Td, D11 Tn and N1 were constant during growth of the 

plants for each combination of temperature and photoperiod in the 

growth cabinet and, thus, the daily temperature-sum was constant. 

So, degree-days to first flower was calculated as daily temperature

sum times the days to first flower. However, due to large 

differences between temperature-photoperiod treatments for degree

day accumulations (see Table 53), the critical value was derived 

from the seeding date trials. 

Degree-days in the seeding date trials were calculated 

on a daily basis from daily maximum (Tmax> and minimum (Tmin) air 

temperatures, using the sine wave method (Higley et al., 1986) and 

accumulations were made until the day of first flower (Appendix H) . 
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The method included a base temperature (T10w) and a threshold at the 

upper end of the temperature scale (Tup) . T10w and Tup were 0 and 36°C, 

respectively. Accumulated degree-days to first flower for a 

genotype, averaged over six field experiments, was taken as the 

critical degree-day to first flower for that genotype. The predicted 

day of first flower was the day when the accumulated degree-days 

reached the critical value for that genotype. Time of first flower 

predicted by the degree-days was compared with observed field data. 

3.3.2 Rata-factor 

Rate of progress toward flowering was calculated as the 

sum of the separate effects of temperature and photoperiod and the 

inverse of the rate gave the number of days to first flower (Roberts 

and Summerfield, 1987 and Sec. 3.1.16). Two variations of the rate

factor model were tested. The first variation of the rate-factor 

model used mean seasonal temperature and photoperiod between seeding 

and first flowering. In the second variation, flowering rate was 

calculated on a daily basis after seeding until the cumulative value 

of flowering rate reached 1.0. This method used daily photoperiod 

and mean daily temperature. 

Mean daily temperature was calculated as the average of 

daily Trnax and Trnin. Photoperiod for a day was the day length for that 

day from sunrise to sunset plus 1.5 h (average of the actual range 

1.3 to 1.7 h) for the civil twilight period and it was calculated 

from the latitude of a location (List, 1966), 52.5° N for Saskatoon 

and 54.0° N for Hagen, and the details are presented in Appendix I. 

3.3.3 Equiva1ant hours of max~um net photosynthesis (BBMNP) 

Three variations of the EHMNP were tested: EHMNP-1, 

EHMNP-2 and EHMNP-3. The EHMNP-1 used the low values of Prnax and 
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saturation light intensity, whereas EHMNP-2 and EHMNP-3 used high 

values of these two parameters (Appendix J) . Critical values of each 

genotype for the first two variations of EHMNP were derived from 

controlled environment flowering data (Sec. 3.1.1.6 and Table 52) by 

averaging over the four combinations of temperature and photoperiod 

(Appendix K) . The critical value of each genotype for EHMNP-3 was 

derived as the average over all six seeding date trials. Time of 

first flower predicted by three variations was compared with 

observed field data. 

All three variations required separate hourly EHMNP 

calculations for temperature and radiation from the respective 

response functions. Applying Liebig's Law of the Minimum, the lower 

value of the two was taken as the EHMNP for an hour. Summation of 

hourly values over a day and then subtraction of nocturnal 

respiration resulted in daily EHMNP, which was then accumulated 

between seeding and first flowering. Nocturnal respiration was 

assumed 0. 005 of EHMNP for each 1°C temperature above freezing 

(Larcher, 1983). 

Hourly EHMNP required hourly temperature data, which were 

simulated from diurnal maximum (Tmax> and minimum (Tmin) temperature 

by dividing a day into three periods: sunrise to sunset, sunset to 

midnight and midnight to next-day sunrise. It took into account Tmax' 

Tm~' sunrise, and sunset for a day and its previous day. It also 

required Tmin and sunrise for the next day (Appendix L) . The hourly 

radiation was simulated from solar declination (latitude as an 

input) and daily sunshine hours from weather data for 1987 and 1988 

(Appendix M) . The hourly solar irradiance data in 1989 were recorded 

using a Weathertronics Silicon Cell Pyranometer (Model 3120) and a 
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Campbell CR-21 recorder. A conversion factor (Sec. 3.1.2) was used 

to convert the solar irradiance data in W m-2 into PPFD in jJ.E m-2 s-1
• 

The temperature response function used was as follows: 

and 

where Ete~ is hourly EHMNP due to temperature, t is hourly 

temperature, ~opt is the optimum temperature for photosynthesis, Tact 

is the active threshold temperature, and other variables are as 

before. The Tup' and T10w were 36, and 0°C, respectively. Tact is that 

temperature below which the process rate is minimal. In the abscence 

of definite Tact for lentil in the literature, a temperature of 4°C 

reported for peas (Seaton, 1955) was taken as Tact for lentil, since 

both are closely related, cool season legumes. The general nature of 

the temperature response function is shown in Appendix N. 

The radiation response function was as follows: 

E 1 e -Ji (PPFDh - rJ I l?maxt par = -

where Epar is hourly EHMNP due to radiation, PPFDh is average PPFD for 

an hour and other variables are as before. If PPFDh exceeded 

saturation light intensity (Appendix J) , Epar was taken as 1. 0. The 

general nature of the radiation response function is shown in 

Appendix 0. 

3.4 Statistica1 Ana1ysis 

The experimental data were subjected to analyses of 

variance. Treatment differences were tested by the F-test at the 95% 

confidence interval. The predictive ability of the models was tested 
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by three methods: 1) Dunnett's test to pairwise compare predicted 

with observed time; 2) correlation technique; and 3) coefficient of 

variation over six environments (SAS, 1988; Steel and Torrie, 1980). 



4. RESULTS 

4.1 Contro~~ed Environment Studies on Laird Lenti~ and Cheston 

Chickpea 

4.1.1 Radiation and temperature distribution 

The distribution of PPFD varied significantly among the 

different heights and spatial positions in the two growth cabinets 

(Table 2) . PPFD was significantly higher at spatial position 4 

(front-centre) than at the other positions in both growth cabinets, 

except at 20 em height. The left back centre {spatial position 2) of 

both growth cabinets received the least PPFD. As distance from the 

light source increased, PPFD declined from 440 )l.E m-2 s-1 at 20.0 em 

to 263 )l.E m-2 s-1 at 74 em in growth cabinet 1, and similarly in 

growth cabinet 2. 

The factor (F) for converting photosynthetic irradiance 

to PPFD varied significantly among the various heights and 

horizontal positions in both growth cabinets, except for 38 em 

height in growth cabinet 2 (Table 2} . F was significantly higher for 

the left back centre (Spatial position 2) than at the front centre 

(spatial position 4) . The mean F over all the horizontal positions 

was similar for all the heights, except for the lower value of F at 

74 em height, due possibly to measurement error at spatial position 

1. The values of F were higher than the reported values: 5.0 for 

incandescent and 4.6 for fluorescent light (Li-Cor, 1981). This is 

attributed to inadquate precision in placing the two sensors 

perpendicular to the light exactly at the same position for each 

pair of measurements. 

50 
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Tabl.e 2 . PPFD :in J.LE m-2 s-1 and the factor (F) for convert:inq 
photosynthetic :irradiance to PPFD at six spatial. positions 
and four he:iqhts :in two qrowth cabinets. 

Height (em) t 

Spatial 20 38 56 74 Mean 
position* ---------

PPFD F PPFD F PPFD F PPFD F 

(a) Growth cabinet 1 

1 498 5.18 413 5.06 350 5.17 248 4.36 377 4.94 
2 305 5.39 282 5.38 254 5.30 229 5.42 268 5.'37 
3 422 5.23 351 5.19 301 5.19 259 5.21 333 5.21 
4 526 5.18 445 5.19 378 5.25 313 5.25 416 5.22 
5 454 5.16 368 5.25 313 5.26 271 5.23 352 5.23 
6 432 5.37 364 5.25 306 5.19 260 5.25 341 5.27 

Mean 440 5.25 371 5.22 317 5.23 263 5.12 348 5.21 
LSD 38 0.09 27 0.10 20 0.07 15 0.09 
(0. 05) 

(b) Growth cabinet 2 

1 1026 5.17 860 5.17 717 5.18 868 5.17 
2 601 5.28 573 5.30 515 5.38 563 5.32 
3 894 5.20 746 5.22 628 5.16 756 5.19 
4 938 5.17 826 5.16 716 5.16 827 5.16 
5 812 5.21 665 5.24 566 5.10 681 5.18 
6 773 5.20 665 5.27 577 5.25 672 5.24 

Mean 84-1 5.20 723 5.23 620 5.20 728 5.21 
LSD 86 0.09 59 NS 39 0.05 
(0.05) 

t Heights were measured as distance from the light source. 
* l=Centre, 2=Left back centre, 3=Left centre, 4=Front centre, 

S=Right centre and 6=Right back corner. 
§ PPFD in ~E m-2 s-1. 
, F is in ~E J""1. It is the ratio of PPFD in ~ m-2 s-1 to 
photosynthetic irradiance in W m-2. 
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Growth cabinet PPFD was reduced significantly by shading 

with multiple layers of cheese cloth (Table 3). However, the factor 

for converting photosynthetic irradiance to PPFD was similar at 

various levels of PPFD, indicating that cheese cloth acted as a 

neutral filter. This was the basis of using cheese cloth for 

reducing light intensities in photosynthetic studies on Cheston 

chickpea and Laird lentil. 

Growth cabinet air temperature varied among three spatial 

positions and three heights (Table 4). Temperatures at the top of 

the canopy (0 em) and 15 em above (+15 em) were lower at left back 

centre (spatial position 2) than at the other two spatial positions 

of the growth cabinet. Based on these results it .was decided to 

periodically rerandomize the pots in subsequent growth cabinet 

experiments. 

4.1.2 Soi~ moisture response 

Soil moisture stress significantly decreased Pn of 

Cheston chickpea and Laird lentil grown in a greenhouse 35 and 85 

DAS (Table 5). In general, Pn was higher for both Cheston chickpea 

and Laird lentil 35 DAS compared to 85 DAS and Laird lentil and 

Cheston chickpea had similar Pn, although these comparisons were not 

statistically valid. 

Soil moisture stress decreased R of Cheston chickpea 85 

DAS and Laird lentil 35 DAS, when grown in a greenhouse (Table 5). 

In general, R was higher for both Cheston chickpea and Laird lentil 

35 DAS than 85 DAS. Both Laird lentil and Cheston chickpea had a 

similar R. 

Soil moisture stress significantly decreased gs during 

photosynthesis of Cheston chickpea and Laird lentil 35 and 85 DAS, 
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Tab~e 3. Effect of shadinq on PPFD in J..lE m-2 s-1 and the factor (F) 
for convertinq photosynthetic irradiance in W m-2 to PPFD 
in J..LE m-2 s-1 in a qrowth cabinet. 

Shadingt PPFD F* 

0 
1 
2 
3 
4 
5 

Mean 
LSD(0.05) 

JlE m-2 s-1 

371 
291 
219 
164 
125 

62 

-205 
25 

JlE 01 

5.25 
5.33 
5.17 
5.27 
5.45 
5.35 

5.30 
NS 

t Shading 0 indicates no shading and 5 
indicates maximum shading. 

* F is in J.LE 0 1, as in Table 2. 

Tab~e 4. Variation in temperature at three spatia1 positions and 
three heiqhts in a qrowth cabinet. 

Spatial positiont Height from top of Laird lentil plant (em) 

-15 0 +15 Mean 

--------------- oc -----------------
1 17.5 18.4 18.9 18.3 
2 17.5 17.6 18.1 17.7 
3 17.8 18.4 18.9 18.4 

Mean 17.6 18.1 18.6 18.1 
LSD(0.05) 0.16 0.13 0.19 

t See Table 2 for specific spatial positions. 
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Tab~e 5. Effect of soi1 moisture stress on net photosynthetic rate 
and respiration rate 35 and 85 DAS for Cheston chickpea and 
Laird 1enti~ grown in a greenhouse. 

Soil moisture 

Net photosynthetic 
rate 

Cheston Laird 
chickpea lentil Mean 

Respiration 
rate 

Cheston Laird 
chickpea lentil Mean 

------------- mg C02 m-2 s-1 
------------

With water stress 0.398 
Without water stress 0.807 

Mean 0.602 
LSD(0.05) 0.118 

Severe water stress 0.105 
Moderate water stress 0.158 
Without water stress 0.199 

Mean 
LSD(0.05) 

0.154 
0.025 

(a) 35 DAS 

0.413 0.406 
0.791 0.798 

0.602 0.602 
0.050 

(b) 85 DAS 

0.149 0.126 
0.183 0.171 
0.221 0.210 

0.185 0.170 
0.033 

0.043 
0.109 

0.076 
NS 

0.018 
0.068 
0.051 

0.045 
0.032 

0.035 0.039 
0.136 0.123 

0.085 0.081 
0.060 

0.023 
0.044 
0.054 

0.040 
NS 

0.020 
0.056 
0.052 

0.043 
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when grown in a greenhouse (Table 6) . Soil moisture stress also 

significantly decreased gs during respiration 85 DAS of both species. 

In addition, gs was higher at 35 DAS than at 85 DAS for both species, 

regardless of level of C02 assimilation. Cheston chickpea had a 

consistently higher ~ than Laird lentil. 

Soil moisture stress significantly decreased E 1 during 

both photosynthesis and respiration 35 and 85 DAS of Cheston 

chickpea and Laird lentil grown in a greenhouse, except during 

respiration of Cheston chickpea 35 DAS (Table 7) . Laird lentil had 

a consistently higher E1 than Cheston chickpea. Although, E 1 during 

respiration was consistently lower than during photosynthesis for 

both species (indicating a partial stomatal closure during the dark) 

these results differ from what was expected, and this will be 

discussed in Sec. 5.2. 

4.1.3 Temperatura response 

Cheston chickpea and Laird lentil plants were grown with 

and without soil moisture stress and illuminated with PPFD of 350 ~E 

m-2 s-1 in a growth cabinet with 16 h days. Data were collected on the 

effect of temperature on photosynthetic response of both crop 

species at a wide range of PPFD. Maximum net photosynthetic rate 

(Pmax>, photosynthetic efficiency (£p) and light compensation point 

(r) were estimated from the photosynthetic light response curves. 

4.1.3.1 Studies without water stress 

(a) Photosynthetic light response 

The Pmax of Cheston chickpea grown without water stress 

was greater at 14°C than at ~C for 30 DAS, whereas Pm~ of Cheston 

chickpea was greatest at 18°C (Table 8) for 60 DAS. Similarly, the 

greatest Pmax for Laird lentil occurred at 14°C 30 DAS (0 .172 mg C02 
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Tab~e 6. Effect of soi~ moisture stress on stomatal conductivity 
durinq photosynthesis and respiration 35 and 85 DAS for 
Cheston chickpea and Laird ~enti1 qrown in a qreenhouse. 

Stomatal conductivity 

During During 
photosynthesis respiration 

Soil moisture 
Cheston Laird Cheston Laird 
chickpea lentil Mean chickpea lentil Mean 

--------------- em s-1 ---------------------

(a) 35 DAS 

With water stress 0.720 0.560 0.640 0.850 0.680 0.770 
Without water stress 2.850 1.570 2.210 1.650 1.120 1.390 

Mean 1.770 1.060 1.420 1.250 0.900 1.080 
LSD(O.OS) 0.690 0.110 NS NS 

(b) 85 DAS 

Severe water stress 0.090 0.183 0.140 0.101 0.219 0.160 
Moderate water stress 0.380 0.353 0.370 0.563 0.348 0.456 
Without water stress 1.620 0.682 1.150 0.684 0.517 0.601 

Mean 0.700 0.406 0.550 0.449 0.361 0.405 
LSD(O.OS) 0.740 0.107 0.475 0.178 
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Tab~e 7. Effect of soi~ moisture stress on transpiration rate during 
photosynthesis and respiration 35 and 85 DAS for Cheston 
chickpea and Laird lentil grown in a greenhouse. 

Soil moisture 

With water stress 
Without water stress 

Mean 
LSD(0.05) 

Severe water stress 

Transpiration rate 

During photosynthesis During respiration 

Cheston Laird 
chickpea lentil Mean 

Cheston Laird 
chickpea lentil Mean 

-------------- mg H20 m-2 s-1 
---------------

(a) 35 DAS 

89.0 103.0 96.0 
155.0 212.0 184.0 

122.0 158.0 140.0 
33.0 14.0 

(b) 85 DAS 

17.7 33.0 25.4 

68.0 91.0 
112.0 159.0 

90.0 125.0 
NS 50.0 

17.4 33.3 

79.0 
135.0 

107.0 

25.4 
Moderate water stress 45.7 56.3 51.0 46.6 49.2 47.9 
Without water stress 58.8 86.9 72.9 43.9 60.7 52.3 

Mean 40.7 58.7 49.7 36.0 47.7 41.9 
LSD(0.05) 12.6 23.3 15.6 27.0 
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'l'ab~a 8. Effect of three temperatures on max~ net 
photosynthetic rata 30 and 60 DAS for Cheston 
chickpea and Laird 1anti~ grown without water stress 
in a growth cabinet. 

Maximum net photosynthetic rate 
Temperature 

Cheston Laird 
chickpea lentil Mean 

oc ------- mg C02 m-2 s-1 --------
(a) 30 DAS 

6 0.195 0.085 0.140 
14 0.279 0.172 0.222 
22 0.259 0.119 0.189 

Mean 0.243 0.125 0.184 
LSD(O.OS) 0.060 0.025 

(b) 60 DAS 

18 0.353 0.350 0.352 
23 0.243 0.229 0.236 
28 0.177 0.178 0.178 

Mean 0.248 0.252 0.250 
LSD (0. 0 5) 0.058 0.059 
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m-2 s-1
) and at 18°C 60 DAS ( 0. 3 50 mg C02 m-2 s-1

) • The Pmax of both 

Cheston chickpea and Laird lentil 30 DAS declined significantly from 

the peak at 14°C, when temperature was decreased to 6°C. The Pmax in 

Laird lentil also declined significantly from the peak at 14°C, when 

the temperature was increased to 22°C 30 DAS. At 60 DAS of Cheston 

chickpea Pmax declined significantly from the peak at 18°C, when the 

temperature was increased to 23°C or higher. The data on the effect 

of temperature on Pmax' while incomplete, suggest that the optimum 

temperature for Pmax is somewhere between 14 and 18°C for Laird lentil 

and between 14 and 22°C for Cheston chickpea, when they are grown 

without water stress in a growth cabinet at a PPFD of 350 to 400 ~E 

m-2 s-1 at the top of the canopy. While Pmax 30 DAS was much lower for 

Laird lentil than for Cheston chickpea, both were similar 60 DAS. In 

general, Pm~ values were low because the plants were grown at a low 

PPFD. 

At 30 DAS for Cheston chickpea grown without water 

stress, eP remained similar when the temperature was increased from 

6 to 14°C, but it declined when the temperature was further increased 

to 22°C (Table 9) . However, at 30 DAS for Laird lentil, £p was 

maximal at 14°C and declined significantly when the temperature was 

either decreased to 6°C or increased to 22°C. The eP values of 

Cheston chickpea and Laird lentil declined when temperature was 

increased from 18 to 23°C or higher at 60 DAS. The eP values of both 

species were similar for 30 and 60 DAS. 

The highest r occurred at the highest temperature for 

both species at both growth stages (Table 10). The r values of both 

species at 60 DAS were lowest at 18°C. 
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Tab~e 9. Effect of three temperatures on photosynthetic 
efficiency 30 and 60 DAS for Cheston chickpea and 
Laird ~enti1 grown without water stress in a growth 
cabinet. 

Temperature 

6 
14 
22 

Mean 
LSD(0.05) 

18 
23 
28 

Mean 
LSD(0.05) 

Photosynthetic efficiency 

Cheston Laird 
chickpea lentil Mean 

------ mol C02 mol-1 photon-----

(a) 30 DAS 

0.0302 0.0159 0.0230 
0.0250 0.0283 0.0267 
0.0169 0.0170 0.0170 

0.0248 0.0204 0.0226 
0.0070 0.0033 

(b) 60 DAS 

0.0224 0.0286 0.0255 
0.0167 0.0182 0.0174 
0.0151 0.0167 0.0159 

0.0184 0.0211 0.0196 
0.0059 0.0086 
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'l'abl.e 10. Effect of three temperatures on l.iqht compensation 
point of the photosynthetic l.iqht response curve 30 
and 60 DAS for Cheston chickpea and Laird l.entil. 
qrown without water stress in a qrowth cabinet. 

Temperature 

6 
14 
22 

Mean 
LSD(0.05) 

18 
23 
28 

Mean 
LSD(0.05) 

Light compensation point 

Cheston 
chickpea 

Laird 
lentil Mean 

------ ~ photon m-2 s-1 
------

(a) 30 DAS 

14.5 40.8 27.6 
31.3 45.9 38.5 
56.7 96.2 76.4 

34.2 60.9 47.6 
17.7 19.9 

(b) 60 DAS 

55.5 28.9 41.7 
97.2 57.0 77.1 

130.3 103.6 116.9 

94.3 63.2 78.8 
26.2 15.4 
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(b) Respiration rate (R) 

The R was greatest at the highest temperature for both 

species 30 and 60 DAS (Table 11). In Laird it declined with a 

decrease in temperature from 14 to 6°C at 30 DAS. Cheston chickpea 

had a lower R than Laird lentil 30 DAS at these temperatures. 

However, R was similar for both crops at 60 DAS. 

(c) Stomatal conductivity (g5 ) 

The gs at the highest temperature was higher than for the 

lowest temperature for both crops and at both 30 and 60 DAS (Table 

12). Furthermore, Cheston chickpea and Laird lentil had a similar gs 

at both stages of growth. The ~ was similar during photosynthesis 

and respiration, indicating that stomates did not close during a 

short period (2 to 5 min) of darkness. 

(d) Transpiration rate (B1 ) 

The highest E1 occurred at the highest temperature and the 

lowest E1 at the lowest temperature for both Cheston chickpea and 

Laird lentil at both 30 and 60 DAS, except that E 1 during respiration 

of chickpea at 30 DAS was similar between two successive temperature 

changes (Table 13). In general, E1 was slightly higher for lentil 

than for chickpea 30 and 60 DAS. However, E1 was similar during 

photosynthesis and respiration, again indicating that the stomates 

did not close during a short period of darkness. 

4.1.3.2 Studies with water stress 

Net photosynthetic rate of Cheston chickpea declined 

significantly when the temperature was increased from 18 to 23°C or 

higher at 30 DAS (Table 14). Net photosynthetic rate also declined 

for Laird lentil 30 DAS when the temperature was increased from 23 
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Tab1e 11. Effect of three temperatures on respiration rate 30 
and 60 DAS for Cheston chickpea and Laird 1enti~ 
qrown without water stress in a qrowth cabinet. 

Temperature 

6 
14 
22 

Mean 
LSD(0.05} 

18 
23 
28 

Mean 
LSD(0.05} 

Respiration rate 

Cheston 
chickpea 

Laird 
lentil Mean 

------- mg C02 m-2 s-1 
---------

(a) 30 DAS 

0.015 
0.027 
0.045 

0.029 
0.018 

(b) 60 DAS 

0.053 
0.080 
0.108 

0.080 
0.028 

0.032 
0.065 
0.100 

0.066 
0.026 

0.034 
0.056 
0.097 

0.062 
0.024 

0.024 
0.046 
0.072 

0.048 

0.044 
0.068 
0.102 

0.071 
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Tab~e 12. Effect of three temperatures on stomata~ conductivity 
durinq photosynthesis and respiration 30 and 60 DAS for 
Cheston chickpea and Laird ~enti~ qrown without water 
stress in a qrowth cabinet. 

Temperature 

6 
14 
22 

Mean 
LSD(0.05) 

18 
23 
28 

Mean 
LSD(0.05) 

Stomatal conductivity 

During photosynthesis 

Cheston Laird 
chickpea lentil 

0.56 0.53 
0.76 0.85 
0.96 1.19 

0.76 0.86 
0.15 0.49 

0.75 0.65 
0.94 0.91 
1.87 1.36 

1.19 0.97 
0.52 0.14 

(a) 

(b) 

Mean 

30 DAS 

0.55 
0.81 
1.08 

0.81 

60 DAS 

0.70 
0.92 
1.62 

1.08 

During respiration 

Cheston Laird 
chickpea lentil Mean 

0.52 0.58 0.55 
0.74 0.80 0.77 
0.84 1.36 1.10 

0.70 0.91 0.81 
0.18 0.70 

0.76 0.70 0.73 
0.84 0.93 0.89 
1.11 1.27 1.19 

0.90 0.96 0.94 
0.20 0.18 
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Tab1e 13. Effect of three temperatures on transpiration rate durinq 
photosynthesis and respiration 30 and 60 DAS of Cheston 
chickpea and Laird 1enti1 qrown without water stress in a 
qrowth cabinet. 

Transpiration rate 

Temperature During photosynthesis 

Cheston Laird 
chickpea lentil Mean 

During respiration 

Cheston Laird 
chickpea lentil Mean 

------------------- mg m-2 s-1 
----------------------

6 15.9 
14 30.4 
22 49.8 

Mean 32.0 
LSD(0.05) 2.8 

18 48.9 
23 60.1 
28 101.6 

Mean 70.2 
LSD(0.05) 10.1 

12.1 
37.2 
59.3 

36.2 
14.0 

60.4 
78.4 
114.2 

84.3 
6.7 

(a) 30 DAS 

14.0 15.9 15.3 15.6 
33.8 24.8 35.7 30.2 
54.5 36.8 56.5 46.6 

34.1 25.9 35.8 30.8 
16.0 12.3 

(b) 60 DAS 

54.6 38.1 53.6 45.8 
69.2 52.4 71.1 61.7 
107.8 82.6 95.9 89.2 

77.3 57.7 73.5 65.6 
12.9 17.5 
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Tab1e 14. Effect of three temperatures on net photosynthetic rate 
and respiration rate 30 and 60 DAS for Cheston chickpea 
and Laird 1enti1 grown with water stress in a growth 
cabinet. 

Net photosynthetic rate 
Temperature 

Cheston 
chickpea 

Laird 
lentil Mean 

Respiration rate 

Cheston Laird 
chickpea lentil Mean 

--------------------- mg C02 m-2 s-1 
------------------

18 
23 
28 

Mean 
LSD(0.05} 

13 
17 
21 

Mean 
LSD(0.05) 

0.147 
0.104 
0.065 

0.105 
0.021 

0.063 
0.080 
0.116 

0.086 
0.026 

0.136 
0.115 
0.084 

0.112 
0.027 

0.045 
0.075 
0.118 

0.079 
0.014 

(a) 30 DAS 

0.141 0.081 0.049 0.065 
0.110 0.126 0.074 0.100 
0.074 0.165 0.094 0.130 

0.108 0.124 0.072 0.098 
0.054 0.026 

(b) 60 DAS 

0.054 0.025 0.020 0.022 
0.077 0.049 0.043 0.046 
0.117 0.086 0.072 0.079 

0.083 0.053 0.045 0.049 
0.018 0.011 
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to 28°C. Net photosynthetic rate at 60 DAS of both Cheston chickpea 

and Laird lentil declined when the temperature was decreased from 21 

to 17°C and from 17 to 13°C (not significant in Cheston chickpea). 

The R of both Cheston chickpea and Laird lentil increased 

when the temperature was increased from 18 to 28°C 30 DAS and when 

temperature was increased from 13 to 21°C at 60 DAS (Table 14) . 

Cheston chickpea had a higher R than Laird lentil 30 DAS, although 

both crops were similar 60 DAS. 

The ~ during both photosynthesis and respiration 

increased when the temperature increased from 18 to 28°C at 30 DAS 

for both Cheston chickpea and Laird lentil (Table 15) . It also 

increased when the temperature increased from 13 to 21°C 60 DAS. 

Again, gs was similar during photosynthesis and during respiration, 

indicating that the stomates did not respond to rapid changes in 

PPFD. 

During photosynthesis the highest E1 occurred at the 

highest temperature and the lowest E1 occurred at the lowest 

temperature for chickpea 30 and 60 DAS and lentil 60 DAS (Table 16) . 

The E1 during respiration was similar to that during photosynthesis 

except that E1 did not differ between the two lower temperatures for 

Laird 3 0 DAS and Cheston 60 DAS . Occurrence of E 1 in the dark 

(respiration) at a magnitude same as in the light (photosynthesis) 

was because stomates were not shut in the short period of darkness 

and moisture from the sub-stomatal cavities was carried away by the 

circulated air in the leaf chamber of the Li-6000 instrument. Thus, 

the observed transpiration data were the artifact of the the 

instrument, in which radiation during the light period did not 

appear to increase vapour pressure deficit or E 1 • 
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Tab~e 15. Effect of three temperatures on stomata~ conductivity 
during photosynthesis and respiration 30 and 60 DAS for 
Cheston chickpea and Laird lenti~ grown with water stress 
in a growth cabinet. 

Temperature 

18 
23 
28 

Mean 
LSD(0.05) 

13 
17 
21 

Mean 
LSD(0.05) 

Stomatal conductivity 

During photosynthesis 

Cheston Laird 
chickpea lentil 

0.44 
0.70 
1.02 

0.72 
0.34 

0.273 
0.429 
0.925 

0.542 
0.310 

0.423 
0.590 
0.805 

0.606 
0.273 

0.236 
0.470 
0.887 

0.531 
0.154 

Mean 

(a) 30 DAS 

0.429 
0.644 
0.914 

0.663 

(b) 60 DAS 

0.254 
0.449 
0.906 

0.536 

During respiration 

Cheston Laird 
chickpea lentil Mean 

0.43 0.438 0.435 
0.74 0.564 0.649 
1.06 0.920 0.978 

0.74 0.641 0.691 
0.36 0.328 

0.28 0.233 0.257 
0.41 0.408 0.408 
0.88 0.806 0.844 

0.52 0.483 0.503 
0.19 0.274 
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Tab1e 16. Effect of three temperatures on transpiration rate durinq 
photosynthesis and respiration 30 and 60 DAS for Cheston 
chickpea and Laird 1enti1 qrown with water stress in a 
qrowth cabinet . 

Transpiration rate 

Temperature During photosynthesis During respiration 

Cheston Laird Cheston Laird 
chickpea lentil Mean chickpea lentil Mean 

oc ------------------- mg H20 m-z s-1 -------------------

(a) 30 DAS 

18 29.6 25.6 27.6 28.2 24.9 26.5 
23 38.0 37.4 37.7 36.9 36.2 36.5 
28 55.2 50.4 52.8 54.2 49.5 51.8 

Mean 40.9 37.8 39.4 39.8 36.9 38.3 
LSD(0.05} 7.3 16.3 6.7 17.0 

(b) 60 DAS 

13 15.2 19.3 17.2 17.0 18.9 17.9 
17 31.9 35.3 33.6 32.9 39.2 36.0 
21 60.3 68.6 64.4 52.7 66.1 59.4 

Mean 35.8 41.4 38.6 34.2 41.4 37.8 
LSD(0.05) 6.3 10.7 15.2 9.6 



4.1.3.3 Temperature variation durinq the day 

(a) Net photosynthetic rate (Pn) 
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The Pn (in the light) at 35 DAS of Cheston chickpea 

increased significantly, when the leaf temperature during the 

daytime was decreased from the inital temperature of 20.6 to 15.0°C 

(Table 17). In addition, Pn decreased from its peak at 15.0°C, when 

the leaf temperature was increased to 29°C. Cheston chickpea plants 

recovered their Pn, when leaf temperature was cooled to approximately 

initial temperature (20.2°C}. Thus, the highest Pn occurred at the 

lowest temperature and the lowest Pn occurred at the highest 

temperatures (around 29°C) . 

The Pn (in the light) at 35 DAS of Laird lentil did not 

change, when leaf temperature was decreased from the inital 

temperature of 2 0. 4 to 16. 3°C (Table 18} . However, Pn decreased 

significantly, when the leaf temperature was increased from 16.3 to 

28.4°C or higher. When the leaf temperature was again decreased to 

24.0°C and 21.2°C, Pn increased significantly. 

(b) Respiration rate (R) 

In general, changes in R (negative Pn, i.e., Pn in the dark) 

due to temperature variation during the daytime were the reverse of 

the changes in Pn at 35 DAS of Cheston chickpea and Laird lentil, 

when grown without water stress in a growth cabinet (Tables 17 and 

18) . The R of Cheston chickpea decreased significantly (less 

negative) when the leaf temperature was decreased from 19.5 to 15 .1°C 

(Table 17). The R increased significantly (more negative) when the 

leaf temperature was increased from 15.1 to 22.4°C or higher. When 

leaf temperature was again decreased to 23.2°C, R decreased. The R 

at 19 .1 oc following the cooling phase was similar to that at the 
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Tabl.e 17. Effect of variation in l.eaf temperature durinq the daytime 
on net photosynthetic rate, stomatal. conductivity and 
transpiration rate in the l.iqht and dark 35 DAS for 
Cheston chickpea qrown without water stress in a qrowth 
cabinet. 

Leaf temperaturet 

oc 

20.6 
15.0 
23.4 
29.0 
29.3 
24.6 
20.2 

Mean 
LSD(0.05) 

19.5 
15.1 
22.4 
28.2 
28.4 
23.2 
19.1 

Mean 
LSD(0.05) 

Net 
photosynthetic 

rate 

mg C02 m-2 s-1 

(a) In light 

0.115 
0.148 
0.096 
0.045 
0.030 
0.082 
0.103 

0.089 
0.027 

(b) In dark 

-0.095 
-0.057 
-0.088 
-0.130 
-0.150 
-0.113 
-0.100 

-0.105 
0.019 

Stomatal 
conductivity 

em s-1 

0.672 
0.528 
0.571 
0.740 
0.359 
0.585 
0.990 

0.635 
0.421 

0.764 
0.574 
0.677 
0.699 
0.387 
0.717 
1.201 

0.717 
0.449 

Transpiration 
rate 

mg H20 m-2 s-1 

38.4 
26.5 
39.2 
52.9 
48.6 
46.0 
37.7 

41.3 
13.5 

40.6 
28.1 
41.1 
53.2 
51.8 
47.0 
38.0 

42.8 
10.0 

Leaf temperature was first decreased, then increased 
and then again decreased approximately to initial temperature. 
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'l'abl.e 18. Effect of variation :in l.eaf temperature during the daytime 

Leaf 

on net photosynthetic rate, stomatal. conductivity and 
transpiration rate :in the l.ight and dark 35 DAS for Laird 
l.ent:il. grown without water stress :in a growth cabinet. 

Net Stomatal Transpiration 
temperature t photosynthetic conductivity rate 

rate 

oc mg C02 m-2 s-1 em s-1 mg H20 m-2 s-1 

(a) In light 

20.4 0.120 1.742 46.6 
16.3 0.125 1.237 31.6 
20.3 0.112 1.675 47.1 
24.7 0.105 0.951 57.0 
28.4 0.080 1.246 74.5 
29.4 0.053 1.305 85.9 
24.0 0.092 1.062 61.8 
21.2 0.104 0.805 49.1 

Mean 0.099 1.253 56.7 
LSD ( 0. 05) 0.038 0.813 15.0 

(b) In dark 

19.7 -0.074 1.983 47.3 
16.4 -0.065 1.354 31.4 
19.6 -0.070 1.899 47.3 
23.6 -0.102 1.133 57.2 
27.5 -0.127 1.628 76.1 
28.5 -0.141 1.674 86.3 
23.2 -0.093 1.190 63.6 
20.1 -0.078 0.944 51.6 

Mean -0.094 1.475 57.6 
LSD(0.05) 0.039 0.884 14.1 

Leaf temperature was first decreased, then increased 
and then again decreased approximately to initial 
temperature. 
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initial temperature. Temperature changes in the range of 16.4 to 

2 3. 6°C had little effect on respiration of Laird lentil 35 DAS (Table 

18) . However, when leaf temperature was increased to 28. 5°C, R 

increased. Again, R decreased when leaf temperature was subsequently 

reduced to 23.2°C or below. 

(c) Stomatal conductivity (g5 ) 

The gs in the light at 35 DAS of Cheston chickpea did not 

change when the leaf temperature decreased from 20.6 to 15.0°C or 

when again increased to 29.3°C (Tables 17 and 18). When the leaf 

temperature decreased subsequently to 20.2°C, the gs increased. The 

gs in the light for Laird lentil did not change when leaf temperature 

first decreased and then increased. However, when leaf temperature 

subsequently decreased, gs dropped below the initial gs. The gs of 

lentil was consistently higher than for chickpea, but the g5 was 

similar in the light and dark for both species (Tables 17 and 18, 

respectively) . 

c) Transpiration rate (B1 ) 

The E1 in the light for Cheston chickpea grown without 

water stress increased when leaf temperature increased to 29°C at 35 

DAS (Tables 17 and 18). The E 1 measured in the light or dark for 

lentil increased with temperatures above 24.5°C. The E 1 in the light 

was similar to that in the dark for both crops. However, E1 for 

lentil was consistently higher than for chickpea (Tables 17 and 18). 

4.1.3.4 One day exposure to a co1d night or a hot day 

(a) Net photosynthetic rate (Pn) 

Pn in chickpea plants after exposure to a cold night 

(23/0°C) was significantly lower than that of the unexposed plants 



74 

at 35 and 55 DAS (Table 19) . This effect on Cheston chickpea 

persisted for 54 h, when exposed 35 DAS, but only for 6 h, when 

exposed 55 DAS. Thus, chickpea plants were more adversely affected 

by exposure to a cold night 35 DAS than 55 DAS. Exposure to a hot 

day (35/l5°C) did not significantly reduce Pn of Cheston chickpea. 

Pn in Laird lentil decreased up to 30 h, when exposed to 

a cold night (23/0°C} at 55 DAS (Table 19) . Exposure of Laird lentil 

at 35 DAS to a hot day {35/l5°C} reduced Pn for at least 78 h. 

However, exposure of Laird lentil 55 DAS to a hot day (35/15°C) 

reducd Pn only for 6 h. Thus, Laird lentil plants were more adversely 

affected by exposure of a hot day 35 DAS than 55 DAS. The Pn of the 

control treatment {23/l5°C) was higher at 35 DAS than at 55 DAS for 

both species {Table 19} . In addition, Pn for Laird lentil was higher 

than for Cheston chickpea. 

(b) Respiration rate (R) 

Temperature extremes had no significant effect on R for 

6 to 78 h after exposure of Cheston chickpea at 35 and 55 DAS, when 

grown without water stress in a growth cabinet, except at 78 h after 

the exposure at 55 DAS (Table 20} . The minimum R occurred in the 

control treatment {23/l5°C} . Exposure to a cold night (23/0°C} 

increased R of Laird lentil at both 35 and 55 DAS, and this effect 

persisted for at least 78 h {Table 20). Exposure to a hot day 

{35/l5°C} also increased R of Laird lentil at both stages, and this 

effect persisted for at least 78 h, except that a lag period 

occurred for the first 30 h at 35 DAS. The R of the control 

treatment did not vary much between the two crops over the 78 h 

period. 
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Tab~e 19. Effect of a one day exposure to a co~d night or hot day on 
net photosynthetic rate during the post-exposure period 35 
and 55 DAS for Cheston chickpea and Laird ~anti.~ grown 
without water stress in a growth cabinet. 

Net photosynthetic rate 
Crop Temperature----------------------------~~~---------------

(day/night) Post exposure period, hours 
6 30 54 78 Mean LSD(O.OS) 

-------------- mg C02 m-2 s-1 
------------------

Cheston 23/0 
chickpea 23/15 

35/15 

0.152 
0.254 
0.205 

Laird 
lentil 

Mean 0.204 
LSD(0.05) 0.059 

23/0 
23/15 
35/15 

0.380 
0.443 
0.201 

Mean 0.341 
LSD(0.05) 0.161 

Cheston 23/0 
chickpea 23/15 

35/15 

0.161 
0.211 
0.193 

Laird 
lentil 

Mean 0.188 
LSD(O.OS) 0.047 

23/0 
23/15 
35/15 

0.198 
0.323 
0.203 

Mean 0.241 
LSD(O.OS) 0.085 

(a) 35 DAS 

0.163 
0.245 
0.225 

0.186 
0.274 
0.244 

0.211 0.235 
NS 0.054 

0.422 
0.448 
0.231 

0.453 
0.450 
0.244 

0.367 0.382 
0.131 0.103 

(b) 55 DAS 

0.207 
0.220 
0.192 

0.196 
0.217 
0.209 

0.206 0.207 
NS NS 

0.243 
0.343 
0.265 

0.271 
0.328 
0.284 

0.283 0.294 
0.090 NS 

0.210 
0.246 
0.249 

0.235 
NS 

0.451 
0.453 
0.244 

0.394 
0.109 

0.203 
0.218 
0.217 

0.212 
NS 

0.309 
0.354 
0.294 

0.319 
NS 

0.178 
0.255 
0.231 

0.221 

0.427 
0.449 
0.238 

0.371 

0.191 
0.217 
0.202 

0.203 

0.255 
0.337 
0.261 

0.284 

0.039 
NS 
NS 

NS 
NS 
NS 

0.031 
NS 
NS 

0.079 
NS 

0.074 
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Tab1e 20. Effect of a one day exposure to a co1d niqht or hot day on 
respiration rate durinq the post-exposure period 35 and 55 
DAS for Cheston chickpea and Laird 1enti1 qrown without 
water stress in a qrowth cabinet. 

Crop Temperature 
(day/night) 

Respiration rate 

Post exposure period, hours 
6 3 0 54 7 8 Mean LSD ( 0 . 05) 

------------- mg C02 m-2 s-1 
-----------------

Cheston 23/0 
chickpea 23/15 

35/15 

0.0347 
0.0372 
0.0480 

(a) 35 DAS 

0.0350 0.0387 
0.0365 0.0399 
0. 0498 0. 0524 

Laird 
lentil 

Mean 0. 0400 0. 0404 0. 0437 
LSD(O.OS) NS NS NS 

23/0 
23/15 
35/15 

0.0641 
0.0356 
0.0346 

0.0682 0.0659 
0.0353 0.0361 
0.0448 0.0624 

Mean 0. 0448 0. 0495 0. 0548 
LSD(O.OS) 0.0153 0.0180 0.0270 

(b) 55 DAS 

Cheston 23/0 
chickpea 23/15 

35/15 

0.0414 
0.0361 
0.0463 

0.0460 0.0532 
0.0395 0.0427 
0. 0491 0. 0524 

Laird 
lentil 

Mean 0. 0413 0. 0449 0. 0494 
LSD(0.05) NS NS 

23/0 
23/15 
35/15 

0.0787 
0.0383 
0.0598 

0.0766 0.0636 
0.0376 0.0380 
0.0618 0.0609 

Mean 0. 0589 0. 0587 0. 0541 
LSD(0.05) 0.0131 0.0159 0.0169 

0.0414 
0.0460 
0.0558 

0.0375 
0.0399 
0.0515 

0.0477 0.0430 
NS 

0.0607 
0.0388 
0.0664 

0.0647 
0.0365 
0.0521 

0.0553 0.0521 
0.0223 

0.0569 
0.0392 
0.0545 

0.0494 
0.0394 
0.0506 

0.0502 0.0465 
NS 0.0124 

0.0609 
0.0392 
0.0679 

0.0699 
0.0383 
0.0626 

0.0560 0.0569 
0.0139 

NS 
NS 
NS 

NS 
NS 

0.0269 

0.0109 
NS 

0.0070 

0.0147 
NS 
NS 
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4.1.4 PPFD response 

Variation in PPFD induced variation in leaf temperature. 

Thus, data on Pn were adjusted to a constant temperature of 23°C by 

taking into account the effect of temperature below or above 23°C on 

respiration in the temperature response studies (Sec. 3.1.1.4). In 

addition, PPFD points varied among replications for both species. 

Accordingly, PPFD treatments were grouped in order to maintain 

replication. 

4.1.4.1 Studies without water stress 

Adjusted Pn increased with increased PPFD up to the 

highest PPFD for both Cheston chickpea and Laird lentil at 35 and 55 

DAS (Table 21) . 

The ~ at 35 DAS in Cheston chickpea decreased 

significantly, when PPFD was increased from zero to 67 0 J.1E m-2 s-1 or 

above, although leaf temperature increased concomitantly (Table 21) . 

This was probably due to a soil moisture deficit at the time of data 

collection (see transpiration data in the next subsection), although 

the plants were grown without water stress. On the other hand, no 

effect of PPFD was observed on ~ at 35 DAS of lentil or 55 DAS of 

both species despite similar increases in leaf temperature. 

The B1 in both Cheston chickpea and Laird lentil increased 

significantly, when PPFD was increased at 55 DAS (Table 21). This 

was probably due to the concomitant increase in leaf temperature 

(see Sec. 4.1.3 ) . PPFD had no effect on B1 in both species at 35 

DAS, regardless of the associated temperature increase. 

4.1.4.2 Studies with water stress 

Adjusted Pn in chickpea increased continuously when PPFD 

was increased up to the highest PPFD ( 94 9 - 1013 J.1E m-2 s-1
) at 35 
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Tab1e 21. Effect of PPFD on adjusted net photosynthetic rate, 
stomatal. conductivity and transpiration rate 35 and 55 DAS 
for Cheston chickpea and Laird l.enti1 qrown without water 
stress in a qrowth cabinet. 

PPFD 

0 
124-165 
264-297 
670-697 
1013-1142 

Mean 
LSD(0.05) 

114-161 
205-315 
547-668 
894-957 

Mean 
LSD(0.05) 

0 
131-147 
307-367 
782-819 
1050-1058 

Mean 
LSD(0.05) 

111-131 
217-263 
585-634 
896-1166 

Mean 
LSD(O.OS) 

Leaf Adjusted net Stomatal Transpiration 
temperature photosynthetic conductivity rate 

ratet 

oc mg C02 m-2 s-1 em s-1 mg H20 m-2 s-1 

21.5 
21.1 
21.9 
23.6 
26.5 

24.2 
24.4 
27.6 
30.5 

22.4 
22.5 
23.0 
24.7 
26.3 

24.8 
25.5 
27.4 
31.5 

(a) Cheston chickpea, 35 DAS 

-0.118 
0.112 
0.233 
0.317 
0.360 

0.180 
0.078 

1.22 
0.95 
0.77 
0.63 
0.60 

0.83 
0.60 

50.0 
47.6 
51.4 
52.3 
58.1 

51.9 
NS 

(b) Cheston chickpea, 55 DAS 
0.065 0.765 43.4 
0.115 0.725 43.0 
0.240 0.783 53.1 
0.303 0.769 62.1 

0.181 
0.055 

0.76 
NS 

(c) Laird lentil, 35 DAS 

-0.100 
0.057 
0.178 
0.304 
0.330 

0.154 
0.066 

0.690 
0.497 
0.425 
0.381 
0.355 

0.470 
NS 

(d) Laird lentil, 55 DAS 
0.063 1.06 
0.139 1.06 
0.217 0.93 
0.293 0.97 

0.178 
0.071 

0.96 
NS 

50.4 
17.7 

45.4 
41.9 
42.1 
47.0 
53.3 

45.9 
NS 

62.7 
64.4 
70.2 
82.4 

69.9 
17.0 

Measured Pn was adjusted to a constant leaf temperature. 
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DAS. In lentil, Pn increased with increased PPFD, but apparently 

peaked at 753 - 783 J.LE m-2 s-1 (Table 22) . Maximum gs and E 1 in Laird 

lentil at 35 DAS occurred at the lowest PPFD and declined 

continuously with increased PPFD (Table 22). 

4.1.5 Leaf position effect 

4.1.5.1 Growth cabinet studies 

The Pn 35 DAS of Laird lentil and 45 DAS of both Cheston 

chickpea and Laird lentil were similar for the top and middle leaf 

positions, but Pn of these leaves were significantly higher than that 

of the bottom leaf (Table 23} . Maximum Pn was found in the top 

(youngest) leaf and minimum in the bottom (oldest) leaf. 

The R at 35 DAS of Laird lentil varied significantly 

among all three leaf positions, with maximum R in the middle leaf 

and minimum R in the top leaf. For Laird lentil 45 DAS, R in the 

bottom leaf was significantly lower than in the top and middle leaf 

positions. For Cheston chickpea 45 DAS, R in the middle leaf was 

significantly lower than in the bottom leaf. The reason for very 

high values of R relative to Pn in the top leaf of chickpea and 

lentil 45 DAS is not known. 

4.1.5.2 Greenhouse studies 

Prnax values in both Cheston chickpea and Laird lentil 

grown without water stress were lowest in the bottom leaf position 

at 45 DAS (Table 24). The Prnax in Cheston chickpea grown without 

water stress was significantly higher in the middle leaf than in the 

top leaf, whereas Prn~ values in Laird lentil grown without water 

stress did not differ between the middle and the top leaf positions. 

When grown with water stress, Prn~ in both species was highest in the 

top (youngest) leaf at 4 5 DAS. Photosynthesis data could not be 
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Tab~a 22. Effect of PPFD on adjusted net photosynthetic rate, 
stomata~ conductivity and transpiration rata 35 DAS for 
Cheston chickpea and Laird 1enti~ qrown with water stress 
in a qrowth cabinet. 

PPFD 
Leaf 

temperature 

126-130 
233-280 
338-388 
499-549 
753-783 
949-1013 

Mean 
LSD(0.05) 

126-130 
233-280 
338-388 
499-549 
753-783 
943-1013 

Mean 
LSD(0.05) 

24.0 
24.5 
24.7 
24.5 
25.9 
28.5 

24.6 
25.1 
25.4 
25.5 
26.5 
30.3 

Adjusted net Stomatal Transpiration 
photosynthetic conductivity rate 
ratet 

(a) Cheston chickpea 

-0.011 
0.043 
0.071 
0.090 
0.097 
0.114 

0.067 
0.022 

(b) Laird lentil 

0.020 
0.062 
0.093 
0.108 
0.117 
0.112 

0.085 
0.013 

0.485 
0.415 
0.484 
0.438 
0.435 
0.468 

0.454 
NS 

0.285 
0.208 
0.185 
0.165 
0.160 
0.142 

0.191 
0.048 

49.8 
45.0 
45.3 
45.8 
46.6 
56.2 

48.1 
NS 

35.1 
32.3 
30.2 
28.0 
27.5 
29.0 

30.3 
7.0 

t Measured Pn was adjusted to a constant leaf temperature. 
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Tahl.a 23. Effect of l.aaf position on nat photosynthetic rata and 
respiration rata 35 and 45 DAS for Cheston chickpea and 
Laird l.entil. grown in a growth cabinet. 

Net photosynthetic rate Respiration rate 
Leaf 
position Cheston Laird Cheston Laird 

chickpea lentil Mean chickpea lentil Mean 

--------------- mg C02 
m-2 s-t ----------------------

(a) 35 DAS 

Top 0.179 0.233 0.206 0.125 0.175 0.150 
Middle 0.190 0.221 0.205 0.128 0.287 0.208 
Bottom 0.156 0.125 0.141 0.109 0.207 0.158 

Mean 0.175 0.193 0.184 0.121 0.223 0.172 
LSD(0.05) NS 0.076 NS 0.101 

(b) 45 DAS 

Top 0.122 0.165 0.144 0.157 0.204 0.181 
Middle 0.119 0.133 0.126 0.125 0.209 0.167 
Bottom 0.055 0.047 0.053 0.179 0.109 0.144 

Mean 0.099 0.115 0.107 0.154 0.174 0.164 
LSD(0.05) 0.066 0.088 0.047 0.065 

Tahl.e 24. Effect of l.eaf position on maximum net photosynthetic rate 
45 DAS for Cheston chickpea and Laird l.antil. grown with 
and without water stress in a greenhouse. 

Leaf 
position 

Maximum net photosynthetic rate 

Cheston chickpea Laird lentil 

Without Water Mean Without Water Mean 
water stress stress water stress stress 

--------------- mg C02 m- s 

Top 0.364 0.468 0.416 0.320 0.293 0.307 
Middle 0.533 0.235 0.384 0.312 0.172 0.242 
Bottom 0.157 0.115 0.145 0.130 

Mean 0.351 0.352 0.249 0.203 0.226 
LSD(0.05) 0.106 0.154 0.019 0.081 
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collected for the bottom leaf of Cheston chickpea 45 DAS because 

this leaf was either senescent or shed by then. 

For Cheston chickpea grown without water stress eP 

measured 45 DAS was significantly higher in the top leaf than in the 

bottom leaf (Table 25}. Leaf position had no effect on £p 45 DAS of 

Cheston chickpea grown with water stress, probably because data were 

limited to only the two upper leaf positions. Again, leaf position 

had no significant effect on eP measured 45 DAS for Laird lentil 

grown with or without water stress, indicating that the 

photochemical reaction rate was similar for all leaf positions of 

lentil. Thus, the reduced P~x in the bottom leaf of lentil (Table 

24} probably occurred because it was adapted to a lower PPFD. 

The r at 45 DAS of Laird lentil grown with water stress 

was higher for the top leaf than for the two lower leaf positions 

{Table 26) . Leaf position had no significant effect on r 45 DAS of 

Laird lentil grown without water stress or Cheston chickpea grown 

with or without water stress. 

At 75 DAS for Cheston chickpea and Laird lentil grown 

with or without water stress, maximum Pn occurred in the top leaf and 

decreased for the lower leaf positions (Table 27) . When grown 

without water stress, the bottom leaf of Laird lentil 7 5 DAS 

contributed positively toward Pn, whereas the bottom leaf of Cheston 

chickpea 75 DAS was either senescent or dead. When grown with water 

stress, Pn of Laird lentil 75 DAS was small but positive in the 

middle leaf and negative in the bottom leaf. Data on Pn 75 DAS of 

Cheston chickpea grown with water stress were not collected for 

middle and bottom leaves because these were either senescent or 

dead. 
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Tab1e 25. Effect of 1eaf position on photosynthetic efficiency 45 
DAS for Cheston chickpea and Laird 1enti1 grown with and 
without w~ter stress in a greenhouse. 

Photosynthetic efficiency 

Leaf Cheston chickpea Laird lentil 
position 

Without Water Mean Without Water Mean 
water stress stress water stress stress 

-------------- mol C02 mol-1 photon-------------------

Top 0.0336 0.0295 0.0315 0.0352 0.0487 0.0419 
Middle 0.0339 0.0272 0.0305 0.0342 0.0288 0.0315 
Bottom 0.0203 0.0298 0.0261 0.0280 

Mean 0.0293 0.0283 0.0331 0.0345 0.0338 
LSD(0.05) 0.0106 NS NS NS 

Tab1e 26. Effect of 1eaf position on 1ight compensation point of the 
photosynthetic 1ight response curve 45 DAS for Cheston 
chickpea and Laird 1enti1 grown with and without water 
stress in a greenhouse. 

Light compensation point 

Leaf Cheston chickpea 
position 

W~i-:-t-:-h-o-u-:-t----=w=-a-:-t-e-r--:::M~e-a_n_ 

water stress stress 

Laird lentil 

Without Water 
water stress stress 

Mean 

----------------J.LE photon m-2 s-1 
--------------

Top 64.1 48.7 56.4 53.6 83.9 68.7 
Middle 73.4 25.3 49.4 47.3 39.3 43.3 
Bottom 47.1 36.4 40.0 38.2 

Mean 61.6 37.0 45.8 54.4 50.1 
LSD(0.05) NS NS NS 38.1 
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Tab1e 27. Effect of 1eaf position on net photosynthetic rate 75 DAS 
for Cheston chickpea and Laird 1enti1 qrown with and 
without water stress in a qraenhouse. 

Net photosynthetic rate 

Leaf Cheston chickpea Laird lentil 
position 

W~i~t~h-o-u~t------~W~a~t-e-r--~M~e-a_n __ Without Water Mean 
water stress stress water stress stress 

------------------- mg C02 m-2 s-1 
------------------

Top 0.332 0.170 0.251 0.286 0.175 0.231 
Middle 0.159 0.130 0.019 0.075 
Bottom 0.084 -0.015 0.035 

Mean 0.246 0.167 0.060 0.114 
LSD(0.05) 0.075 0.055 0.043 

Tab1e 2 8 . Effect of shadinq on PPFD and the factor (F.) for 
convertinq so1ar irradiance to PPFD in sunny and partia11y 
c1oudy days at Saskatoon. 

Shading Sunny day Partially cloudy Mean 
day 

PPFDt F :t: 
a PPFD Fa PPFD Fa 

No shade 1296 1.99 1088 1.88 1192 1.94 
Shade 588 1.98 451 1.65 520 1.82 

Mean 942 1.98 770 1.76 856 1.88 
LSD(0.05) 334 NS 362 0.20 

t PPFD in ~E m s -
* Fa in ~ J""1

• It is the 
irradiance in W m-2. 

ratio of PPFD in ~ m-2 s-1 to solar 
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4.2 Fie1d Studies 

Solar irradiance was measured in the field instead of 

photosynthetic irradiance as in the growth chamber so as to use the 

weather data on solar irradiance recorded by dataloggers. The factor 

for converting solar irradiance in W m-2 to PPFD in JlE m-2 s-1 was 

significantly lower for shade than for no shade on a partially 

cloudy day, but shading had no effect on this conversion factor on 

a sunny day (Table 28) . In general, this conversion factor was lower 

for a partially cloudy day than for a sunny day. Considering the 

factor to convert photosynthetic irradiance to PPFD is 4.6 (Li-Cor, 

1981) and 44% of solar irradiance is in the PAR range, the factor to 

convert solar irradiance to PPFD should be 2 . 0. In the present 

studies this was close to 2.0 in a sunny day. However, the 

experimental conversion factor was lower than 2.0 on a partially 

cloudy day. 

4.2.1 Seedinq date effect on 1enti1 

4.2.1.1 Net photosynthetic rate (Pn) and maximum net photosynthetic 

rate (Pmaz) 

(a) With irrigation 

Seeding date had no effect on Pmax at 40 DAS in five 

lentil genotypes grown with irrigation at Saskatoon (Table 29). The 

earliest maturing genotype, PI 244026, and the latest maturing 

genotype, PI 298121, had lower Pm~ than other three genotypes. 

At 60 DAS Pmax was significantly lower for the May 23 

seeding than for the other dates, except May 3 (Table 29) . The late 

maturing genotypes, PI 298121 and Indianhead, had significantly 

lower Pmax than Eston, Laird and PI 244026. The seeding date by 

genotype interaction was significant. With delayed seeding, the Pmax 
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Tab~e 29. Effect of seedinq date on maximum net photosynthetic rate 
40, 60 and 80 DAS for five 1enti~ qenotypes qrown with 
irriqation at Saskatoon in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

---------------mg C02 m-2 s-1 
--------------------------

(a) 40 

3 0.563 0.674 
13 0.590 0.676 
23 0.693 0.707 
35 0.615 0.691 
47 0.755 0.833 

Mean 0.647 0.716 
LSD(0.05) Seeding: NS 

Genotypes in seeding: 

(b) 60 

3 0.454 0.454 
13 0.499 0.556 
23 0.468 0.522 
35 0.548 0.634 
47 0.663 0.734 

Mean 0.526 0.580 
LSD(0.05) Seeding: 0.071 

Genotypes in seeding: 

(c) 80 

3 0.338 
13 0.339 
23 0.349 
35 0.231 

DAS 

0.811 
0.742 
0.708 
0.751 
0.744 

0.751 

NS 

DAS 

0.720 
0.622 
0.411 
0.544 
0.438 

0.547 

0.086 

DAS 

0.322 
0.288 
0.242 
0.257 

0.733 0.603 
0.677 0.591 
0.806 0.607 
0.824 0.600 
0.868 0.544 

0.782 0.589 
Genotype: 0.065 
Seedings in genotype: 

0.460 0.494 
0.501 0.459 
0.432 0.398 
0.502 0.518 
0.508 0.503 

0.481 0.475 
Genotype: 0.038 
Seedings in genotype: 

0.286 0.375 
0.253 0.337 
0.235 0.282 
0.260 0.271 

0.681 
0.656 
0.704 
0.696 
0.749 

0.697 

NS 

0.516 
0.527 
0.446 
0.549 
0.569 

0.522 

0.103 

0.330 
0.304 
0.277 
0.255 

Mean 0.314 0.277 0.259 0.316 0.292 
LSD(0.05) Seeding: NS Genotype: 0.019 

Genotypes in seeding: 0.037 Seedings in genotype: 0.066 
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at 60 DAS decreased for Laird, increased for PI 244026 and Eston, 

and changed little or none for Indianhead and PI 298121. 

Seeding date had no effect on Pmax at 80 DAS (Table 29) . 

The Pmax for Indianhead and Laird lentil was significantly lower than 

for the other genotypes. The seeding date by genotype interaction 

was significant 80 DAS, due largely to the large drop in Pmax of 

Eston lentil seeded 35 days after April 30. In addition, average Pmax 

declined with increasing age of the plant from 40 DAS to 80 DAS. 

(b) Without irrigation 

Neither genotype nor seeding date had any effect on Pn at 

40 DAS for five lentil genotypes grown without irrigation at 

Saskatoon in 1988 (Table 30). However, the genotype effect was 

significant at 60 and 80 DAS, due mainly to the high Pn for Laird at 

60 DAS and the low Pn for Laird and Indianhead at 80 DAS. In 

addition, the seeding date by genotype interaction was significant 

at 80 DAS, due to the large drop in Pn for PI 298121 when seeded May 

24. Again, average Pn rates declined with increasing age from 40 DAS 

to 80 DAS, as occurred with the irrigation experiment (Table 29) . 

4.2.1.2 Respiration rata (R) 

(a) With irrigation 

Neither genotype nor seeding date had any effect on R at 

40 DAS of five lentil genotypes grown with irrigation at Saskatoon 

in 1988 (Table 31) . Genotype had a significant effect on R at 60 

DAS, due to the low value of R for PI 298121. The seeding date by 

genotype interaction was significant at 60 DAS, due largely to the 

high values forEston seeded 35 and 47 days after April 30. 

Seeding date had a significant effect on R at 80 DAS, due 

mainly to the low R value from the May 3 seeding (Table 31) . The R 
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Tab1a 30. Effect of saadinq date on nat photosynthetic rata 40, 60 
and 80 DAS for five 1enti1 qenotypes qrown without 
irriqation at Saskatoon in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

---------------mg C02 m-2 s-1 --------------------

(a) 40 DAS 

3 
13 
24 

Mean 

0.534 
0.558 
0.547 

0.546 
LSD(0.05) Seeding: NS 

0.567 
0.653 
0.607 

0.609 

Genotypes in seeding: 

(b) 60 

3 0.399 0.378 
13 0.465 0.501 
24 0.425 0.274 

0.643 
0.619 
0.654 

0.639 

0.611 
0.612 
0.712 

0.645 
Genotype: NS 

0.605 
0.526 
0.569 

0.567 

NS Seedings in genotype: 

DAS 

0.627 0.427 0.468 
0.505 0.439 0.413 
0.401 0.388 0.364 

NS 

0.592 
0.594 
0.618 

0.601 

0.460 
0.465 
0.371 

Mean 0.430 0.385 0.511 0.418 0.415 0.432 
Genotype: 0.115 LSD(0.05) Seeding: NS 

Genotypes in seeding: NS Seedings in genotype: NS 

3 
13 
24 

(c) 80 DAS 

0.255 
0.316 
0.338 

0.282 
0.256 
0.241 

0.249 
0.233 
0.238 

0.353 
0.321 
0.250 

Mean 0.303 0.260 0.240 0.308 
LSD(0.05) Seeding: NS Genotype: 0.033 

Genotypes in seeding: 0.056 Seedings in genotype: 

0.285 
0.282 
0.267 

0.278 
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Tab1e 31. Effect of seeding date on respiration rate 40, 60 and 80 
DAS for five 1enti1 genotypes grown with irrigation at 
Saskatoon in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

--------------------mg C02 m-2 s-1 
-----------------

(a) 40 DAS 

3 0.014 0.068 0.067 0.089 0.066 0.069 
13 0.044 0.091 0.054 0.081 0.078 0.070 
23 0.093 0.055 0.084 0.106 0.071 0.082 
35 0.084 0.114 0.081 0.061 0.065 0.081 
47 0.113 0.105 0.081 0.087 0.078 0.093 

Mean 0.078 0.087 0.073 0.085 0.072 0.079 
LSD(0.05} Seeding: NS Genotype: NS 

Genotypes in seeding: 0.108 Seedings in genotype: 0.100 

(b) 60 DAS 

3 0.077 0.089 0.095 0.142 0.087 0.098 
13 0.125 0.099 0.132 0.136 0.116 0.122 
23 0.131 0.109 0.119 0.109 0.099 0.113 
35 0.136 0.172 0.171 0.083 0.104 0.134 
47 0.165 0.210 0.111 0.142 0.104 0.146 

Mean 0.127 0.136 0.126 0.122 0.102 0.123 
LSD(0.05) Seeding: NS Genotype: 0.024 

Genotypes in seeding: 0.053 Seedings in genotype: 0.072 

(c) 80 DAS 

3 0.119 0.102 0.140 0.154 0.078 
13 0.162 0.151 0.156 0.182 0.159 
23 0.153 0.159 0.145 0.183 0.127 
35 0.175 0.226 0.202 0.112 0.160 

Mean 0.159 0.161 0.158 0.131 0.152 
LSD(0.05) Seeding: 0.045 Genotype: 0.019 

Genotypes in seeding: 0.038 Seedings in genotype: 0.059 
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in PI 298121 was lower than in other genotypes. The seeding date by 

genotype interaction was significant, due largely to the low R value 

for Indianhead when seeded 35 days after April 30. In addition, 

average R increased with increasing age of the plants from 40 to 80 

DAS. 

(b) Without irrigation 

Neither seeding date nor genotype had any effect on R at 40 

DAS of five lentil genotypes grown without irrigation at Saskatoon 

in 1988 (Table 32). However, the genotype effect was significant for 

60 and 80 DAS, due primarily to the high R for Indianhead. In 

addition, average R increased with increasing age of the plants, as 

occurred with the irrigated experiment (Table 31) . 

4.2.1.3 Liqht response parameters 

(a} Photosynthetic efficiency (£p) 

The eP value for PI 244026 was lower than other genotypes 

at 40 DAS (Table 33). The seeding date effect was significant, due 

largely to the low eP value for the May 3 seeding. The seeding date 

by genotype interaction was significant, due to the low values for 

Laird, seeded on May 3 and May 13 and PI 244026 seeded on May 23. 

The seeding date effect was significant for eP 60 DAS, due 

primarily to the high value for plants seeded 35 days after April 30 

(Table 33). The genotype effect was not significant. The seeding 

date by genotype interaction was significant, due mainly to the low 

values for Laird seeded on May 3 and May 13, as also occurred 40 

DAS. 

Neither seeding date nor genotype had any significant 

effect on eP 80 DAS (Table 33). The seeding date by genotype 

interaction was significant, due largely to the widely divergent eP 
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Tab1a 32. Effect of seeding data on respiration rate 40, 60 and 80 
DAS for five 1enti1 genotypes grown without irrigation at 
Saskatoon in 1989. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

---------------mg C02 m-2 s-1 --------------------

3 
13 
24 

0.056 
0.051 
0.072 

(a) 40 DAS 

0.063 
0.074 
0.050 

0.048 
0.049 
0.062 

0.069 
0.070 
0.096 

0.044 
0.055 
0.051 

Mean 0.059 0.062 0.053 0.078 0.050 
LSD(0.05) Seeding: NS Genotype: NS 

Genotypes in seeding: NS Seedings in genotype: 

(b) 60 DAS 

3 0.073 0.079 0.077 0.102 0.061 
13 0.085 0.091 0.090 0.096 0.068 
24 0.113 0.094 0.086 0.111 0.082 

Mean 0.091 0.088 0.084 0.103 0.070 
LSD(0.05) Seeding: NS Genotype: 0.013 

Genotypes in seeding: NS Seedings in genotype: 

(C) 80 DAS 

3 0.102 0.123 0.139 0.090 
13 0.135 0.148 0.170 0.117 
24 0.140 0.140 0.180 0.134 

Mean 0.125 0.137 0.163 0.113 
LSD(0.05) Seeding: NS Genotype: 0.015 

Genotypes in seeding: NS Seedings in genotype: 

NS 

NS 

NS 

0.056 
0.060 
0.066 

0.061 

0.079 
0.086 
0.097 

0.087 

0.113 
0.143 
0.148 

0.135 
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Tab~e 33. Effect of seedinq date on photosynthetic efficiency 40, 60 
and 80 DAS for five ~enti~ qenotypes qrown with :i.rriqation 
at Saskatoon :i.n 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

---------------mol C02 mol-1 photon-----------------

3 
13 
23 
35 
47 

0.0497 
0.0500 
0.0245 
0.0416 
0.0411 

(a) 40 DAS 

0.0470 
0.0564 
0.0493 
0.0536 
0.0418 

0.0377 
0.0386 
0.0609 
0.0645 
0.0641 

Mean 0.0414 0.0495 0.0532 
LSD(0.05} Seeding: 0.0050 

Genotypes in seeding: 0.0114 

(b) 60 DAS 

3 0.0354 0.0279 0.0270 
13 0.0563 0.0448 0.0257 
23 0.0434 0.0400 0.0452 
35 0.0389 0.0418 0.0543 
47 0.0316 0.0459 0.0395 

Mean 0.0414 0.0398 0.0384 
LSD(0.05) Seeding: 0.0057 

Genotypes in seeding: 0.0082 

(c) 80 DAS 

3 0.0170 0.0225 
13 0.0325 0.0273 
23 0.0482 0.0366 
35 0.0284 0.0357 

Mean 0.0316 0.0307 

0.0370 
0.0532 
0.0484 
0.0561 
0.0486 

0.0493 
0.0486 
0.0456 
0.0529 
0.0529 

0.0441 
0.0493 
0.0457 
0.0538 
0.0498 

0.0486 0.0498 0.0484 
Genotype: 0.0045 
Seedings in genotype: 0.0114 

0.0327 0.0466 0.0340 
0.0361 0.0475 0.0420 
0.0364 0.0323 0.0395 
0.0559 0.0573 0.0495 
0.0423 0.0309 0.0380 

0.0407 0.0430 0.0407 
Genotype: NS 
Seedings in genotype: 0.0091 

0.0232 0.0323 0.0318 
0.0257 0.0459 0.0327 
0.0405 0.0252 0.0377 
0.0380 0.0250 0.0239 

0.0318 0.0321 0.0317 
LSD(0.05) Seeding: NS Genotype: NS 

Genotypes in seeding: 0.0148 Seedings in genotype: 0.0170 
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values for Eston seeded on May 3 and May 23. In addition, the 

average ep values decreased with increasing age of the plants from 

40 to 80 DAS. 

(b) Light compensation point (r) 

The seeding date effect was significant for r 40 DAS, due 

to the high r values for lentil genotypes seeded 3 and 47 days after 

April 30 at Saskatoon (Table 34) . The genotype effect was 

significant, due primarily to the low r values for Laird and PI 

298121. The seeding date by genotype interaction was significant, 

due mainly to the high r values for Indianhead seeded May 3 and for 

PI 244026 and Eston seeded 47 days after April 30. 

Seeding date was significant for r 60 DAS, due largely to 

the low r values, when lentil was seeded 23 and 35 days after April 

30 (Table 34). The genotype effect was also significant, due to the 

low r values for PI 298121 lentil. The seeding date by genotype 

interaction was significant, due primarily to the high r values for 

Laird seeded on May 3 and May 13 and the high r values for PI 244026 

and Eston seeded 47 days after April 30. 

Neither seeding date nor genotype had any significant 

effect on r 80 DAS (Table 34) . However, the seeding date by genotype 

interaction was significant, due mainly to the high r values for 

Eston, Laird and Indianhead from the May 3 seeding and for Eston and 

PI 298121 when seeded 35 days after April 30. In addition, average 

r values increased with increasing plant age from 40 to 80 DAS. 

4.2.1.4 Seed yie1d 

(a) 1988 

Seed yield in the irrigated trial at Saskatoon decreased 

rapidly with delayed seeding (Table 35). The earliest maturing 



94 

Tabl.a 34. Effect of saadinq date on J.iqht compensation point 40, 60 
and 80 DAS for five l.entil. qenotypas qrown with 
irriqation at Saskatoon in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

-------------- J.LE photon m-2 s-1 
--------------------

(a) 40 DAS 

3 39.8 44.6 51.1 61.2 37.7 46.9 
13 32.7 38.5 32.5 39.3 40.3 36.7 
23 41.4 39.5 35.8 52.0 41.5 42.0 
35 42.1 49.9 34.6 31.7 37.4 39.1 
47 62.4 61.9 33.9 42.6 44.0 48.2 

Mean 43.7 46.9 37.6 45.4 39.4 42.6 
LSD(0.05) Seeding: 4.8 Genotype: 4.0 

Genotypes in seeding: 8.9 Seedings in genotype: 9.2 

(b) 60 DAS 

3 67.1 66.4 91.1 83.8 37.7 69.2 
13 44.4 46.4 102.5 78.8 51.6 64.7 
23 57.5 55.5 50.8 50.4 60.5 54.9 
35 65.0 80.0 54.8 35.9 39.4 55.0 
47 100.1 90.0 54.1 60.0 78.6 76.5 

Mean 66.8 67.6 70.7 61.8 53.6 64.1 
LSD(0.05) Seeding: 3.8 Genotype: 4.0 

Genotypes in seeding: 8.9 Seedings in genotype: 8.8 

(c) 80 DAS 

3 134.0 110.0 114.0 54.0 103.0 
13 77.0 93.0 107.0 63.0 85.0 
23 58.0 63.0 61.0 97.0 70.0 
35 113.0 66.0 45.0 111.0 84.0 

Mean 95.0 83.0 82.0 81.0 85.0 
LSD(0.05) Seeding: NS Genotype: NS 

Genotypes in seeding: 31.0 Seedings in genotype: 50.0 
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Tab1e 35. Effect of seeding date on seed yie1d of five 1enti1 
genotypes grown with and without irrigation at Saskatoon 
and without irrigation at Hagen in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

-------------- kg ha-1 
---------------------

(a) Saskatoon, with irrigation 

3 609 1325 1030 770 1080 960 
13 394 885 620 750 750 680 
23 169 550 370 1140 680 580 
35 130 270 580 1140 240 470 
47 84 440 350 200 190 250 
63 209 70 0 10 0 60 

Mean 266 590 490 670 490 500 
LSD(0.05) Seeding: 151 Genotype: 109 

Genotypes in seeding: 266 Seedings in genotype: 284 

(b) Saskatoon, without irrigation 

3 162 242 697 791 782 536 
13 87 146 429 172 195 206 
23 131 85 0 0 0 43 

Mean 126 157 375 321 326 262 
LSD(0.05) Seeding: 123 Genotype: 78 

Genotypes in seeding: 135 Seedings in genotype: 171 

(c) Hagen, without irrigation 

12 267 1063 837 968 1008 829 
25 375 1020 1490 1520 960 1080 
33 177 920 210 890 360 510 
44 157 120 0 0 0 60 
54 55 0 0 0 0 10 

Mean 206 625 510 680 465 500 
LSD(0.05) Seeding: 81 Genotype: 79 

Genotypes in seeding: 177 Seedings in genotype: 178 
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genotype, PI 244026, produced the lowest seed yield and Indianhead 

produced the highest seed yield. The seeding date by genotype 

interaction was significant, due largely to the high seed yield of 

Indianhead seeded 23 and 35 days after April 30. 

Seed yield in the unirrigated trial at Saskatoon 

decreased as seeding date was delayed (Table 35). Early maturing PI 

244026 and Eston produced low seed yields. The seeding date by 

genotype interaction was significant, due primarily to the high 

yields from the May 3 seeding and the low yields from the May 23 

seeding of the late maturing Laird, Indianhead and PI 298121, 

whereas yields of PI 244026 and Eston declined less with later 

planting. 

At Hagen the two earliest seeding dates produced the 

highest yields, with the May 25 seeding date producing the highest 

yield (Table 35) . The genotype PI 244026 produced the lowest seed 

yield. The seeding date by genotype interaction was significant, due 

largely to the high yield of Laird and Indianhead when seeded May 25 

and their low yields when seeded 44 and 54 days after April 30, 

whereas the early maturing genotypes declined less in yield with 

later planting. 

(b) 1989 

Only three seeding dates were used for five lentil 

genotypes grown with and without irrigation at Saskatoon and without 

irrigation at Hagen in 1989 (Table 36) . The results were very 

similar and the results of all three experiments will be discussed 

together. In both Saskatoon experiments, the first two seeding dates 

generally produced higher yields than the third. Seeding date had no 

significant effect on seed yield at Hagen. In all three experiments, 
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Tab1e 36. Effect of seedinq date on seed yie1d of five 1enti1 
qenotypes qrown with and without irriqation at Saskatoon 
and without irriqation at Baqen in 1989. 

Seeding date Genotype 
(days after 
April 30} PI 244026 Eston Laird Indianhead PI 298121 Mean 

-------------- kg ha-1 
---------------------

(a} Saskatoon, with irrigation 

3 526 1605 1440 1470 773 1160 
13 537 1340 1720 1570 769 1190 
24 571 1360 1230 1100 691 990 

Mean 544 1435 1460 1380 744 1110 
LSD(0.05} Seeding: 76 Genotype: 119 

Genotypes in seeding: 207 Seedings in genotype: 383 

(b) Saskatoon, without irrigation 

3 530 1125 1515 1375 665 1040 
13 470 1090 1825 1735 680 1160 
24 500 1035 1200 1195 595 905 

Mean 500 1085 1515 1435 645 1035 
LSD(0.05} Seeding: 116 Genotype: 107 

Genotypes in seeding: 185 Seedings in genotype: 201 

(c) Hagen, without irrigation 

13 520 1460 1725 1705 720 1225 
33 555 1305 1730 1835 775 1240 
46 645 1220 1520 1735 800 1185 

Mean 575 1330 1660 1755 765 1215 
LSD(0.05) Seeding: NS Genotype: 91 

Genotypes in seeding: 158 Seedings in genotype: 152 
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the high seed yields were obtained from Laird and Indianhead. The 

seeding date by genotype interaction was significant in all three 

experiments, due mainly to the high seed yield of Laird at the 

second seeding date in Saskatoon experiments and the high yield of 

Indianhead at the third seeding date in the Hagen experiment, 

whereas other genotypes had similar yields across planting dates. 

These results suggest that the optimum seeding date of 

lentil for seed yield is early May at Saskatoon and mid May at 

Hagen, when grown without irrigation in a drought year. In a normal 

year and in a drought year with supplementary irrigation seeding can 

be delayed up to the end of May, but seeding of late maturing 

genotypes after mid May is risky, due to the limited growing season. 

The optimum seeding date at Hagen is later than at Saskatoon, mainly 

because temperature in the spring increases later at Hagen than at 

Saskatoon (see Appendices P to R) . 

4.2.1.5 Bio~ogica~ yie~d 

(a) 1988 

The results on biological yield of five lentil genotypes 

grown with and without irrigation at Saskatoon and without 

irrigation at Hagen in 1988 closely follow the seed yield results, 

except that the later seeding dates produced relatively high 

biological yields, but little or no seed (Table 37) . Thus, the 

highest biological yield came from the earliest seeding in all three 

experiments except at Hagen. Again, in all three experiments, the 

earliest genotype, PI 244026, produced the lowest biological yield 

and the latest genotype, PI 298121, produced the highest biological 

yield, except at Hagen. The seeding date by genotype interaction was 
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Tabl.e 37. Effect of seedinq date on biol.oq.ical. yiel.d of f.ive l.entil. 
qenotypes qrown with and without irriqat.ion at Saskatoon 
and without irr.iqat.ion at Baqen in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

-------------- kg ha-l -----------------

(a) Saskatoon, with irrigation 

3 1440 3980 3450 2630 4080 3120 
13 960 3420 2170 2240 3960 2550 
23 1300 2370 1750 3750 4100 2650 
35 1230 2240 3360 3520 3990 2860 
47 1470 2870 1830 2650 2700 2300 
63 1150 3090 2640 2720 1210 2160 

Mean 1260 3000 2530 2920 3340 2610 
LSD(O.OS) Seeding: 732 Genotype: 483 

Genotypes in seeding:1182 Seedings in genotype: 1285 

(b) Saskatoon, without irrigation 

3 700 1110 2970 2410 3560 2150 
13 570 1170 1080 1240 1170 1050 
23 460 1760 1150 1710 1360 1290 

Mean 580 1350 1730 1790 2030 1500 
LSD(O.OS) Seeding: 322 Genotype: 351 

Genotypes in seeding: 609 Seedings in genotype: 629 

(c) Hagen, without irrigation, 1988 

12 1290 2290 3090 2900 3320 2580 
25 1290 2970 4570 4000 4810 3490 
33 1010 3150 3660 4300 2880 3000 
44 720 2380 1660 2440 1820 1800 
54 710 2420 2930 3500 2160 2340 

Mean 960 2640 3180 3430 3000 2640 
LSD(O.OS) Seeding: 331 Genotype: 240 

Genotypes in seeding: 536 Seedings in genotype: 582 
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significant for all three experiments, due largely to the wide 

extremes in biological yield of Laird, PI 298121 or both. 

(b) 1989 

The results on biological yield of five lentil genotypes 

grown with and without irrigation at Saskatoon and without 

irrigation at Hagen in 1989 (Table 38} closely follow the seed yield 

results reported earlier. When seeding was delayed beyond May 13, 

biological yield from all genotypes decreased in both the irrigated 

and unirrigated experiments at Saskatoon. However, seeding date had 

no effect on biological yield at Hagen. Biological yield differed 

significantly among genotypes in all three experiments. The earliest 

maturing genotype, PI 244026, was also the lowest yielding, whereas 

Laird and Indianhead were the highest yielding genotypes. The 

seeding date by genotype interaction was significant in the two 

experiments at Saskatoon, due to the large reduction in biological 

yield of Laird and Indianhead when seeding was delayed. 

4.2.1.6 Harvest index 

(a} 1988 

Seeding date had a significant effect on harvest index of 

lentil in all three experiments in 1988 (Table 39} . Harvest index 

was similar up to May 13 seeding in both experiments at Saskatoon 

and decreased gradually when seeded after May 13. However, harvest 

index declined, when seeded after May 25 at Hagen. The latest 

maturing genotype, PI 298121, produced the lowest harvest index in 

all three experiments. The seeding date by genotype interaction was 

significant in all three experiments, due primarily to the extremely 

low harvest index for the late maturing genotypes (Laird, Indianhead 
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Tab1e 38. Effect of seedinq date on bio1oqica1 yie1d of five 1enti1 
qenotypes qrown with and without irriqation at Saskatoon 
and without irriqation at Baqen in 1989. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

3 
13 
24 

-------------- kg ha-1 
---------------------

1600 
1800 
2200 

(a) Saskatoon, with irrigation 

4090 
3560 
3800 

4550 
5890 
3680 

4830 
5690 
3490 

3200 
3480 
2990 

3650 
4080 
3230 

Mean 1870 3820 4 710 4670 3220 3660 
LSD(0.05) Seeding: 297 Genotype: 446 

Genotypes in seeding: 773 Seedings in genotype: 750 

(b) Saskatoon, without irrigation 

3 1840 3350 4780 4730 2930 
13 1610 3420 6340 5720 3040 
24 1660 2820 3740 3820 2710 

Mean 1700 3200 4950 4760 2890 
LSD(0.05) Seeding: 603 Genotype: 495 

Genotypes in seeding: 858 Seedings in genotype: 

(c) Hagen, without irrigation 

13 
33 
46 

1490 
1630 
2040 

4150 
3670 
3740 

Mean 1720 3850 

5630 
5520 
4960 

5850 
5820 
5680 

3290 
3500 
3870 

5370 5780 3550 
Genotype: 365 

3530 
4030 
2950 

3500 

972 

4080 
4030 
4060 

4060 
LSD(0.05) Seeding: NS 

Genotypes in seeding: NS Seedings in genotype: NS 
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Tabl.e 39. Effect of seedinq date on harvest index of five l.entil. 
qenotypes qrown with and without irriqation at Saskatoon 
and without irriqation at Baqen in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

(a) Saskatoon, with irrigation 

3 0.423 0.333 0.302 0.330 0.270 0.333 
13 0.407 0.302 0.256 0.346 0.294 0.303 
23 0.140 0.244 0.216 0.309 0.166 0.215 
35 0.109 0.128 0.162 0.313 0.060 0.154 
47 0.066 0.157 0.200 0.070 0.087 0.116 
63 0.169 0.027 0.000 0.004 0.000 0.040 

Mean 0.219 0.200 0.190 0.229 0.131 0.194 
LSD(O.OS) Seeding: 0.045 Genotype: 0.033 

Genotypes in seeding: 0.083 Seedings in genotype: 0.96 

(b) Saskatoon, without irrigation 

3 0.235 0.219 0.252 0.327 0.218 0.250 
13 0.164 0.121 0.427 0.140 0.170 0.204 
23 0.270 0.048 0.000 0.000 0.000 0.064 

Mean 0.223 0.129 0.226 0.156 0.130 0.173 
LSD(O.OS) Seeding: 0.089 Genotype: 0.048 

Genotypes in seeding: 0.083 Seedings in genotype: 0.115 

(c) Hagen, without irrigation 

12 0.207 0.463 0.271 0.337 0.308 0.317 
25 0.349 0.350 0.327 0.385 0.200 0.322 
33 0.173 0.288 0.056 0.212 0.117 0.169 
44 0.211 0.051 0.000 0.000 0.000 0.052 
54 0.083 0.000 0.000 0.000 0.000 0.017 

Mean 0.205 0.230 0.131 0.187 0.125 0.176 
LSD(O.OS) Seeding: 0.024 Genotype: 0.029 

Genotypes in seeding: 0.050 Seedings in genotype: 0.063 
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and PI 298121) when seeded late. The decrease in harvest index of 

Eston with delayed seeding at Saskatoon was more pronounced in the 

unirrigated experiment than in the irrigated experiment, indicating 

that Eston responds favorably to irrigation. The zero values of 

harvest index indicate that no seed yield was obtained due to the 

very late seeding date. 

(b) 1989 

The seeding date effect on harvest index was significant 

only in the irrigated experiment at Saskatoon, but no consistent 

trend was evident (Table 40) . In all three experiments, Eston 

produced the highest harvest index and the PI 298121 produced the 

lowest harvest index. The seeding date by genotype interaction was 

not significant in any of the three experiments, indicating that 

effect of seeding date on harvest index was similar for all five 

genotypes. 

4.2.1.7 Seed weight 

(a) 1988 

Early seeding produced high seed weight in all three 

experiments in 1988 (Table 41) . Seed weight declined significantly 

with delayed seeding after May 13 in the irrigated experiment at 

Saskatoon, after May 3 in the unirrigated.experiment at Saskatoon 

and after May 25 at Hagen. Genotype had a significant effect on seed 

weight, with highest seed weight from Laird and lowest from 

Indianhead. The seeding date by genotype interaction was significant 

in all three experiments, due mainly to the reduction in 

seed weight of the three late maturing genotypes (Laird, Indianhead 

and PI298121) with delayed seeding. 
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Tab~e 40. Effect of seedinq date on harvest index of five ~anti~ 
qenotypes qrown with and without irriqation at Saskatoon 
and without irriqation at Baqen in 1989. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

3 
13 
24 

Mean 

0.336 
0.301 
0.268 

0.302 
LSD(0.05) Seeding: 

Genotypes in 

3 0.288 
13 0.293 
24 0.306 

(a) Saskatoon, with irrigation 

0.395 
0.376 
0.356 

0.376 
0.012 

seeding: NS 

0.318 
0.293 
0.335 

0.315 

0.305 
0.276 
0.315 

0.299 
Genotype: 0.025 

0.244 
0.223 
0.234 

0.233 

Seedings in genotype: 

(b) Saskatoon, without irrigation 

0.338 0.322 0.292 0.227 
0.322 0.293 0.304 0.226 
0.368 0.322 0.314 0.221 

NS 

0.319 
0.294 
0.302 

0.305 

0.294 
0.288 
0.306 

Mean 0.296 0.343 0.312 0.303 0.225 0.296 
LSD(0.05) Seeding: NS 

Genotypes in seeding: NS 
Genotype: 0.016 
Seedings in genotype: NS 

(c) Hagen, without irrigation 

13 
33 
46 

0.351 
0.343 
0.318 

0.357 
0.356 
0.328 

Mean 0.337 0.347 
LSD(0.05) Seeding: NS 

Genotypes in seeding: NS 

0.307 
0.314 
0.309 

0.293 
0.299 
0.306 

0.221 
0.221 
0.208 

0.306 
0.306 
0.294 

0.310 0.299 0.217 0.302 
Genotype: 0.018 
Seedings in genotype: NS 
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Tab1e 41. Effect of seeding date on 1000-seed weiqht of five 1enti1 
genotypes grown with and without irrigation at Saskatoon 
and without irrigation at Sagen in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

-------------- g I 10 0 0 seeds -------------------------

(a) Saskatoon, with irrigation 

3 
13 
23 
35 
47 
63 

25.2 
24.9 
21.9 
23.2 
21.6 
21.1 

32.1 
31.1 
29.9 
27.6 
28.9 
28.4 

68.5 
64.1 
58.5 
60.6 
55.4 

Mean 2 3 . 0 2 9 . 7 61 . 4 
LSD(O.OS} Seeding: 1.81 

Genotypes in seeding: 3.50 

22.5 
23.3 
23.2 
23.1 
18.6 

22.1 
Genotype: 1.43 

30.6 
30.7 
31.1 
19.1 
21.0 

26.5 

35.8 
34.8 
32.9 
30.8 
29.1 
24.7 

31.4 

Seedings in genotype: 3.61 

(b) Saskatoon, without irrigation 

3 
13 
23 

25.3 
22.4 
21.0 

31.8 
29.2 
28.4 

63.0 
59.5 

Mean 2 2 . 9 2 9 . 8 61 . 3 
LSD(O.OS) Seeding: 2.2 

Genotypes in seeding: 3.44 

23.4 
21.0 

22.2 
Genotype: 2.0 

27.9 
28.2 

28.1 

34.3 
32.0 
24.7 

30.3 

Seedings in genotype: 3.77 

(c) Hagen, without irrigation 

12 
25 
33 
44 
54 

26.6 
27.4 
24.0 
22.8 
22.1 

35.2 
34.2 
34.8 
31.3 

63.0 
64.7 
58.9 

Mean 24.6 33.9 62.2 
LSD(0.05} Seeding: 0.34 

Genotypes in seeding: 1.21 

23.7 
24.7 
23.8 

31.6 
31.7 
27.8 

36.0 
36.5 
33.8 
27.1 
22.1 

24.1 30.4 31.1 
Genotype: 0.54 
Seedings in genotype: 1.14 
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(b) 1989 

Seed weight from the May 3 seeding was significantly 

lower than from the later seedings in both experiments at Saskatoon, 

but seeding date had no effect on seed weight at Hagen (Table 42). 

The genotype effects closely followed the results in 1988, with the 

highest 1000-seed weight from Laird and the lowest from Indianhead. 

The seeding date by genotype interaction was significant only in the 

two unirrigated experiments, at Saskatoon and Hagen. This was largly 

due to the high seed weight of PI 298121 from the May 13 seeding and 

the high seed weight of Laird from the May 2 4 seeding in the 

unirrigated experiment at Saskatoon, and the low seed weight of 

Laird when seeded 46 days after April 30 at Hagen. 

4 . 2 . 2 Soil. moisture stress effects on Laird l.entil. and Cheston 

chickpea 

The effects of soil moisture treatments on physiological 

and harvest characteristics of Cheston chickpea and Laird lentil 

were studied under field conditions in 1987 and 1988. Comparisons 

between Cheston chickpea and Laird lentil, the growth stages and 

between the two years are not statistically valid, since the data 

were collected from separate experiments. 

4 . 2 . 2 .1 Net photosynthetic rate (P 11) 

The Pn of Cheston chickpea increased with increased soil 

moisture supply, but significantly so only 30 and 50 DAS in the 

drought year 1988 (Tables 43 and 44). The Pn of Laird lentil 

increased significantly with increased soil moisture supply in both 

1987 and 1988 (Tables 43 and 44), except 25 DAS in 1987. In general, 

both crop species had a similar average Pn. 
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Tab1e 42. Effect of seedinq date on 1000-seed weiqht of five 1enti1 
qenotypes qrown with and without irriqation at Saskatoon 
and without irriqation at Baqen in 1989. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

g/1000 seeds 

(a) Saskatoon, with irrigation 

3 31.1 31.0 71.9 25.3 32.5 38.3 
13 33.2 35.6 75.2 27.6 34.4 41.2 
24 33.3 34.7 74.5 26.6 34.3 40.7 

Mean 32.5 33.8 73.8 26.5 33.7 40.1 
LSD(0.05) Seeding: 2.1 Genotype: 1.5 

Genotypes in seeding: NS Seedings in genotype: NS 

(b) Saskatoon, without irrigation 

3 30.7 36.5 70.5 23.3 31.8 38.6 
13 29.1 34.1 74.9 27.6 37.0 40.5 
24 29.2 35.8 77.8 26.5 34.2 40.7 

Mean 29.7 35.5 74.4 25.8 34.3 39.9 
LSD(0.05) Seeding: 1.5 Genotype: 1.4 

Genotypes in seeding: 2.4 Seedings in genotype: 2.6 

(c) Hagen, without irrigation 

13 29.7 33.7 75.1 24.5 33.1 39.2 
33 33.0 34.5 76.3 25.4 33.3 40.5 
46 33.6 35.2 71.4 23.8 32.3 39.2 

Mean 32.1 34.5 74.2 24.6 32.9 39.6 
LSD(0.05) Seeding: NS Genotype: 1.2 

Genotypes in seeding: 2.1 Seedings in genotype: 2.0 
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Tab1a 43. Effect of soi1 moisture on nat photosynthetic rata and 
respiration rate 25, 45 and 65 DAS for Cheston chickpea 
and Laird 1enti1 in 1987. 

Soil moisture 
Net photosynthetic rate 

Cheston Laird Mean 
chickpea lentil 

Respiration rate 

Cheston Laird Mean 
chickpea lentil 

----------- mg C02 m-2 s-1 
-----------------

2/3 rain diversion 0.574 
1/3 rain diversion 0.636 
Control 0.682 
One irrigation 0.708 
Two irrigations 0.746 

Mean 
LSD(0.05) 

0.669 
NS 

2/3 rain diversion 0.372 
1/3 rain diversion 0.433 
Control 0.460 
One irrigation 0.513 
Two irrigations 0.552 

Mean 
LSD(0.05) 

0.466 
NS 

2/3 rain diversion 0.500 
1/3 rain diversion 0.520 
Control 0.600 
One irrigation 0.630 
Two irrigations 0.690 

Mean 
LSD{0.05) 

0.587 
NS 

(a) 25 DAS 

0.685 
0.729 
0.747 
0.790 
0.837 

0.629 
0.683 
0.715 
0.749 
0.791 

0.758 0.714 
NS 

(b) 45 DAS 

0.411 
0.465 
0.501 
0.564 
0.611 

0.391 
0.449 
0.480 
0.539 
0.582 

0.510 0.488 
0.177 

(c) 65 DAS 

0.411 
0.479 
0.550 
0.636 
0.701 

0.471 
0.500 
0.575 
0.633 
0.693 

0.561 0.574 
0.153 

0.124 
0.125 
0.135 
0.137 
0.145 

0.133 
NS 

0.116 
0.101 
0.114 
0.119 
0.125 

0.117 
NS 

0.168 
0.157 
0.162 
0.174 
0.181 

0.168 
NS 

0.105 
0.110 
0.104 
0.119 
0.125 

0.113 
NS 

0.111 
0.107 
0.104 
0.110 
0.109 

0.109 
NS 

0.145 
0.140 
0.151 
0.163 
0.175 

0.155 
0.021 

0.114 
0.118 
0.120 
0.128 
0.135 

0.123 

0.114 
0.108 
0.109 
0.115 
0.117 

0.113 

0.156 
0.149 
0.156 
0.168 
0.178 

0.162 
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Tab1e 44. Effect of soi1 moisture on net photosynthetic rate and 
respiration rate 30, 50 and 70 DAS for Cheston chickpea 
and Laird 1enti1 in 1988. 

Net photosynthetic rate Respiration rate 
Soil moisture 

Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

-------------- mg C02 m-2 s-1 ---------------
(a) 30 DAS 

2/3 rain diversion 0.277 0.342 0.310 0.108 0.106 0.107 
Control 0.403 0.370 0.387 0.118 0.109 0.112 
Two irrigations 0.665 0.704 0.685 0.127 0.112 0.119 

Mean 0.448 0.472 0.460 0.117 0.109 0.113 
LSD(O.OS) 0.093 0.172 NS NS 

(b) 50 DAS 

2/3 rain diversion 0.321 0.269 0.295 0.119 0.118 0.119 
Control 0.415 0.335 0.375 0.128 0.119 0.123 
Two irrigations 0.603 0.586 0.595 0.138 0.120 0.129 

Mean 0.447 0.397 0.422 0.128 0.119 0.124 
LSD(O.OS) 0.130 0.144 NS NS 

(c) 70 DAS 

2/3 rain diversion 0.402 0.341 0.372 0.135 0.118 0.127 
Control 0.473 0.402 0.437 0.144 0.131 0.138 
Two irrigations 0.681 0.626 0.654 0.176 0.148 0.162 

Mean 0.519 0.456 0.488 0.152 0.132 0.142 
LSD(O.OS) NS 0.201 0.038 0.024 

t One additional irrigation was given to the all three treatments for 
plant establishment. 
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4.2.2.2 Respiration rate (R) 

Soil moisture had no effect on R of Cheston chickpea 

except 70 DAS in 1988, with increased R at increased soil moisture 

supply (Tables 43 and 44). Soil moisture supply had no significant 

effect on R of Laird lentil except at the last growth stage, 65 DAS 

in 1987 and 70 DAS in 1988, with increased R at increased soil 

moisture supply (Tables 43 and 44). In general, Cheston chickpea and 

Laird lentil had similar R. 

4.2.2.3 Shoot water potentia1 (~.~> 

The predawn ~shoot and afternoon 'l'shoot at all growth stages 

of Cheston chickpea became less negative, with increased soil 

moisture supply in both 1987 and 1988 (Tables 45 and 46) . The 

predawn ~shoot and afternoon ~shoot at all growth stages of Laird lentil 

also became less negative with increased soil moisture supply, 

except 40 DAS in 1987. In general, Cheston chickpea maintained a 

more negative predawn and afternoon ~shoot than Laird lentil except 60 

DAS in 1987. The ~shoot decreased from predawn to afternoon in both 

crop species in both years. Furthermore, both Cheston chickpea and 

Laird lentil maintained a more negative ~shoot' both at predawn and in 

the afternoon, in the drought year 1988 than in 1987, except for 

afternoon ~shoot at 50 DAS or later in 1988, due to late rains 

(Appendix D) . 

4.2.2.4 Leaf area index 

The LAI of Cheston chickpea and Laird lentil increased 

with increased soil moisture supply at all growth stages in both 

years except for the initial growth stage {30 DAS) of Laird lentil 

in 1988 (Tables 47 and 48). The LAI values of Cheston chickpea and 
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Tabl.e 45. Effect of soil. moisture on predawn and afternoon shoot 
water potential. 4 0, 50 and 60 DAS for Cheston chickpea and 
Laird l.entil. in 1987. 

Predawn Afternoon 
water potential water potential 

Soil moisture 
Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

------------------ -MPa -----------------
(a) 40 DAS 

2/3 rain diversion 0.933 0.733 0.833 2·. 03 1.67 1.85 
1/3 rain diversion 0.967 0.700 0.833 2.02 1.63 1.83 
Control 0.883 0.733 0.808 1.88 1.60 1.74 
One irrigation 0.783 0.700 0.742 1.68 1.50 1.59 
Two irrigations 0.633 0.617 0.625 1.50 1.40 1.45 

Mean 0.840 0.697 0.769 1.82 1.56 1.69 
LSD(O.OS) 0.199 NS 0.21 NS 

(b) 50 DAS 

2/3 rain diversion 1.153 0.817 0.985 2.55 1.73 2.14 
1/3 rain diversion 0.972 0.784 0.878 2.29 1.69 1.99 
Control 0.922 0.744 0.833 1.97 1.59 1.78 
One irrigation 0.756 0.683 0.720 1.74 1.41 1.58 
Two irrigations 0.583 0.583 0.583 1.49 1.35 1.42 

Mean 0.877 0.722 0.800 2.01 1.56 1.79 
LSD(O.OS) 0.235 0.044 0.29 0.19 

(c) 60 DAS 

2/3 rain diversion 1.044 0.989 1.017 1.72 1.67 1.70 
1/3 rain diversion 0.911 0.933 0.922 1.66 1.65 1.66 
Control 0.822 0.900 0.861 1.46 1.66 1.56 
One irrigation 0.728 0.805 0.767 1.49 1.63 1.56 
Two irrigations 0.594 0.761 0.678 1.27 1.60 1.44 

Mean 0.820 0.877 0.849 1.52 1.64 1.58 
LSD(O.OS) 0.131 0.083 0.12 NS 
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Tab~e 46. Effect of soi1 moisture on predawn and afternoon shoot 
water potentia1 2 8, 42, 70 and 84 DAS for Cheston chickpea 
and Laird 1enti1 in 1988. 

Predawn Afternoon 
water potential water potential 

Soil moisture 
Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

----------------- -MPa -----------------------
(a) 28 DAS 

2/3 rain diversion 1.46 1.21 1.34 2.78 2.14 2.46 
Control 1.34 0.98 1.16 2.56 1.84 2.20 
Two irrigations 0.93 0.82 0.88 1.55 1.44 1.50 

Mean 1.24 1.01 1.13 2.30 1.81 2.06 
LSD(0.05) 0.14 0.16 0.54 0.33 

(b) 42 DAS 

2/3 rain diversion 1.25 1.10 1.17 1.87 2.13 2.00 
Control 0.97 0.92 0.94 1.59 1.34 1.46 
Two irrigations 0.78 0.68 0.73 1.31 1.19 1.25 

Mean 1.00 0.90 0.95 1.59 1.56 1.57 
LSD(0.05) 0.21 0.11 0.11 0.18 

(C) 70 DAS 

2/3 rain diversion 1.44 1.22 1.33 2.04 1.57 1.81 
Control 1.28 1.14 1.21 1.94 1.49 1.72 
Two irrigations 1.09 0.89 0.99 1.61 1.23 1.42 

Mean 1.27 1.08 1.18 1.86 1.43 1.65 
LSD(0.05) 0.12 0.35 0.40 0.34 

(d) 84 DAS 

2/3 rain diversion 1.29 1.13 1.21 1.69 1.48 1.58 
Control 0.93 0.95 0.94 1.40 1.28 1.34 
Two irrigations 0.90 0.85 0.88 1.24 1.20 1.22 

Mean 1.04 0.98 1.01 1.44 1.32 1.38 
LSD(0.05) 0.14 0.08 0.09 0.12 
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Tab~e 47. Effect of soi~ moisture on ~eaf area index and bio1oqica1 
yie1d 25, 45 and 65 DAS for Cheston chickpea and Laird 
~enti1 in 1987. 

Leaf area index Biological yield 
Soil moisture 

Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

------ g m-2 ---------

(a) 25 DAS 

2/3 rain diversion 0.62 0.75 0.68 48.8 64.1 56.4 
1/3 rain diversion 0.64 0.69 0.66 50.8 60.5 55.7 
Control 0.80 0.87 0.83 59.5 75.6 67.5 
One irrigation 0.97 1.08 1.03 66.3 85.5 79.9 
Two irrigations 1.07 1.10 1.05 66.4 89.9 78.2 

Mean 0.81 0.90 0.85 58.3 75.1 66.7 
LSD(0.05) 0.22 0.25 NS 17.9 

(b) 45 DAS 

2/3 rain diversion 2.25 2.02 2.14 90 122 106 
1/3 rain diversion 2.30 2.33 2.32 114 135 125 
Control 2.40 2.50 2.45 165 158 162 
One irrigation 2.58 2.65 2.61 193 205 199 
Two irrigations 2.75 3.00 2.88 217 245 231 

Mean 2.46 2.50 2.48 155 173 164 
LSD(0.05) 0.30 0.41 24 29 

(c) 65 DAS 

2/3 rain diversion 1.99 2.64 2.32 130 160 145 
1/3 rain diversion 2.10 2.86 2.48 170 177 174 
Control 2.42 3.25 2.83 252 225 238 
One irrigation 2.41 3.66 3.04 279 298 289 
Two irrigations 2.51 4.00 3.26 354 404 379 

Mean 2.29 3.28 2.79 237 253 245 
LSD(0.05) 0.32 0.30 24 33 
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Tab1e 48. Effect of soil. moisture on 1eaf area index and biol.oqical. 
yie1d 30, 50 and 70 DAS for Cheston chickpea and Laird 
1entil. in 1988. 

Leaf area index Biological yield 
·soil moisture 

Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

-------- g rn-2 -------

(a) 30 DAS 

2/3 rain diversion 0.90 0.80 0.85 24.4 27.6 26.0 
Control 1.17 0.90 1.03 32.2 30.2 31.2 
Two irrigations 1.10 0.89 1.00 30.6 30.0 30.3 

Mean 1.06 0.86 0.96 28.4 29.2 28.8 
LSD(O.OS) 0.14 NS 4.8 NS 

(b) 50 DAS 

2/3 rain diversion 1.80 1.75 1.77 114 98 106 
Control 2.21 2.00 2.11 142 113 127 
Two irrigations 2.81 2.35 2.58 208 157 182 

Mean 2.27 2.03 2.15 154 123 139 
LSD(O.OS) 0.28 0.24 10 19 

(c) 70 DAS 

2/3 rain diversion 1.53 2.10 1.81 168 149 159 
Control 2.10 2.50 2.30 203 180 191 
Two irrigations 2.63 3.25 2.94 294 242 268 

Mean 2.09 2.62 2.36 221 190 206 
LSD(O.OS) 0.36 0.34 22 17 
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Laird lentil were similar up to 70 DAS, after which Laird lentil had 

a much higher LAI than Cheston chickpea. Thus, Laird lentil was 

better able to respond to the late rains in both years than Cheston 

chickpea. Peak LAI of Cheston chickpea occurred around 45 to 50 DAS 

in each year and decreased thereafter due to leaf senescence and 

dehiscence. The LAI of both species increased with increased age of 

the plants until lower leaf senescence occurred. 

4.2.2.5 Growth ana~ysis 

Mean CGR of Cheston chickpea and Laird lentil, measured 

between 25 and 45 DAS in 1987 and between 30 and 50 DAS in 1988, 

increased with increased soil moisture supply in both years (Tables 

49 and 50). However, mean CGR was similar for the two species in 

1987, but the CGR of Laird lentil was considerably lower than that 

of Cheston chickpea in the drought year, 1988, suggesting that 

Cheston chickpea may be more tolerant to drought than Laird lentil. 

Mean RGR and NAR of both crops increased generally with increased 

soil moisture supply in both years. Mean RGR values were similar for 

the two species. Likewise, mean NAR values were similar for the two 

species. 

4.2.2.6 Bio~oqica~ yie~d 

Biological yield of Cheston chickpea increased with 

increased soil moisture supply at all growth stages in 1987 and 1988 

except 25 DAS in 1987 (Tables 47 and 48) . Differences in biological 

yield were small at the earliest growth stage, but differences 

increased with age of plants as the soil moisture supply increased. 

Biological yield of Laird lentil increased significantly 

with increased soil moisture at all growth stages in 1987 and 1988 

except 30 DAS in 1988 (Tables 47 and 48). Biological yield of Laird 
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Table 49. Effect of soil moisture on crop growth rate (CGR), 
rel.ative growth rate (RGR) and net assimi.l.ation rate (NAR) 
between 25 and 45 DAS of Cheston chickpea and Laird l.entil. 
in 1987. 

Soil moisture 

2/3 rain diversion 
1/3 rain diversion 
Control 
One irrigation 
Two irrigations 

Mean 
LSD(0.05) 

2/3 rain diversion 
1/3 rain diversion 
Control 
One irrigation 
Two irrigations 

Mean 
LSD(0.05) 

2/3 rain diversion 
1/3 rain diversion 
Control 
One irrigation 
Two irrigations 

Mean 
LSD(0.05) 

Cheston 
chickpea 

Laird 
lentil 

(a) CGR, g m-2 land day-1 

2.05 
3.16 
5.28 
6.34 
7.51 

4.87 
1.93 

2.90 
3.74 
4.12 
5.98 
7.77 

4.90 
2.01 

(b) RGR, g g-1 day-1 

0.030 
0.041 
0.051 
0.053 
0.059 

0.047 
0.022 

0.032 
0.040 
0.037 
0.043 
0.050 

0.041 
0.018 

(c) NAR, g m-2 leaf day-1 

1.65 
2.47 
3.63 
3.87 
4.35 

3.19 
1.47 

2.26 
2.78 
2.68 
3.44 
4.11 

3.05 
1.33 

Mean 

2.47 
3.45 
4.70 
6.16 
7.64 

4.89 

0.031 
0.040 
0.044 
0.049 
0.055 

0.044 

1.95 
2.62 
3.15 
3.66 
4.23 

3.12 
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Tab1e 50. Effect of soi1 moisture on crop growth rate (CGR}, 
re1ative qrowth rate (RGR) and net assimi1ation rate (NAR) 
between 30 and 50 DAS of Cheston chickpea and Laird 1enti.1 
in 1988. 

Soil moisture Cheston Laird Mean 
chickpea lentil 

(a) CGR, g m-2 land day-1 

2/3 rain diversion 4.46 3.54 4.00 
Control 5.58 4.14 4.86 
Two irrigations 8.85 6.35 7.60 

Mean 6.29 4.68 5.49 
LSD(0.05) 0.53 1.08 

(b) RGR, g g-1 day-1 

2/3 rain diversion 0.077 0.063 0.070 
Control 0.077 0.066 0.072 
Two irrigations 0.096 0.083 0.089 

Mean 0.083 0.071 0.077 
LSD(0.05) 0.008 0.014 

(c) NAR, g m-2 leaf day-1 

2/3 rain diversion 3.41 2.92 3.18 
Control 3.43 3.01 3.21 
Two irrigations 4.86 4.22 4.54 

Mean 3.90 3.38 3.64 
LSD(0.05) 0.27 0.79 
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lentil was slightly higher than that of Cheston chickpea at all 

growth stages in 1987, but the reverse was true in the drought year 

1988, except 30 DAS in 1988. Biological yield of both Cheston 

chickpea and Laird lentil increased continuously with increased age 

of the plants in both years. 

The biological yield at harvest of both Cheston chickpea 

and Laird lentil increased with increased soil moisture supply in 

both 1987 and 1988 (Table 51) . Laird lentil was more responsive to 

two irrigations than Cheston chickpea as was evident from the larger 

increase in biological yield of lentil above that of the unirrigated 

control treatment. Biological yield at harvest was higher in 1987 

than in the drought year 1988 for both crop species. 

4.2.2.7 Seed yie1d 

The seed yield of both Cheston chickpea and Laird lentil 

increased with increased soil moisture supply in both 1987 and 1988 

(Table 51) . As with biological yield, Laird lentil was more 

responsive to two irrigations than Cheston chickpea, as shown by the 

larger increase in seed yield above that of the unirrigated control 

treatment. Seed yield of both crops was higher in 1987 than in the 

drought year 1988. 

4.2.2.8 Harvest index 

The harvest index of both crops increased with increased 

soil moisture supply in both 1987 and 1988 (Table 52). The harvest 

index of Cheston chickpea was higher than that of Laird lentil in 

both years. Furthermore, harvest index of the two, at a given soil 

moisture treatment, was higher in 1987 than in the drought year 

1988. 
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Tabl.e 51. Effect of soil. moisture on biol.oqical. yiel.d and seed yiel.d 
at harvest of Cheston chickpea and Laird l.entil. in 1987 
and 1988. 

Soil moisture 
Biological yield 

Cheston Laird Mean 
chickpea lentil 

Seed yield 

Cheston Laird Mean 
chickpea lentil 

-------------- kg ha-
1 

-----------------------

2/3 rain diversion 2110 
1/3 rain diversion 2430 
Control 3260 
One irrigation 3740 
Two irrigations 4030 

Mean 3120 
LSD(0.05) 428 

2/3 rain diversion 2090 
Control 2610 
Two irrigations 3100 

Mean 2600 
LSD(0.05) 353 

(a) 1987 

2290 2200 
2550 2490 
2960 3110 
3740 3740 
5010 4520 

3310 3210 
438 

(b) 1988 

1990 2040 
2260 2430 
3060 3080 

2440 2520 
483 

585 
695 
995 

1195 
1465 

985 
261 

450 
700 
920 

690 
213 

495 
560 
735 

1060 
1605 

890 
148 

370 
540 
920 

610 
203 

540 
630 
865 

1130 
1535 

940 

410 
620 
920 

650 
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Tab1e 52. Effect of soi1 moisture on harvest idex and 1000-seed 
weiqht of Cheston chickpea and Laird 1enti1 in 1987 and 
1988. 

Harvest index 1000-seed weight 
Soil moisture 

Cheston Laird Mean Cheston Laird Mean 
chickpea lentil chickpea lentil 

------ g/1000 seeds ----

(a) 1987 

2/3 rain diversion 0.275 0.216 0.246 133 54.5 94.0 
1/3 rain diversion 0.285 0.219 0.252 139 54.2 97.0 
Control 0.305 0.249 0.277 143 57.4 100.0 
One irrigation 0.319 0.284 0.302 148 58.6 103.0 
Two irrigations 0.364 0.323 0.344 154 60.4 107.0 

Mean 0.310 0.258 0.284 144 57.0 100.5 
LSD(0.05) 0.053 0.038 3 2.9 

(b) 1988 

2/3 rain diversion 0.217 0.188 0.202 139 51.1 95.1 
Control 0.268 0.238 0.253 143 55.2 98.9 
Two irrigations 0.297 0.277 0.287 156 59.0 107.5 

Mean 0.260 0.234 0.247 146 55.1 100.5 
LSD(0.05) 0.055 0.050 9 3.9 
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4.2.2.9 Seed weiqht 

The seed weight of both Cheston chickpea and Laird lentil 

increased generally with increased soil moisture supply in both 1987 

and 1988 (Table 52). The seed weight of Cheston chickpea was much 

higher than that of Laird lentil, but the difference between the two 

years was negligible. 

4.3 Mode1s for Predictinq Time to First F1owar in Lenti1 

4.3.1 F1owerinq studies in contro11ed environments 

The period from seeding to first flower (corolla of 

flower bud visible) in lentil was measured in days or calculated in 

accumulations of degree-day, EHMNP-1 and EHMNP-2. The EHMNP-1 was 

based on low values of photosynthetic response parameters, derived 

from the growth cabinet studies, and EHMNP-2 was based on high 

values of photosynthetic response parameters, derived from the field 

and greenhouse (Appendices J and K) . 

The time to first flower of lentil, measured in days, 

varied with day/night temperature and photoperiod for all five 

lentil genotypes in a growth cabinet (Table 53) . Lentil plants of 

all five genotypes flowered earlier at 21/14°C than at 17/10°C. At 

a given day/night temperature, the long photoperiod (17 h) resulted 

in fewer days to first flower than the short photoperiod (13 h), 

indicating that lentil is a quantitative long day plant. Flowering 

was earliest with 21/14°C and a 17 h photoperiod and latest with 

17/10°C and a 13 h photoperiod. 

The degree-day accumulations to first flower were greater 

for the 13 h photoperiod than for the 17 h photoperiod (Table 53). 

However, fewer degree-days were required to first flower at the low 

temperature (17/10°C) than at the high temperature (21/14°C), 
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Tab~e 53. Effect of two day and night temperatures and two 
photoperiods on observed number of days to first f~ower, 
accumu~ated degree-days to first f1ower and EBMNP to first 
f1ower of five lenti1 genotypes grown in qrowth cabinets. 

Tempe- Photo- Genotype 

rature period ---------------------------------------~~---------(day/ PI 244026 Eston Laird Indianhead PI 298121 Mean 
night) 

21/14 17 
17/10 17 
21/14 13 
17/10 13 

Mean 
LSD(0.05) 

21/14 17 
17/10 17 
21/14 13 
17/10 13 

Mean 
LSD ( 0. 05) 

21/14 17 
17/10 17 
21/14 13 
17/10 13 

Mean 
LSD(0.05) 

21/14 17 
17/10 17 
21/14 13 
17/10 13 

Mean 
LSD(0.05) 

(a) Observed days to first flower 
26.2 33.6 37.6 41.0 50.4 
30.2 39.4 44.4 47.2 55.8 
34.0 47.0 50.6 55.6 66.0 
38.8 51.2 59.8 62.2 76.4 

32.3 
1.1 

42.8 
1.6 

48.1 
1.7 

51.0 
1.7 

62.1 
2.1 

(b) Accumulated degree-days to first flower 

37.8 
43.4 
50.6 
57.7 

34.8 

498 634 714 779 958 717 
453 591 666 708 837 651 
605 836 901 990 1175 901 
535 707 825 858 1054 795 

522 
18 

693 
26 

777 
28 

834 
27 

(c) EHMNP-1 to first flowert 
264 338 378 412 
308 402 453 482 
246 339 365 402 
289 381 445 463 

276 
9 

365 
15 

410 
15 

440 
13 

(d) EHMNP-2 to first flower* 
242 311 348 379 
284 370 417 443 
225 311 334 367 
265 350 408 425 

254 
8 

335 
14 

377 
14 

404 
12 

1006 
34 

507 
569 
477 
569 

530 
18 

466 
524 
436 
522 

487 
17 

766 

380 
443 
366 
429 

404 

349 
408 
335 
394 

371 

The first variation of EHMNP, using the low values of 
photosynthetic light response parameters. 
* The second variation of EHMNP, using the high values of 
photosynthetic light response parameters. 
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probably because temperatures above l7°C did not hasten flowering in 

direct proportion to increased temperature. 

The two EHMNP accumulations (EHMNP-1 and EHMNP-2) to 

first flower of lentil ranked the four temperature photoperiod 

regimes in the same order, indicating that the two data sources were 

consistent and roughly equivalent (Table 53). The temperature regime 

had the major effect since EHMNP accumulations were higher for the 

lower temperature regime than for the higher temperature regime in 

both cases. Furthermore, photoperiod had little effect on EHMNP 

accumulations in either EHMNP-1 or EHMNP-2, except that EHMNP 

accumulations at 21/l4°C were consistently lower for the 13 h than 

for the 17 h photoperiod. This is in direct contrast to observed 

days and degree-day accumulations to first flower, where higher 

accumulations occurred for the 13 h photoperiod than for the 17 h 

photoperiod, suggesting that the EHMNP method may not be appropriate 

for predicting development in lentil. 

Values for three parameters in Summerfield's equation, 

derived by regression techniques using the above data on number of 

days to first flower in lentil, are presented in Table 54. Rate of 

progress toward flowering was positively related to both mean 

photoperiod and temperature from seeding to flowering, suggesting 

that time to first flower is inversely related with both temperature 

and day length. However, rate of flowering was affected more by each 

1 h change in day length than by each l°C change in mean temperature. 

Furthermore, the earliest maturing genotype was more sensitive to 

change in temperature and photoperiod than the latest maturing 

genotype. In general, the values for parameter 'b' were lower than 

the values reported by Erskine et al. (1990), because the criterion 
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Tabl.e 54. Val.ues of parameters of Summerfiel.d' s equationt in the 
rate-factor model. derived from control.l.ed environment data 
for five l.entil. genotypes. 

Genotype 

PI 244026 
Eston 
Laird 
Indianhead 
PI 298121 

a 

-0.0115 
-0.0121 
-0.0129 
-0.0093 
-0.0073 

Parameters 

b c 

0.001090 0.00168 
0.000765 0.00157 
0.000890 0.00131 
0.000693 0.00125 
0.000498 0.00104 

t 1/f=a+bT+cP, where f= number of days from seeding to flowering, 
T= Mean temperature from seeding to flowering, P= Mean photoperiod 
from seeding to flowering and a, b and c are parametric constants. 

Tabl.e 55 . Effect of seeding date on number of days to first fl.ower 
of five l.entil. genotypes at Saskatoon and Goodal.e in 1987. 

Genotype 
Seeding date 
(days after PI 244026 Eston Laird Indianhead PI 298121 Mean 
April 30) 

12 
23 
35 
46 
54 

Mean 
LSD(O.OS) 

5 
11 
21 
34 
45 
53 

Mean 
LSD(O.OS) 

32.0 
29.0 
27.3 
28.3 
28.8 

29.1 
2.5 

31.3 
28.0 
30.3 
30.8 

30.1 
1.8 

(a) 
38.0 
35.8 
34.8 
33.8 
34.8 

35.4 
2.4 

(b) 
40.0 
37.0 
35.0 
34.3 
35.3 
35.0 

36.1 
1.9 

Saskatoon 
42.0 48.0 
39.8 44.0 
37.0 42.0 
40.8 42.0 
41.8 46.5 

40.3 44.5 
1.9 2.4 

Goodale 
47.3 52.0 
42.3 47.0 
40.0 43.0 
39.8 41.0 
42.0 45.0 
43.0 49.0 

42.4 46.2 
2.7 2.3 

57.3 
55.0 
51.3 
54.3 
57.0 

55.0 
2.0 

57.0 
52.0 
49.3 
49.8 
54.0 
59.3 

53.5 
2.0 

43.5 
40.7 
38.5 
39.8 
41.8 

40.9 

49.1 
44.6 
39.7 
38.6 
41.3 
43.4 

41.7 
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of flowering stage in the present studies was earlier than the 50% 

flowering used in the studies of Erskine et al. (1990). 

4.3.2 F1owerinq studies in the fie~d 

Number of days to first flower of lentil varied among the 

seeding dates and genotypes in all the years at Saskatoon, Goodale 

and Hagen (Tables 55, 56 and 57) . As seeding was delayed (both 

temperature and photoperiod changed) in 1987, mean number of days to 

first flower decreased, reached a minimum for the early June seeding 

(34 to 35 days after April 30) and then increased with later seeding 

(Table 55). The genotype PI 298121 was the last lentil genotype to 

flower, some 22 to 26 days later than the earliest maturing genotype 

PI 244026. Ranking of genotypes for number of days to first flower 

in increasing order was PI 244026, Eston, Laird, Indianhead and PI 

298121. All five lentil genotypes responded similarly to seeding 

date for both experiments in 1987. 

Number of days to first flower of lentil decreased when 

seeding was delayed up to late May and then increased with later 

seeding in both experiments in 1988 (Table 56) . Differences among 

genotypes for days to first flower were similar to the results in 

1987 experiments, as reported earlier, with genotype PI 298121 

flowering some 23 to 24 days later than the earliest flowering 

genotype PI 244026. 

Lentil took fewer days to first flower in 1989 when 

seeding was delayed up to 24 and 46 days after April 30, 

respectively at Saskatoon and Hagen (Table 57). Genotype PI 244026 

was the first to flower and PI 298121 was the last to flower, as in 

1987 and 1988. However, lentil plants took more time to flower in 
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Tab1e 56. Effect of seeding date on number of days to first f1ower 
of five 1enti1 genotypes at Saskatoon and Bagan in 1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

3 31.0 
13 29.8 
23 28.0 
35 27.8 

Mean 29.1 
LSD{0.05) 1.9 

12 29.3 
25 26.8 
33 28.3 
44 30.0 

Mean 28.6 
LSD(0.05) 2.3 

(a) Saskatoon 

36.8 42.0 
35.3 39.3 
32.8 38.0 
35.3 38.3 

35.0 39.4 
3.1 2.3 

(b) Hagen 
34.8 39.0 
33.0 39.0 
31.8 40.0 
35.0 42.0 

33.7 40.0 
2.3 2.5 

45.5 
44.0 
43.3 
42.3 

43.8 
2.2 

43.0 
43.0 
43.0 
45.0 

43.5 
NS 

55.3 
52.0 
49.8 
52.8 

52.4 
2.7 

50.3 
51.0 
53.0 
56.3 

52.7 
2.3 

42.1 
40.1 
38.4 
39.3 

39.9 

39.3 
38.6 
39.2 
41.7 

39.7 

Tab1e 57. Effect of seeding date on number of days to first f1ower 
of five 1enti1 genotypes grown at Saskatoon and Gooda1e in 
1989. 

Seeding date Genotype 
(days after) 
April 30) PI 244026 Eston Laird Indianhead PI 298121 Mean 

(a) Saskatoon 

3 35.8 40.8 46.0 
13 33.3 39.0 45.5 
24 31.8 37.8 43.3 

Mean 33.6 39.2 44.9 
LSD{0.05) 1.5 1.9 2.4 

(b) Hagen 
13 35.0 40.3 48.0 
33 32.8 38.0 46.0 
46 31.0 36.8 44.0 

Mean 32.9 38.3 46.0 
LSD(0.05) 2.4 3.3 2.0 

51.0 
50.3 
49.5 

50.3 
NS 

50.0 
46.3 
44.5 

46.9 
3.0 

61.8 
59.3 
58.0 

59.7 
2.6 

62.3 
59.8 
58.3 

60.1 
1.7 

47.1 
45.5 
44.1 

45.5 

47.1 
44.6 
42.9 

44.8 
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1989 than in 1987 and 1988 because of lower temperatures during the 

1989 crop season (Appendices P toR), reconfirming the major role of 

temperature in determining development of the lentil plant under 

field conditions. 

Observed days to first flower, EHMNP-3 accumulation to 

first flower and degree-day accumulation to first flower of five 

lentil genotypes in six experiments averaged over seeding dates are 

shown in Table 58. The EHMNP-3 in the field was calculated in the 

same way as EHMNP-2 in the controlled environments (see Sec. 4.3.1). 

All genotypes of lentil took fewer days to first flower in the 

drought year 1988 than in other two years. Accumulated EHMNP-3 to 

first flower was also lower in 1988 than in other two years. 

However, accumulated degree-days to first flower were higher in 1988 

than in other two years. 

4.3.3 Comparison of mode1s for predicting first f1owering 

Two variations of Summerfield's rate-factor model, three 

variations of the EHMNP model and the degree-day model were compared 

for their effectiveness in predicting time to first flower in five 

genotypes of lentil. In the degree-day model and three EHMNP models 

flowering was considered to occur when the sum of the daily indices 

after seeding reached the critical value for the corresponding 

model. For the EHMNP-1 and EHMNP-2 models, the critical values were 

the mean (over four temperature and photoperiod combinations) 

accumulated EHMNP-1 and EHMNP-2 respectively, from the controlled 

environment studies (Appendix K) . For the EHMNP-3 model, the 

critical value was the mean (over six experiments) accumulated 

EHMNP-3 from the field studies. Similarly, the critical value for 
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Tabl.a 58. Observed days to first fl.ower, accumul.atad deqrae-days to 
first fl.owar and accumul.ated EBMNP to first fl.ower in five 
l.entil. qenotypes qrown in six fiel.d experiments 

Genotype 
Experiment 

PI 244026 Est on Laird Indianhead PI 298121 Mean 

(a) Observed days to first flower 
Saskatoon-87 29.1 35.4 40.3 44.5 55.0 40.9 
Goodale-87 30.1 36.1 42.4 46.2 53.5 41.7 
Saskatoon-88 29.2 35.1 39.4 43.8 52.4 39.9 
Hagen-88 28.6 33.7 40.0 43.5 52.7 39.7 
Saskatoon-89 33.6 39.2 44.9 50.3 59.7 45.5 
Hagen-89 32.9 38.3 46.0 46.9 60.1 44.8 

Mean 30.6 36.3 42.2 45.9 55.5 42.1 

(b) Accumulated degree-days to first flower; 
Saskatoon-87 263.3 328.4 369.6 407.8 493.6 372.5 
Goodale-87 285.2 323.7 384.9 403.6 479.0 381.7 
Saskatoon-88 319.9 390.7 431.8 475.0 566.2 436.7 
Hagen-88 283.9 339.5 388.9 421.2 501.9 387.1 
Saskatoon-89 229.9 279.2 324.4 377.3 471.1 336.4 
Hagen-89 266.7 317.9 392.4 398.1 524.9 380.0 

Mean 276.6 331.8 383.6 414.8 504.1 382.1 
cv (%) 8.2 6.0 5.0 5.1 4.9 

(c) Accumulated EHMNP-3 to first flowert 
Saskatoon-87 266.3 323.2 365.0 402.0 494.3 370.2 
Goodale-87 281.3 326.8 381.3 414.7 482.5 384.2 
Saskatoon-88 246.4 297.3 334.9 371.7 449.8 373.6 
Hagen-88 262.3 317.1 377.1 411.9 499.4 373.6 
Saskatoon-89 311.8 370.2 427.6 485.2 570.1 433.0 
Hagen-89 337.0 386.8 460.7 468.4 590.8 448.7 

Mean 279.9 332.2 385.0 419.7 505.8 384.5 
cv (%) 7.0 5.2 5.1 5.5 4.8 

The accumulated EHMNP-3 was based on the low values of 
photosynthetic light response parameters. Mean accumulated EHMNP-3 
of six field experiments for a lentil genotype is considered as 
critical EHMNP-3 for that genotype. 
; Mean accumulated degree-days of six field experiments for a lentil 
genotype is considered as critical degree-days for that genotype. 
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the degree-day model was the mean (over six experiments) degree-day 

accumulation from the field studies. Degree-day data from the 

controlled environment studies were not used due to their high 

variability. The critical value was calculated for individual lentil 

genotypes. 

In the first Summerfield rate-factor model, time to first 

flower was calculated from seasonal flowering rate, using the 

seasonal mean value of temperature and photoperiod. In the second 

variation, time to first flower was estimated by calculating 

flowering rate on a daily basis, using average daily temperature and 

photoperiod after seeding until the accumulated flowering rate 

reached unity. The values of parameters in Summerfield's equation 

are genotype specific (Table 54) and were used in both variations. 

The correlation coefficients (r) between the observed 

days to first flower and its prediction by six models in each of the 

six environments, when calculated over five lentil genotypes, are 

shown in Table 59. The r values were high, positive and significant 

for all six models and six environments, indicating that these six 

models consistently ranked for relative diffeerences in days to 

first flower for these five lentil genotypes with their observed 

days to first flower. The r between the observed days to first 

flower and its prediction by six methods for each of the genotypes, 

when calculated over six environments, is shown in Table 60. The r 

for the two variations of the rate-factor model and the degree-day 

were relatively high, positive and significant, whereas the r values 

for the three EHMNP models were low, negative and non-significant. 

A positive r value indicates that, as observed days to 

flower increased predicted days to flower also increased, whereas a 
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Tab1e 59. Corre1ation coefficients between Observed days to first 
f1ower and its predicttions by six mode1s for six 
experiments when averaged over five 1enti1 genotypes•. 

Predicttions 
Experiment Number 

of Rate-factor; EHMNP§ Degree 
data -days1 

points 1 2 1 2 3 

Saskatoon-87 25 0.990 0.986 0.970 0.974 0.978 0.991 
Goodale-87 28 0.963 0.961 0.947 0.944 0.949 0.966 
Saskatoon-88 20 0.992 0.991 0.973 0.969 0.978 0.963 
Hagen-88 20 0.982 0.975 0.954 0.942 0.958 0.987 
Saskatoon-89 15 0.949 0.978 0.970 0.973 0.984 0.961 
Hagen-89 15 0.980 0.979 0.966 0.971 0.978 0.909 

' All values of r were significant at 5% level, 
t See Appendix G for the critical EHMNP and degree-days used for 

predicting flowering time. 
* Summerfield's equation was used for both variation 1 and 

variation 2. See Table 54 for the Summerfield's equation and the 
values of parameters used. The variation 1 is based on the seasonal 
mean temperature and photoperiod from seeding to flowering. The 
variation 2 is based on daily average temperature and photoperiod, 
accumulated until the accumulated flowering rate equals one. 

s Variation 1 is based on the critical EHMNP-1 from growth cabinet 
data. Variation 2 is based on the critical EHMNP-2 from growth 
cabinet data. Variation 3 is based on critical EHMNP-3 from all six 
field experiments. See Appendix H for the values of photosynthetic 
parameters used in the three variations of EHMNP. 

1 Based on the critical degree-days from all six field experiments. 
tt Minimum significant difference from Dunnett's test to pairwise 

compare observed number of days with each of the six predictions. 
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negative r indicates that, as observed days to first flower 

increased predicted days to first flower decreased. Thus, the values 

of r in Table 59 in conjunction with Table 60 indicate that the 

observed days to first flower were closely related to days to first 

flower determined by the degree-day model and both variations of the 

rate-factor model, when calculated over the six environments. Thus, 

the degree-day model and the two rate-factor models could 

successfully predict days to first flower for each lentil genotype, 

provided data on temperature and photoperiod were available, and 

temperature as well as photoperiod response constants for that 

specific genotype were known. All three variations of the EHMNP 

model accounted for only the genotypic variations, but not the 

environmental variation, i.e., EHMNPs provided a poor prediction of 

the time to first flower in lentil genotypes over a wide range of 

environments. 

Closeness between the observed number of days to first 

flower and its prediction by six methods in six experiments are 

shown in separate tables for each lentil genotype, using Dunnett's 

test for pairwise comparison (Tables 61 to 65). In general, all five 

lentil genotypes behaved similarly and so the results will be 

summarized together. Predicted days to first flower by both 

variations of the rate-factor model was either similar or lower than 

the observed days to first flower for all genotypes in all six 

experiments. The degree-day model consistently underestimated days 

to first flower for Saskatoon-88 and overestimated for Saskatoon-89 

in some genotypes. Predicted days to first flower by EHMNP-1 were 

higher than the observed days for all lentil genotypes except the 

earliest maturing genotype, PI 244026, for experiments in 1987 and 



132 

Tab~e 60. Corre1ation coefficients between Observed days to 
first fl.ower and its predictions by six mode1s for 
five l.entil. genotypes when averaged over six 
experiments t, *. 

Prediction Genotype 
method 

PI 244026 Est on Laird Indianhead PI 298121 

Rate factor-1 0.917 0.929 0.820 0.810 0.839 
Rate factor-2 0.914 0.916 0.862 0.795 0.048 
EHMNP-1 -0.200 -0.121 -0.367 -0.125 -0.448 
EHMNP-2 -0.110 -0.232 -0.353 -0.191 -0.365 
EHMNP-3 -0.150 -0.221 -0.363 -0.165 -0.325 
Degree-days 0.860 0.813 0.827 0.775 0.757 

t Number of data points is 23 in PI 244026 lentil and 25 in 
other lentil genotypes. 

* All values of r for two variations of the rate-factor and 
and degree-days were significant at 5% level. 

Tab1e 61. Observed number of days to first f1ower for Pl: 244026 l.entil. and 
its prediction by six methods in six experiments. 

Predicted days 
Experiment Observed 

days Rate-factort EHMNP§ Degree Mean MSD t t 
-days, (0.05} 

1 2 1 2 3 

Saskatoon-87 29.1 26.8 27.6 30.6 28.0 31.0 30.4 29.1 J$ 

Goodale-87 30.1 26.3 27.1 30.4 27.5 30.5 29.9 28.6 24 
Saskatoon-88 29.2 25.5 26.1 32.6 30.0 33.3 25.4 28.8 J$ 
Hagen-88 28.6 25.3 25.9 30.1 28.0 30.3 28.7 28.1 a; 
Saskatoon-89 33.6 30.8 31.3 29.2 26.8 29.3 40.1 31.3 93 
Hagen-89 32.9 29.6 30.3 28.6 26.5 28.7 38.8 30.4 62 

Mean 30.6 27.4 27.7 30.6 28.2 31.0 31.2 29.4 
cv (%) 4.2 5.8 4.1 4.8 5.5 4.8 7.8 

t ; § 'I 
I I and See Table 59 for footnotes. 
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Tab~e 62. Observed number of days to first f~ower for Eston l.entil. and its 
prediction by six methods in six experiments. 

Predicted days 
Experiment Observed 

days Rate-factor* EHMNP§ Degree Mean MSD tt 
-days'~ (0.05) 

1 2 1 2 3 

Saskatoon-87 35.4 34.1 34.8 40.8 37.9 37.4 36.3 36.9 25 
Goodale-87 36.1 34.6 35.2 40.8 37.5 37.2 37.3 37.1 25 
Saskatoon-88 35.1 32.7 33.5 43.2 40.3 39.9 29.5 36.5 35 
Hagen-88 33.7 32.6 33.7 39.0 36.8 36.1 34.4 35.4 3) 

Saskatoon-89 39.2 38.1 39.0 38.2 35.4 35.2 45.9 38.6 @ 

Hagen-89 38.3 36.7 37.0 37.3 34.1 34.0 41.7 36.8 1$ 

Mean 36.3 34.8 35.3 40.1 37.1 36.8 37.1 36.9 
cv (%) 2.9 4.8 2.7 3.4 3.6 3.6 6.4 

t ; § 'I and tt See Table 59 for footnotes. , , , 

Tab~e 63. Observed number of days to first f~ower for Laird ~anti~ and its 
prediction by six methods in six experiments. 

Predicted days 
Experiment Observed 

days Rate-factor* EHMNP§ Degree Mean MSD tt 
-days1 (0.05) 

1 2 1 2 3 

Saskatoon-87 40.3 38.3 38.4 49.7 42.2 43.3 41.9 42.3 24 
Goodale-87 42.4 38.7 39.0 49.5 42.0 43.3 42.7 42.5 25 
Saskatoon-88 39.4 36.1 36.2 51.6 44.5 45.5 34.3 41.3 41. 
Hagen-88 40.0 36.4 36.7 47.1 40.7 41.2 39.8 40.3 ~ 
Saskatoon-89 44.9 45.0 43.4 45.6 39.2 40.2 51.5 44.2 76 
Hagen-89 46.6 42.1 41.1 45.3 38.7 39.4 46.7 42.2 1$ 

Mean 42.2 39.4 39.2 48.2 41.4 42.4 42.6 42.2 
cv (%} 3.9 6.1 3.2 2.8 3.3 3.3 5.7 

'f ; § 'I n See , , , and Table 59 for footnotes. 
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Tab~e 64. Observed number of days to first f~ower for Indianhead ~enti~ 
and its prediction by six methods in six experiments. 

Predicted days 
Experiment Observed 

days Rate-factor* EHMNP§ Degree Mean MSD t t 
-days'll (0.05} 

1 2 1 2 3 

Saskatoon-87 44.5 41.2 41.8 49.7 45.5 47.5 45.6 45.2 Zl 
Goodale-87 46.2 41.5 42.2 49.5 45.5 47.3 46.0 45.3 J) 

Saskatoon-88 43.8 39.4 40.0 51.6 47.5 49.3 37.6 44.2 41 
Hagen-88 43.5 39.5 39.7 47.1 43.3 45.0 42.8 42.9 25 
Saskatoon-89 50.3 44.9 45.8 45.6 41.5 43.6 54.0 45.9 5I 
Hagen-89 46.9 44.4 44.5 45.3 41.2 43.0 50.7 44.9 1$ 

Mean 45.9 41.8 42.1 48.2 44.4 46.2 45.8 44.8 
CV(%} 4.6 3.8 2.1 2.8 2.9 2.5 4.4 

t ; § 1 and tt See I I I Table 59 for footnotes. 

Tab~e 65. Observed number of days to first f~ower for PI 298121 ~enti~ and 
its prediction by six methods in six experiments. 

Predicted days 
Experiment Observed 

days Rate-factor; EHMNP§ Degree Mean MSD tt 
-days'll (0.05) 

1 2 1 2 3 

Saskatoon-87 55.0 50.6 51.0 60.2 55.0 57.7 57.4 55.3 33 
Goodale-87 53.5 50.8 51.2 60.0 54.8 57.3 57.0 55.2 33 
Saskatoon-88 52.4 47.7 48.7 62.2 57.4 59.4 47.6 53.8 J5 
Hagen-88 52.7 48.3 48.7 56.7 52.2 54.4 54.1 52.4 Zl 
Saskatoon-89 59.7 52.9 54.4 54.0 50.8 52.5 64.2 54.8 62 
Hagen-89 60.1 50.0 53.0 56.9 51.8 54.5 61.2 54.6 73 

Mean 55.6 50.1 50.8 58.4 53.7 55.9 56.0 54.2 
CV(%) 3.7 3.1 1.9 2.2 1.8 2.2 4.3 

t ; § i n See I I I and Table 59 for footnotes. 
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1988, whereas predicted days by this variation were similar to the 

observed days in other cases. Predicted days by EHMNP-2 and EHMNP-3 

were higher than the observed days in some experiments and some 

genotypes and lower than the observed days for some other 

experiments and genotypes without any consistency. This was the 

reason for negative r values in Table 60. 

The results indicated that degree-day and rate-factor 

models were correlated with days to flower, across genotypes and 

environments. The degree-day model underestimated days to flower, 

indicating the relationship between rate of development and 

temperature was not linear. The rate-factor methods generally 

underestimated days to flower as well, indicating the coefficients 

need further refinement. The EHMNP methods did not appear 

appropriate for estimating days to flower for different 

environments. 



5. DISCOSSION 

5.1 Carbon Dioxide Exchanqe 

The Pn of Cheston chickpea 35 DAS was 0. 807 mg C02 m-2 s-1 

when grown without water stress in a greenhouse (Table 5). This Pn 

value falls within the range of Pn for chickpea cultivars reported 

by van der Maesen (1972). The Pn of Laird lentil 35 DAS when grown 

without water stress in a greenhouse (0. 791 mg C02 m-2 s-1
) was 

higher than the values (0. 278 to 0. 394 mg C02 m-2 s-1
) reported by 

Sinha (1977). This is attributed to cultivar difference for Pn, since 

Laird lentil is more vigorous (macrosperma type} than the lentil 

genotypes of Indian origin (microsperma type) with which Sinha 

(1977) worked. However, the Pn values for both species grown in the 

growth cabinet studies were very low, presumably due to the low PPFD 

(300 to 350 J.!E m-2 s-1 } and other stresses in the growth cabinet. 

Temperature affected P11 of Cheston chickpea and Laird 

lentil, depending upon the magnitude and duration of temperature, 

age of plant and species. P11 was maximum at a temperature around 18°C 

and it decreased with both higher and lower temperatures (Tables 8 

and 14) . The decrease in Pn at higher temperatures (above 18°C) could 

be attributed to inhibition of gross photosynthetic rate and 

increased respiration rate (Tables 11 and 14). Berry and Raison 

(1981) and Oja et al. (1988} reported a similar decrease in 

photosynthesis at high temperatures due to limitations on the 

capacity of the primary conversion reactions of the chloroplast 

membranes. At high temperatures photorespiration has been reported 

as a major path for C02 loss (Zelitch, 1971) due to increased 

oxygenase activity of the RuP2 carboxylase-oxygenase bifunctional 

136 
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enzyme (Bowes and Ogren, 1972) and a faster decrease in C02 

solubility in water than for 0 2 with increasing temperature (Ku and 

Edward, 1977) . However, in the present studies data were not 

collected for photorespiration. 

A decrease in Pn at low temperatures (below 14°C) cannot 

be explained by R, since Pn decreased notwithstanding a decrease in 

R (Tables 8 and 14). A decrease in enzymatic reaction rates of C02 

fixation was the probable cause of the low temperature effects 

(Larcher, 1983). Moreover, it appears that -low temperature in 

combination with the high light intensity affected primary 

photosynthetic reactions (Powles et al., 1980) in Laird, since £P for 

Laird lentil was decreased by low temperatures (Table 9) . 

Rate of respiration relative to Pn varied from 16% at 

22°C 30 DAS to about 60% at 28°C 60 DAS for Cheston chickpea (Table 

11). The corresponding values for Laird lentil were higher. In the 

field, R was between 20 to 30% of Pn (Tables 29, 30, 31 and 32). 

These values from the field are in agreement with the findings that 

respiration accounts for 24% of photosynthesis (Tolbert, 1980). R 

relative to Pn was higher in the controlled environment than in the 

open field. Berry and Raison (1981) and Bjorkman (1981) also have 

reported similar results under low photon flux density conditions. 

High temperatures increased the respiration of both crops and low 

temperatures decreased it (Tables 11 and 14). Decreased respiration 

with the low temperatures could be attributed to a general loss in 

kinetic energy and alteration in membrane structure (Raison et al., 

1971) . However, R was substantial even at 6°C (Table 11) . Since data 

were collected from the top portion of the shoot, with younger, 

growing tissues in which high rates of synthesis occur, high R would 

be expected. 
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High temperatures, up to 29°C during the day, decreased 

the Pn of of both crops (Tables 17 and 18), which can be explained 

along the lines discussed above. However, such decreases were 

temporary, since Pn was fully restored when temperature was decreased 

to the initial temperature. Similar recovery was noticed also in R. 

As a natural corollary, it can be said that functional disturbances 

in RuP 2 carboxylase activity and mitochondria occurred at the diurnal 

high temperatures without any alteration in structural integrity. 

Thus, a single warm day with maximum temperature of 29°C did not 

produce after-effects on Pn and R of Cheston chickpea and Laird 

lentil. Moreover, Pn of Cheston chickpea increased as temperature was 

reduced below the growth temperatures (22. 5/14°C), although this 

difference was not significant for Laird lentil (Tables 17 and 18). 

This confirms the earlier observation that growth temperatures in 

the present studies were higher than the optimum. This might be 

another reason for low Pn values from the growth cabinet studies. 

Duration of temperature exposure had a significant effect 

on Pn and R of both Cheston chickpea and Laird lentil. In the diurnal 

temperature studies after-effects were not found due to only 30 min 

of exposure to temperatures. However, exposure to a single hot day 

( 35°C for 16 h) decreased the Pn of Laird lentil for a period, 

depending on the age of the plants (Table 19). In addition, R was 

also high throughout the post-exposure period of 78 h. Maintenance 

of the high respiration for such a long time was probably an 

indication of increased heat resistance (Steponkus, 1981). However, 

increased R could not account fully for the reduction in Pn, 

suggesting that the single hot day affected the photosynthesis 

process (Krause and Santarius, 1975). When Laird lentil was heat 

stressed 55 DAS, the plants regained their Pn, indicating that the 



139 

heat stress was sublethal (Lange 1965, cited in Kappen, 1981) . 

However, when Laird lentil was heat stressed at a younger stage (35 

DAS), plants could not recover their Pn even by 78 h. These results 

show that thermal stability varied with the age of Laird lentil and 

similar results have been obtained by others (Larcher, 1973). 

Cheston chickpea also exhibited an age-dependent effect in response 

to a single cold night (0°C for 8 h) . These results further show that 

the after-effects of temperature varied with the species: Cheston 

chickpea was more sensitive to a cold night than Laird lentil and 

Laird lentil was more sensitive to a hot day than Cheston chickpea. 

Soil moisture deficit decreased the Pn in the field 

(Tables 43 and 44), as well as in the controlled environment studies 

(Table 5). Di Marco et al. (1988) reported that reduced 

photosynthetic capacity, rather than stomatal closure, was the major 

cause of the decline in Pn of wheat grown under a soil moisture 

deficit. The present results indicate that the low Pn during a soil 

moisture deficit was due to reduced gross photosynthetic rate, 

resulting from reduced photosynthetic activity and stomatal closure 

(see discussion in next section), independent of any R effect. 

Reduced photosynthetic activity under soil moisture deficit could be 

attributed to loss of chlorophyll and disorganization of the 

chloroplast resulting from senescence (Rhodes, 1980). Evidence for 

the effect of soil moisture stress in accentuating leaf senescence 

is the loss of lower leaves (Table 24}, which caused a decreased 

LAI (Tables 47 and 48) . The increased senescence due to water stress 

was more pronounced in Cheston chickpea than in Laird lentil (Table 

24) . 

Soil moisture deficit in the field reduced R in some 

cases and not in others (Tables 43 and 44). However, R decreased 
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under the water stress treatment in the controlled environment 

(Table 5), which could be due to a decrease in respiratory 

substrate. This again could have been due to senescence and was in 

agreement with Smillie (1962), who found a steady decline in R 

throughout the period of senescence in pea leaves. Increased R in 

the senescent (bottom) leaf of Cheston chickpea 45 DAS (Table 23) 

could be due to a transient rise in R at the terminal stage of 

senescence (the bottom leaf of Cheston chickpea was already shed by 

45 DAS in another experiment, Table 24), as also observed by 

Hardwick et al. (1968). Such increase in R might be due to increased 

substrate availability resulting from hydrolytic breakdown and, more 

importantly, uncoupling of respiration from phosphorylation (Thimann 

et al., 1977). 

For both crops, Pn increased with increased PPFD, reached 

a maximum level (Prnax> at the saturated intensity and then remained 

unchanged with increased PPFD (Tables 21 and 22). The Prnax for lentil 

was lower than the values reported by Saint-Clair (1972) . The light 

saturation values were also lower than the value ( 1500 J.LE m-2 s-1
} for 

chickpea reported by van der Maesen (1972), because plants in the 

present studies were grown at low PPFD in controlled environments. 

Bjorkman et al. (1972} also observed low values of Prnax and 

saturation PPFD under low light intensity. 

Photosynthetic efficiency was similar for Cheston 

chickpea and Laird lentil, except at very low or high temperatures 

(Table 9) . It was also similar for the upper two leaf positions for 

both Cheston chickpea and Laird lentil (Table 25). It was similar 

among five genotypes of lentil at 60 and 80 DAS and among three 

genotypes 40 DAS (Table 33) . All these observations suggest that £P 

was essentially the same in normal healthy leaves of Cheston 
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chickpea and Laird lentil plants, when grown without stress. This is 

in agreement with Bjorkman (1981) in that both species of similar C3 

plants should have nearly the same eP. The basis of this conclusion 

is that the reactions involved in the trapping of quanta and their 

conversion into early photosynthetic products are intrinsically 

independent of variations in factors such as temperature. However, 

eP decreased at high temperatures (Table 9) and drought stress 

associated with seeding dates (Table 33). These variations in eP due 

to stress could be explained by relative activities of carboxylase 

and oxygenase of the bifunctional enzyme RuP 2 carboxylase-oxygenase. 

Similar effects due to stress on eP were reported by other workers 

(Berry and Bjorkman, 1980; Mohanty and Boyer, 1976). Lower eP in the 

controlled environment studies than in the field might be due to 

high growth temperatures, as discussed earlier. A point to mention 

here is that eP was estimated by curve fitting the Pn data over a 

wide range of PPFD instead of the lower end of the range. This made 

the eP biased upward in the curve fitting, when values of Pn were 

high due to high light intensities. This might be another reason for 

higher eP in the field than in the controlled environment. 

5.2 Stomata1 Conductivity and Transpiration 

Increased PPFD did not affect the gs of Cheston chickpea 

and Laird lentil when grown without water stress, except for Cheston 

chickpea 35 DAS (Table 21), because relatively low light intensities 

between 1 and 10% of full sunlight are enough to saturate the 

opening reponse (Willmer, 1983}. In the case of Cheston chickpea 35 

DAS, ~ decreased with increasing PPFD, presumably due to inability 

of Cheston chickpea plants grown at low PPFD to withstand a rapid 

increase in PPFD at an early stage of plant growth. When grown under 
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water stress, ~ of Laird lentil plants decreased with increasing 

PPFD (Table 22), possibly due to limited water supply. However, a 

surprising, but important observation was that gs and E1 in the dark 

was almost the same as in the light (Tables 6, 7, 15, 16, 17 and 

18). In the present studies, these data were collected after a short 

period of darkening (2 to 5 min) . Such a short period was probably 

not long enough to cause the stomata to close because other workers 

reported that stomata were not fully closed even after 30 min of 

dark (Virgin, 1956) . When stomata are open in the dark, air 

circulation in the leaf chamber carries away the moisture from the 

sub-stomatal cavities, and thus, increases the moisture content of 

the chamber air, although little transpiration would be taking place 

in the dark under still conditions. Since the humidity sensor of the 

instrument does not differentiate transpirational moisture from 

evaporation of sub-stomatal moisture through open stomates, 

transpiration data were considered an artifact of the instrument. 

The high values for E1 did indicate that stomates were open during 

the measurements in the dark. As temperature increased, gs increased 

and as temperature decreased, ~ decreased (Tables 12, 13, 15 and 

16). Hall et al. (1976) also found that gs increased with 

temperature in the light. 

PPFD, high temperature and soil moisture affected B1 in 

the light in the same direction as for g5 • Many workers have reported 

a close relationship between gs and B1 (Burrows and Milthorpe, 1976) . 

However, diurnal high temperatures increased B1 , but decreased gs 

(Table 17) showing that E1 was independent of gs at increasing 

temperatures. This was because B1 depends on both stomatal opening 

and temperature (Meidner and Mansfield, 1968), which affects the 

gradient in water vapour deficit. As temperature increases, this 
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gradient increases (Monteith, 1973). In the present study, E1 doubled 

for every 10°C rise in temperature. 

5.3 Growth, Yie1d and F1owerinq 

Seed yield of Cheston chickpea and Laird lentil increased 

with increased moisture supply (Table 51). The increase in seed 

yield from irrigation was smaller in 1988 than in 1987, indicating 

that two irrigations were not enough to overcome the severe drought 

stress of 1988. The increased seed yield due to irrigation is in 

agreement with Tollefson (1985), who reported an increase in lentil 

yield due to irrigation at the early reproductive stage at Outlook, 

SK. Increased yield from irrigation was also reported in other 

growing areas of lentil (Ojha et al., 1977; Saxena, 1981; Yusuf et 

al., 1979) and chickpea (Sivakumar and Singh, 1987}. 

Irrigation increased biological yield of both species 

(Tables 51}, suggesting a high correlation between biological yield 

and seed yield, as reported by Siddique and Sedgley (1986) for 

chickpea. A soil moisture stress resulted in decreased dry matter 

accumulation due to the combination of reduced Pn and reduced leaf 

area. The effect of soil moisture stress on Pn has already been 

discussed in Sec. 5.1. 

Leaf area increased with increased moisture supply and 

differences among soil moisture treatments increased with increased 

age of both Cheston chickpea and Laird lentil. After reaching a 

maximum, LAI began to decline due to senescence of leaves. 

Senescence started from the lower leaf and proceeded upward. Soil 

moisture stress accentuated the senescence of leaves (Boyer, 1970a}. 

Decreased production of new leaves was another reason for decrease 

in LAI in these indeterminate plants. More negative '¥shoot (Tables 45 
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and 46), resulting from the decreased moisture supply, presumably 

reduced the rate of leaf expansion and, thus, decreased the leaf 

area (Hsiao and Bradford, 1983) . 

The maximum LAI was between 2.75 and 2.81 for Cheston 

chickpea and between 3.25 and 4.00 for Laird lentil grown with two 

irrigations. Peak LAI values were close to the peak LAI reported for 

lentil by Siddique and Sedgley (1986) and at the lower end of the 

range of LAI for chickpea reported by Sheldrake and Saxena (1979) . 

Comparison of Cheston chickpea leaf area data between 45 and 65 DAS 

in 1987 and between 50 and 70 DAS in 1988 suggests that peak LAI 

occurred before 70 DAS, corresponding to the early reproductive 

stage of Cheston chickpea. Peak LAI in Laird lentil should have 

occurred at 70 DAS or later, but no LAI data were collected for 

Laird lentil later than 70 DAS. The LAI in 1987 was higher than in 

1988 for both species. 

The effect of soil moisture stress on LAI relative to 

photosynthesis cannot be quantified here. However, the relative 

effects of soil moisture stress on Pn, LAI and dry matter 

accumulation can give some idea on this. The dry matter yield in the 

drought year 1988 was lower than in 1987. The LAI was also lower in 

1988 than in 1987, as discussed earlier, but Pn was similar for both 

years. Then, the differences in leaf area, rather than differences 

in Pn, could be related to differences in dry matter yield between 

1987 and 1988. Consequently, the mean NAR between 25 and 45 DAS of 

Cheston chickpea and Laird lentil when grown with two irrigations 

was similar between 1987 and 1988. However, mean RGR and mean CGR 

during the same period were higher in 1988 than in 1987. The initial 

dry weight 25 DAS was low in 1988, but increased rapidly with 
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irrigation. The results on RGR for lentil were similar to the 

findings of Saint-Clair (1972). 

The decreased harvest index from delayed seeding of 

lentil, particularly the late maturing genotypes, was largely due to 

reduced seed yield, rather than reduced biological yield. Lentil 

seed yield decreased rapidly at Saskatoon when seeding was delayed 

after May 3 in 1988 due to decreased seedling emergence, even in the 

presence of irrigation (Table 35}. In 1989 seeding after May 24 

resulted in decreased seed yield, even when grown with irrigation 

(Table 36}, due primarily to the shortened growing season. These 

results suggest that the optimum seeding date for lentil is early 

May at Saskatoon. In a year with normal precipitation or when grown 

with supplementary irrigation, seeding can be delayed at Saskatoon 

up to the end of May, but seeding late maturing lentil genotypes 

after the middle of May is risky due to the short growing season 

remaining. 

Cheston chickpea produced a higher seed yield than Laird 

lentil at the lowest soil moisture supply and the reverse was true 

at the highest soil moisture supply (Table 51) . Cheston chickpea and 

Laird lentil had a similar LAI at the early growth stage in 1987. 

However, LAI of Laird lentil was higher at the later stages due to 

the earlier senescence in Cheston chickpea, as discussed ea~lier. 

Consequently, Laird lentil produced more dry matter in 1987 than 

Cheston chickpea, but the reverse was true in the drought year 1988. 

The earliest maturing lentil genotype PI 244026 produced 

the lowest seed yield and biological yield, but its yield was 

relatively stable over seeding dates and years. Indianhead lentil 

produced higher seed yield in 1988 (the drought year) than did other 

lentil genotypes. The seed yield of Eston was much greater when 
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grown with irrigation than without irrigation at Saskatoon in the 

drought year. The latest maturing lentil genotype had the lowest 

harvest index due to greater branching (data not reported) and 

vegetative growth and greatly reduced seed yield. 

Flowering in all five genotypes of lentil was delayed by 

low temperature and short photoperiod in the controlled environments 

{Table 53) . In the ranges of temperature and photoperiod chosen, 

each hour decrease in photoperiod delayed time to first flower more 

than each 1°C decrease in mean daily temperature (Table 54) which is 

in agreement with other results (Summerfield et al., 1984b). The 

five genotypes differed in the magnitude of response to temperature 

or photoperiod, suggesting genotype specificity in sensitivity to 

temperature and photoperiod. The latest maturing lentil genotype was 

least sensitive to changes in temperature or photoperiod, whereas 

the earliest maturing genotype was most responsive to these factors. 

Moreover, genotypic variation in sensitivity was greater for 

temperature than for photoperiod. However, these relative reponses 

may not be the same if temperatures and photoperiods are outside the 

range tested in the present case (Table 54). 

Field studies showed a decrease in time to first flower 

with delay in seeding up to approximately three weeks after April 

30, but an increase with a further delay in seeding (Tables 55 to 

57) . This can be explained by relative variation in mean temperature 

and mean photoperiod from seeding to first flowering and relative 

reponse to a 1°C change in temperature and a 1 h change in 

photoperiod, as seeding date changes. Delayed seeding caused more 

variation in mean temperature (in °C) than mean photoperiod (in h) 

during the pre-flowering stage (Appendices P to R and S to U) . For 

example, in 1987 the mean temperature between seeding and first 
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flowering of PI 244026 increased from 15.1°C for the May 12 seeding 

to 19.2°C for the seeding done 35 days after April 30. For the same 

delayed seeding, mean photoperiod increased by only 0.5 h (from 17.5 

to 18.0 h). When seeding was further delayed to 54 days after April 

30, the mean temperature decreased to 16. 7°C, whereas the mean 

photoperiod decreased to 17.8 h. 

The relative role of temperature and photoperiod, in the 

range that prevails at Saskatoon, can be seen by comparing flowering 

responses among three years of seeding date studies. Since 

photoperiod does not change from year to year, variation in 

temperature could be related to differences in flowering response 

among the years. Thus, the longer time to first flower in 1989 than 

in 1988 was due to lower temperature in 1989 than in 1988. 

Summerfield et al. (1989a) reported the dominant effect of 

temperature on rate of flowering in lentil in the Palouse region of 

Washington, with an increased number of days to flower as 

temperature decreased. 

5.4 Mode~s for Predicting Time to First F~ower in Lenti1 

Correlation coefficients (Tables 59 and 60) and pairwise 

comparisons (Tables 61 to 65) between observed days to first flower 

and each of six predictions to first flower suggest that any one of 

the six models could be used successfully to predict relative time 

to first flower within an environment (experiment) for lentil 

genotypes exhibiting a wide range in days to first flower. However, 

actual time to first flower for each lentil genotype over a wide 

range of environments was predicted successfully only by both 

variations of the rate-factor model and the degree-day model. Since 

early maturing genotypes flowered early and late maturing genotypes 
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flowered late in each of the six environments, the correlation 

coefficients were fairly high in Table 59. However, when the 

environment was variable, all three variations of the EHMNP model 

failed to successfully predict flowering time, indicating that EHMNP 

model did not sufficiently take into account all environmental 

factors influencing flower initiation, growth and development 

Effects of radiation on initiation of flower has been reported 

by various workers (for review see Evans 1969) . EHMNP considered 

both temperature and radiation as compared to only temperature by 

the degree-day method. However, performance of the degree-day model 

was better than all three variations of the EHMNP model in 

predicting flowering time of lentil over six environments (Table 

60). As mentioned earlier, radiation intensity (as well as 

temperature) was considered in the EHMNP in terms of its effect on 

net photosynthetic rate instead of its absolute levels of the 

intensity. Relationships between flowering and net photosynthetic 

rate or its accumulated hourly values have not been documented so 

far. Thus, failure of EHMNP in predicting lentil flowering was not 

surprising. The present results suggest that radiation intensity, 

when expressed in terms of net photosynthetic rate, did not 

influence flowering through leaf temperature or development of nodes 

as mentioned in the Introduction Section. 

Both variations of the rate-factor model were equal to or 

slightly superior to the degree-day model in predicting flowering in 

lentil, when consistency over the six environments and r values were 

considered. Moreover, the values of CV for predicted days to first 

flower across the six environments were consistently high for the 

degree-day model and consistently low for both variations of the 

rate-factor model. The superiority of the rate-factor model can be 
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attributed to inclusion of the photoperiod effect that the degree

day model did not take into account. These results clearly indicate 

that photoperiod influenced days to flower of lentil genotypes, as 

reported by Summerfield et al. (1984b). 

Another difference between the rate-factor model and the 

degree-day model was that the values of parameters 'a', 'b' and 'c' 

for the rate-factor equation developed from the controlled 

environment studies could be used successfully under field 

conditions, whereas accumulated degree-days from the controlled 

environment studies were not directly applicable to field studies. 

The accumulated degree-days to first flower varied with the 

temperature in the controlled environments. At the higher mean daily 

temperatures, plants required higher accumulated degree-days. This 

was in agreement with the findings of McKenzie and Hill (1989). 

These results indicated that higher temperatures did not accentuate 

flowering in direct proportion to increased temperature. 

Many articles document changes induced in flowering by 

temperature after providing appropriate photoperiod (for a review 

see Evans, 1969) . Some mechanistic insight into effects of 

temperature on flower initiation can be obtained through the role of 

phytochrome (Bothwick et al., 1941). Phytochrome exists in two 

forms: Pr and Pfr. Decrease in Pfr to some critical concentration, as 

Pfr is metabolically destroyed at unfavourable temperature or 

converted into Pr during the dark or at far-red light wavelengths, 

has been a major hypothesis. The ratio of Ptr to Ptotal has also been 

suggested by several workers (see Salisbury, 1981). However, changes 

occur in the balance between red and far-red wavelengths during 

twilight and this affects photoperiodism. It has been postulated 

that the active form of phytochrome must be associated with a 
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membrane to express its full efect (MacKenzie et al., 1975). 

Membrane lipids must be in a partially ordered state for effective 

contact with the active form of phytochrome. The role of temperature 

on flowering might be partially explained through its effects on 

membrane structure. Thus, the basis of the superiority of the rate

factor model over the degree-day model may be related to phytochrome 

reactions, which are dependent upon both photoperiodic cycles (also 

twilight) and magnitude of temperature. 

The first variation of rate-factor model has been used to 

successfully predict days to flowering in lentil (Gray and Delgado, 

1989; Erskine et al., 1990). However, this model is not a priori a 

predictive model of flowering, since it depends on seasonal 

temperature and photoperiod from seeding to flowering. The second 

variation of the rate-factor model not only effectively predicted 

time to first flower, but also had the lowest CV across the 

environments. In addition, the second variation is usefully 

predictive, since it accumulates the flowering rate on a daily basis 

until flowering occurs (at a value of unity). However, the present 

investigation is the first validation of this method and, hence, 

more tests on other crops and environments are needed before a 

generalization can be made on the comparative performance of this 

model versus other models. 



6 . CONCLUS:IONS 

Studies on carbon di·oxide exchange, transpiration, 

growth, flowering and yield of lentil and chickpea resulted in the 

following conclusions: 

1. The optimum temperature for Pn was near 18°C in both species, 

when grown in a growth cabinet. Supra-optimum temperatures decreased 

Pn, but increased Rand r of both species. Sub-optimum temperatures 

resulted in lower Pn and R, but higher photosynthetic efficiency. 

2. A decrease in Pn in Cheston chickpea following exposure to a 

single cold night (0°C) was reversible, but. required a long recovery 

period, compared to the diurnal effect. This recovery was more rapid 

at the late growth stage than at the early growth stage. A decrease 

in Pn of Laird lentil following a exposure to a hot day was not 

reversed even within 78 h after exposure. 

3. The transpiration rates of both crop species under growth cabinet 

conditions increased with temperature and it doubled for each 10°C 

rise. 

4. Soil moisture deficit in Cheston chickpea and Laird lentil 

decreased Pn, 'l'shoot and B1 • Soil moisture deficit also accelerated 

leaf senescence, starting from the bottom leaf and proceeding 

upward. Stomatal closure resulted from a severe soil moisture 

stress. 

5. Photosynthetic efficiency did not vary between chickpea and 

lentil, among five lentil genotypes or among three leaf positions. 

151 
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However, it was affected by temperature extremes, moisture deficit 

and seeding dates. 

6. Stomatal opening did not respond to rapid changes in PPFD. 

7. Irrigation increased biological yield of both species in the 

field. Soil moisture deficit decreased harvest index and seed 

weight. Consequently, seed yield decreased under drought stress. 

8. Cheston chickpea and Laird lentil had a similar Pn. The Pn of 

Laird lentil was most sensitive to high and low day temperatures, 

whereas the Pn of Cheston chickpea was most sensitive to cold nights. 

Soil moisture deficit decreased Pn, gs and E1 of Cheston chickpea 

more than that of Laird lentil, resulting in accelerated leaf 

senescence. However, field grown Cheston chickpea outyielded Laird 

lentil for seed yield at the lowest soil moisture supply and the 

reverse was true at the highest soil moisture supply. Laird lentil 

achieved greater leaf area index than Cheston chickpea, but peak 

leaf area index occurred earlier in the latter species. 

9. The optimum seeding date for lentil at Saskatoon was early May 

when grown without irrigation and seeding could be delayed two weeks 

later when grown with irrigation. The earliest maturing lentil 

genotype, PI 244026, produced the lowest, but least variable, seed 

yield over all experiments. Harvest index of the latest maturing 

lentil genotype PI 298121 was the lowest of all five lentil 

genotypes. 

10. Low temperatures and short photoperiods increased time to first 

flower in all five lentil genotypes in a growth cabinet. The 

flowering response in the field was related to temperature changes 
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during the pre-flowering stage. Days to first flower decreased when 

seeding occurred after May 3, but increased when seeding occurred in 

late May or early June. Late maturing lentil genotypes were less 

sensitive to temperature or photoperiod change than early genotypes. 

11. The degree-day model and both variations of the rate-factor 

model successfully predicted the relative time of first flower in 

lentil over a wide range of environments. The second variation of 

the rate-factor would be preferred because of its true predictive 

nature. However, more work is needed to validate this model for 

other crops and environments. 
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Appendix A. Soil .oiature characteristic curve for the aoil used 
in the soil .oisture stress studies in the greenhouse. 
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Appendiz B. Soil .,isture characteristic cur~e for the soil used 
ia the te.perature response studies ia the coatrolled 
eaYiroa.enta. 
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Appendix C. Weekly weather data at Saskatoon durin& the 1987 crop season. 
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Appendix D. Weekly weather data at 
Saskatoon durins the 1988 
crop season. 
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Appendix B. Weekly weather data at 
Hasen durins the 1988 
crop season. 
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Appendix P. Weekly weather data at 
Saskatoon durina the 1989 
crop season. 

Appendix G. Weekly weather data at 
Hasen during the 1989 
crop season. 
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APPENDIX H. Method for calculating degree-days. 

This method accumulates heating (Hsine) and cooling (Hcool) 

degree-days on a daily basis, given the inputs of daily maximum 

(Tmax) and minimum (Tmin) temperatures. Depending on the values of 

Tmax and Tmin in relation to a lower base temperature (Tlow) and 

an upper threshold temperature (Tup}, six cases are possible (see 

below). Procedure tempsine is used for all six cases. Por cases 

4, 5 and 6 the procedure Case456 is also used. These cases use 

Tmin from the next day. The Turbo Pascal source codes used in this 

method are as follows: 

Procedure Case456; 
begin 

Hsine[j]:=O.l59155*((Tavg-Tlow)*(Temp2-Templ}+Tdiffhalf* 
cos(templ) - cos(temp2)) + (Tup-Tlow)*(pi/2-temp2); 

{pi=3.14} 
Hcool[j]:=0.15915S*((Tlow-Tavg)*(Templ+pi/2)+Tdiffhalf* 

cos(templ)); 
{Templ and Temp2 are temporary variables} 

end; {proc Case456} 

Procedure Tempsine; 
begin 

Tdiffhalf:=(Tmax-Tmin)/2: 
Tavg:=(Tmax + TDUn)/2; 
if (Tmin > Tup) and (Tmax > Tup} then 

begin 
Hsine[j]:=(Tup-Tlow)/2: 
Hcool[j]:= 0; 

end; 
if (~n < Tlow) and (Tmax <= Tlow) then 

begin 
Hsine(j]:=O; 
Hcool[j]:=o; 

end; 
if (Tmin >= Tlow) and (Tmax <= Tup) then 

begin 
Hsine[j] := (Tavg - Tlow)/2: 
Hcool[j] := O; 

end; 

{case 1} 

{case 2} 

{Case 3} 
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if (Tmin < Tlow) and (Tmax <= Tup) and (Tmax > Tlow) then 
begin {case 4} 

xl:=(Tlow-Tavg)/Tdiffhalf; 
Templ:=arctan(xl/sqrt(l-sqr(xl))); 
Temp2:=pi/2: 
Case456(Tavg,Tup,Tlow,Templ,Temp2,Tdiffhalf); 

end; 
if (Tmin >= Tlow) and (Tmax > Tup) then {case 5} 

begin 
x2 := (Tup-Tavg)/Tdiffhalf; 
Templ:=pi/2; 
Temp2:=arctan(x2/sqrt(l-sqr(x2))); 
Case456(Tavg,Tup,Tlow,Templ,Temp2,Tdiffhalf); 

end; 
if (Tmin < Tlow) and (Tmax > Tup) then {case 6} 

begin 
xl:=(Tlow-Tavg)/Tdiffhalf; 
x2:=(Tup-Tavg)/Tdiffhalf; 
Templ:=arctan(xl/sqrt(l-sqr(xl))); 
Temp2:=arctan(x2/sqrt(l-sqr(x2))); 
Case456(Tavg,Tup,Tlow,Templ,Temp2,Tdiffhalf); 

end; 
end; {Proc tempsine} 
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APPENDIX I. Method for calculating day length. 

This method calculates sunr1se, sunset and daylength (Dl) 

for a place, given the inputs of latitude (Lat) of the place and 

Julian day (JulDay). It takes into account solar declination 

(Sundecl). The Turbo Pascal source codes used in this method are as 

follows: 

Procedure Daylength; 
begin 

radian :=pi/180; 
Lat:=Lat*radian; 
if (abs(Lat)) < 0.01 then 

begin 
01 := 12.0; 
Sunrise := 6.0; 
Sunset := 18.0; 

end {if} 
else 

begin 
Hemispher := Lat/abs(Lat); 
Sundecl := -Hemispher*23.4*cos(2.0*pi*(Ju1Day+10.0)/365.0); 
Ssundecl := sin(radian*Sundecl); 
Ccundecl := cos(radian*Sundecl); 
Slat := sin(Lat); 
Clat := cos(Lat); 
Sssl := Ssundecl*Slat; 
Cscl := Csundecl*Clat; 
Cs := Sssl/Cscl; 
asincs := radian*arcsin(Cs); 
Dl:= 12*(pi+2*asincs)/pi; 
if Dl< 0.0 then Dl := 24.0 - Dl; 
Sunrise := 12.0 - Dl/2; 
Sunset := 12.0 + Dl/2; 

end; {else} 
end; {Proc Daylength} 



Appendix J. Va~ues of maximum net photosynthetic rate (PDa), 
initia~ s1ope (~) of the photosynthetic response 
curve, ~iqht compensation point (r) and saturation 
1iqht intensity (ODa) of 1enti1 used in three 
methods of EBMNP. 

Method 

EHMNP-1 
EHMNP-2 
EHMNP-3 

Prnax 

mg C02 
m-2 

0.50 
1.00 
1.00 

~ 
s-r mg C02 J.l.E-1 

0.0010 
0.0022 
0.0022 

r· Ornax 

-- J.LE m-2 s-1 --

50 850 
50 1200 
50 1200 

Appendix It. Observed number of days from seeding to first f1ower and 
critica~ indices used in three EBMNP methods and the 
degree-day method for predicting days to .first .fl.ower i.n 
five 1enti.~ genotypes grown in the fie1d 

Prediction Genotype 
metod 

PI 244026 Eston Laird Indianhead PI 298121 

Observed (days) 30.6 36.3 42.2 45.9 55.5 
EHMNP-1 276.4 365.0 410.3 439.5 530.3 
EHMNP-2 253.9 335.3 376.9 403.7 487.0 
EHMNP-3t 279.9 332.3 385.0 419.7 508.8 
Degree days* 276.6 331.8 383.6 414.8 504.1 

t and * Averaged over the all six seeding date experiments. 
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APPENDIX L. Method for calculating hourly temperature. 

This method calculates hourly temperature (THr), g1ven the 

inputs of daily maximum (Tmax) and minimum (Tmin) temperatures. It 

needs sunrise and sunset, calculated, as given in APPENDIX D. 

Turbo Pascal source codes used in this method were as follows: 

Procedure HrTemp; 
begin {Proc HrTemp} 

for i:= 0 to 23 do 
begin 

Hr:=i; 
if Hr < (Sunrise+beta) then {beta=l.S} 

begin {Temp3 Temp4 are temporary variables} 
Temp3:=pi*(SunsetY-SunriseY-beta)/(SunsetY-SunriseY); 

{Y at the end of variables denote yesterday 
and T denotes next day} 

Temp4:=TminY+((TmaxY-TminY)*sin(Temp3)); 
DarkLen:=24-SunsetY+Sunrise+beta; 
Slope:=(Temp4-~n)/Darklen; 
THr[i]:=Temp4-Slope*(i+24-SunsetY); 

end 
else if Hr>Sunset then 

begin 
Temp3:=pi*(Sunset-Sunrise-beta)/(Sunset-Sunrise); 
Temp4:=Tmin+((Tmax-Tmin)*sin(Temp3)); 
Darklen:=24-Sunset+SunriseT+beta; 
Slope:=(Temp4-TminT)/Darklen; 
THr[i]:=Temp4-(Slope*(i-Sunset)); 

end 
else 

end; 
end; 

begin 
Temp3:=pi*(Hr-Sunrise-beta)/((Sunset-Sunrise) 

+2*(alpha-beta)); 
THr[i]:=Tmin+((Tmax-Tmin)*sin(Temp3)); 

end; 
{i loop} 

{Proc HrTemp} 
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APPENDIX M. Method for calculating hourly photosynthetically 

active radiation. 

This method calculates hourly PAR (PHr), g1ven the inputs 

of latitude (Lat) and sunshine hours (Sshine). It takes into 

account solar declination (Sundecl), day length (Dl) and sun 

position (Sunpos) to estimate extra-terrestrial radiation (EtrHr) 

and hourly radiation at the place (RadHr), which were then converted 

to hourly PAR. Turbo Pascal sourse codes used in this method are as 

follows: 

Procedure HrPar; 
const radius=l.OS; 

A=0.27; 
8=0.5; 

begin 
Lat:=Lat*3.1416/180; 
for Hr:= 0 to 23 do 

begin 
n:=Hr; 
Sundecl:=radian*Sundecl; 
Angle[n]:=(n-12-1.0+1.5)*3.1416/Dl; 
Sunpos[hr]:=sin(Lat)*sin(Sundecl)+cos(Lat)*cos(Sundecl)* 

cos(Ang1e[n]); 
EtrHr(n]:=4.9/sqr(radius)*sin{Sunpos(n]); 
if Sunpos[n]<O then EtrHr[n]:=O; 
Ss:=Sshine/10; 
RadHr[n]:=EtrHr[n]*(A+B*Ss/Dl); 
PHr[hr]:=RadHr[hr]*(10000/36)*1.92*1.43; 

{Converts MJ/Hr to micro moles/m2/s) 
end; 

end; {Proc HrPar) 



A.ppeodiz N. General nature of the t.-perature reaponae 
function uaed in the ealeulation of BHMNP. 
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Appendix 0. General nature of the photosynthetic light 
response function used in the calculation of EHMNP. 
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Appendix P. Mean temperature (oC) between seedinq and f1owerinq of 
five 1enti1 qanotypes at Saskatoon and Gooda1a in 1987. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Est on Laird Indianhead PI 298121 

(a) Saskatoon 
12 15.1 16.2 16.4 16.5 16.6 
23 18.4 18.1 18.0 18.0 17.6 
35 19.2 18.8 18.4 18.4 18.1 
46 17.7 17.5 17.6 17.9 18.3 
54 16.7 17.7 18.0 17.9 17.0 

Mean 17.4 17.7 17.7 17.7 17.5 

(b) Goodale 
5 15.3 16.3 16.3 16.4 

11 16.3 16.5 16.7 16.8 
21 18.2 17.9 17.9 18.0 17.7 
34 19.1 18.8 18.4 18.4 18.1 
45 17.8 17.5 17.9 18.4 18.2 
53 16.8 17.7 17.9 17.9 17.7 

Mean 18.0 17.3 17.5 17.5 17.4 

Appendix Q. Mean temperature (oC) between seadinq and f1owerinq of 
five 1enti1 qenotypes qrown at Saskatoon and Baqen in 
1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Est on Laird Indianhead PI 298121 

(a) Saskatoon 
3 16.2 17.7 17.5 17.7 18.5 

13 19.5 19.3 19.6 19.7 19.9 
23 20.9 20.7 20.9 20.9 20.4 
35 21.0 20.5 20.2 19.9 20.1 

Mean 19.4 19.6 19.6 19.6 19.7 

(b) Hagen 
12 18.3 17.7 18.0 18.0 18.3 
25 19.5 19.4 19.4 19.4 18.9 
33 19.5 19.5 19.0 18.9 18.8 
44 18.4 18.1 18.3 18.5 18.3 

Mean 18.9 18.7 18.7 18.7 18.6 
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Appendix R. Mean temperatura (°C) between seadinq and f~owarinq of 
five ~anti~ qanotypas qrown at Saskatoon and Baqen in 
1989. 

Seeding date 
(days after 

Genotype 

April 30) PI 244026 Eston Laird Indianhead PI 298121 

(a) Saskatoon 

3 12.4 12.7 13.3 13.6 14.4 
13 13.0 13.7 13.7 14.5 15.2 
24 14.6 15.4 15.8 16.1 17.1 

Mean 13.3 13.9 14.3 14.7 15.6 

(b) Hagen 
13 12.5 13.1 13.2 13.5 14.2 
33 15.5 15.8 16.4 16.4 17.0 
46 17.0 18.1 17.7 17.7 18.2 

Mean 15.0 15.7 15.8 15.9 16.5 

Appendix s. Mean photoperiod {h) between seedinq and f1owerinq of 
five 1enti~ qenotypas at Saskatoon and Gooda~a in 1987. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 

12 17.5 17.6 
23 17.8 17.9 
35 18.0 18.0 
46 18.0 17.9 
54 17.8 17.7 

Mean 17.8 17.8 

5 17.4 
11 17.6 
21 17.8 17.8 
34 18.0 18.0 
45 17.9 17.9 
53 17.7 17.7 

Mean 17.9 17.7 

(a) Saskatoon 

17.7 
17.9 
18.0 
17.8 
17.5 

17.8 

(b) Goodale 

17.5 
17.7 
17.9 
18.0 
17.8 
17.5 

17.7 

17.7 
17.9 
17.9 
17.8 
17.5 

17.8 
17.9 
17.8 
17.5 
17.2 

17.8 17.6 

17.6 17.6 
17.7 17.8 
17.9 17.9 
17.9 17.9 
17.7 17.5 
17.4 17.1 

17.7 17.6 
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Appendix T. Mean photoperiod (h) between seeding and flowering of 
five lentil genotypes grown at Saskatoon and Ragen in 
1988. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Est on Laird Indianhead PI 298121 

(a) Saskatoon 

3 17.2 17.3 17.4 17.4 17.6 
13 17.6 17.7 17.7 17.7 17.8 
23 17.9 17.9 17.9 17.9 17.9 
35 18.0 18.0 18.0 17.9 17.8 

Mean 17.7 17.7 17.8 17.7 17.8 

(b) Hagen 
12 17.8 17.9 17.9 18.0 18.0 
25 18.2 18.2 18.2 18.2 18.2 
33 18.3 18.3 18.2 18.2 18.1 
44 18.2 18.2 18.1 18.0 17.8 

Mean 18.1 18.2 18.1 18.1 18.0 

Appendix 0. Mean photoperiod (h) between seeding and flowering of 
five lentil genotypes grown at Saskatoon and Bagan in 
1989. 

Seeding date Genotype 
(days after 
April 30) PI 244026 Eston Laird Indianhead PI 298121 

(a) Saskatoon 

3 17.3 17.3 17.4 17.5 17.6 
13 17.6 17.7 17.7 17.8 17.8 
24 17.9 17.9 17.9 17.9 17.8 

Mean 17.6 17.6 17.7 17.7 17.7 

(b) Hagen 
13 17.4 17.5 17.3 17.4 17.5 
33 17.3 17.4 17.5 17.5 17.2 
46 17.7 17.7 17.3 17.3 17.1 

Mean 17.4 17.5 17.4 17.4 17.3 
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