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THE GROWTH, DEVELOPMENT AND 

WATER USE OF LENTILS (Lens culinaris Meclik.) 

ABSTRACT 

i 

Canterbury farmers are increasingly interested in lentils as a high value grain 

crop. Because of this, a research programme to study the growth, development and 

water use of lentils was initiated in 1984 and continued in 1985. In the first year, 

Titore and Olympic lentils were sown at six dates ranging from 16 April to 15 

November, with full or no irrigation. In the second year, Titore lentils were sown 

on 20 May and 26 August under four irrigation regimes. A small separate 

experiment was also carried out in 1985, in which Titore lentils were sown on 28 

May and grown beneath rain shelters. The crop was subjected to four irrigation 

regimes to ensure large soil moisture deficits. All crops were grow~ on a Templeton 

silt loam soil. 

Sowing date caused the most marked effect on lentil yield. At populations of 

about 150 plants m-2 , autumn/winter sowings yielded from 2.4 to 3.3 t seed ha- l and 

spring sowings yielded from 0.5 to 1.5 t seed ha-1 . Seed yields in the 1985/86 field 

experiment were much lower due to a severe outbreak of Botrytis cinerea. For the 

relatively disease free unirrigated plots, sowing date again had the major effect on 

seed yield. The unirrigated May sowing yielded 1. 5 t seed ha- l , with the August 

sowing yielding about 0.8 t ha-1 . 

There was a highly significant linear relationship betwe~n dry matter 

accumulation and cumulative intercepted PAR for all sowing dates. Over both years, 

PAR was converted into dry matter at 1. 76 g D M MP. The utilisation coefficient 

on a cumulative basis was relatively stable in both years, ranging from 1.51 g DM 

MJ-I to 2.14 g DM MJ-l. 

lITigation had little effect on seed yield even in 1984/85 when rainfall was only 

70 % of the long term average over the growing season. In 1985/86, a wet growing 

season, irrigation in the field experiment caused significant yield losses. In the May 

sowing, unirrigated plots yielded 1.5 t seed ha-1 , while the fully irrigated plots 

yielded only 0.7 t seed ha- 1 . There was no difference in yield between the irrigated 

treatments in the August sowings. Under the rain shelters, however, there was a 

large positive response to irrigation. The fully inigated plants produced the 
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equivalent of 2.4 t seed ha-1 , while the unin"igated plants produced only 0.32 t seed 

ha- 1 • 

In the field experiments, dry matter and seed yield were not related to potential 

evapotranspiration or to maximum potential soil moisture deficit. However, there 

was a significant linear relationship between cumulative dry matter production and 

the ratio of calculated crop transpiration to mean daily vapour pressure deficit. The 

crop showed a k value of 0.028 mb, indicating a water use efficiency lower than that 

for most arable crops. 

Under the rain shelters, both dry matter and seed yield were related to actual 

evapotranspiration and to maximum potential soil moisture deficit. The crop had a 

calculated limiting deficit of around 130 mm on the soil in which they were grown. 

The water use efficiency of the plants was 1.3 g dry matter m-2 mm-! of actual 

evapotranspiration and 0.72 g seed m-2 mm- l of actual evapotranspiration. 

In both seasons pheriologic~l development was dependent upon accumulated 

thermal time in all stages except emergence to flowering. In this stage, a highly 

significant linear relationship was obtained between development rate and 

photoperiod corrected temperature. 

A computer simulation model was developed which accurately predicts crop 

development and yield. The model uses weather input and is based on three 

parameters: 

1. The relationship between accumulated dry matter production and 

intercepted PAR. 

2. The relationship between development and thennal time or photoperiod 

corrected temperature 

3. Crop water use. 

The model is useful for predicting the effects of altering sowing date on lentil yield 

and for determining the possible effects of irrigation on yield. The model does need 

fm1her validation in regions outside Canterbury. 
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Chapter 1 

Introduction 

At present, the arable cropping industry in New Zealand is in a cdsis. 

1 

Traditional crops such as cereals and peas are not providing adequate retums to 

farmers. Many New Zealand farmers are desperately seeking new, profitable crops 

to grow. During the 1986/87 growing season, approximately 1700 ha of lentils 

were grown throughout Canterbury. The DSIR forecasts are for approximately 

7000 ha of lentils in Canterbury in the coming season (Jelmyn, pers. comm.). 

Clearly the crop is on the verge of becoming a major seed crop. 

On the Canterbury Plains, lentils are an attractive crop. Preliminary research 

(Jermyn et al., 1981) has suggested that they are high yielding, drought tolerant and 

undemanding of soil nutdents. In Canterbury, pressure on water resources for 

industry, recreation and agriculture are increasing. An understanding of the 

scientific principles affecting water use and response of lentils to irrigation could 

result in more precise applications of inigation with respect to timing and amount. 

This will require an understanding of environmental and physiological factors 

affecting crop growth and development. This is of particular importance if 

conclusions are to be applicable over a number of sites and seasons. 

Of additional interest to fmmers would be precise agronomic information on 

the effects of various sowing dates on lentil yield. McKenzie et al. (1985), gave a 

preliminary report that autumn sown lentils may yield twice as much as spring sown 

lentils. An understanding of the effects of the environment on lentil development 

should allow predictions of lentil development and perhaps yield. 

The present research project was undertaken with the following objectives: 

1. To examine the effect of the environment on growth, yield and 

development of lentils. 

2. To determine the irrigation requirements for lentils in Canterbury. 

Necessary infOlmation includes timing and amounts of irrigation required 

and expected crop response. Additionally, the existence or non-existence 

of critical periods of sensitivity will be examined. 
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3. The results will be used to produce a computer simulation model of 

growth, development and water use of lentils. This model will be of 

practical value to fmmers, advisers and researchers and should be able to 

predict lentil yield based on sound physiological and environmental 

principles. 

This thesis describes two field experiments and one smal1 plot rain shelter 

experiment and is presented in ten chapters. Chapter 2 is a review of the literature 

and Chapter 3 descIibes the materials and methods of the two field experiments. 

Chapter 4 details the weather experienced in Canterbury over the 1984/85 and 

1985/86 growing seasons. The results and discussions are presented in four 

chapters. For the field experiments, Chapter 5 deals with yield and yield 

components, while Chapter 6 outlines growth analysis and crop development. 

Chapter 7 gives the materials and methods, results and discussion of a rain shelter 

experiment. For all three experiments, the response of lentils to waler is detailed in 

Chapter 8. Chapter 9 describes the computer simulation model developed and 

discusses the predictions of growth, development and yield from the model. 

Chapter 10 lists the main conclusions drawn from the experiments. 



2.1 Introduction 

Chapter 2 

Literature Review 

3 

Lentil, (Lens culillaris Medik.) is an important food crop in many countries, 

pm1icularly in India, Pakistan, Turkey, and middle Eastern countries. Worldwide, 

nearly 2.5 million tonnes of lentils are produced annually (FAO, 1985). The major 

producers are India, Turkey, Syria, Canada and the United States of America. In 

New Zealand, lentil growing is still on a small scale. However, the area sown to 

lentils is increasing every season (Jermyn pers. comm.). 

Lentils are a valuable crop which command a high price due to the quality of 

the seed and its protein content. Lentils contain approximately 25 % protein (Langer 

and Hill, 1982), and this protein has a high apparent digestibility of 80 to 93 % 

(Williams and Nakkoul, 1985). Interest in lentils has traditionally been low in 

western countries. However, with the interest in health foods and the increased 

demand worldwide foi-Ientils, the crop appears to have a bright future. 

Lentils have been grown in New Zealand for the last 14-15 years. The crop 

grows well here and in good seasons average faIm yields are as high as 2.5 t ha -I. 

Although some basic agronomic advice exists for New Zealand lentil growers, there 

has been little quantitative research carried out. Of pa11icular interest in New 

Zealand are the questions of: cultivar, large or small seeded?; sowing date, autumn 

or spring?; and finally irrigation, is it necessary? 

The research reported in this thesis attempted to answer the preceding questions 

by developing a computer simulation model based on the first years field experiment 

which examined the growth, yield, phenological development and water use of 

lentils. This literature review will focus on these areas in relation to grain legumes 

in general, and lentils in particular. 
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2.2 Botany of lentils 

Lentils are one of Mankinds oldest foods. According to Webb and Hawtin 

(1981), approximately 4400 year old cooked lentils were found in a twelfth Dynasty 

Egyptian tomb. Approximately 8-9000 year old lentil remains have also been found 

at early Neolithic sites (Hawtin et a1.. 1980). The crop is still a common food 

especially in the Indian subcontinent. 

The correct botanical name of lentils is Lens culinaris Medik. This name first 

published in 1787, predates Lens esculenta Moench by seven years (Webb and 

Hawtin, J 981). According to Cubero (1981), the species L. clllinaris consists of 

three subspecies and two races. The races, macrosperma and microsperma are 

important as different markets prefer different races. Generally, the macrospenna or 

large seeded cultivars are eaten whole, while the microsperma or small seeded 

cultivars are usually split. 

The lentil plant is small, 15~ 75 em and is highly branched. It is an herbaceous 

annual which exhibits considerable variability in growth habit. Plants may show 

distinct variation in root morphology. Saxena and Hawtin (1981) repOlted three 

distinct root types: shallow, intennediate and deep with a characteristic taproot. 

Lentil leaves are pinnate, the leaflets consisting of one to eight pairs 

occasionally ending in a tendril. Large seeded lentils tend to have larger more flat 

leaves than small seeded varieties. Leaves and leaflets are small. Summerfield et a1. 

(1982) suggested the photosynthetic capacity of lentils is quite variable and 

measurement of their photosynthetic capacity presents considerable problems. 

Lentil flowers are naturally self-pollinated. Cross pollination is estimated to 

occur less than 0.8 % of the time (Wilson and Law, J 972). The flowers are bome 

on axillary racemes. The peduncle is slender, usually 3-4 em long (Saxena and 

Hawtin, 1981). Peduncles usually bear J -4 flowers which produce 1-3 pods at 

maturity. Pods are oblong smooth and flattened and macrosperma pods are 

considerably larger than microsperma pods. Each pod contains 1-2 seeds. Lentil 

seeds are lens shaped and usually weigh 20-40 g 1000 seeds-1 for microsperma 

varieties and 40-80 g 1000 seeds- 1 for macrosperma varieties. 
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2.3 Growth and dry matter accumulation 

Considerable research has been conducted on lentil growth. In general the 

crops exhibit characteristic sigmoid growth curves with a slow accumulation of dry 

matter early in the season and a rapid exponential rate when the weather warms up. 

Factors which markedly affect growth are: sowing date (Saxena and Hawtin, 1981; 

Hussein, 1977); water stress (Saxena and Hawtin, 1981) genotype (Chandra and LaI. 

1974; Pandey, 1980; Saxena and Hawtin, 198 L; Erskine. 1983) and location 

(Erskine, 1983). 

2.3.1 Total dry matter accumulation 

Lentils do not yield as much total dry matter as some grain legumes. Herbert 

(1977) found that in Canterbury, lupins (Lupinus angustifolius) could produce up to 

20 t DM ha- 1• Lentils on the other hand have rarely been reported to produce more 

than 9-10 t DM ha- 1 (McKenzie et al., 1985). Total dry matter accumulation is 

quite variable in lentils and depends largely on genotype and location. Pandey 

(1980) found that lentil dry matter yields ranged from 2070 kg ha- 1 to 5340 kg ha- l . 

Erskine (1983) repOlted that from a number of countries and genotypes straw yield 

varied from 63 - 7980 kg ha-1 . McKenzie et al. (L985) reported less variability in 

Canterbury with a maximum total dry matter yield of 12.5 t ha- I in an April sown 

crop. There were however, significant differences among different sowing dates with 

an October sowing producing approximately 5.0 t ha- l. 

Irrigation has been shown to significantly in~rease lentil dry matter production. 

Saxena and Hawtin (1981), repOlted that increased available moisture late in the 

season increased the rate of dry matter accumulation. McKenzie et al. (1985) 

obtained total dry matter increases of over 50 % with one irrigated autumn sowing. 

2.3.2 Seasonal dry matter accumulation 

Dry matter accumulation in lentils begins very slowly. Kumar et al. (1977). 

found that crop growth rate was very slow dUling early stages but increased as plants 

became reproductive. Relative growth rate increased with age up to 90 days after 

sowing and then decreased. Dry matter accumulation prior to flowering is relatively 

insignificant with lentils. Egli and Legget (1973). found that soybean (Glycine max) 

accumulated 30-67 % of their total DM before flowering. However, Pandey (1980). 

repOlted that only 16-30 % of lentil total dry matter was produced before flower 
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initiation. The majority of the dry matter was therefore produced after anthesis. 

Pandey (1980), also reported that maximum COR occurred during pod filling. 100 -

120 days after planting. This agrees with McKenzie et al. (1985), who rep011ed 

maximum CGR was approximately 260 kg ha-1 day-l which occurred from early 

flowering to mid pod fill. This CGR was considerably higher than the 130 kg ha-1 

day-l reported by Pandey (1980). 

2.3.3 Leaf growth 

The imp0l1ance of leaf growth cannot be overstated as solar radiation 

interception and hence crop growth and final yield depend on leaf area. Since an 

important section of the computer model being developed depends on leaf area. a 

review of the literature of leaf growth of lentils was considered necessary. 

There has been little work done on leaf growth of legumes or p~rticularly 

lentils. This is primarily because of the inherent difficulties of measuring leaf area 

index in plants with leaves consisting of a large number of highly divided leaflets. 

In most plants leaf area accumulation depends on two separate events: leaf 

initiation and appearance, and leaf expansion. According to Gregory (1956); Dale 

(1965) and Humphries (1966). leaf initiation is controlled primarily by temperature. 

while assimilate supply from upper leaves may also exert an influence (Humphdes, 

1966). Temperature also plays an important role in determining leaf expansion 

(Biscoe and Gallagher, 1977; Dennet et aI., 1978). In Vida faba, Dennet et al. 

(1978), produced mathematical models of leaf growth based on temperature. The 

logistic curves used gave a very good fit of the data and indicated that temperature 

was the main factor affecting leaf expansion. Bull (1968), also working with V. faha 

found that during early growth. the rate of leaf growth was closely related to daily 

maximum air temperature. In cowpeas (Vigna unguiculata). Littleton et al. (1979). 

found that temperature affected both leaf growth and death. In warm seasons, LAI 

increased more rapidly as did leaf senescence at the end of the season. The rate of 

leaf appearance was also increased at higher temperatures. 

Leaf area is also affected by the duration of leaf expansion. Littleton et al. 

(1979). found the duration of leaf expansion in cowpeas decreased with increasing 

temperature. Duration and rate of expansion can also be reduced by water stress 

(Biscoe ancl Gallagher, 1977). 
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There are very few reports available on leaf growth of lentils. Saxena and 

Hawtin (1981), showed that leaf area increased sigmoidally after sowing. However, 

the rate of increase was not related to any climatic data. They did however, show 

that leaf area was smaller under a lower soil moisture regime. 

Wilson and Teare (1972), found that lentils produced the highest LAI at 15 em 

row spacings. Maximum LAl was approximately 5.02. Leaf areas were calculated 

not measured. 

The importance of LAI is as a harvester of incident solar radiation. For this 

reason it is necessary to detelmine the LAI at which 90 % of available radiation is 

intercepted. Wilson and Teare (1972), repOlted that a LA! of around 5 resu1ted in 

interception of 90 % of incident radiation. This is considerably higher than the value 

of 2.7 repOlted by Ritchie and Burnett (1971) for complete light interception with 

row crops of grain sorghum (Sorghum bicolor L.), Shibles and Web"er (1965). also 

found that nearly all incident radiation was absorbed by soybeans at a LAl of 

approximately 3 .. However, Husl;lin (1984) reported that field beans intercepted 90 

% of incident radiation at a LAl of about 4.5. 

2.3.4 Seed yield 

Lentils are not a highly productive crop. Average worldwide fa1m yields tend to 

be very low. In Morocco, average grain production is only 385 kg ha-1 (FAO, 

1985). Reports of seed yields greater than 3 t ha- I are rare. However, with good 

growing conditions 3 t ha-1 is attainable with up to 4 t ha- I not out of the question 

(MCKenzie et a1., 1985). 

Seed yield can be affected by many factors. This review will cover the effect of 

sowing date, irrigation and cultivar. 

2.3.4.1 Sowing date 

The effect of sowing date on seed yield depends on location. In temperate 

countries with mild winters. autumn sowings can produce high yields. McKenzie et 

a1. (1985), in New Zealand, found that while all autumn sowings produced nearly 3 t 

ha-1 , spring sowings produced only about half that amount. Late spring sowing 

produced a very low yield of less than I t ha- I . Jermyn et a1. (1981) found less 

conclusive evidence for the value of early sowing in New Zealand. In. two of three 
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experiments, May sowing out yielded September sowing. However, in one season the 

reverse occun"ed. In that year Subterranean Clover Red Leaf Virus was a problem 

and this may have reduced the yield of the May sowing more than that of the 

September sowing as May sowings are vulnerable to late aphid flights which can 

transmit the disease. 

In temperate countries with frigid winters such as Canada, spring sowings 

usually give the highest yields. Drew (1976), obtained twice the seed yield in spring 

sowings compared with autumn sowings, due primarily to better seedling 

establishment. 

In the Sudan, EI-Sanag and Nourai (1983), found that delaying sowing from 1 

October until 21 October increased seed yield by 217 %, while sowing after the first 

week in November generally significantly reduced yield. Similarly, Saxena (1981) 

and ICARDA (1982), both in Syria found extremely large yield reductions when 

sowing was delayed past the beginning of November. The optimum sowing date was 

from 15 Odoberuntil 1 November. The period was short because soil moisture was 

low and was rapidly depleted and thus could not be wasted. 

These seemingly conflicting reports were probably due to the vastly different 

climates. In New Zealand, the mild winters coupled with adequate rainfall evenly 

distributed throughout the season ensures that the crop has long growth duration with 

little water stress. In the arid regions of the world however, soil moisture is the 

factor which most limits crop growth. In these regions the crop must be sown when 

adequate soil moisture is present. Sowing before or after this will produce severe 

yield loss. 

2.3.4.2 Cultivar 

Until the present, there has been little work on the breeding of improved lentil 

varieties. Presently, there are thousands of accessions in national and international 

lentil collections around the world (Solh and Erskine, 198 J). Due to the lack of 

breeding, variability among land races is high. Wilson (1977), reported that lentil 

yields were inversely related to seed size. In trials spanning three seasons. Jelmyn et 

al. (1981) reported a yield range from 330 to 1140 kg ha- I in 1977178. while in 

1976177 the range for the same cultivars was 550 to J 810 kg ha- I . 
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2.3.4.3 In·igation 

The effect of irrigation on seed yield of lentils is extremely variable. Large seed 

yield increases with irrigation have been reported (Mehrotra et aI., 1977; Yusuf et 

a1., 1979; EI-Sarrag and NOUl·ai, 1983; Nema et a1., 1984; Shalma and Prasad, 

1984; Saraf and Baitha, 1985). Frequently, however, only small increases (Panwar 

and Paliwal, 1975; Ojha et aI., 1977; Singh et al., 1979; Verma and Kalra, 1981; 

Singh et aI., t 983; Murari and Pandey, 1985) or decreases in seed yield have been 

reported with irrigation (Jermyn et aI., 1981; Kaiser and Horner, 1980; Mckenzie et 

aI., 1985). 

There is a lack of quantitative research on the effect of irrigation on lentil seed 

yield. Only Nema et al. (1984); Sharma and Prasad (1984); Saraf and Baitha 

(1985); and Sherrell (1986) have reported val ues for water use efficiency of lentils. 

In general, lentils respond favourably to irrigation under conditions of extreme 

dryness. Shanna and PraSad (19.84) found a seasonal water use of 149 mm of water. 

indicative of a very dry soil. In these circumstances, irrigation increased 

consumptive water use to 344 mm and seed yield was increased by 560 % over 

controls to 1920 kg ha- 1• 

There is some indication in the literature that lentils are tolerant of drought. 

The variability of response to irrigation is one clue. McKenzie et a1. (1985) reported 

a general decrease in seed yield with irrigation during a season in Canterbury that 

had only 70 % of nOlmal rainfall. Root rot has been shown to be among the 

detrimental effects of irrigation (Kaiser and Horner, 1980). These authors found that 

where root rot was prevalent, seed yield was related to disease resistance . 

./ 2.3.5 Harvest index 

In a crop grown for a specialised organ. such as the seed of a grain legume. the 

amount of assimilate which eventually ends up in the seed is of vital economic 

importance. Harvest index in cereals is generally considered to be relatively stable. 

This is not the case with grain legumes. Many grain legumes are indeterminate 

plants and for these plants flower and pod abortion may be as high as 95 % 

(SummeIfield and Wien, 1980)(Table 2.1). 
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Harvest index in chickpeas (Cicer arietil1um) in Canterbury has been shown to 

vary between 0.0 in a very wet season and 0.45 in a drier season (Hernandez, 1986). 

Hernandez (1986) reported that in a very wet season, chickpeas produced a large 

amount of dry matter, but this did not result in a high seed yield. Similar results 

have also been repOlted for field beans (Attiya, 1985). In 1982/83, HI was 0.46 , 

while in 1983/84, HI was only 0.20 even though total dry matter was a high 11.0 

tha- I . Attiya (1985), found a negative correlation between HI and total dry matter 

production. However, Husain (1984). over two seasons and with autumn and spring 

sowings of field beans found little variation in HI and concluded that seed yield 

depended upon total dry matter production. 

Table 2.t. Premature flower and pod abortion in a number of grain legumes 
(Summerfield and Wien, 1980). 

Species 

Arachis hypogaea 
Cajal1us cajan 
Cicer arietinul1l 
Glycine max 
Lupinus al1gustifolius 
Vida faba 

Flower + pod abortion (%) 

77-89 
88 
55-95 
43-8 I 
79 
74 

Lentils have also been shown to produce a variable HI. In a study of single 

plant variability, Kirthisinghe (1986) found that individual plant HI ranged from less 

than 0.10 to more than 0.60, indicative of an unimproved species. Pandey (1980), 

showed that HI ranged from 0.25 to 0.59 with three cultivars. It was suggested that 

lentil yields are low because of inherent low dry matter production. 

2.3.6 Phenology 

The development of most crop plants follows a fairly consistent path. In 

general, development can be considered to occur in a number of consecutive phases. 

These include: germination, emergence. vegetative growth. flowering, podfilI, 

physiological maturity, and harvest maturity. All of these phases can be affected by 

meteorological conditions. Generally. the most important climatic factors which 

affect development are: temperature. moisture and photoperiod. 

Plant development is usually measured by the number of days the plant spends 

in the phase under consideration. However. a more meaningful and accurate way of 
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describing development is by expressing development as the integral of an 

instantaneous developmental rate (Angus et al., 1981), If the integral is scaled to 

give a value of one at the conclusion of the phase, the mean developmental rate 

becomes the reciprocal of duration (Angus et al., 1981), This transfonnation often 

yields direct linear relationships with important meteorological variables. This can 

be extremely useful when describing the period of emergence to flowering. With 

many crops this period alters most dramatically with varying temperature and 

photoperiod. 

The effect of climatic factors on development have been well documented. 

Angus et a1.(1980), found that for 44 species of crop plants including cereals, grain 

legumes and oil seed crops, the phase from sowing to emergence was highly 

temperature dependent. Furthelmore, these crops had base temperatures, below 

which development stopped, ranging from 1.4 °C for lentils and field peas (PiSUlll 

sativulll) to 15.9 °C for sesame (SesalllUI11 indicul11 L.). Average temperatures 

over the period of sowing to 50 % emergence were used. 

Temperature has also been shown to have a significant effect on vegetative 

growth. Bull (1968), reported that the daily relative leaf growth rate was strongly 

related to mean daily temperature in Vicia faba. Brown (1960) and Jones and Laing 

(1978), both found relationships between development rate and temperature in 

soybeans. The relationship was curvilinear with a Tb of 10 °C and an optimum 

temperature of 30°C (Brown, 1960). A curvilinear relationship was found with 

Vicia faba (Skelvag, 1981). With cowpeas. the rate of development was linearly 

related to mean temperature in non-photosensitive cultivars (Hadley et aI., 1983). 

While temperature is obviously an imp011ant determinant of development in 

general, when considering the phase of emergence to flowering, photoperiod may be 

as important as temperature. Hadley et al. (1983) repOJ1ed that for the majority of 

grain legumes, the onset of flowering depends to a greater or lesser degree on the 

prevailing daylength during the vegetative growth phase. Some crop species are 

sensitive to both photoperiod and temperature. 

The literature contains many reports of the effect of photoperiod on the onset of 

flowering. Rahman and Gladstones (1974), showed that floweting of lupin 

genotypes was accelerated under 24 hour photoperiods. While Gladstones and Hill 

(1969) found that both vernalisation and longer photoperiods hastened flowering in 

lupins. Hadley et a1. (1984) reported that for photosensitive genotypes of soyabeans 
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the time to flower in photoperiods longer than the critical photoperiod increased as 

an inverse function of increased photoperiod and decreased temperature. Similarly, 

cowpeas have been shown to respond to both temperature and photoperiod with 

photosensitive cultivars (Hadley et aI., 1983). Husain (1984) and Attiya (1985), 

both found that development rate of Vicia faba from emergence to flowering was 

dependent upon both photoperiod and temperature. 

\ 
2.3.6.1 Development of lentils 

As with most crop plants, lentil development is altered by climatic factors. 

Present evidence suggests that the critical phase of emergence to flowering is 

controlled by both photoperiod and temperature in most lentil genotypes 

(Summerfield, 1981). Additionally, Summerfield et ai. (1985), reported that 

vemalisation may also affect the duration of this period in cultivars which require low 

temperatures to complete their life cycles. 

Most authors have reported that time taken to flower is variable among lentil 

genotypes (Vasenina, 1972; Saint-Clair, 1972; Voluzneva, 1976; Saxena and 

Wassimi, 1984; Summerfield et al.. 1984). In a glasshouse pot trial, Saint-Clair 

(1972), found that with the lentil cultivars 'Anicia' and 'Large blonde', short days 

tended to increase the time to flower, while long days tended to reduce it. Under 

constant short day conditions (10 hours photoperiod) both cultivars failed to flower. 

With 16 hour photoperiods, Large blonde flowered at 35 days while Anicia needed at 

least 65 days. 

This report contrasts with that of Vasenina (1972), who reported that time to 

flower among lentil cultivars varied from 25 - 45 days after emergence and depended 

mainly on temperature. 

Although it is difficult to separate the effects of photoperiod and temperature, 

Saxena and Wassimi (1984), tested a large number of lentil genotypes for response to 

photoperiod. All genotypes test,ed were photosensitive and behaved as long day 

plants. However, differences in temperature caused changes in the response to 

photoperiod. Genotypic response to photoperiod seemed to be related to genotypic 

origin. Genotypes which originated from lower latitudes such as Ethiopia, Sudan, 

India and Egypt had a shorter critical daylength than genotypes from higher 

latitudes. While actual critical daylengths were not presented, no genotype began 

reproductive growth in daylengths of less than 8 hours. Furthermore, two genotypes, 
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experiment even under a 14 hour daylength. 
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In an attempt to quantify the relationship between flowering and photoperiod 

and temperature in lentils, Roberts et a1. (1986) altered photoperiods of three 

~tifferent lentil genotypes at various times after emergence. The time taken to flower 

was accurately predicted using the reciprocal of days to flower in a linear relationship 

with photoperiod and temperature. 

2.4 Water use of crops 

Water is generally the most important factor affecting crop growth and yield. 

Kramer (1983), suggested that water deficit reduces plant growth and crop yield 

more than the combination of aLL other stresses. Water stress can in fact affect 

almost all aspects of crop growth and development (See Begg and Turner, 1976 for 

review). 

Considering the importance of water stress on crop growth there is a need to be 

able to quantify the amount by which water stress affects a crop. One of the 

problems with much past irrigation research has been a failure to quantify the 

drought or stress which was applied to a plant or crop. As a result much of the work 

is of a qualitative nature. At present there are a number of methods which can either 

directly or indirectly measure the amount of crop water stress. 

2.4.1 Plant water measurements 

Measurements of plant water stress such as leaf water potential have been shown 

to indicate water stress to a limited degree in southern peas (Vigna sinensis L. 

(Endl.) (Clark and Hiler, 1973). However, measurements were variable and less 

responsive with older leaves. Begg and Turner (1976). reported that leaf water 

potential showed marked diurnal fluctuations and often had little relationship with 

soil water potential. Kramer (1963), suggested that plant growth is controlled by 

plant water stress and only indirectly by soil water stress. However. the variable 

results discussed above indicate that measurement of soil water content might provide 

a more reliable indication of crop water stress. 
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2.4.2 Measurement of soil moisture 

2.4.2.1 Gravimetric method 

Gravimetric measurement of soil water has been in use for many years. The 

method is generally reliable and accurate in homogenous non-stony soils (Reynolds. 

1970a). However, as reported by Reynolds (l970b), stones, vegetative cover and 

soil type can all produce significant variations in estimated soil moisture. 

The other problem with the gravimetric method is one of practicality. Jamieson 

(1985), rep0l1ed that many crop plants including wheat, peas and potatoes can 

extract water to at least 80 cm deep. Additionally, water extraction down to at least 

140 cm has been shown in lucerne (Medicago sativa) in mid-Canterbury (Hayman 

1982). Taking gravimetric soil samples from much deeper than 50 cm in the profile 

is extremely time consuming and physically difficult, especially in dry soils. It may 

in fact be necessary to sample even deeper than this because there may be little 

correlation between the water content in the top 20 cm of the soil and the water 

content in the profile (Jamieson, 1985). 

2.4.2.2 Neutron scattering method 

This method is based on the fact that fast neutrons are slowed most effectively 

by hydrogen nuclei (Long and French, 1967). Most hydrogen in soils is as water 

molecules, with the exception of organic soils. Therefore, the number of slow 

neutrons produced is a linear function of the volumetric water content of the soil. 

Using an acceptable calibration procedure (Bell and McCulloch. 1983), the total 

water content of the soil profile can be calculated. The neutron probe can therefore 

give a rapid measurement of soil water content with a high degree of accuracy. 

Absolute soil water capacity can usually be estimated with an error of perhaps..± 10 

% (Bell and McCulloch, 1983). 

2.4.3 Estimating soil moisture - The Penman model 

All actual methods for measuring soil moisture content are fairly time 

consuming and labour intensive. The concept of potential evapotranspiration (PET) 

was first developed by Penman (1948). 
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2,4.3.1 Assumptions of the Penman model 

The potential rate of evapotranspiration is independent of soil or plant factors 

and depends upon meteorological factors. The potential rate is the same as the 

actual rate when the crop being studied is short and green, disease free, growing 

actively, completely covering the ground and adequately supplied with water 

(Penman, 1962). 

This technique can, therefore, give an accurate estimation of actual 

evapotranspiration. However, early in the season when crop cover is incomplete it is 

usually necessary to con'ect PET for ground cover. Ritchie (1972), developed a 

model for predicting evaporation from bare soil. When this correction is applied to 

potential PET giving PET corrected for crop cover (PETcono)' a very accurate 

estimation of PET over the growing season is possible. 

2,4,4 Yield response to irrigation 

Crop response to irrigation, paLiicularly with grain legumes is usually extremely 

variable. Husain (1984) reported that over a period of IO years, the response of 

garden peas to irrigation in Canterbury varied from a 6 % non-significant increase 

over the control to a 241 % increase over the control. 

The situation with lentils is similar. Some authors reported yield increases with 

irrigation of 122 % (Panwar and Paliwal, 1975), while other have reported small or 

negative responses to irrigation (Ojha et a1., 1977; Jermyn et a1., 1981). 

The variable response to irrigation reported in many experiments with grain 

legumes may be due to the lack of quaJ)tification of drought. In general, studies 

which have attempted to quantify drought by measuring drought intensity and its 

duration have shown a more stable relationship between irrigation and yield (French 

and Legg, 1979; Day and Legg, 1983: Husain et a1.. 1983; Jamieson et aI., 1984; 

Wilson et aI., 1984; Wilson and Jamieson. 1985.) 
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2.4.5 Penman model of response to irrigation 

Penman (1971), analysed the response of crops to irrigation by the following 

equation: 

Yj - Yo / I (Equation 2.1.) 

Where Yj = yield of the irrigated crop, Yo = yield of the unirrigated crop, and I = 
inigation applied. 

The response of lentils to irrigation can be seen when this equation is applied to 

results of Nema et al. (1984) and Saraf and Baitha (1985) (Table 2.2). 

Table 2.2. The response of lentil seed yield (kg ha-1 mm- I irrigation) to irrigation. 

Irrigation amount (mm) 
70.0* 

140.0* 
189.5+ 
154.9+ 
1 L3.3 + 

Yield response 
5.2 
4.2 
5.3 
6.7 
8.8 

* values from Nema et al. (1984); + values from Saraf and Baitha (1985) 

2.4.6 Maximum potential soil moisture deficit 

Penman (1970) further developed the concept of potential evapotranspiration 

into a model which was designed to quantify the crop response to irrigation and to 

detennine \vhen irrigation was needed. This model was further developed by French 

and Legg (1979). 0) 

In the model, crop growth is assumed to continue at the maximum rate 

(proportional to PET) until a certain limiting soil moisture deficit is reached. When 

the soil moisture deficit reaches or surpasses the limiting deficit (D1) growth stops. 

This model is based on potential evapotranspiration. It assumes that the soil 

moisture deficit is zero when the soil is at field capacity. Field capacity is defined as 
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the amount of water present in the soil in the spring after winter rains have drained 

(French and Legg. 1979), or as the drained upper limit (Reid et al., 1984). There 

are problems with field capacity as it can differ widely from site to site, and may 

change according to season. However, according to French and Legg (1979), it is a 

useful reference point to begin calculating soil moisture deficit. 

As PET occurs daily, the summation of values over time gives a cumulative soil 

moisture deficit. This can be written as 

D = PET - R + I (Equation 2.2) 

Where R is rainfall and 1 is irrigation. D cannot become negative as any rain or 

irrigation which could make D negative is lost from the profile as drainage. 

The concept of potential soil moisture deficit is extremely useful for the 

quantification of drought. . The potential deficit continues to increase during drought 

whereas the actual deficit must reach a limit. 

During the growing season a maximum potential soil moisture deficit (Dill) will 

be reached and this can be written as 

Dill = PET - (R + I)m (Equation 2.3) 

(R + 1)111 is the sum of rainfall and irrigation until Dill is reached (Gallagher, pers. 

comm.). 

2.4.7 Limiting deficit 

As shown by Penman (1970a. 1971) and French and Legg (1979). crop growth 

may be closely related to Dill' When Dill does not fall below D) growth continues at 

the maximum rate. This concept was further developed by Montieth (1981) and 

Montieth and Scott (1982). These authors considered that any crop lost growth time 

as the deficit increased past D[. Any rain which falls when D > D[ is considered to 

be available for growth and growth continues after rain until all available water has 

been used. Growth then stops again until the next rain or irrigation. If a range of 

soil moisture deficits can be produced. then it should be possible to calculate D[ for 

the specific soil on which the crop was grown. 
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Penman (l970b, 1970c), found that for a number of crops tested, O[ on a 

shallow sandy soil was approximately half that on a silly clay loam. French and .", 

Legg (1979), found the following Dl'S at Rothamsted on a silty clay loam (Table 

2.3). 

Table 2.3. Limiting deficits (01) for some selected crops grown at Rothamsted 
(French and Legg, 1979). 

Crop 
Spring sown 
Main crop 
Spring sown 
Spring & winter 

Vida faba 
°l(mm) 

80 
84 

100 
140 

Solanum tuberosum 
Hordeum sp. 
Triticum sp. 

2.4.8 Critical periods of sensitivity to water stress 

Although Penmans.model has been shown to give useful results in locations as 

far apart as the United Kingdom and New Zealand (Jamieson et al., 1984, Husain. 

1984), it may have at least one serious problem. The model does not take into 

account the possibility of critical periods of sensitivity to water stress. A critical 

period of sensitivity to water stress implies that if the plant is deprived of water at a 

specific developmental stage ego flowering, a disproportionate yield loss will result. 

The available literature on lentils is somewhat divided as to whether or not 

lentils have a critical period. As with many other grain legumes, there are reports 

that lentils yield more if watered at podfill than at other times in their life cycle 

(Panwar and Paliwal, 1975; Mehrotra et al.. 1977). However. more recently Nema 

et al. (1984), reported that the best result from irrigation was a single application at 

the pre-flowering stage. Irrigation at podfilt gave no significant yield increase over 

control plants. Ojha et al. (1977), reported that irrigation at either pre-flower, 

flower or post-flower gave similar yields of between 2.14 anel 2.19 t ha-[ all of which 

were significantly higher than control. 
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Clearly these contradictory reports indicate the need for further research on ' 

lentil water use based on the quantification of drought and water use. 

2.5 Growth analysis 

Traditionally, crop growth has been analysed using well known parameters. 

These include: 

1. Relative growth rate - the increase in weight per unit of weight per unit of 

time. This can be expressed mathematically as (Equation 2.4). 

RGR = lIW x dW Idt (Equation 2.4) 

Where W = plant weight and t = time 

2. Unit leaf rate or Net assimilation rate - the gain in weight per unit of leaf 

area (Equation 2.5). 

NAR = liLa X dW/dt (Equation 2.5) 

Where La = total leaf area of the plant 

3. Leaf area ratio - the ratio of leaf area to plant weight (Equation 2.6). 

LAR = L)W (Equation 2.6) 

Although this approach has produced useful results for many years, there are 

some inherent problems with the technique (Allen and Scott, 1980). 
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1. Since NAR is measured through La and may vary inversely with La' it may 

be an unusable measure in growth analysis. 

2. La treats all leaves as equal irregardless of leaf age or angle. La may not 

be directly related to growth rate for the whole of the life of the crop. 

As reported by Montieth (1977). traditional growth analysis may be suitable for 

a single plant, or for crop plants when their leaf area index is small. However, in 

crops. where mutual leaf shading occurs the accuracy of the technique will be 

reduced. 

Because of these problems with traditional growth analysis, crop growth was 

analysed by three methods: 

1. An analysis of yield versus leaf area duration 

2. The functional growth analysis technique of curve fitting 

3. Relating crop growth to total intercepted photosynthetically active radiation 

(PAR) 

2.5.1 Leaf area duration 

The integral of leaf area index (LAI) over time is leaf area duration (LAD). 

Thorne (1971). suggested that crop growth could be explained in terms of LAD. 

There have been reports in the literature of high yields related to large LAD 

(Hebblethwaite, 1982; Zain, 1984). 

Leaf area duration may provide a sound basis for analysing crop growth because 

many of the climatic factors which affect crop growth also affect leaf area. 

Temperature has been shown to affect the rate of leaf expansion in Vida faba (Bull, 

1968; Dennett et a1.. 1979); Helianthus mU1l1S (Rawson et aI., 1984); Phaseolus 

vulgaris (Dale, 1965), and Hordeum vulgare (Biscoe and Gallagher. 1978). 

Although high temperatures may increase LAI they can also cause a rapid 

decline due to leaf senescence. This can lead to rapid losses of LAI at the end of a 

hot season (Biscoe and Gallagher. 1978). 

Leaf area index can also be affected by water stress. Water stress has been 

reported to accelerate leaf senescence (Slatyer. 1973: Begg and Tumer. 1976: 

Kramer, 1983). In maize, low water potentials of -1.8 to -2.0 MPa increased leaf 
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senescence (Aparicio-Tejo and Boyer, 1983). Dougherty (1973), found that water 

stress increased leaf senescence and abscission in wheat. Water stress has also been 

shown to decrease the leaf appearance rate in Vida faba (Farah. 1981) and to 

decrease overall leaf number and leaf area index in lentils (Saxena and Hawtin. 

1981). 

While LAD may provide a useful basis to analyse crop growth, the technique 

suffers from the previously mentioned weaknesses raised by Allen and Scott (1980). 

Furthermore Montieth and Elston (1983), suggested that there are further problems: 

no account is made for mutual shading of leaves; nor of variable insolation during 

the growing season. 

2.5;2 Functional growth analysis 

The functional approach to growth analysis involves fitting of a mathematical 

function to growth data. This approach often utilizes a large number of rather small 

samples. The equation used, summarizes the growth data conveniently. 

Furthermore, irregular eLTors which may have disturbed the original data are replaced 

by a smooth continuous function (Richards, 1969). 

In traditional growth analysis, mean values of growth parameters such as RGR 

are derived over the period intervening between two harvests. In the functional 

approach, however, instantaneous values can be derived from the fitted equation 

(Hunt, 1979). This approach while essentially empirical can help an experimenter 

explain how the crop grew and may lead to questions which answer why. 

While the curve fitted to the observed data may be of no physiological 

significance, the choice of curve can be important. Polynomial curves may have 

parameters without biological meaning. The Richards function, first described by 

Richards (1959), however, gives trends which are sensible from a biological 

viewpoint (Venus and Causton, 1979; Causton and Venus, 1981). Furthermore. the 

parameters do have biological meaning. This technique has been widely used. For a 

review see Hunt (1982 ; pages 129-132). In the project reported here. a generalised 

logistic equation which is a type of Richards function (Gallagher and Robson. 1984) 

was fitted to growth data from each plot. 
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2.5.3 Intercepted solar radiation 

Montieth (1977), proposed a new approach to growth analysis in which growth 

is analysed in terms of the amount of solar radiation intercepted by the crop, and the 

efficiency of conversion of this radiation into dry matter. The technique has been 

tested many times in the past 8-9 years and has worked remarkably well (Biscoe and 

Gallagher, 1977 Montieth, 1977; Gallagher and Biscoe, 1978; Fasheun and Dennet. 

1982; Hughes and Keatinge, 1983; Husain, 1984). 

Montieth (1977), reported that OM accumulation of a range of crops including 

apples, barley, potatoes and sugar beet was strongly related to the total radiation 

intercepted by the crop over the growing season. Furthermore, the efficiency of 

conversion was relatively stable at 2.4 % of total radiation. Gallagher and Biscoe 

(1978) found similar relationships with barley and wheat in the United Kingdom, 

with an efficiency of conversion of 3.9 % of photosynthetical1y active radiation 

(PAR). Photosynthetically active radiation is about half of total incident radiation. 

Again in the United Kingdom All~n and Scott (1980), found a linear relationship 

between potato dry matter accumulation, tuber dry weight and intercepted solar 

radiation with OM accumulated at 1.6 g MJ-l total radiation. The relationship also 

holds in New Zealand. Zain ct al. (1983) reported linear relationships between DM 

accumulation of peas and intercepted solar radiation with a utilisation coefficient (u) 

ranging from 1.0 g OM MJ-l PAR to 2.5 g DM MJ-' PAR depending upon irrigation 

treatment. Husain (1984) reported similar results with Vida faba. With lentils, 

Wilson et al. (1983) reported a linear relationship between dry matter production and 

intercepted solar radiation with a utilisation coefficient of 1.8 g DM MJ-l PAR 

Hughes et al. (1984), produced a model of forage oat production which used both 

temperature and intercepted solar radiation. The model accurately predicts the yield 

of forage oats in the New Zealand environment. 

As early as 1965, there were reports that dry matter production depended on the 

amount of intercepted radiation (Shibles and Weber. 1965). Additionally, Hesketh 

and Baker (1967) reported that carbon assimilation and photosynthesis were linearly 

related to the amount of intercepted radiation. 

Growth analysis of a crop based on radiation interception depends on: 

1. The amount of solar radiation available 

2. The fraction of radiation intercepted over the season, which is usually a 

function of LAI 
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3. The efficiency of conversion of radiation into OM. 

4. If economic yield is to be analysed, then the HI must also be known. 

Comparing traditional growth analysis to radiation interception gives some 

similarities 

NAR = CGR/L DM = CGR/(l - ekl ) x S 

(Gallagher pers. comm.) 

The divisor (1 - ekl) x S takes into account leaf angle = k and leaf area index = I 

which are of course leaf parameters. Furthermore, this technique also accounts for 

the uneven distribution of light on leaves (Gallagher pers. comm.). 

Growth analysis based on intercepted radiation is the only technique based on 

crop mechanisms as they are affected by climate. As such it seems to be the 

technique which is most likely to provide understanding of how lentil crop growth 

responds to the environment. 

2.6 Conclusions 

1. Lentils are not a highly productive crop. In Canterbury they can produce 

up to 10 t D M ha-1• On a world basis New Zealand lentil seed yields are 

very high at a maximum of 3 t ha-1 . 

2. Lentil dry matter production and seed yield has been shown to be affected 

by sowing date, irrigation and cultivar. The response of dry matter and 

seed yield to climate has been variable. There have been few experiments 

relating lentil yield to underlying physiological principles. Relating crop 

growth and yield to climatic variation may provide an understanding of 

why yields are so variable. 

3. The effect of irrigation on lentil yields is quite variable the world over. 

However. there are no studies which have attempted to quantify the level of 

water stress which the crop has experienced. This information is 

important to allow accurate predictions of when ancI how much water to 

apply. 
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4. Phenological development of lentils has been shown to be affected by both 

temperature and photoperiod. Any attempt to understand variability in 

crop yields must take into account seasonal affects on phenological 

development. 

5. Production of a computer simulation model to predict the growth, 

development and water use of lentils would provide useful information to 

fmmers, farm advisors and researchers, and could help to improve the 

understanding of how the lentil crop is affected by its environment. 



Chapter 3 

Materials and methods 
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The principal aim of this research project was to investigate the development, 

growth and water use of lentils. A further objective was to produce a computer 

simulation model which could predict lentil crop development and yield over a range 

of conditions. 

With these objectives in mind, three experiments were designed: 

1. In 1984 a field trial investigated the development of lentils in response to 

sowing date and examined the response to irrigation. 

2. In 1985 a second field experiment examined more closely the response of 

lentils to irrigation. 

3. A third experiment, also in 1985 was sown beneath movable rain shelters 

to allow an accurate study of crop water use. 

3.1 1984 Experimental design 

In 1984, the treatments used were designed to provide a range of mean 

photoperiods and temperatures over the growing season, using one large and one 

small seeded lentil cultivar. The treatments consisted of: six sowing dates, two 

cultivars and two levels of irrigation (Table 3.1). 

Table 3.1. Treatment combinations in the 1984 lentil field experiment, Lincoln 
College. 

Sowing date 

16 April 
15 May 
26 July 
14 September 
15 October 
15 November 

Cultivar 

Titore 
Olympic 

Irrigation 

Nil 
Full 

Titoi·e (1000 seed weight = 35.3 g) is a small seeded variety while Olympic 

(1000 seed weight = 73.0 g) is large seeded. In the full irrigation treatment, water 
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was applied to replace water lost through calculated PET from the methods of 

Ritchie (1972) and French and Legg (1979). 

The experimental design was a split plot randomised complete block with 

sowing dates as main plots. Sub-plots were a factorial combination of irrigation and 

cuJtivar. There were four replicates. Plot size was 1.5 by 20 m with guard plots of 

the same size between inigated and uninigated plots. 

The experiment was conducted at Lincoln College in the D-2 research area. 

The soil was a Templeton silt-loam (N.Z. Soil Bureau, 1954). Soil profile depth 

varied from 45 to 100 cm. The total water holding capacity of the top 100 cm of 

soil was approximately 250 mm as determined by gravimetric and neutron probe 

analysis. The trial site had been in red clover/perennial ryegrass pasture for the 

previous 18 months. Soil test values are given in Table 3.2. 

Table 3.2. MAF soil quick test values for D-2 research area, Lincoln College, 
1984. 

Depth (cm) 
10 
20 
30 

Olsen P 
9.0 
9.0 
6.0 

3.2 1985 Experimental design 

K 
8.0 

12.0 
3.0 

Mg 
24.0 
27.0 
14.0 

Ca 
8.0 
6.0 
4.0 

pH 
5.7 
5.7 
5.6 

In 1985, the treatments were designed to create a wide range of soil moisture 

deficits. Treatments are outlined in Table 3.3. 

Table 3.3. Treatment combinations in the 1985 lentil field experiment, Lincoln 
CoJlege. 

Irrigation 
Full irrigation = 
Two - thirds full = 
One - third full = 
Nil irrigation 

30 mm 
20 mm 
10mm 

Sowing date 
May 20. 1985 
August 26. 1985 

Irrigation was applied when the potential soil moisture deficit was equal to 50 mm 
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The trial design was a randomised complete block with a factorial combination 

of sowing date and irrigation, giving eight treatments. There were five replicates. 

Plot size was 3.3 by 10m, with guard plots of the same size between all 

experimental plots. 

In 1985, the field experiment was in the same paddock. However, a different 

area was used. Soil characteristics were the same as in 1984, but nutrient levels 

were marginally higher as the area had been in ryegrass/red clover pasture an 

additional 12 months (Table 3.4). 

Table 3.4. 

Depth (cm) 
10 
20 
30 

MAF soil quick test values for 0-2 research area, Lincoln College, 
1985. 

Olsen P 
14.5 
16.3 
17.2 

K 
5.8 
6.3 
8.7 

Mg 
19.3 
19.6 
20.5 

Ca 
6.2 
5.8 
5.5 

pH 
5.5 
5.4 
5.4 

3.3 In;gation strategy 

In this study, it was necessary to accurately apply irrigation water to 

expedmental plots. For this reason, trickle irrigation was used. Lateral pipes were 

placed every three rows at 45 cm spacing. Trickle whiskers, 25 cm long, were 

spaced at 20 Col intervals. Water was delivered to the plots at approximately 5 mOl 

h-1 • There was no indication of ponding. The whisker spacing produced a relatively 

even water distribution. The amount of water applied was measured with a water 

flow meter (Neptune, type Sz, size 25.4 mm) attached to each tank. 

Irrigation was applied according to a soil moisture deficit water balance. Until 

crop cover was complete, the water balance was calculated from 0.75 x daily pan 

evaporation. After complete crop cover was attained, Penmans PET was calculated 

and the daily deficit was accumulated. In both years, when a deficit of 50 mOl was 

reached, 30 mm of irrigation water was applied to all fully irrigated plots. In 1985 

the two - thirds irrigated plots received 20 mOl of water, while the one - third 

irrigated plots received 10 mm. In 1984. the initial irrigation was not applied early 

enough due to physical problems and the soil moisture deficit at the first irrigation 

was approximately 75 mm. 



28 

3.4 Husbandry 

3.4.1 1984 

The perennial ryegrass/red clover pasture was killed with glyphosate at 1.08 kg 

a.i. ha-1 and dicamba at 0.14 kg a.i. ha-1 one month before sowing. The site was 

cultivated by rotary hoeing, ploughing, subsoiJing, rolling and grubbing. Since the 

soil phosphorus level was Iowa single application of 250 kg ha-1 superphosphate was 

applied. Weeds were controlled by cyanazine at 1.5 kg a.i. ha- I applied 

pre-emergent. Herbage growth in the fallow plots for later sowing dates was 

controlled using paraquat. Weed control in the April sowing was not good and 

metribuzin (0.175 kg a.i. ha-1) was applied on 21 August. 

All plots were sown to give a population of approximately 150 plants m-2 • 

Titore and Olympic were sown at 50 and 70 kg ha-1 respectively in April, October 

and November sowings. These rates were increased by 10 % for the May and 

September sowings and by 20 % for the July sowing because of an expected 

reduction in winter survivaL. 

3.4.2 1985 

Due to a very dry autumn it was not necessary to spray to kill the perennial 

ryegrass/red clover pasture in 1985. The site was ploughed and subsoiled and 250 

kg ha-1 superphosphate was applied. Thilty millimetres of water was also applied 

two weeks prior to sowing to ensure adequate moisture for seed gelmination. Weeds 

were controlled with cyanazine at 1.5 kg a.i. ha-1 applied pre-emergent. Because of 

the dry winter it was not necessary to control herbage growth in the August sown 

plots. Titore seed was sown at 50 kg ha- I at both sowings. 

3.5 Sampling 

3.5.1 1984 

The ApriL July and October sowings were sampled for dry matter accumulation. 

leaf area, branch number, pod number. seed number and seed weight. One 0.1 m2 

quadrat was cut monthly during the winter and fortnightly from the end of August. 

All measurements except for DM accumulation were done on a subsample of eight 

plants randomly selected from the 0.1 m2 sample. Final yield for all sowing dates 
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was estimated from six 0.5 m2 quadrats (total 3.0 m2). Phenological observations 

were taken at the following times: emergence, when 50 % of plants had visible 

buds; flowering, when 50 % of plants were flowering; physiological maturity, when 

50 % of plants had one brown pod; and when the crop was harvested. These 

observations were made on all six sowings. 

The amount of solar radiation intercepted by the crop was measured at the same 

intervals as dry matter accumulation. Details of this measurement are related later in 

this chapter. 

3.5.2 1985 

Crops in both sowing dates were sampled for dry matter accumulation. Leaf 

area was measured until maximum LAl was attained. Two 0.1 m2 quadrats were cut 

and samples bulked. Sampling was monthly during the winter and fortnightly from 

the end of August. Final yield measurements were from six 0.5 m2 quadrats. As in 

1984, yield components at final harvest were calculated from a random subsample of 

eight plants. 

Soil moisture. not measured in 1984. was measured by a single neutron access 

tube in each plot. This measurement was made the day after each dry matter 

harvest. 

Solar radiation and phenological measurements were made as in ] 984. 

Root length was also measured in 1985. Statistical analysis was not possible on 

the single samples, but samples were taken as observations. At the beginning of the 

season large pits were dug down to the shingle layer and the day after each neutron 

moisture measurement roots of one or two plants were washed out of the pit face. 

-" 3.6 ~easurements 

The different phenological stages observed were related to photoperiod and 

temperature. ~ean photoperiod was as recorded at the Lincoln College 

meteorological station. Maximum and minimum daily temperatures were used to 

calculate thermal time as the time integral above a base temperature (Tb) of 2°C. 
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Temperature con-ected for photoperiod (Pll) was calculated from the method of 

Gallagher et al. (1983) (Equation 3. I). 

Where T = mean temperature of the stage being considered, P = the mean 

photoperiod over the stage being considered and Ph is the base photoperiod. 

Multiplication of Pit by the duration of the phenological phase being 

considered gives the accumulated temperature corrected for photoperiod. For 

Equation 3.1, Ph was calculated from a regression line of the rate of thermal 

development from emergence to flowering by mean photoperiod over the same 

period for all six sowing dates. Base temperature was calculated from graphs of leaf 

growth versus mean thelmal time and from the work of Angus et al. (1980). 

J 3 .6 .2 Dry matter accumulation 

Dry matter accumulation was analysed using the MLP programme from 

Rothamsted (Ross et al., 1979). Generalised logistic curves were fitted (Equation 

3.2). 

y = C/O + T exp (-b(x - m)) liT (Equation 3.2) 

Where C is the final crop weight and T, band m are constants (Gallagher and 

Robson, 1984). Curve parameters were used to calculate the weighted mean absolute 

growth rate, the duration of the exponential growth phase, and the maximum crop 

growth rate using the method of Riley and Milford. (1984). 

Harvest index was calculated from dry matter at final harvest. This was 

necessary because maximum dry matter was not determined for the May, September 

and November sowings. 

/ 

'/3.6.3 Leaf area 

Leaf area was measured using a Licor 3100 area meter. These measurements 

were made on leaves which had been stripped from a sub-sample of eight plants. It 
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was not possible to flatten all leaves before they passed through the machine, 

therefore, leaf area may be underestimated. However, this error is likely to be a 

small problem as lentil leaflets in the field are usually folded along their main axis. 

/ 
..J 3.6.4 Branch and pod growth 

Measurements of branch and pod growth were made only in the 1984 

experiment. Measurements were from a sub-sample of eight plants. Only total 

branch number was counted and no distinction was made between primary, 

secondary and teliiary branches. Pods, when present, were counted and weighed at 

each sampling. 

/3.6.5 Yield and yield components 

Final grain and dry matter yields and harvest index were estimat~d from six 0.5 

m2 quadrats. Final dry matter yields were based on total above ground plant 

material. Samples were air (hied and machine threshed. All samples were then oven 

dried to constant weight. 

Seed yield per plant and yield components were measured from a sub-sample of 

eight plants taken at random from the final 0.1 m2 sample in t 984 and the final 0.2 

m2 sample in 1985. Yield components measured were: plants m-2 , pods plant-I, 

seeds pOd-I, and seed weight. 

3.6.6 Light interception 

The amount of intercepted solar radiation was measured using 2 miniature tube 

solarimeters, model TSM (Delta - T devices. Cambridge, England see Szeicz, 1965). 

The above canopy solarimeter, 0.32 m long was tripod mounted. The second 0.32 

m long solarimeter was inserted into the crop at the base at right angles to the rows. 

Solarimeter output was integrated for 20 seconds using a two channel integrator 

(Systel Engineering Ltd., Christchurch, N.Z.). At the beginning of each replicate a 

relative sensitivity check was made for 30 seconds to ensure the solarimeters were 

functioning properly. Measurements were always made between 1000 anel 1400 

hours NZST. 
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The fraction of light transmitted through the canopy (T) was calculated by 

Equation 3.3 (Gallagher, J983). 

(Equation 3.3) 

Where Cb and Ca are the counts below and above the canopy respectively. Rs was 

the relative sensitivity. 

Measurements of transmitted solar radiation were discontinued when dead leaves 

in the canopy began intercepting radiation. 

Transmissivity readings were recalculated into the fraction of radiation 

intercepted (F j ) using the technique of Gallagher and Biscoe (1978) (Equation 3.4). 

Fj = (1.0 - T)/1.11 (Equation 3.4) 

Where T j is the transmissivity reading. 

As reported by Szeicz (1974), photosynthetically active radiation was assumed 

to be equal to 0.5 of the total incident short wave radiation. The amount of PAR 

absorbed (Sa) was calculated from Equation 3.5. 

(Equation 3.5) 

Where Sj is the total amount of incident PAR 

3.6.7 Soil moisture content 

In 1984, no actual measurements of soil moisture content were made. 

However, Sherrell (1986), conducted a water use trial within the trial repOIied here 

and some extrapolation from his results will be reported. Further, potential soil 

moisture was calculated using Penmans fonTIula (See Chapter 2). 

In 1985, all experimental plots contained one neutron access tube. The tubes 

were installed within one week of sowing and were left undisturbed for a further 

three weeks before the first readings were taken. Tube depths ranged from 45 to 100 

em. 
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Soil moisture content in the top 0 - 20 cm was measured volumetdcally, by 

weighing a known volume of soil both wet and dry, as the neutron moderation 

technique is not reliable near the slllface (BelJ and McCulloch, 1983). A Troxler 

3333 neutron depth moisture gauge was used to estimate soil moisture over the rest 

of the profile. 

The neutron moisture gauge was calibrated for the soil in this experiment. The 

calibration involved volumetdc water measurements every 10 cm clown the soil 

profile. This was done at three sites in the field, one of which was at field capacity 

and two which were very dry. A regression was calculated between neutron readings 

and volumetric soil water content. 

,/'3.7 Statistical Analysis 

Statistical analysis was by the Genstat package (Rothamsted, 1930). Analysis of 

variance was carried out on all variates. Due to the large influence of sowing date, 

sample variances among. sowing dates were often unequal. Because this invalidates 

the analysis of variance technique which assumes variances among levels to be equal. 

in these circumstances each sowing date was analysed separately. However, at the 

final harvest, variances were not usually different, and sowing dates were analysed 

together. 

Other statistics calculated were: 

1. Standard errors of the mean (Sx) 

2. Coefficient of variation (CV as a %) 

3. Percent variance accounted for 

Throughout this thesis, results from 1984/85 are sometimes presented from aU 

six sowing dates and sometimes from only three. During the experiment, detailed 

harvesting, light interception. leaf area and yield components measurements were 

made on the April, July and October sowings. Due to lack of labour and time it was 

not possible to carry out detailed studies on the other three sowing dates. 



4.1 Weather 

Cbapter 4 

Climate results 
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All climatic measurements were made at the Lincoln College meteorological 

station which is sited about 1 km from the experimental site. 

In the 1984/85 season, the weather tended to be warmer and drier than the long 

term average (Table 4.1). From October, 1984 to January. 1985 rainfall was only 

72 % of the long term average. Viliually no rain fell from mid-December to mid

January. From June to January the mean monthly temperature was about 10.8 % 

above the average of 10.6 °C. August had a mean monthly temperature of 8.9 °C 

which was 33 % higher than the long telm average. 

Generally, solar radiation receipts, vapour pressure deficit and Penmans ET 

were close tolong term means. However, in January, both vapour pressure deficit 

and Penmans ET were considerably higher than the long tenn means. 

The 1985/86 season contrasted markedly with 1984/85. Rainfall from May to 

October, 1985 was 199 mm, only 55 % of the long term average of 358 mm. 

However, in November, 113 mm of rain fell, 213 % above the long term average for 

this month. From November, 1985 to February, 1986 rainfall was 30 % higher than 

the long telID average. Over the entire season, rainfall was approximately 7 % above 

average (Table 4.2). 

For most of the season, mean monthly temperatures fluctuated both above and 

below lorig term means, however, January was on average 2 °C wrumer than normal. 

Again, solar radiation receipts, vapour pressure deficit and Penmans ET were about 

equal to the long telm averages. 
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Table 4.1. Weather data for the 1984/85 growing season and long term averages at Lincoln College, 
Canterbury. 

MClin Mean Mean Menn MClin VPD Pt'n III lin 
" Month Rainfall Temp, Max Temp Min Temp Solar Rad. at mean T ETp 

(111111) (0C) (0C) (0C) (MJ m-2day-1) kPa (nun) 

April 17 (56) 11.9 (12,0) 17.5 (16.7) 6.4 (7.4) 11.8 (10.9) 0.27 (0.26) 67 (63) 
May 43 (71) 7.4 (8,7) 12,6 (13,3) 2.2 (4.2) 7.4 (7.2) 0.24 (0,26) 46 (44) 
June-- 13 (61) 7.2 (6.2) 12.8 (l0.7) 1.5 (\.9) 5.9 (5.5) 0.2!! (0.22) 42 (34) 
July 81 (68) 6.6 (5.7) 10.8 (l0.1) 2.4 (1.4) 5.7 (6.4) 0.20 (0.23) 36 (38) 
August 15 (62) 8.9 (6,7) 12.9 (11.4) 4.9 (2.7) 9.9 (9.4) 0.29 (0.24) 66 (51) 
Sept. 33 (47) 9.4 (9.4) 14.3 (14,2) 4.5 (4.6) 13.4 (13.4) 0.24 (0.27) 69 (72) 
Oct. 33 (49) 11.5 (11.7) 17.4 (16.8) 5.6 (6.7) 19.0 (17.9) 0.38 (0.35) 113 (103) 
Nov. 71 (53) 14.5 (13.6) 19.7 (18.8) 9.3 (8.1) 20.0 (20.8) 0.50 (0.44) 121 (120) 
Dl!c. 46 (57) 15.9 (15.4) 21.0 (20.4) 10.9 (10.4) 20.3 (21.3) 0.54 (0.49) 130 (132) 
J 1111./85- 8 (60) 11l.7 (16.4) 24.9 (21.3) 12.6 (11.5) 23.2 (21.3) 0.1l6 (0.58) 177 (137) 

Long term means are in brackets. All long term means except rainfall are 1'01' the period 1975-1983. Long term 
rainfall ii'oll1 1930-1981. 

Table 4:2. Weather data \01' the 1985/86 growing sellson and long terlll averages at Lincoln College, 
Canterbury .. 

Mean Mean Mettn Mean Mean VPD Penman 
Month Rainfall Temp. Max Temp Min Temp Solar Rad. at mean T ETp 

(mll1) (0C) (0C) (0C) (MJm-2day-l) kPa (mill) 

May 32 (71) 8.8 (8.7) 19.6 (16.7) 7.2 (7.4) 7.2 (7.2) 0.29 (0.26) 47 (44) 
June 21 (61) 7.1 (6.2) 14.2 (13.3) 3.4 (4.2) 5.8 (5.5) 0.23 (0.22) 40 (34) 
July 45 (68) 6.9 (5.7) 12.6 (l0.7) 1.6 (l.9) 6.1 (6.4) 0.23 (0.23) 40 (38) 
August 44 (62) 7.4 (6.7) 12.0 (l0.1 ) 1.8 ( 1.4) 10.4 (9.4) 0.25 (0.24) 59 (51) 
Sept. 26 (47) 9.8 (9.4) 12.3 (11.4) 2.6 (2.7) 15.8 (13.4) 0.30 (0.27) 87 (72) 
Oct. 31 (49) 10.3 (11.7) 15.0 (14.2) 4.6 (4.60 18.1 (17.9) 0.30 (0.35) 95 (103) 
Nov. 113 (53) 13.0 (13.6) 15.4 (16.8) 5.1 (6.7) 19.4 (20.8) 0.40 (0.44) 109 (120) 
Dec. 56 (57) 15.5 (15.4) 17.6 (18.8) 8.4 (8.1) 19.4 (21.3) 0.39 (0.49) 114 (132) 
Jan.l86 35 (60) 18.4 (16.4) 19.8 (20.4) 11.2 (l0.4) 20.9 (21.3) 0.70 (0.59) 144 (137) 
Feb. 89 (54) 17.0 (16.2) 23.7 (21.3) 13.1 (11.5) 19.8 (19.5) 0.47 (0.59) 112 (116) 

Long tel'lll means are in brackets. All long terlll Illeans except raInfall are for the pcriod 1975-1983. Long tcrm 
rainfall 1'1'0111 1930-1981. 
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Chapter 5 

Results and discussion - Yield 

5.1 Total dry matter production 

In the 1984/85 season, maximum dry matter production was 10.7 t ha- 1 from 

the April sowing (Table 5.1). In the 1985/86 season maximum dry matter 

production was much lower at 8.7 t ha- 1 from the May sowing. Spring sowings 

yielded considerably less than the autumn sowings at 4.8 and 4.1 t ha- I in 1984/85 

and 1985/86 respectively. 

Dry matter production at final harvest was most markedly affected by sowing 

date. In 1984/85 it ranged from 7.2 t ha- I in the May sowing to 1.5 t ha-1 in the 

November sowing (Table 5.2). All autumn/winter sowings significantiy out yielded 

all spring sowings. In the 1985/86 season, dry matter production by final harvest 

was considerably lower than in 1984/85 with 4.0 and 2.2 t ha-1 produced by the May 

and August sowings respectively (Table 5.2). 

Table 5.1. 

Season 
1984/85 

1985/86 

Maximum dry matter production of lentils (t ha-1) at five sowing dates 
over two seasons in Canterbury 

Sowing date 

April 
July 
October 
Sx 

May 
August 
Sx 

Dry matter (t ha- I ) 

10.7 
9.3 
4.8 
0.30 

8.7 
4.1 
0.25 

The response of dry matter production to irrigation was variable. In 1984/85. 

full irrigation produced a 10 % increase in dry matter production (Table 5.2). 

However. the significant interaction between sowing date and irrigation (p < 0.001) 

indicated that the response depended upon sowing date. In the April. May. July and 

November sowings dry matter production was increased with inigation. However. in 

the September and October sowings dry matter production decreased by 

approximately 10 and 16 % respectively with irrigation (Table 5.3). In 1985/86. 

there was no significant response of dry matter production to irrigation (Table 5.2). 



Table 5.2. 

1984/85 
Sowing dates 

Aplil 16 
May 15 
July 26 

37 

A summary of the main effects of sowing date, inigation and cultivar 
on total dry matter production (t ha-1) at final harvest of lentils over 
two seasons in Canterbury. 

1985/86 
Sowing dates 

6.2 May 20 4.0 
7.2 August 26 2.2 
6.0 Sx 0.07 

September 14 4.0 Significance *~* 
October 15 2.2 
November 15 1.5 

Sx 0.18 
Significance *** 
Irrigation Irrigation 

Full 4.7 Full 3. J 
nil 4.3 2/3 full 3.0 

Sx 0.06 J /3 fuJl 3. J 
Significance *** Nil 3.2 

Sx 0.10 
Significance ns 

CuItivar 
Titore 4.6 
Olympic 4.4 

Sx 0.06 
Significance * 
CV (%) 9.2 CV (%) 10.2 
Significant 
interactions sdate x iIT *** nil 

sdate x cv * 



Table 5.3. 

Sowing date 
April 
May 
July 
September 
October 
November 

Sx 
CV (%) 
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The interaction of sowing date by irrigation on total dry matter yield 
of lentils (t ha- J ) in Canterbury. 1984/85. 

Irrigation 
Full - Nil 
6.60 5.79 
7.95 6.41 
6.12 5.81 
3.76 4.16 
2.04 2.43 
1.86 1.15 

0.207 
9.2 
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The effect of cuItivar on dry matter production in 1984/85 was small but 

significant (Table 5.2). Titore yielded significantly more at 4.61 t ha- I than did 

Olympic at 4.40 t ha- l . The significant interaction between sowing date and cultivar 

(p < 0.05) (Table 5.4) shows that Titore out yielded Olympic at all sowing dates 

except April and November. October sown Titore yielded 30 % more than Olympic. 

In the April and November sowings the difference in yield between the two cultivars 

was not significant. 

Table 5.4. 

Sowing date 
April 
May 
July 
September 
October 
November 

Sx 
CV (%) 

The interaction of sowing date by cultivar on total dry matter yield of 
lentils (t ha- l ) in Canterbury, 1984/85. 

Cultivar 
Titore Olympic 
6.07 6.33 
7.40 6.96 
6.17 5.75 
4.04 3.89 . 
2.57 1.89 
1.40 ·1.60 

0.207 
9.2 

5.2 Seed yield 

The variation in seed yield between the two years was more marked than 

variation in dry matter yield. Seed yield in 1984/85 was very high. The May 

sowing produced 3.3 t ha- l of oven dry seed (Table 5.5). All autumnlwinter sowings 

produced more than 2 t ha-1 of seed while maximum seed production from a spring 

sowing was 1.5 t ha-1 in the September sowing. Seed yield froin the October and 

November sowings was less than I t ha- I (Table 5.5). In 1985/86 seed yield was 

much lower at 0.9 t ha-1 from the May sowing and 0.8 t ha- 1 from the August sowing 

(Table 5.5). 

The response to irrigation of seed yield in 1984/85 depended upon both cultivar 

and sowing date as both of these factors interacted significantly (p < 0.001) with 

irrigation. Generally. irrigation had little effect on seed yield. However. in the May 

sowing irrigation significantly increased yield by 13 per cent. But in the July sowing 

inigation decreased seed yield by 31 % (Table 5.6). Titore responded more 

favourably to irrigation than Olympic (Table 5.7). Although Titore showed no 

significant response to irrigation. Olympic seed yield declined from l. 7 t ha- l with no 

irrigation to l. 5 t ha- l with full irri gation. 
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Table 5.5. A summary of the main effects of sowing date. irrigation and cultivar 
on seed yield of lentils (t ha- 1) over two seasons in Canterbury. 

1984/85 1985/86 
Sowing dates Sowing dates 

April' 16 2.8 May 20 0.9 
May 15 3.3 August 26 0.8 
July 26 2.4 Sx 0.05 
September 14 1.5 Significance ns 
October 15 0.8 
November·J5 0.5 

Sx 0.11 
Significance *** 
Irrigation Irrigation 

Full 1.8 Full 0.7 
nil 1.9 2/3 full 0.7 

Sx 0.04 1/3 full 0.8 
Significance ns Nil 1.2 

Sx 0.07 
Significance *** 

Cultivar 
Titore 2.2 
Olympic 1.6 

Sx 0.04 
Significance *** 
CV (%) 14.7 CV (%) 25.5 
Significant 
interactions sdate x irr *** sdate x irr *** 

sdate x cv *** 
ifr x cv ** 



Table 5.6. 

Sowing date 
April 
May 
July 
September 
October 
November 
Sx 
CV (%) 

Table 5.7. 

Cultivar 
Titore 
Olympic 

Sx 
CV (%) 

4L 

The interaclion of irrigation by sowing date on seed yield of lentils (t 
ha- I ) in Canterbury. 1984/85. 

Irrigation 
Full Nil 
2.82 2.80 
3.52 3.11 
2.06 2.70 
1.35 1.58 
0.72 0.88 
0.65 0.36 

0.128 
14.7 

The interaction of ilTi gation by cultivar on seed yield of lentils (t ha- I ) 

in Canterbury, 1984/85. 

Full 
2.21 
1.50 

Irrigation 

0.056 
14.7 

Nil 
2.10 
1. 71 
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In 1985/86 the response to inigation was much clearer. All irrigation 

treatments severely reduced seed yield. The nil irrigation treatment yielded 1.2 t ha- 1 

while the 1/3 full, 2/3 full and full irrigation treatments yielded 0.85,0.66 and 0.74 

t ha-1 respectively (Table 5.5). However, there was an interaction between irrigation 

and sowing date (Table 5.8). Irrigation had no effect in the August sowing. The 

decline in seed yield with irrigation in the May sowing was severe. Unirrigated 

plants produced 1.5 t ha-1 while the best irrigated treatment was 1/3 full irrigation 

which produced only 0.9 t ha-1 • 

Table 5.8. 

Irrigation 
Full 
2/3 full 
113 full 
Nil 

Sx 
CV (%) 

The interaction of inigation by sowing date on lentil seed yield (t ha- l ) 

in Canterbury, 1985/86. 

Sowing date 
May August 
0.7 0.8 
0.6 0.7 
0.9 0.8 
1.5 0.8 

0.098 
25.5 

Titore outproduced Olympic at 2.2 and 1.6 t ha- 1 respectively (Table 5.5). 

Again however, a significant sowing date by cultivar interaction showed the response 

was variable. Table 5.9 shows that Titore significantly out yielded Olympic at all 

sowing dates except for the November sowing when there was no significant 

difference. 

Table 5.9. 

Sowing date 
ApIiI 
May 
July 
September 
October 
November 

Sx 
CV (%) 

The interaction of cultivar by sowing elate on seed yield of lentils (t 
ha-1) in Canterbury, 1984/85. 

Cultivar 
Titore Olympic 

2.98 2.64 
3.53 3.10 
2.93 1.82 
1.83 1.10 
1. 11 0.49 
0.55 0.46 

0.128 
14.7 
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5.3 Harvest Index 

As with seed yield and dry matter production, harvest index differed over the 

two years. All main factors had a highly significant (p < 0.01) effect on harvest 

index. 

In 1984/85 HI ranged from 0.32 in the November sowing to 0.46 in the April 

sowing (Table 5.10). In the following season, the HI for the May sowing was 0.23, 

while for the August sowing it was 0.36 (Table 5.10). However, all of the two 

factor interactions were significant in both years. 

Irrigation had a significant effect on HI in both years. However, in 1984/85. 

the response depended on both cultivar and sowing date. Table 5.11 shows that all 

inigated plants at nearly all sowing dates had a lower HI than the unirrigated plants. 

However, in November, the HI of irrigated plants was 0.34 compared with 0.31 

without irrigation. Table 5.12 shows that there was little difference in HI between 

inigated and unirrigated " Titore at .0.44 and 0.46 respectively. However, irrigation 

reduced the HI of Olympic from 0.36 to 0.30. 

In 1985/86, the sowing date by irrigation interaction was again significant. 

Table 5.13 clearly shows the deleterious effect of irrigation on HI in the May 

sowing. While the unirrigated HI of 0.36 was the same as the HI of all treatments in 

the August sowing, the HI of irrigated May sown lentils ranged from 0.15 to 0.23 

(Table 5.13). 

Harvest index between cultivars changed significantly with sowing date. The HI 

of Titore was higher than that of Olympic for all sowing dates (Table 5.14). The 

maximum HI was 0.49 for Titore sown in April and 0.45 for Olympic sown in May. 

The superiority of Titore was more marked in the later sowings. October sown 

Titore had a HI of 0.43 and Olympic a HI of only 0.25. 



Table 5.10. 

1984/85 
Sowing dates 

April 16 
May 15 
July 26 
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A summary of the main effects of sowing date, irrigation and cultivar 
on harvest index of lentils over two seasons in Canterbury. 

1985/86 
Sowing dates 

0.46 May 20 0.23 .. 
0.46 August 26 0.36 
0.40 Sx 0.011 

September 14 0.36 Significance *** 
October 15 0.34 
November 15 0.32 

Sx 0.023 
Significance ** 

Irrigation Inigation 
Full 0.37 Full 0.26 
nil 0.41 2/3 full 0.24 

Sx 0.007 1/3 full 0.29 
Significance *** Nil 0.3 

Sx 0.016 
Significance *** 

Cultivar 
Titore 0.45 
Olympic 0.33 

Sx 0.007 
Significance *** 
CV (%) 12.1 CV (%) 17.1 
Significant 
interactions sdate x irr *** sdate x irr *** 

sdate x cv *** 
irr x cv * 



Table 5.11. 

Sowing date 
April 
May 
July 
September 
October 
November 

Sx 
CV (%) 

Table 5.12. 

Cultivar 
Titore 
Olympic 

Sx 
CV (%) 
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The interaction of irrigation by sowing date on harvest index of 
lentils in Canterbury, 1984/85. 

Irrigation 
Full Nil 
0.43 0.48 
0.44 0.48 
0.34 0.47 
0.35 0.38 
0.34 0.34 
0.34 0.31 

0.026 
12.1 

The interaction of cultivar by irrigation on hmvest index of lentils in 
Canterbury, 1984/85. 

lITigation 
Full Nil 
0.44 0.46 
0.30 0.36 

0.009 
12. J 



Table 5.13. 

Inigation 
Full 
2/3 full 
1/3 full 
Nil 

Sx 
CV (%) 
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The effect of irrigation and sowing date on harvest index of lentils at 
two sowing dates in Canterbury, 1985/86. 

Sowing elates 
May August 
0.17 0.35 
0.15 0.34 
0.23 0.34 
0.36 0.39 

0.022 
17.1 



Table 5.14. 

Sowing date 
April 
May 
July 
September 
October 
November 

Sx 
CV (%) 
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The interaction of cultivar by sowing date on harvest inoex of lentils 
in Canterbury, 1984/85. 

Cultivar 
Titore Olympic 

0.49 0.42 
0.48 0.45 
0.48 0.32 
0.45 0.27 
0.43 0.25 
0.36 0.29 

0.026 
12.1 
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5.4 Yield components L984/85 

5.4. 1 Plant population 

The preceding results were presented as a combination of both seasons. 

Seasonal comparison of yield components is less useful than seasonal comparisons of 

yield. Therefore, yield component results are repolied separately for each of the two 

years. 

Plant population varied little among sowing dates with a mean of 144 plants per 

square metre (Table 5.15). The major factor which affected plant population was 

cultivar. The mean population of Titore was 23 % greater than that of Olympic. 

While sowing date and irrigation had no effect separately on plant population, 

the interactions between sowing date and irrigation and sowing date and cultivar were 

both significant. The population of July sown Titore at 176 plants m-2 was 58 % 

higher than the July sown Olympi~ at III plants m-2 (Table 5.16). At the other 

sowing dates the difference in population between cultivars was not significant 

The sowing date by inigation interaction (Table 5.17) indicates that only in the 

October sowing did irrigation increase plant population. The irrigated plots had 45 

% more plants than the dryland plots. 
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Table 5.15. The effect of three sowing dates and irrigation on the yield 
components of two cultivars of lentils in Canterbury, 1984/85. 

Population Pods/plant Seeds/pod 1000 seed wt. 
plants m- 1 g 

Sowing date 
April 141.3 83.4 1.16 37.52 
July 143.8 67.5 1.28 37.25 
October 148.8 37.5 1.03 33.74 

Sx 8.04 4.48 0.043 1.679 
Significance ns p<O.OOl p=0.015 - ns 

Cultivar 
Titore 159;6 68.5 1.50 23.28 
Olympic 129.6 57.1 0.81 49.05 

Sx 5.66 3.12 0.029 1.060 
Significance p<O.OOl p=0.015 p<O.OOI p<O.OOl 

Irrigation 
Full 149.6 69.8 1.11 33.67 
Nil 139.6 55.8 1.21 38.66 

Sx 5.66 3.12 0.029 1.060 
Significance ns p=0.004 p=0.02 p=O.003 
CV (%) 19.2 24.4 12.4 14.4 
Significant 
interactions sdate x sdate x sdate x sdate x 

irr ** irr ** irr * itT * 
sdate x cv * cv x irr * 



Table 5.16. 

Sx 

Sowing date 
Aplil 
July 
October 

CV (%) 

Table 5.17. 

Sowing elate 
April 
July 
October 

Sx 
CV (%) 
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The interaction of sowing date by cultivar on plant population (plants 
m-2) of lentils in Canterbury, 1984/85. 

Titore 
152.5 
176.3 
150.0 

Cultivar 

10.61 
19.2 

Olympic 
130.0 
Ill. 3 
147.5 

The interaction of sowing date by inigation on plant population 
(plants 01-2) of lentils in Canterbury, 1984/85. 

lITigation 
Full Nil 

137.5 145.0 
135.0 152.5 
176.3 121.3 

10.62 
19.2 



51 

5.4.2 Pods per plant 

The number of pods per plant decreased with later sowings from 83 in the April 

sowing to 38 in the October sowing (Table 5. is). Cultivar also affected the number 

of pods per plant with Titore producing 20 % more than Olympic. 

There was a response of pods per plant to inigation. However, irrigation 

interacted with both sowing date and cultivar. Without inigation, both cultivars 

produced 56 pods per plant (Table 5.18). However, when inigated Titore produced 

37 % more pods per plant than Olympic. Irrigation markedly increased the number 

of pods per plant in the April sowing by 60 per cent (Table 5.19). There was 

virtually no effect of irrigation at the other two sowing dates. 

Table 5.18. 

Irrigation 
Full 
Nil 

Sx 
CV (%) 

Table 5.19. 

Sowing elate 
April 
July 
October 

Sx 
CV (%) 

The interaction of cultivar by inigation on the numbe]~ of pods per 
plant of lentils in Canterbury, 1984/85. 

Titore 
81.0 
56.0 

Cultivar 

4.41 
14.4 

Olympic 
58.6 
55.6 

The interaction of sowing date by irrigation on the number of pods 
per plant of lentils in Canterbury, 1984/85. 

Irrigation 
Full Nil 

102.6 64.2 
69.6 65.4 
37.2 37.8 

5.89 
14.4 
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5.4.3 Seeds per pod 

The number of seeds per pod tended to fall with delayed sowing. However. the 

maximum number of seeds per pod was 1.28 in the July sowing (Table 5.15). There 

was a significant interaction between sowing date and irrigation (Table 5.20). In 

general, there was no effect of irrigation on the number of seeds per pod. However. 

in the October sowing, the number of seeds per pod fel] from 1.16 without irrigation 

to 0.89 with full irrigation. 

Table 5.20. 

Sowing date 
April 
July 
October 

Sx 
CV (%) 

The interaction of sowing date by irrigation on lhe number of seeds 
per pod of lentils in Canterbury. 1984/85. 

Irrigation 
Full Nil 
1.15 1.17 
1.27 1.29 
0.89 1. L6 

0.056 
12.4 

Cultivar had a profound effect on the number of seeds per pod with Titore 

producing 85 % more seeds per pod than Olympic (Table 5.15). 

5.4.4 Thousand seed weight 

Thousand seed weight was unaffected by sowing date (Table 5.15). However, 

the significant interaction between sowing date and irrigation (Table 5.21) shows that 

in the July sowing, there was a drop in 1000 seed weight from 42.9 g with no 

irrigation to 31.6 g with inigation. 

Table 5.21. 

Sowing date 
April 
July 
October 

Sx 
CV (%) 

The interaction of sowing date by irrigation on 1000 seed weight (g) 
of lentils in Canterbury, 1984/85. 

Irrigation 
Full Nil 
35.58 39.46 
31.6\ 42.88 
33.83 33.64 

2.\2 
14.4 

As expected, there was a large difference in the 1000 seed weight between Titore and 
Olympic. Olympic seed was more than twice as heavy as Titore seed (Table 5.15). 
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5.5 Yield components 1985/86 

5.5.1 Plant population 

In 1985/86, the plant population was higher in the August sowing than in the 

May sowing. There was no response to irrigation and mean plant popUlation was 

143 plants nr2 (Table 5.22). 

5.5.2 Pods per plant 

As with plant popUlation, only sowing date affected the number of pods per 

plant. The May sowing produced over twice the number of pods per plant as the 

August sowing (Table 5.22). The mean number of pods per plant over all irrigation 

treatments was 57.3 

5.5.3 Seeds per pod 

The number of seeds produced per pod in the May sowing was significantly 

higher than those produced in the August sowing (Table 5.22), but there was no 

effect of ilTigation. 

5.5.4 Thousand seed weight 

Mean 1000 seed weight was markedly lower in the May sowing than in the 

August sowing. Increased irrigation caused a significant reduction in 1000 seed 

weight. The dryland plots had a mean seed weight 18 % higher than fully irrigated 

plots (Table 5.22). 
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Table 5.22. The effect of two sowing dates and inigation on the yield 
components of Titore lentils in Canterbury, 1985/86. 

Population Pods/plant Seeds/pod 1000 seed wt. 
(pI ants m- I ) (g) 

Sowing date 
May 134 79.9 1.55 12.34 
August 153 34.8 1.42 18.45 

Sx 5.1 3.39 0.028 0.271 
Significance p=O.Ol 'p<O.OOI p=0.003 p<O.OOI 

Irrigation 
Full 147 57.2 1.49 14.34 
2/3 full 145 54.8 1.46 14.74 
1/3 full 136 57.4 1.50 15.63 
Nil 146 60.0 1.49 16.87 

Sx 7.2 4.79 0.039 0.383 
Significance ns ns ns p<O.OOI 

CV (%) 15.8 26.4 8.5 7.9 
Significant 
interactions nil nil nil nil 
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5.6 Change in branch number per plant 1984/85 

The maximum number of branches per plant (30) was achieved in the April 

sowing (Figure 5.1). However, by final harvest of all three sowing dates the branch 

number was approximately the same at about 15 branches per plant. 

At each sowing date, both cultivar and irrigation significantly affected branch 

number. In the April sowing, irrigated Titore plants produced 32.5 branches per 

plant, while the unirrigated Olympic produced a maximum of only 25.0 branches per 

plant (Figure 5.2a). In general, Titore produced more branches than Olympic. 

While there was no significant difference in branch number in Olympic due to 

irrigation, with Titore, itTigated plants produced 32 % more branches per plant. 

For irrigated Titore plants, the July sowing results were similar to April and 

maximum branch number per plant was 28.5. This compared with a maximum of 

only 14.5 branches per plant in the unirrigated Olympic plants (Figure 5.2b). In this 

sowing, maximum branch number was attained approximately 124 days after sowing. 

Irrigation had a more marked effect on the July sown plants. Irrigation 

increased maximum branch number 21 and 31 % in Titore and Olympic respectively. 

Again, Titore produced more branches per plant than Olympic over most of the 

season. 

In the October sowing, branch number per plant increased much more rapidly 

than in the earlier sowings. The maximum branch number of 19.5 was reached 

approximately 56 days after sowing in the irrigated Titore plants (Figure 5.2c). 

While irrigation had little effect on branch number per plant, there was a large 

difference due to cultivar. From 40 days after sowing, Titore produced significantly 

more branches per plant than Olympic. Indeed over much of the season. Titore had 

35 % more branches per plant than Olympic. 

5.7 Variation in pod number over the season 

At final harvest the April sowing had the highest number of pods per branch at 

5.3 while the July and October sowings produced 4.7 and 2.7 pods per branch 

respectively (Table 5.23). The significant interaction (p < 0.01) which occurred 

between sowing date and irrigation showed that while there was no effect of 

irrigation on the number of pods per branch in the July and October spwings. the 
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irrigated April sown plants produced 30 % more pods per branch than the 

unirrigated plants (Table 5.24). The difference in pods per branch between cultivars 

was also significant. 

Table 5.23. The number of pods per branch of two cultivars of lentils sown at 

three dates with and without irrigation in Canterbury, \984/85. 

Sowing date 
April 
July 
October 

Sx 
Significance 

Cultivar 
Titore 
Olympic 

Sx 
Significance 

Irrigation 
Full 
Nil 

Sx 
Significance 

CV (%) 
Significant interactions 

5.30 
4.67 
2.67 
0.250 

p<O.OOI 

3.96 
4.47 
0.\50 

p=0.025 

4.36 
4.07 
0.150 

ns 

17.4 
sdate x irr * * 

Pod number changed dramatically over the growing season. In the April sowing 

pods began to appear approximately 200 days after sowing. Irrigated Titore 

produced the maximum of 12J pods per plant, a 39 % increase over the number of 

pods per plant produced by irrigated Olympic plants (Figure 5.3a). There was no 

difference between cultivars in the absence of irrigation. 

Table 5.24. The interaction of sowing date by irrigation on the number of pods 

per branch of lentils in Canterbury, 1984/85. 

Irrigation 
Sowing date Full Nil 

April 5.99 4.62 
July 4.50 4.85 
October 2.60 2.74 

Sx 0.310 
CV (%) 17.4 
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Pod production in the July sowing began about 110 days after sowing (Figure 

5.3b). Again, the maximum number of pods per plant was produced by irrigated 

Titore plants at 81 pods. In this sowing however. trends were not as clear cut as in 

the April sowing. Although towards the end of the season, irrigated Olympic plants 

produced more pods than irrigated Titore plants, by final harvest, irrigated Titore 

plants had outproduced irrigated Olympic by 42 %. Again, there was little 

difference between cultivars in the absence of irrigation. 

In the October sowing there was no significant difference among treatment 

combinations (Figure 5.3c). Pod production began very early at approximately 54 

days after sowing reaching a maximum pod number per plant of 40 in Titore and 35 

in Olympic. 

5.8 Root length 1985/86 

While it was not possible to statistically analyse the root data due to a lack of 

replication. the observations do indicate approximate root lengths attained by the 

May sowing in 1985/86. At 76 days after sowing when the first root sample was 

dug. the roots were approximately 20 cm long (Figure 5.4). There was a steady 

increase in root length until about 128 days after sowing when the roots reached their 

estimated maximum length of 45 cm. The root length remained at nearly 45 cm 

until 170 days after sowing. The root sample collected at 177 days after sowings 

showed signs of a degenerating root tip. 
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5.9 Discussion 

5.9.1 Biological yield 

Maximum TDM production was high in 1984/85 at 12.5 t ha-1• However, this 

is not high by the standards of other grain legumes in Canterbury, where Herbert 

(1977) found that lupins produced nearly 20 t DM ha-1• However, the TDM 

reported here is higher than that reported from most lentil growing countries. 

El-Sarrag and Nourai (1983) in the Sudan measured TDM production of 4.4 and 4.8 

t ha-1 at sowing rates of 47 and 143 kg ha-1 respectively. Syrian lentils have been 

shown to yield up to 5.5 t DM ha-1 (ICARDA, 1982), while TDM production in 

India has been shown to be as high as 6 t ha-1 • Other exceptional lentil TDM yields 

of up to 9.1 t ha-1 have been reported for straw producing cultivars in Aleppo Syria 

(Erskine, 1983). 

Maximum TDM production was much lower in the 1985/86 season at only 8.7 t 

ha- 1 (Table 5.1). The main cause of the difference in TD M yield between the two 

seasons was the severe outbreak of Botrytis cinerea in 1985/86. 

All autumn/winter sowings produced more TDM than did spring sowings (Table 

5.1). These results were very similar to results from many overseas countries. In 

Syria, Saxena et al. (1983) found that TDM yields ranged from 4990 kg ha-1 when 

sown on 23 November to 2790 kg ha-1 when sown on 4 February. However, in very 

add regions, very short delays, on the order of two weeks, can result in reduced DM 

yield. In another Syrian experiment, delaying sowing by only 20 days resulted in a 

drop of total biological yield from approximately 6300 kg ha-1 to 5600 kg ha- I with 

the lentil variety 1114400 (ICARDA, 1982). 

Increased vegetative growth with early sowing is common with indeterminate 

grain legume crops in regions with winters which are mild enough to allow plant 

survival. This has been shown in Canterbury with field beans (Newton, 1980; 

Husain, 1984) and with chickpeas (Hernandez, 1986). This is due to the longer crop 

duration which allows the crop to intercept more solar radiation and produce more 

potential pod sites. In arid regions, early sowing increases yield primarily due to 

increased WUE and through escaping the annual drought (lCARDA. 1982). 
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Irrigation, as shown in this experiment. may increase TOM production (Table 

5,3), a response which has been frequently rep0l1ed in Canterbury with other grain 

legumes. Irrigation has been shown to increase TOM in lentils in other countries 

( Saraf and Baitha, 1979; Sharma and Prasad, 1984; Murari and Pandey. 1985). In 

Canterbury, the response of TDM production to irrigation is less consistent than in 

middle Eastern or Asian countries. This is probably because of the more reliable 

rainfall in New Zealand and the fact that most overseas lentil crops are grown, on 

small amounts of stored soil water after a major crop. Increased TOM with 

irrIgation is probably due to delayed crop senescence at the end of the season; 

increased solar radiation interception; increased GAO (Biscoe and Gallagher, 1977); 

and through increased CGR and increased maximum COR (Husain, ] 984). The 

decline in TDM at grain harvest from the maximum reached earlier was due to leaf 

and undeveloped pod abscission, and is a common feature of grain legumes (Newton, 

1980). 

While cultivar has been shown to exe11 a strong influence on TOM production 

(Erskine, 1983), in this experiment there was little difference between the two 

cultivars. The differences which occurred were dependent upon sowing date. The 

reasons for this inconsistent petfonnance are not known, but may be due to 

differences in susceptibility to disease, or to varying responses to edaphic conditions. 

5.9.2 Seed yield 

Seed yield in 1984/85 was quite high by world standards at 3.3 t ha-1 • from the 

May sowing (Table 5.5). In 1985/86, seed yields were much lower and there was no 

difference between the two sowing dates. However, the unirrigated May sowing 

out yielded all other sowings by nearly 100 % (Table 5.8) which clearly indicates the 

value of autumn sowing of lentils in Canterbury. In 1984/85. all autumn sowings 

produced in excess of 2.0 t seed ha-1, while the maximum spring sown yield was 1.5 

t ha-1, The harvested yields were comparable to the maximum attainable yields 

calculated from yield components (Table 5.25) with the exception of the irrigated 

April sowing. The high calculated yield was due to the very high number of pods 

per plant in the irrigated April sowing, which may have been a compensatory 

mechanism for the herbicide damage which occurred in this sowing. 

Jermyn et a1. (1981) found in general, autumn sowings out yielded 

spring sowings in Canterbury. However, the results were less consistent, with one 

season showing a September sowing outyielcling a May sowing by 82 %. In that 
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experiment, there were serious weed problems, l;lUt unfortunately no mention was 

made of any difference in weed infestation between sowing dates. With inadequate 

weed control, the slow winter growth rate of an autumn sown lentil crop could result 

in a severe weed problem. In this experiment however, weed control in all sowing 

dates was good and weeds caused little yield loss. 

Table 5.25. 

Cultivar 

Titore 

Olympic 

Maximum lentil seed yields calculated from yield components of 
lentils sown in April, 1984. 

Irrigation Plants Pods Seeds Seed wt. Yield 
regime m-2 plant-1 pod-1 (mg) t ha- I 

Irrigated 140 120.5 l.53 22.0 5.6 
U nirrigated 165 62.2 1.44 26.5 3.9 

Irrigated 135 . 84.7 0.77 49.1 4.3 
Unirrigated 125 66.2 0.90 52.4 . 3.9 

Overseas, there are many reports of seed yield reductions occurring with delayed 

sowing. However, in Washington, USA, lentils are usually spring sown because of 

severe winters, although early spring sowings usually out yield later spring sowings 

(Summerfield et aI., 1982). In Bihar, India, Sinha and Chowdhury (1984) reported 

that late sowings of lentils resulted in lower yields because of increased levels of 

water stress. Abdel-Rahman et al. (1980), in Egypt, reported lentil yields of 1990, 

1780 and 1620 kg ha- 1 when sown on 31 October, 15 November and 1 December 

respectively. In Syria, where most lentils are sown in December, Saxena et al. 

(1983) reported a 55 % decrease in seed yield when sowing was delayed from 13 

December until 4 February. 

There are probably two mechanisms resulting in increased seed yields with early 

sowing, and these are dependent upon environmental factors to determine which is 

dominant. In temperate countries with even. dependable rainfall. early sowing 

allows the crop to produce large plants which can produce and support many pods, 

and which intercept maximum solar radiation through longer duration and more rapid 

early spIing growth. In more arid countries earlier sowing also does these things. 

but primarily it allows the crop to mature before significant water stress can occur. 

which would severely limit the yield of later sowings. 
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5.9.3 Harvest index 

Harvest indices of grain legumes in Canterbury appear to be quite variable. 

Peas, the most commonly grown grain legume in the region have been found to have 

harvest indices ranging from 0.17 to 0.44 (Askin, 1983). In this study, HI was 
-- - -

influenced by both cultivar and sowing date, with autumn sowing resulting in a lower 

field pea HI than spring sowing. Green peas have also shown variability in HI 

ranging from 0.16 to 0.24 based on shelling percentage (Anderson and White, 

1974). 

In contrast with peas, Newton (1980) anel Husain (1984) both found the HI of 
/ 

,/ field beans ranged from approximately 0.45 to 0.52 in autumn sowings and from 

0.33 to 0.42 in spring sowings. However, Attiya (1985), measured harvest indices 

ranging from 0.45 to 0.50 in 1982/83,while in 1983/84 the levels were only 0.16 to 

0.25. The reduction, which occulTed in a wet season, resulted from a. reduction in 

seeds per pod and excessive vegetative growth. 

In Canterbury, the HI of chickpeas has ranged from viI1ually zero in a very wet 

season to 0.46 in a more typical dry season (Hernandez, 1986). Suggested reasons 

for these dramatic changes were reduced light intensity, which has been shown to 

/ reduce seed set in chickpeas (Aziz et aI., 1960); low temperatures; and a severe 

Ascochyta infection (Hernandez, 1986). 

In this experiment HI was relatively stable within a season. In 1984/85 the 

lowest value was 0.32 in the November sowing and highest was 0.46 in the April and 

May sowings. In 1984/85 the later sowings tended to have lower HI because these 

sowings flowered very early in the growth season. This would then result in long 

periods of concurrent growth of both vegetative and reproductive sinks. Pyke and 

Hedley (1985). reported that in peas this situation may result in more assimilate 

being partitioned into vegetative growth with a resultant drop in harvest index. In 

the 1985/86 season, HI was much lower at 0.23 and 0.35 in the May and August 

sowings respectively. The lower HI in the autumn sowing was due to the greater 

incidence of disease in the irrigated May sowings as shown by the very low HI of 

these treatments (Table 5.13). 

In this experiment, irrigation tended to decrease HI usually because it increased 

TDM production with no or little increase in seed yield. This is common in grain 

legumes and has been reported by El-Sarrag and Nourai (1983); Attiya (1985) and 
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Hernandez (1986). However, Sharma and Prasad (1984) in New Delhi, India 

reported irrigation increased HI consistently over two seasons. The reason for these 

varying reports is probably the different amounts of rainfall which fell in Canterbury 

and in that region of India. According to Sharma and Prasad (1984). in the 

1979/80, and 1980/81 seasons only 47 mm and 69 mm respectively of rain fell 

dUling the growing seasons. With PET rates at a conservative 4 mm day-l, the 

unirrigated plants would have reached severe water stress rapidly and remained so for 

an extended period of time. In Canterbury, however, over approximately the 

growing season 190 and 262 mm of rain fell in 1984/85 and 1985/86 respectively. 

5.9.4 Yield components 

5.9.4. 1 Correlation between yield and yield components 

To determine which yield component affected seed yield most significantly, 

correlations were calculated between seed yield and selected yield components 

(Tables 5.26 and 5.27). Over both seasons, the only yield component that 

consistently gave a correlation coefficient greater than 0.75 was the number of pods 

per plant. This confilms the work of Chandra and Lal (1974); Muehlbauer (1974); 

Singh et a1. (1977); Tikka and Asawa (1981) and Krarup (J 984). who all found that 

lentil yield was positively correlated with the number of pods per plant. With 

chickpeas in Canterbury, Hernandez (1986) also reported that the number of pods 

per plant gave the highest correlation with seed yield. 

Table 5.26. 

Character 

Branches/pH 
Pods/plant 
Seeds/pod 
1000 seed wt 
Pods/branch 

df = 47 

The correlation coefficients for yield and yield components in lentils 
in 1984/85. 

Yield Branches Pods per Seeds Thousand 
g m-2 per plant plant per pod seed wt. 

0.35 
0.768** 0.595** 
0.416** 0.5 t3** 0.301 

-0.009 -0.563** -0.143 -0.759 
0.716** 0.007 0.785** 0.005 0.269 

Surprisingly, in 1984/85, there was no correlation between the number of 
.1 

branches per plant and seed yield. Since branches produce pod sites and early sown 
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plants were much larger, it would seem logical that these plants had more branches 

at harvest. However, the correlation between pods per branch and seed yield at 

0.716 would indicate that early sowings had more pods per branch not more 

branches. This is confirmed by the analysis of variance results on the number of 

pods per branch (Table 5.23), and by the final branch number at harvest (Figure 

5.1). 

Table 5.27. 

Character 

pods/plant 
Seeds/pod 
1000 seed wt 

df = 39 

The con-elation coefficients for yield and yield components in lentils 
in 1985/86. 

Yield Pods per Seeds per 
g m-2 plant pod 

0.814** 
0.580** 0.526** 

-0.360 -0.738** -0.377 

The number of seeds per pod had a highly significant correlation with seed 

yield, but at r = 0.416 in 1984/85 and r = 0.580 in 1985/86, this may have been 

more a function of the large number of degrees of freedom than of a biologically 

meaningful relationshi p. 

5.9.4.2 Plant population 

While optimum plant populations haven't yet been detennined for lentils in 

Canterbury DSIR recommendations are for 150 plants m-2 • In 1984/85 all 

populations were near 150 plants m-2 , although Olympic had a lower population 

than Titore (Table 5.15) The difference was most marked in the July sowing (Table 

5.16) and it seems likely that plant deaths due to winter weather were higher in the 

July sown Olympic than Titore. The only other indication of significant plant deaths 

occurred in the unirrigated October sowing which had a population of 121 plants 

m-2 . This sowing date experienced little rainfall after November, when the plants 

were still quite small and water stress probably caused some plant deaths. 

5.9.4.3 Number of poels per plant 

In this experiment, sowing date had the largest effect on the number of pods per 

plant. Later sowings had significantly fewer poels per plant in both seasons. This 

trend has also been repOltecl by other researchers (Saraf and Baitha, 1979: Krarup. 
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1984). As discussed previously, earlier sown lentil plants were larger and each 

branch carried more pods. It seems likely that the larger plants produced enough 

extra carbohydrate to fill the extra pods. This has been reported in other grain 

legume crops in Canterbury. With field beans, Newton (1980), found more pods in 

an autumn sowing than in a spring sowing. However, Husain (1984), found no 

difference in pod number between sowing dates except in one autumn sowing. This 

sowing was at a very low population which on its own could account for increased 

numbers of pods per plant. 

While irrigation significantly increased the number of pods per plant, this only 

occurred in the April 1984/85 sowing date (Table 5. 19). This was probably a 

response to the burning which occurred from the application of the herbicide 

metribuzin to only this sowing date (see Chapter 3. Materials and Methods, for 

details). There was no effect in 1985/86. 

In general, in Canterbury, irrigation has been shown to increase the number of 

pods per plantwith: lupins (Stoker" 1975 and Herbert, 1977); field beans (Newton, 

1980 and Husain, 1984); and peas (Anderson and White, 1974 and Zain, 1984). An 

increase in the number of pods per plant may be due to increased numbers of lateral 

branches as reported by Stoker (1974) with lupins. With lentils however, in·jgation 

increased branch number in the April and July sowings, but not in the October 

sowing. There was no consistent relationship between branch number per plant and 

pod number per plant. 

In this experiment, Titore produced more pods per plant than did Olympic. 

Genetic variability in this character has been reported overseas (Singh et a1., 1977). 

Wilson (1977), showed that small seeded lentil accessions like Titore, produced more 

flowers per peduncle than did large seeded accessions. Titore also responded more 

to irrigation than did Olympic (Table 5.18). The reason for this is unknown. 

5; 9.4.4 Number of seeds per pod 

In both seasons, autumn sowings produced more seeds per pod than spring 

sowings. The effect however, was not consistent. with the July sowing in 1984/85 

producing the highest number of seeds per pod at 1.28. This character has been 

shown by Krarup (1984), in Chile. to respond inconsistently to sowing date. As 

expected, cultivar had the most significant effect on the number of seeds per pod. 

Titore, a small seeded cultivar produced about twice as many seeds per pod as the 
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large seeded Olympic. This SUPp0l1s the finding of Wilson (1977) that out of 250 

lentil accessions small seeded lines usually produced more seeds per pod than large 

seeded lines. 

In 1984/85, a dry season, irrigation reduced the number of seeds per pod. This 

was particularly marked in the October sowing (Table 5.20). In 1985/86 there was 

no response to irrigation. These findings contrast with those of Murari and Pandey 

(1985), in India, who reported increased numbers of seeds per pod with irrigation in 

dry seasons, but no response in moist seasons. The most likely reason for reduced 

numbers of seeds per pod in the irrigated October sowing was increased competition 

for assimilate from the vegetative growth. This would have been more pronounced in 

the irrigated plots because senescence occurred later. Additional evidence suggesting 

this is the increased GAl later in the season with the irrigated October sowings of 

both cultivars. 

5.9.4.5 Thousand seed weight 

In 1985/86, seed weight was very low at about half the 1984/85 weights due to 

the Botrytis which caused a large amount of shrivelled seed. This was particularly 

prevalent in the irrigated plots. 

In 1984/85, the absence of any significant differences in seed weight between 

sowing dates was similar to reports by Krarup (1984). However, there appeared to 

be a trend with slightly lighter weights in the October sowing. It is possible that 

lower seed weights in later sowings could result from increased competition by 

vegetative sinks for assimilates. In the same experiment, but with the May and 

September sowing dates Sherrell (1986), reported a large decrease in seed weight in 

the September sowing. In 1985/86 there was a large difference in seed weights 

between sowing dates with the May sowing producing a 1000 seed weight of only 

67 % of the 1000 seed weight of the August sowing. This was certainly due to the 

disease which was much more severe in the early sown irrigated plots. 

While irrigation reduced mean seed weight in both seasons. the reasons are 

different in each season. In 1984/85. irrigation generally resulted in more TDM. 

this dry matter increased the vegetative demand for assimilates and increased 

respiratory demand thus resulting in marginally smaller seeds. This has been 

previously reported in Canterbury with field beans (Husain, 1984). In 1985/86 

disease incidence and severity was higher in irrigated plots. This resultyd in a very 
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small average seed size. Without irrigation in the May sowing seed weight was 

nearly the same as at all treatments in the August sowing 

5.9.4.6 Branch number 

This yield component was measured because of literature reports indicating that 

it may be correlated with yield (Singh and Dixit, 1970 and Tikka and Asawa, ] 981). 

However, in this expedment, there was no significant correlation between the 

number of branches per plant and seed yield. The number of pods per branch 

formed a highly significant correlation with seed yield. Clearly the branches in 

earlier sowings held more pods. Whether this was because of more peduncles per 

branch, or more pods per peduncle is unknown. 

5.10 Conclusions 

The results indicated lhat in Canterbury lentils produced higher seed yields in a 

dry season than in a wet season. Spwing date had the most significant effect on seed 

yield. Autumn sowings produced more seed than spring sowings because the autumn 

sown plants produced more dry matter. 

Irrigation, even in a dry season gave little increase in seed production. 

However, total dry matter usually responded positively to ilTigation. 

The yield component which had the greatest effect on yieJd was the number of 

pods per plant. Harvest index remained relatively stable within a season. However. 

in the absence of disease, autumn sowings tended to have a higher HI than spring 

sowings. 

The next chapter will examine the analysis of crop growth over the season and 

crop development. 
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Chapter 6 

Results and discussion - Growth analysis and crop development 

6.1 Green area duration (GAD) 

There was a consistent linear relationship between green area duration and 

maximum total dry matter produced. Green area duration ranged from 108 days in 

the 1985 August sowing to 603 in the irrigated April sown Olympic plants, and was 

highly correlated with maximum dry matter production (Figure 6.1). 

In 1984/85, there was a highly significant (p<O.OOI) effect of sowing date on 

GAD. The April sowing produced a GAD which was 237 % higher than the GAD of 

the October sowing (Table 6.1). Cultivar and irrigation also affected GAD. 

Olympic produced a higher GAD than Titore. The irrigated mean GAD was 

significantly higher than that of the uninigated plants (Table 6.1). However, these 

results must be interpreted with some caution as both the sowing date by cultivar and 

sowing date by irrigation interactions were significant (p < 0.001). 

Table 6.1. 

Sowing date 

April 
July 
October 

Sx 
Significance 

Cultivar 
Titore 
Olympic 

Sx 
Significance 

liTigation 
Full 
Nil 

Sx 
Significance 
CV (%) 

The effect of sowing date and irrigation on green area duration of 
Titore and Olympic lentils in Canterbury, 1984/85. 

GAD 
(days) 
470.3 
421.0 
139.7 

19.30 
p<O.OOl 

330.7 
356.7 

7.63 
p=0.023 

399.6 
287.7 

7.63 
p< 0.001 

10.9 
Significant interactions sdate x cv *** 

sdate x irr *** 
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Green area duration (d) 

The relationship between maximum dry matter production and green 
area duration of lentils at three sowing dates in Canterbury, 1984/85 

April sowing (e), July sowing (0), October sowing (0) y = 2.86 + 
0.016 x (R2 = 84.8 %) 
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There was no significant difference in GAD between April and July sown Titore. 

In Olympic, however, the April sowing had a significantly higher GAD at 522 than 

the July sowing at 414 (Table 6.2). 

Table 6.2. The interaction of sowing date by cu1tivar on green area duration (days) 
of lentils in Canterbury, 1984/85 

Cultivar 
Sowing date Titore Olympic 

April 418.8 521.8 
July 427.8 414.1 
October 145.3 134.1 

Sx 21.43 

The sowing date byirrigation interaction (Table 6.3) indicates that in the April 

and July sowings, irrigation produced a much higher GAD than no irrigation. 

However, at the October sowing, there was no difference in GAD between the two 

treatments at 140. 

Table 6.3. The interaction of sowing date by irrigation on green area duration 
(days) of lentils in Canterbury, 1984/85. 

Inigation 
Sowing date Full Nil 

April 552.4 388.2 
July 502.3 339.6 
October 144.3 135.1 

Sx 21.43 
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In 1985/86, GAD was affected by sowing date and inigation in a similar 

manner to 1984/85. Green area duration was only calculated until maximum green 

area index was attained and hence direct comparison cannot be made with the 

previous season. Again, autumn sowing gave a higher GAD at 247 than did the 

August sowing at 108 (Table 6.4). 

Table 6.4. 

Sowing date 

May 
August 

Sx 
Significance 

Irrigation 

Full 
2/3 full 
1/3 full 
Nil 

Sx 
Significance 
CV (%) 

The effect of sowing date and irrigation on green area duration until 

maximum green area index of Titore lentils in Canterbury, 1985/86. 

GAD 
(days) 

246.7 
108.0 

8.83 
p<O.OOI 

197.8 
193.8 
170.3 
147.3 

Significant interactions 

12.48 
p=0.028 

22.3 
nil 

Irrigation increased GAD. Fully irrigated plants produced a GAD which was 35 

% greater than the GAD of the uninigated plants (Table 6.4). The interaction was 

not significant. 

6.2 Dry matter accumulation - 1984/85 

Crop growth over the season exhibited the traditional exponential curve. In 

1984/85 crops in all three sowing dates initially accumulated dry matter very slowly 

(Figure 6.2). This phase was followed by a rapid nearly linear growth phase. 

Finally, with crop maturity, growth ceased. 

The MLP analysis, used as outlined in Chapter 3, indicated that the parameters 

for the generalized logistic curves fitted to the growth data valied according to 

treatment. Parameter values for each of the dry matter accumulation curves at the 

April, July and October sowing date are presented in Appendix 1. 
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Dry matter accumulation of lentils at three sowing dates in Canterbury. 
1984/85. 

April sowing (e). July sowing (0), October sowing (0). Curve 
parameters are presented in Appendix I. 
Y = a + c/(1 + T * exp(-b(x-m»)I/T 
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6.2.1 Weighted mean absolute growth rate (WMAGR) 

In 1984/85, the only factor which affected WMAGR was sowing date (Table 

6.5). The July sowing showed the fastest WMAGR, while the October sowing was 

the slowest. Interpretation of the sowing date effect must also take into account the 

significant interaction between sowing date and in-igation (Figure 6.3). The effect of 

irrigation on the April sowing was marked. Without irrigation. WMAGR was 79.5 

kg ha-1 day-l, however, when irrigated the WMAGR reached 139.9 kg ha-1 day-l a 76 

% increase over the unirrigated crop. 

Cultivar had no effect on WMAGR. 

6.2.2 Duration (of exponential phase DUR) 

This variate can be described as the duration of crop growth over "Which most 

growth occurs. As with WMAGR, only sowing date affected DUR. As expected, the 

April sowing had the longest OUR at 112 days, with July at 83 days and October at 

62 days (Table 6.5). There were no significant interactions. 

6.2.3 Maximum Crop Growth Rate (Cm) 

The July sowing had the highest Cm at 230 kg ha-l dayl (Table 6.5). This was 

33 % and 46 % higher than the Cm values in the April and October sowings 

respectively. While irrigation also had a significant effect on Cm, the significant 

sowing date by irrigation interaction means that these factors must be examined 

together. The main effect of irrigation on Cm was in the April sowing where without 

irrigation, Cm was 122 kg ha-1 day-I, while with irrigation, it was 224 kg ha-1 day-l 

(Figure 6.4). In the July sowing the irrigated crop again had a higher Cm than the 

unirrigated crop at 247 and 212 kg ha-l day-l respectively. By the October sowing, 

there was no significant difference in Cm between irrigated and un irrigated crops. 

6.3 Dry matter accumulation 1985/86 

In 1985/86 the trend of dry matter accumulation was similar to 1984/85 (Figure 

6.5). However, maximum dry matter accumulation was less than in the previous 

year. 
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Table 6.5. The effect of sowing date and irrigation on weighted mean absolute 
growth rate (WMAGR), duration of the exponential phase of growth 
(DUR) and maximum crop growth rate (Cm) of Titore and Olympic 
lentils in Canterbury, 1984/85. 

WMAGR DUR C1r Sowing date kg-1ha-1day-l days kg-1ha- day-l 
April 109.7 112.3 173.0 
July 136.4 82.8 229.8 
October 95.9 61.8 156.8 

Sx 7.43 7.40 10.79 
Significance p=0.022 p=0.008 p=0.007 

Cultivar 
Titore 121.4· 78.7 191.4 
Olympic 106.6 92.6 181.6 

Sx 5.74 5.85 8.30 
Significance ns ns ns 

Irrigation 
Full 119.4 89.5 205.4 
Nil 108.6 81.8 167.6 

Sx 5.74 5.85 8.30 
Significance ns ns p=0.003 
CV (%) 24.7 33.4 21.8 

Significant 
interactions sdate x irr *** nil sdate x irr * 
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The interaction between sowing date and irrigation of weighted mean 
absolute growth rate of lentils in Canterbury. 1984/85. 

Full irrigation (0), no irrigation (e) 
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The interaction between sowing date and irrigation of maximum crop 
growth rate of lentils in Canterbury. 1984/85. 
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Dry matter accumulation of lentils at two sowing dates in Canterbury. 
1985/86. 

May sowing (e), August sowing (0). Curve parameters are presented in 
Appendix 1. 
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The MLP growth analysis indicated that the only factor affecting any of the 

growth parameters was sowing date (Table 6.6). The WMAGR was 25 % higher in 

the May than in the August sowing. Irrigation had no effect and mean WMAGR 

was 154.4 kg ha-1 day-l. 

Duration of crop growth was significantly longer (p<O.OOl) in the May sowing 

at 63 days than in the August sowing at 43 days (Table 6.6). Again irrigation had 

no effect. 

Maximum crop growth rate was significantly higher in the May than in the 

August sowing (p< 0.001). In the May sowing, Cm was 35 % higher than the 

August sowing. The maximum crop growth rate in the August sowing was only 

marginally higher than the August WMAGR of 137.4 kg ha- 1 day-I. Mean Cm was 

unaffected by irrigation. 

6.4 Growth and intercepted radiation 

6.4.1 Green area index (GAl) 

In 1984/85, GAl over the growing season varied markedly with sowing date. 

The July sowing produced the highest GAl at 9.8. The April and October sowings 

produced considerably lower GAl's at 7.1 and 4.1 respectively (Figure 6.6). 

The increase in GAl with time was most rapid in the October sown crop which 

reached maximum GAl only 68 days after sowing. The April and July sown crops 

took 197 and 124 days respectively to attain their maximum GAL 

The decline in GAl after maximum GAl was reached was extremely rapid in all 

sowings. Approximately 25 days after maximum GAl was attained, there was no 

green material remaining on the plants (Figure 6.6). 

In 1985/86, the increase in GAl was similar to that obtained in the previous 

season. The August sowing reached a maximum GAL of 6.2 at 98 days after sowing, 

while the May sowing GAl was 8.5 by 182 days after sowing (Figure 6.7). The 

decline of GAl was not measured in 1985/86. 

The effect of irrigation and cultivar on GAL varied with sowing date. Irrigation 

tended to significantly inci·ease GAl (Figure 6.8a). Maximum GAl was 9.7 in 



Table 6.6. 

Sowing date 
May 
August 

Sx 
Significance 

Irrigation 
Full 
2/3 full 
113 full 
Nil 

Sx 
Significance 
CV (%) 

Significant 
interactions 
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The effect of irrigation and sowing date on weighted mean absolute 
growth rate (WMAGR), duration (DUR) and maximum crop growth 
rate (Cm) of Titore lentils in Canterbury, 1985/86. 

WMAGR DUR C1\1 
kg-1ha-1day-l days kg-1ha- day-l 

171.4 63.3 189.5 
137.4 43.5 139.6 

7.28 1.58 8.87 
p=0.003 p<O.OOl p.<0.001 

157~ 1 . 52.4 175.2 
154.9 53.8 162.5 
165.4 54.0 172.7 
140.3 53.4 147.9 

lO.30 2.24 12.54 
ns ns ns 
21.1 13.3 24.1 

nil nil nil 
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inigated Titore plants, and 9.3 in the irrigated Olympic plants. There was a marked 

drop in the GAl of irrigated plants between 197 and 21t days after sowing. This 

drop did not occur in the unirrigated plants. 

The maximum GAl of the unirrigated plants was much lower than that of the 

inigated plants. It reached 5.2 and 7.2 in Titore and Olympic respectively. There 

was no difference in GAl between the two cultivars with irrigation. Without 

irrigation however, the difference was significant (p=0.043). At 211 days after 

sowing unirrigated Olympic had a GAl of 7.2, which was 38 % higher than the GAl 

of Titore at 5.2. 

In the July sowing, irrigation again increased GAL The maximum GAl attained 

was extremely high at 13.4 in irrigated Titore plants. Inigated Olympic plants 

produced a lower GAl of 10.9 (Figure 6.8b). In unirrigated plants, there was little 

difference in GAl between the two cuItivars, however, Titore did tend to have a 

higher GAl than Olympic. Green area index peaked at 8.5 for Titore and 7.0 for 

Olympic. 

Maximum GAl in the July sowing was attained 124 days after sowing in all 

treatment combinations except unirrigated Titore, which reached it's maximum GAl 

14 days later. 

Green area index in the October sowing increased very rapidly (Figure 6.8c). A 

maximum GAl of 4.7 was attained by unirrigated Titore plants. The lowest GAl was 

3.2 in inigated Olympic plants. In both cultivars, the highest GAl was attained by 

the uninigated plants. All treatments had reached their maximum GAl by 68 days 

after sowing. 

In 1985/86, irrigation had no effect on GAL Figure 6.9a shows that in the May 

sowing, maximum GAl ranged from 7.4 to 9.3, but these values were not 

significantly different. In the August sowing, maximum GAl was lower and ranged 

from 5.6 to 7.1 (Figure 6.9b). Again the differences were not significant. 

6.4.2 Extinction coefficient 

The relationship between GAl and percent intercepted radiation is shown in 

Figure 6.10. At low GAl's, small increases in GAl resulted in large increases in 

intercepted radiation. After a GAl of approximately 6 was reached, betv:een 85 and 
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The effect of irrigation on the green area index of April sown (a). July 
sown (b) and October sown (c) THore and Olympic lentils in 
Canterbury, 1984/85. (I = S ) x 
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The effect of irrigation on the green area index of Titore lentils sown in 
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90 % of incoming radiation was intercepted by the crop. Green area indices above 

this gave only marginal increases in light interception. 

The extinction coefficient (-k) was calculated from the April, 1984 sowing 

because this sowing had the most extensive range of values of GAL The relationship 

between transmissivity and green area index is shown in Figure 6.11. The slope of 

the line indicates an extinction coefficient over the 1984/85 season of -0.268. 

The extinction coefficient varied over the season as shown in Figures 6.12 and 

6.13. In 1984/85, -k varied from 0.42 at a GAl of 2.0 to 0.22 at a GAl of 11.0 to 

13.0 (Figure 6.12). In 1985/86, when radiation interception measurements were 

statted earlier in the season than in 1984/85, the range of -k was greater; from 0.55 

at a GAl of 0.7 to 0.25 at a GAl of 8.5 (Figure 6.13). 

6.4.3 Dry matter accumulation and intercepted PAR 

There was a highly significant linear relationship between accumulated dry 

matter and accumulated intercepted PAR over the growing season, for all treatments, 

over both years (Figure 6.14a). The regression accounted for 92 % of the variation. 

The slope of the line at 1.76 indicated a utilisation coefficient (u) of 1.76 g DM MJ-l 

PAR. 

The relationship between accumulated dry matter and intercepted PAR was 

consistent. In both seasons the regression equations were nearly identical (Figures 

6.14b and 6.14c). In each year however, there were significant treatment effects. In 

1984/85, unirrigated April sown plants accumulated both dry matter and PAR at a 

slower rate than the irrigated plants. (Figure 6.15a). The regressions indicated that 

while irrigated plants had a utilisation coefficient of 2.05 g DM MJ-l PAR, in the 

unirrigated plants it was only 1.51 g DM MP PAR. 

Both the July and October sowings showed a linear relationship between 

intercepted PAR and accumulated DM (Figures 6.15b and 6.15c). There were no 

significant treatment effects. However, the utilisation coefficient was 2.14 g DM MJ-

1 PAR in July but only 1.65 g DM MJ-l PAR in the October sown plants (Figures 

6.15b and 6.15c). 

In 1985/86, treatment effects on dry matter accumulation and intercepted PAR 

were minimal. Figure 6.16 shows that in the May and August sowings, the 
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Figure 6.12. The relationship between the extinction coefficient and green area index 
in irrigated Titore and Olympic lentils at two sowing dates in 
Canterbury, 1984/85. 
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The relationship between accumulated dry matter and intercepted 
photosynthetically active radiation in lentils in Canterbury, 198~/85 
and 1985/86 (a), 1984/85 (b), 1985/86 (c). 

(a) y = -95.7 + 1.76 X, (~2 = 92.0 %) 
(b) y = -100.0 + 1.76 X, (R2 = 87.6 %) 
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Figure 6.15. The relationship between accumulated dry matter and intercepted 
photosynthetically active radiation in irrigated (0) and unirrigated (e) 
April sown (a), July sown,. (b) and October ~sown (c) lentils in 
Canterbury, 1984/85. " , 

Irrigated April sowing y = -211 + 2.05 X, (R2 = 96.3 %) 
Unirrigated April sowing y = -114 + 1.51 X, (R2 = 92.6 %) 
July sowing· y = -152 + 2.14 X, (R2 = 89.4 %) 
October sowing y = -49.8 + 1.65 X, (R2 = 94.1 %) 



Table 6.7. 

Sowing date 
April 
July 
October 

Sx 
Significance 

Irrigation 
Full 
Nil 

Sx 
Significance 

Cultivar 
Titore 
Olympic 

Sx 
Significance 
CV (%) 

Si gnificant 
interactions 

95 

The effect of sowing clate ancl irrigation on total intercepted PAR of 
Titore and Olympic lentils in Canterbury, 1984/85. 

PAR (MJ m-2) 

704.0 
618.1 
365.3 

9.78 
p<0.001 

574.8 
550.2 

4.82 
p<O.OOI 

542.9 
550.2 

4.82 
p<0.001 

4.2 

sdate x cv *** 
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regression lines explained 98.2 and 94.8 % of the variation respectively. The 

utilisation coefficients were also similar at 1.82 and 2.07 g DM MJ-l PAR in the 

May and August sowings respectively. 

The relationship between total intercepted PAR and total maximum dry matter 

was not as close as that between accumulated OM and PAR (Figure 6.17). While 

there was no relationship within a sowing date, over all sowings within a year, the 

relationship was linear and highly significant. In 1984/85, the regression accounted 

for 71.8 % of the valiance and the slope indicated a utilisation coefficient of 1.7 g 

total OM Mll PAR (Figure 6.17a). In 1985/86, the regression line explained 72.6 

% of the variance. However, the utilisation coefficient at 3.05 g total OM Mll PAR 

was high (Figure 6.17b). 

Analysis of variance of total intercepted PAR indicated that in 1984/85, sowing 

date had the most significant effect on total intercepted PAR. The Apl"il sown crop 

intercepted 704 MJ m-2 and the October sowing only 365 MJ m-2 (Table 6.7). There 

was also a significant cultivar effect. Olympic intercepted 582 MJ PAR m-2 and 

Titore only 543 MJ PAR m-2 • lnigation increased intercepted PAR by 4.5 % to 575 

MJ m-2 

There was a highly significant cultivar by sowing date interaction (Table 6.8). 

April sown Olympic plants intercepted 11.8 % more PAR than Titore plants at the 

same sowing date. I n the other sowings, there was little difference between the two 

cultivars. 

Table 6.8. 

Sowing date 
April 
July 
October 

Sx 

The interaction of sowing date by cultivar on total intercepted PAR of 
lentils in Canterbury, 1984/85. 

Cultivar 
Titore Olympic 
664.3 743.8 
599.3 636.9 
365.0 365.5 

11.42 

In 1985/86, only sowing date affected intercepted PAR as described above. 

There was no effect of irrigation (Table 6.9). 



Table 6.9. 

Sowing date 
May 
August 

Sx 
Significance 

Irrigation 
Full 
2/3 full 
113 full 
Nil 

Sx 
Significance 
CV (%) 

Significant 
interactions 
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The effect of sowing date and irrigation on total intercepted PAR of 
Titore lentils in Canterbury, 1985/86. 

PAR 
534.0 
408.6 

7.02 
p<O.OOl 

480.2 
480.7 
478.4 
446.0 

9.93 
ns 
31.4 

nil 
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Figure 6.16. The relationship between accumulated dry matter and intercepted 
photosynthetically active radiation in May (.) and August (0), sown 
lentils in Canterbury, 1985/86. 

May sowing y = -110 + 1.82 X, (R2 = 98.2 %) 
August sowing y .::= -119 + 2.07 X, (R2 = 94.8 %) 
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Figure 6.17. 
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(a) 

The relationship between total dry matter and total intercepted 
photosynthetically active radiation in lentils in Canterbury, 1984/85 (a) 
and 1985/86 (b). 

(a) y = -129 + 1.70 X, (R2 = 71.8 %) 
(b) Y = -796 + 3.05 X, (R2 = 72.6 %) 
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6.4.4 Utilisation coefficient (u) 

As described above, the utilisation coefficient on an accumulated dry matter 

basis was relatively constant and ranged from 2.l4 g DM MJ-l PAR in the July 

1984/85 sowing to 1.65 g DM MJ-i PAR in the October 1984/85 sowing. Over both 

seasons and all treatments u was I. 76 g DM MJ-l PAR. 

On a total dry matter basis u was less consistent and ranged from 1.70 g DM 

MJ-l PAR in 1984/85 to 3.05 g DM MJ-l PAR in 1985/86. 

The utilisation coefficient was not constant over the growing season. In sowings 

over both years u increased with days after sowing to a maximum value and then it 

declined. In 1984/85, maximum u ranged from 1.85 in the July sowing to 1.50 in 

the October sowing. There was a marked decline after maximum u was attained in 

both of these sowings. In the April sowing however, the decline was quite small 

(Figure 6.18a). 

In 1984/85, there were large treatment effects on u over the season. The July 

sown unirrigated plants had the highest u at 2.0 g DM MJ-l PAR while in the Aplil 

sowing irrigated plants attained the maximum value at 1.82 (Figure 6.18b). There 

was little difference in u in the October sowing. There was also a cultivar difference 

(Figure 6.18c). Generally, Titore produced a higher u than Olympic, with a 

maximum of 2.07 g DM MJ-l PAR in July sown Titore. 

In 1985/86, both sowing dates attained u values of approximately 1.65. 

However, the u values in the August sowing declined rapidly after attaining this value 

while in the May sowing the value did not fall (Figure 6.19). 

The final utilisation coefficient in 1984/85 was affected only by irrigation (Table 

6.10), with fully irrigated plants producing 1.52 g DM for every MJ PAR and only 

1.38 g without irrigation. However, the significant interaction between irrigation and 

sowing date showed that the major effect of irrigation was on the April sowing 

(Table 6.11). Fully irrigated April sown plants had a u of 1.76 while with no 

irrigation it was reduced to 1.27. Irrigation had little effect on u at the other two 

sowing dates. 



Table 6.10. 

Sowing date 
April 
July 
October 

Sx 
Significance 

Irrigation 
Full 
Nil 

Sx 
Significance 

Cultivar 
Titore 
Olympic 

Sx 
Significance 
CV (%) 

Significant 
interactions 
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The effect of sowing date and irrigation on utilisation coefficient of 
PAR into dry matter of Titore and Olympic lentils in Canterbury, 
1984/85. . 

Utilisation coefficient (g DM MP PAR) 
1.52 
1.5 J 
1.32 
0.051 

ns 

1.52 
1.38 
0.044 

p=0.03 

1.46 
1.43 
0.044 

ns 
14.8 

sdate x irr *** 



Table 6.11. 

Sowing date 
April 
JuLy 
October 

Sx 
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The interaction of sowing date by irrigation on utilisation coefficient 
of PAR into dry matter of lentils in Canterbury, ]984/85. 

Irrigation 
Full Nil 
1.76 1.27 
].42 1.59 
1.37 1.27 

0.076 

In 1985/86 only sowing date affected u (Table 6.12). The final utilisation 

coefficient was 1.63 in the May sowing and only 1.01 in the August sowing. There 

was no effect of irrigation. 

Table 6.12. 

Sowing date 

May 
August 

Sx 
Significance 

Inigation 
Full 
2/3 full 
1/3 full 
Nil 

Sx 
Significance 
CV (%) 

Significant 
interactions 

The effect of sowing date and irrigation on utiUsation coefficient of 
PAR into dry matter of Titore lentils in Canterbury, 1985/86. 

Utilisation coefficient (g DM MP PAR) 

1.63 
1.0 I 
0.053 

p< 0.001 

1.35 
1.35 
1.27 
1.32 
0.074 

ns 
17.8 

nil 
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The change in utilisation coefficient over the growing season in lentils 
at three sowing dates in Canterbury. 1984/85. 
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Figure 6,18b, The effect of irrigation on utilisation coefficient in lentils at three 
sowing dates in Canterbury, 1984/85. (I = S,) 

April sowing, irrigated (0) unirrigated (e) 
July sowing, irrigated (0) unirrigated (.) 
October sowing, irrigated (.6) unirrigated (A.) 
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Figure 6018co The effect of cultivar on utilisation coefficient in lentils at three 
sowing dates in Canterbury, 1984/850 (I = Sx) 

April sowing, Titore (e) Olympic (0) 
July sowing. Titore (.) Olympic (D) 
October sowing, Titore (.4) Olympic (.6) 
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The change in utilisation coefficient over the growing season in Titore 
lentils in Canterbury, 1985/86. 
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6.5 Discussion 

6.5.1 Green area duration 

Since leaves produce the majority of photosynthates in most crop plants, there 

have been many attempts to relate yield to leaf area. Watson (1958) reported that 

the crop growth rate of both kale and sugar beet was dependent upon LAI. Watson 

and French (1962) found a relationship between yield and LAI in kale and reported 

that TDM could be increased by keeping LAI at an optimum level by thinning 

leaves. More recently, Turk and Hall (1980) showed that although two cowpea 

cultivars produced leaf area at different rates, there was a high correlation between 

seed yield and LA1 at the end of floweIing. In sunflowers, Rawson and Turner 

(1982) found a linear relationship (R2 = 86.0%) between seed yield per plant and 

maximum leaf area per plant. 

While there has been some success in relating LAI to yield, in general, the time 

integral of LAI which is leaf area duration or in this discussion green area duration 

(GAD), may provide a better explanation of crop yield. In this experiment there was 

a high correlation (RZ = 85.0%) between GAD and TOM produced (Figure 6.1) 

While the relationship is highly significant, GAD may not be a mechanistic 

explanation of dry matter production for reasons outlined below. 

Green area duration was considerably greater in autumn/winter sowings than in 

a spring sowing (Table 6.1). There was little difference in GAD between the April 

and July sowing. Although the July sowing had the maximum GAl of 9.8, the April 

sowing had a much longer duration which compensated for a lower GAL Thus GAD 

for the April and July sowings was 470 and 421 respectively. Green area duration 

in the October sowing was much lower at 140 clays. In 1985/86, GAD was much 

lower, at 247 and 108 days in the May and August sowings respectively. However, 

these values were only calculated until maximum GAl was reached and hence should 

not be compared with the previous season. 

In Canterbury, (Husain, 1984) reported that drought reduced GAD of field 

beans through decreasing maximum GAl and accelerating senescence. This was true 

in both seasons in this experiment as well. This highlights a problem with this 

analysis. Since GAD was increased with irrigation. according to the relationship in 

Figure 6.1, TOM should also have been increased. This occurred only in the April 

sowing, and as previously explained, the reduction in TOM production in the 

unirrigated plots was probably due to leaf burning caused by the metribuzin. 
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In 1984/85, Olympic produced a larger GAD than Titore. However. the 

interaction shown in Table 6.2 shows that this effect was due primarily to the April 

sowing as there was no difference in the July and October sowings. The difference 

was small and will not be considered further. 

While the relationship between GAD and yield was highly significant, it seems 

unlikely that it is a causal relationship. Herbert (1977) rep0l1ed that there was no 

relationship between grain yield and LAD of lupins when LAI was greater than 5 for 

three weeks. lshag (1973) found similar results with field beans. 

The relationship between GAD and yield is probably not causal because GAD 

does not take into account differences in insolation, leaf shading, canopy architecture 

and in rates of photosynthesis as leaves age. As seen in Figure 6.10 at GAl above 

approximately 6, there was very little additional increase in intercepted solar 

radiation. Hence any additional GAl gives no advantage to the plant. i-Iowever, a 

GAl above 6 will increase GAD, without necessarily increasing yield, Additionally, 

while a large GAD indicates a large crop. this may not always result in higher seed 

yield. This is particularly true with grain legumes, due to the instability of harvest 

index (Hernandez, 1986). 

6.5.2 Functional growth analysis 

As defined by Dennett et al. (1978), the WMAGR is the mean growth rate over 

the pedod of time when the crop accumulates most of its TDM. This period of time 

is the duration (OUR). Furthermore, WMAGR times DUR gives maximum dry 

matter accumulation. 

The only factor which affected WMAGR was sowing date, with the July sowing 

having the highest WMAGR at 136 kg ha- l day-I, The more rapid WMAGR in July 

was offset by the longer DUR in the April sowing, with DUR in April and July of 

112 and 83 days respectively. This accounts for the higher TOM production in April 

than July even though WMAGR in April was only 80 % of that in the July sowing. 

Maximum crop growth rates were affected in a similar manner to WMAGR, 

except that irrigation also increased C
I11

• In the April sowing, inigation caused a 

large increase in C
I11 

from 121 kg ha-1 ciay-l without irrigation to 224 kg ha- 1 day-l 

with irrigation. It seems clear that the herbicide damage was overcome in the 

irrigated April sowing through the large increase in C
I11

• The other sowing dates 

showed inconsistent results with irrigation (Figure 6.4). 
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In 1985/86, due to the wet season, there was no effect of irrigation on the 

growth curve parameters. However, response to sowing date showed similar trends 

to the previous season. The WMAGRs were higher than 1984/85 at 171 and 13 7 kg 

ha-1 day-l in the May and August sowings respectively. Of major interest however is 

the fact that Cm in the August sowing was only marginally greater than WMAGR at 

140 kg ha- t day-I. This was probably due to the disease which reduced growth 

towards the end of the sigmoid growth curve. Maximum crop growth rate usually 

occurs towards the end of the growth curve, hence Cm was probably reduced by the 

disease. 

The growth rates repOIted here compare favourably with those from other areas 

and with other crops. In Canterbury, Husain (1984), reported Cm of autumn sown 

field beans of 220 kg ha- l day-l and about 190 kg ha- I day-l for a spring sowing. 

These rates occurred during podfill. Zain (1984), reported a Cm of 250 kg ha-1 day-l 

with irrigated peas in Canterbury. With lentils in India, Pandey (1980) reported a 

Cm of only 120 kg ha- I day-I. This value was probably low because of different 

edaphic and environmental factors. , In particular, the daylength in Pantnagar, where 

Pandey did this work, was only 10.5 to 12.7 hours. This would have resulted in 

much lower amounts of intercepted PAR than would occur in Canterbury. 

Additionally. the longer warmer nights would result in greater losses due to 

respiration. There were also repOIts of weed infestation and water stress, which 

would have further reduced crop growth rates. Pandey (1980) also found that of 20 

genotypes examined, all attained their C
Il1 

during podfill. 

6.5.3 Growth and intercepted radiation 

In this experiment, the fraction of light transmitted through the canopy (T j ) was 

measured fortnightly. To reduce possible diurnal variation, anel to obtain a 

representative sample. measurements were taken between the hours of 1000 anel 1400 

NZST. Husain (1984), found Ii ltle evidence of diurnal variation in a crop of field 

beans in Canterbury. 

The classical exponential relationship between GAr and percent intercepted 

radiation was observed (Figure 6.10). Similar relationships have been reported for; 

soybeans (Shibles and Weber, 1965), wheat (Hipps et aI., 1983), maize (Williams et 

aI., 1965), fieldbeans (Husain, 1984), pigeon peas (Hughes et al., 1981); and 

potatoes (Allen and Scott, 1980). 



110 

Green area index reached a maximum of nearly lOin the July sowing and was 

greater than 7 in the April sowing in 1984/85. In 1985/86, maximum GAl was 8.5 

and 6.2 in the May and August sowings respectively. When these high GAl values 

are examined with respect to the percent of intercepted radiation, it is clear that 

excessive leaf area was produced in all autumn/winter sowings. From Figure 6.10. 

the critical GAl at which 90 % of incident radiation was absorbed was about seven. 

In all autumn/winter sowings maximum GAl tended to be considerably higher than 

this in both years. 

While sowing date had the dominant effect on GAl, generally both irrigation 

and cultivar also caused responses (Figures 6.6-6.9). In 1984/85, irrigation caused 

very large increases in maximum GAl in the April and July sowing elates. In 

1985/86, there was no significant response to irrigation because of the wet season. 

In Canterbury, grain legumes usually produce more GAl when inigated as shown by 

. Herbert (1977) with lupins; Zain (1984) with peas; and Husain (1984)-with field 

beans. 

The reduced GAl without irrigation was probably caused by water stress. Hsaio 

(1973) reported that cell expansion, which is an important process in increasing leaf 

area is extremely sensitive to water stress. In soybeans, leaf water potentials as high 

as - 0.2 MPa. a relatively mild level of water stress have been shown to restrict leaf 

enlargement (Boyer, 1970). 

The October sowing showed no response to irrigation. This was probably elue 

to a high soil water content during most of the duration of this crop. In a September 

sowing in this same experiment, Sherrell (1986) measured water use. He repOlted 

that in the September sowing most autumn/winter rain was stored in the soil because 

the plots were fallowed and all vegetative cover was killed until the lentils were sown 

in September. There was considerable rain, particularly in November. In the 

September sowing the crop canopy did not close, therefore water use never reached 

the potential rate. All of these remarks are equally valid for the October sowing. 

While there were often significant cultivar differences in GAl at sequential 

harvests, in general. Titore produced a marginally larger maximum GAl than 

Olympic. However, Olympic tended to have a larger GAl than did Titore early in 

the season, because of its larger leaves. 
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There are few reports in the literature of the GAL of lentils, probably because it 

is extremely tedious to measure. However, the maximum GAls reported here 

compare favourably with other grain legumes. Husain (1984) reported a maximum 

GAl of 6.5 for field beans, while Hemandez (1986) found the maximum GAL of 

Kabuli chickpeas was about 3.7. In an early spring sowing of peas maximum GAl 

was about 3.8 (Zain, 1984). The very high maximum GAl of lentils is related to 

small nearly erect leaflets and leaves with a very low extinction coefficient. This will 

be discussed later. 

There are repOlis that increased GAl above the critical value can result in 

reduced yields (Watson and French, 1962). While yields were not reduced with 

irrigation in 1984/85, it is clear that one of the major effects of irrigation was to 

increase GAL above the critical value. This excess vegetative production was of no 

apparent value to the crop in terms of increasing seed production. 

The reduced yield in 1985/86 was not accompanied by a significant change in 

GAL However, it was almost certainly due to the disease problem as discussed 

earlier. 

6.5.3.1 Extinction coefficient 

The extinction coefficient (-k) is an indication of the leaf architecture. As 

Montieth (1977) repol1ed, erect leaves tend to have a -k of around 0.3, while in 

horizontal leaves it may be as high as 0.9. Mean extinction coefficient over the 

1984/85 season, based on the April sowing which provided the most data points, was 

0.27, indicating a crop with erect leaves. While lentil leaflets may be flattened out, 

the majority are bent double at the michib and tend to be held very erect. Extinction 

coefficient decreased with increasing GAl in the April sowing, but was relatively 

constant at about 0.28 in the July sowing. 

Reduced -k correlating with increased GAl was reported for field beans in the 

U.K. (Fasheun and Dennet, 1982). However, Husain (L984) reported -k was stable 

for field beans in Canterbury. In this experiment the reduction in -k may have been 

a response to environment as Denmead (1976) found that -k of winter wheat 

decreased as the angle of solar elevation increased. 
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Generally, crops with Iowa GAl tend to produce lax leaves. This results in a 

high intercepted radiation percentage at relatively low GAL As repOlied by 

Montieth (1977), crop growth rates may be affected by -k. At low GAl, horizontal 

leaves intercept more radiation than the same amount of vertical oleaves and will 

therefore grow faster. However, later in the season, when horizontal leaves are light 

saturated, plants with erect leaves will be able to use all available radiation and will 

grow faster (Montieth, 1981). Under high levels of insolation, erect leaves will use 

radiation more efficiently than horizontal leaves and their net assimilation can be 

twice as high under these conditions (Wilson, 1960). 

The low growth rates in lentils early in the season may be due in part to the 

very low -k values and the large amount of radiation which was wasted. However, 

later in the season, when lentils have developed a large GAl, assimilation becomes 

much more efficient. 

6.5.3.2 Dry matter accumulation and intercepted PAR 

As shown in Figure 6.14a, the relationship between cumulative intercepted PAR 

and cumulative dry matter production was highly significant over all treatments and 

both seasons. The increased TDM production with early sowing dates was in all 

situations associated with increased interception of PAR. The 222 % increase in 

maximum DM production of the April over the October sowing was accompanied by 

a 190 % increase in total intercepted PAR. 

Irrigation, which tended to give a slight increase in TDM production over all 

sowing dates in 1984/85, also increased total intercepted PAR by 4.5 %. 

Conversely, while there was no difference in TDM production between cultivars, 

Olympic intercepted 7.2 % more PAR than Titore. In 1985/86, there was no effect 

of irrigation on the amount of intercepted PAR. However, again the early sowing 

intercepted significantly more PAR than the late sowing and this was associated with 

a higher TDM production. 

There was no relationship between seed yield and intercepted PAR, and a much 

weaker relationship between TDlvl production and total intercepted PAR than 

between cumulative DM production and cumulative intercepted PAR. This is not 

surprising considering the excessive vegetation produced by lentils in Canterbury. 

Once the crop reaches a GAl greater than 6 - 7. there will be little increase in 

intercepted PAR, hence, towards the end of the season the relationship must 

deteriorate. 
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A seasonal comparison shows that the 1984/85 autumn sowings intercepted 

more PAR than the 1985/86 autumn sowing (Tables 6.5 and 6.6). The April and 

July sowings intercepted 32 and 16 % more PAR respectively than the May 1985/86 

sowing. Maximum dry matter production from the April and July sowings was 23 

and 7 % respectively higher than from the May sowing. 

There was no indication that increased TOM production was related to increased 

utilisation of PAR in the first season. However. in 1985/86 the May sowing showed 

a 61 % increase in the utilisation coefficient (u) over the August sowing. This was 

surprising since the May sown crop was more severely affected by disease than the 

August sowing. This may have been due to the timing of the onset of infection. 

The disease began in the May sowing after the majOlity of DM production had 

occurred, while in the August sowing, the disease began before most of the OM had 

been produced. 

There was a decrease in u with delay in sowing. The utilisation coefficient on a 

cumulative dry matter basis was 2.14 g OM Mj-l intercepted PAR in the July 

sowing and fell to 1.65 g DM Mj-l intercepted PAR in the October sowing. The 

trend was the same in 1985/86. On a total OM/total intercepted PAR basis, u was 

lower. In 1984/85, u ranged from 1.52 in April to 1.32 g OM MJ-l intercepted PAR 

in the October sowing. In 1985/86, u was 1.63 and 1.01 g OM Mj-l intercepted 

PAR in May and August respectively. These findings contrast with those of Husain, 

who found field beans had a higher u at later sowings. 

Both Zain (1984) and Husain (1984) working with peas and field beans 

respectively, reported a lag phase in which utilisation efficiency was lower early in 

the season and then increased. In this experiment the slope of the OM/intercepted 

PAR relationship indicated no lag phase, with a stable u until the crop started to 

senesce. However, when u was calculated at each harvest time on a total DM/total 

intercepted PAR basis, u was shown to increase over the season (Figure 6.18a). 

There are sound physiological reasons for this increased u with increasing time. 

Wilson (1960) reported that erect leaves use light more efficiently than lax leaves 

because the leaf angle reduces light saturation. Therefore, as -k decreases, u should 

increase. Until crop senescence. this was what happened. The increasing GAl 

resulted in decreasing -Ie and an increasing u. 

The utilisation coefficients reported here are nearly identical to the only other 

report of u on lentils. Wilson et al. (1983) reported that for all cu1tivar~ tested, u 



was the same at about 1.8 g DM produced per MJ intercepted PAR. In this 

experiment, there was also no difference between cultivars. 

lL4 

For other grain legumes in Canterbury u has been shown to be of a similar 

magnitude at 1.2 g DM MJ-l intercepted PAR for field beans (Husain, 1984); and 

approximately 2.0 to 2.5 g DM MJ-l intercepted PAR for peas (Zain et aI., 1983). 

In the United Kingdom, Pyke and Hedley (1985) reported a u value for peas of 1.25 

g DM produced MJ-l intercepted PAR. 

6.5.3.3 Growth efficiency 

The utilisation coefficients reported are equivalent to growth efficiencies (E) 

shown in Table 6.13, assuming a calorific value of 17.5 KJ g-l (Leith, 1975). As can 

be seen, E was relatively stable except for the August sowing which was affected by 

disease over most of its growing season. 

Table 6.13. .. Growth efficiencies as a percent of PAR of lentils in Canterbury, 
1984/85 and 1985/86. 

Sowing date 
April 16, 1984 
July 26, t 984 
October 15, 1984 
May 20, 1985 
August 26, 1985 

Efficiency 
2.7 
2.6 
2.3 
2.8 
1.7 

Irrigation gave a 10 % increase in E in 1984/85, but had no effect in 1985/86. 

Similar findings have been obtained by Zain et al. (1983) who found that ilTigation 

increased E in peas by 80 %, and Husain (1984) who reported no increase in one 

season, but a 20 % increase in the other. An increase in E with irrigation should be 

expected in a dry season, as drought can decrease E through increasing the 

root/shoot ratio (EI-Nadi, 1969; Hoffman et aI., 1971). Also, the higher canopy 

temperatures which can occur under water stressed conditions (Scott and Gallagher, 

1985) could cause higher respiratory losses which would reduce E. Finally, water 

stress may reduce photosynthesis (Boyer, 1970). 

The efficiencies reported here are similar to reported values for other crops. 

Zain et al. (1983) reported an E of 2.4 % for irrigated peas in Canterbury, while 

Husain (1984), found a mean of 2.3 % for field beans in Canterbury. These 

efficiencies are considerably lower than efficiencies for cereals. Gallagher and Biscoe 
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(1978) rep011ed E of 3.9 for both barley and wheat. Efficiency appeared relatively 

stable between seasons and between sawin g dates wi lh a range of 3. 1 to 4.5 %. In 

grain legumes, E is probably lower than in cereals because of the extra energy 

requirement of the nitrogen fixing nodules. Some very high E values have been 

reported for grain legumes. Fasheun and Dennet (1982), found that field beans had 

an E of 7.2 %. However, this val ue was derived from a sample size of 3 random 

plants from each of two plots. In this experiment, DM production and seed yield 

estimates based on a sample size of 0.1 m-2 (approximately 15 plants) overestimated 

that based on a 3.0 m-2 sample size by up to 57 %. It therefore seems likely that the 

high values reported by Fasheun and Dennet may be due to an overestimation of 

actual DM produced. 

6.6 Conclusions - growth analysis 

The experiments showed that the DM production of lentils in Canterbury was 

related to GAD. Additionally, dry matter accumulation over the season could be 

accurately described by a generalised logistic equation. This relationship showed that 

autumn sown crops had the longest duration of rapid growth. The winter sown crop 

also had the highest maximum crop growth rate. 

The results indicated that in Canterbury, lentil crop growth over the season was 

highly dependent upon the amount of cumulative solar radiation intercepted by the 

crop. Sowing date had the largest effect on the amount of intercepted PAR. This 

was due to both a larger GAl and a longer GAD in autumn than in the spring 

sowings. Irrigation increased intercepted PAR by a small but significant amount. 

The relationship between total DM produced and total intercepted PAR was 

significant over sowing dates, but was not within any given sowing date. The 

utilisation coefficient was fairly stable at about 1.5 g total DM MJ-l intercepted PAR. 

The growth efficiency of lentils in Canterbury was similar to that of other crops 

in Canterbury. In the absence of disease, E ranged from 2.3 to 2.8 % of PAR. 

Irrigation gave a small increase in E, while sowing elate had little effect. 
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6.7 Phenology results 

In this study, four distinct physiological stages were observed: sowing to 

emergence (S-E); emergence to flowering (E-F); flowering to physiological maturity 

(F-PM) and physiological maturity to harvest (PM-H). The time taken to reach each 

stage was recorded in both days and in thermal time above a base temperature of 2 

°C. Table 6.14 shows the accumulated thermal time for each stage at each sowing 

date over the two years. There was no difference in thelmal time to each stage for 

the two cultivars. The stage of S-E was quite consistent and emergence required a 

mean of 116 thermal degrees. The most variable stage was E-F. This stage showed 

a consistent decline in thermal time from a maximum of 1165 in the Aplil, 1984 

sowing to 509 in the November, 1984 sowing. 

Table 6.14. Thermal time for four important physiological stages (sowing to 

Sowing date 

April 
May 
July 
September 
October 
November 
May/1985 
August/1985 

Mean 
Sx 

emergence (S-E). emergence to flowering (E-F), flowering to 
physiological maturity (F-PM) and physiological maturity to harvest 

. (PM-H» of lentils in Canterbury. 

Thermal time for stage (0 C) (T b = 20 C) 
S-E E-F F-PM PM-H Total(S-H) 

122.1 1164.7 506.2 201.4 1994.4 
117.5 948.3 533.7 371.0 2082.5 
155.1 71l.4 566.3 332.4 1765.3 
106.4 596.8 611.9 193.3 1508.4 
98.5 534.0 563.8 282.6 1478.7 

109.6 509.3 495.5 
1 I 1.8 906.3 510.2 416.6 1944.9 
105.4 654.7 734.2 255.1 1749.4 

115.8 753.2 565.2 293.2 
17.47 231.23 78.46 84.45 

The duration of the other two stages, F-PM and PM-H were relatively constant 

and required means of 565 and 293 thermal degrees respectively. 

Since lentil development of all growth stages except E-F was clearly dependent 

on temperature, most of the following results will concentrate on this period of 

growth. 
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6.7.1 Duration of the period emergence to flowering 

Figure 6.20 shows the relationship between days from emergence to flowering 

and mean temperature over this period. The relationship is hyperbolic. At a mean 

temperature of 8.4 °C lentils took 178 days to flower. while at a mean temperature 

of 15.7 °C they flowered in 38 days. 

Due to the difficulty of dealing with hyperbolic curves, crop duration was 

converted into a development rate by taking the inverse of duration (Figure 6.21). 

There was a linear relationship between development rate and mean temperature over 

the period E-F (Figure 6.21). Extrapolation of the line in Figure 6.21 suggests a 

base temperature of about 6 oc. 

6.7.2 Base temperature 

Assuming a linear temperature dependent development rate a Tb of 6 °C is 

indicated (Figure 6.2l). This value is considerably higher than the literature reports 

of Tb for other temperate grain legumes and lentils, therefore, an additional analysis 

was conducted. 

Accumulated thermal time was calculated for the period E-F using a Tb of 1, 2, 

3, 4, 5 and 6°C. The values for each sowing date were then regressed against 

development rate for E-F. All regressions were highly significant with R2 > 97%. 

However, using a Tb of I-4°C produced the most significant regression with an R2 of 

99.2 %. Based on this data and the literature (Angus et aI., 1980; Roberts et at., 

1985; Summerfield et aI., 1986) a T b of 2 °C was chosen. 

6.7.3 Base photoperiod 

The relationship between thermal development rate and mean photoperiod over 

the period E-F is shown in Figure 6.22. The highly significant (p < 0.01) linear 

relationship indicated that long photoperiods hastened crop development to 

flowering. At the longest photoperiod of 16.6 hours, the development rate was 

0.00196, which was approximately 230 % faster than the development rate of 

0.00086 at the sh0l1est photopetiod of 11.6 hours. Extrapolation of this line to zero 

suggested a base photoperiod of 7.4 hours. 
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6.7.4 Photoperiod corrected temperature 

Clearly, both photoperiod and temperature affect development to flowering in 

these two lentil· cultivars. In an attempt to accurately predict flowering, development 

rate was plotted against photoperiod corrected temperature (Figure 6.23). The 

relationship was linear and highly significant with an R2 of 98 %. The y intercept 

did not statistically differ from zero. 

6.8 Discussion 

Results presented in this chapter indicate that of the four physiological stages 

observed, S-E, E-F, F-PM and PM-H, duration of all except E-F depended upon 

thermal time accumulated above a base of 20 C. The period S-H required from 1480 

to 2080 °C days. This compares with the 2100 ° C days at Tb = 0° C for the same 

peliod with field beans reported by Husain (1984) in Canterbury. 

While Tb in this experiment was assumed to have been stable, there is some 

suggestion from the literature that it may vary with both crop age and with 

environment. Husain (1984), suggested that if photoperiod is not accounted for, Tb 

may be artificially high. Summerfield et a1. (1985), reported that vernalization had a 

large effect on theoretical Tb and that Tb may be altered by photoperiod. However, 

the equation they used to calculate Tb, based on mean temperature and photoperiod, 

must be treated with caution since the authors suggested a theoretical Tb for the 

genotype ILL 2501 of -50.9 °C. The authors suggested that a Tb for flowering may 

not have any physiological significance. In all calculations in this report, a Tb of 2° 

C was used and resulted in equations with the lowest CV. 

A linear relationship between development rate from E-F and temperature has 

been previously reported in lentils (Summerfield et aI., 1985; Roberts et a1., 1986). 

In this experiment, the relationship was very good (Figure 6.22). However. there is 

a great deal of literature that indicates that lentils are also affected by photoperiod 

(St. Clair, 1972; Summerfield and Wien, 1980; Summerfield, 1981; Saxena and 

Wassirni, 1984; Summerfield et a1., 1985; Roberts et al.. 1986). While increased 

mean diurnal temperatures have been shown to reduce the time taken for flowering in 

lentils, increased photoperiod may do the same thing. Summerfield et a1. (1985) 

showed that with six varying genotypes. the most rapid flowering always occurred 

with vernalized seeds under highest temperature, at the longest photoperiod. In 

chickpeas, with aU genotypes tested, Roberts et a1. (1985), found that at any 



122 

3.0 

'" • '-I 
I 2.5 
0 
r-I 

X 

Ol 
s::: 
'r-
s... 2.0 QJ 

:: 
0 
r-
4- • 
0 
~ 

QJ 1.5 
u 
e 
QJ 
Ol 
s... 
QJ 

E 
QJ 

1.0 
E 
0 
s... 
4-

e 
0 .,... 
~ 0.5 

,.. 
It! 
s... 
:::l 

-0 
.......... 
r-I 

0.0 ~ ____ ~ ______ ~ ____ ~ ______ -L ______ ~ ____ ~ ______ ~ ____ ~ 

a 1 2 3 4 5 6 7 8 

Photoperiod corrected temperature (oe) 

Figure 6.23. The relationship between flowering rate from emergence to nowering 
and photoperiod corrected temperature in lentils in Canterbury. 
1984/85 and 1985/86. 



123 

night/day temperature combination, first flowers appeared sooner under 15 hour than 

under 12 hour photoperiods. 

Summerfield et al. (1985) and Roberts et al. (1986) fitted linear equations 

based on mean diurnal temperatures and mean daily photoperiod. While constants 

varied between genotypes, this method allowed a very good prediction of time to 

flowering. Roberts et al. (1986) carried this investigation further and determined 

that the stage from S-F consisted of four phases: 

1. pre-emergence 

2. pre-inductive 

3. inductive 

4. post inductive 

The only phase which appeared to be sensitive to photoperiod was the inductive 

phase. This phase was affected by both temperature and photoperiod. "The authors 

reported large cultivar differences in critical photoperiod (Pc)' that photoperiod at or 

below which no progress towards flowering occurs. The variety Syrian local had a Pc 

of 9.23 hours, while for Laird and Precoz it was 6.18 and 2.0 hours respectively. 

These values compare favourably with the Pc value of 7.4 hours obtained for both 

Olympic and Titore in this experiment. 

While vernalization has been shown to significantly affect flowering in lentils 

(Summerfield et al.. 1985) the two cultivars in this experiment gave no indication of 

possessing a vernalization requirement. November sown plants which would not 

have experienced vemalizing temperatures flowered more rapidly than did autumn 

sowings and all sowing dates responded in a similar fashion to photoperiod and 

temperature. 

6.9 Conclusions 

In this experiment development rate of all physiological stages except E-F was 

con tolled by thermal time. Duration of the stage from E-F was calculated using the 

method of Gallagher et al. (1983). Both photoperiod and accumulated temperature 

control flowering in these two lentil cultivars. and it is possible to accurately predict 

time of flowering. 

The next Chapter examines the yield and intercepted radiation results from the 

lentils grown under rain shelters in 1985/86. 
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Chapter 7 

Rain shelter experiment 

7.1 Introduction 

The results of the 1984/85 field experiment showed that in Canterbury. lentils 

responded inconsistently to iLTigation. However, as rep0l1ed in the Literature Review 

(Chapter 2), overseas authors have often reported large consistent positive responses 

to i1Tigation. One of the aims of this research project was to determine the response 

of lentils to irrigation and to quantify their water use. 

The only way to ensure large soil moisture deficits which would allow the 

detennination of any limiting deficit, was to grow the crop beneath rain shelters. 

Therefore, an experiment was designed to make use of small movable rain shelters 

which covered small plots. 

7.2 Materials and Methods 

The aim of the rain shelter experiment was to ensure that the water use of lentils 

could be studied even in the event of a wet season. 

While large automatic rain shelters would have been ideal, these were not 

available in Canterbury. Therefore, two 4 m by 4 m rain shelters were constructed. 

It was only possible to have four 1.0 m2 plots beneath each rain shelter, hence there 

could only be two replicates. 

In this trial, treatments were designed to produce a wide range of soil moisture 

deficits. From these it was hoped to obtain infOlmation on the existence or non

existence of critical periods of sensitivity to water stress in lentils. Treatments 

consisted of four irrigation regimes (Table 7.1). 
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Table 7.1. Irrigation treatments in a rain shelter experiment at Lincoln College, 
1985. 

Treatment number Treatment description 

1 Full irrigation. Irrigation was applied approximately weekly to 
replace water lost due to evapotranspiration (PET). 

2 Full irrigation until flowering then none. Irrigation was applied 
as for treatment 1 except at flowering irrigation was stopped. 

3 No irrigation until flowering then full irrigation was applied as 
outlined in treatment 1. 

4 No ini gation 

Flowering was defined as when 50 % of plants had one open flower. There 

were four replicates. Each replicate had a movable rain shelter which covered the 

plots during any rain and which was moved off dUling fine weather. 

7.2.1 Plot design 

Each plot was approximately 1.5 m by 1.5 m. A 20 em wide trench was dug 

around each plot down to the underlying shingle. Polyethylene sheeting was placed 

into the trench down to the shingle and the trench was backfilled. Thus each plot 

was essentially a large pot 1.5 m by 1.5 m. Water movement between plots was 

eliminated and water movement up through the soil was minimal as the soil was only 

at field capacity at the beginning of the experiment. Plot design is illustrated in 

Figure 7.1 (see also Plate 7.1 and 7.2). 

7.2.2 Husbandry 

The soil was a Templeton silt loam (Soil Bureau, 1954). The soil profile varied 

from 35, - 65 cm deep. The area had the same history and husbandry as the 1985 

field trial. However, after the initial ploughing, all other cultivation was by hand. 

One week prior to sowing, one neutron moisture meter access tube was installed in 

each plot. Plots were hand sown on 28 May, 1985 at 150 plants m-2 with Titore 

lentils. During July 1 and 2, all plots were irrigated to above field capacity. On July 

3, the rain shelters were placed on the rails and any rain which fell after July 3, was 

excluded from the plots. 
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Figure 7.1. Plot design of a rain shelter experiment at Lincoln College. J 985/86. 
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A general overview of the 2 replicates of the lentil experiment grown 
under rain shelters in 1985/86. 



Plate 7.2. 
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A close up view of two of the plots of lentils grown under rain shelters 
in 1985/86. The plot at the top of the plate received no iJTigation, 
while the plot at the bottom received full irrigation. 
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7.2.3 Sampling 

Because of their small size the plots could not be destructively sampled until 

final harvest. However, the amount of solar radiation intercepted by the plants was 

measured every ten days using the same equipment as in the field trial. Soil 

moisture was also measured using a neutron moisture gauge and volumetric soil 

water content of the top 0 - 20 cm of the soil. At crop maturity, 1. 0 m-2 was 

harvested to determine final dry matter production, seed yield and harvest index. 

7.2.4 Measurements 

Solar radiation and soil moisture content were measured and calculated as 

outlined in Chapter 3. Final seed yield was obtained by machine threshing the entire 

1.0 m2 sample. 

, 7.2.5 Statistical analysis 

Statistics used and calculated were as reported in Chapter 3. The small trial size 

and low number of replicates makes statistical differentiation between means difficult. 

For these reasons, in this experiment only, mean values which differed at p < 0.10 

were considered significant. 

7.3 Results and discussion 

7.3.1 Total dry matter 

Total dry matter at final harvest was significantly increased by irrigation from 

49 g m-2 with no irrigation to 504 g m-2 with full itTigation (Table 7.2). The two 

intermediate irrigation treatments produced approximately the same amounts of dry 

matter. 
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Table 7.2. The effect of irrigation on yield. harvest index and intercepted PAR of 
Titore lentils grown under rain shelters in Canterbury, 1985/86. 

Inigation Total dry Seed yield Harvest Intercepted 
regime matter (g m-2) (g m-2) index PAR (MJ m-2 ) 

Full 504 245 0.49 456 
full to flower 269 99 0.33 414 
nil to flower 276 127 0.46 315 
nil 130 32 0.26 259 

Sx 37.3 48.8 0.106 47.8 
Significance p=0.045 p=0.094 ns ns 

CV (%) 42.0 23.4 38.9 18.7 

Maximum dry matter production was not determined, but the fully irrigated . 
platHS were quite lush and probably produced approximately as much maximum OM 

as the May sown field plots at around 900g m-2 • As can be seen in Plate 7.2 the 

un irrigated plants were highly water stressed and maximum DM production was 

probably not much greater than the 130 g m-2 present at final harvest. The crop was 

disease free and all yield differences have been attributed to moisture availability. 

Water use results are reported in Chapter 8. 

7.3.2 Seed yield 

Seed yield showed similar trends to dry matter production (Table 7.2). The 

differences were significant (p = 0.094). As Plate 7.2 shows the plants were of an 

order of magnitude different. Seed yield of fully irrigated plants was 245 g m-2 , 

which was 556 % greater than the unirrigated seed yield at 37 g m-2 • While the 

difference was not statistically significant, the no irrigation to flower then full 

irrigation treatment seemed to produce slightly more seed than the full irrigation to 

flower then no irrigation treatment. Yield differences were again attributed to water 

availability and will be discussed in detail in Chapter 8. 

7.3.3 Harvest index 

Harvest index varied from 0.26 with no irrigation to 0.49 with full irrigation. 

The differences were not statistically significant. Mean overall HI was 0.39 (Table 

7.2). 
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7.3.4 Intercepted PAR 

While differences in total intercepted PAR were not statistical1y significant, they 

were probably biologically real. The fully irrigated treatment intercepted 456 

MJ m-2 PAR an increase of 76 % over the 259 MJ m-2 intercepted by the uninigated 

crop. 

There was a highly consistent trend in the percentage of PAR transmitted 

through the crop canopy (Figure 7.2). At every measurement, the fully irrigated 

crop intercepted more radiation than plants in the other treatments. Additionally, 

after final irrigation at 139 days after sowing in plants which were irrigated only until 

flowering, radiation transmission remained relatively stable at approximately 35 

percent. Upon commencement of irrigation in plants receiving water only after 

flowering, at 149 days after sowing, there was a rapid decline in transmitted 

radiation from 65 % to 38 %, presumably through increased GAL 

7.3.5 Utilisation co~fficient (u) 

There was a significant difference in u due to irrigation treatment. Fully 

irrigated plants converted 1.11 g DM MP PAR and unirrigated plants only 0.51 g 

DM MJ-l PAR (Table 7.3). Again, while not statistically significant, there is a 

suggestion that u in the plants receiving irrigation only until flowering at 0.64 g DM 

MJl PAR was less than that of plants receiving irrigation only after flowering at 0.87 

g DM MJ-l PAR. 

Table 7.3. The utilisation coefficient (u, g DM produced MJ-l intercepted PAR) 
of lentils under rain shelters. 

Irrigation regime Utilisation coefficient 

Full 
full to flower 
nil to flower 
nil 

Sx 
Significance 
CV (%) 

(g MJ-l) 
1.11 
0.64 
0.87 
0.51 

0.177 
p<0.025 

32.1 
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Figure 7.2. The effect of irrigation on percentage of radiation transmitted through a 
Titore lentil canopy in a rain sheltered experiment in Canterbury. 
1985/86. (I = Sx) 

Full irrigation (0), full irrigation until flowering then none (_). no 
irrigation until flowering then full (0). no irrigation (e). The arrow 
indicates approximate flowering time when irrigation ceased for 
treatment 2 and began for treatment 3. 
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Chapter 8 

Water use and yield response to water 

8.1 Results from 1984/85 

8.1.1 Response to total water received 

There was no relationship between total dry matter production and total water 

received (Figure 8.1). Only the April sowing responded to irrigation. It produced 

8.8 t DM ha-1 with 304 mm of rainfall and 12.5 t DM ha- i from 394 mm of rainfall 

and irrigation. Similarly, there was no consistent relationship at any sowing between 

seed yield and total water received (Figure 8.2). The highest seed yields tended to 

occur when no ilTigation was applied 

8.L2 Response to water deficit 

Neutron probe measurements were not taken in 1984/85. However, crop yield 

was analysed in relation to maximum potential soil moisture deficit (0111)' The 

potential soil moisture deficits, corrected for crop cover (French and Legg, 1979) are 

shown for the April, July and October sowings in Figures 8. 3a, band c respectively. 

In all sowings potential soil moisture deficits, and therefore Om values, were much 

greater in the un irrigated than in the ilTigated plots (Table 8.1). 

Table 8.1. 

Sowing date 
April 
July 
October 

Maximum potential soil moisture deficits (mm) for three lentil sowing 
dates with and without irrigation in Canterbury. 1984/85. 

Full 
201 
184 
143 

Irrigation 
Nil 
291 
299 
275 

The largest 0111 of 299 mm in the unirrigated July sowing, did not affect either 

total dry matter production or seed yield. Mean total dry matter production in this 

sowing was 9.8 t ha-1 , while with irrigation total yield was 9.0 t ha-1 with a Dill of 

184 mm. There was however. a yield response to Dill in the April sowing. The 

irrigated crop reached a Dill of 201 mm and produced 12.5 t DM ha-1• Without 

irrigation Dill was 291 mm and maximum dry matter production was only 8.8 t ha-1 • 

In the October sowing there was little difference in dry matter production between 
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The dry matter response of two lentil cultivars sown at three dales 
with and without irrigation to total water received in Canterbury. 
1984/85. 

Irrigated Titore (0). unirrigated Titore (e). irrigated Olympic (0). 
unirrigated Olympic (.). 
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The seed yield response of two lentil cuItivars sown at three dates with 
and without irrigation to total water received in Canterbury, 1984/85. 

Irrigated Titore (0), unirrigated Titore (e), irrigated Olympic (D), 
unirrigated Olympic (.). 
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Nov Feb 

(c) 

The seasonal pattern or potential soil moisture deficit or irrigated and 
unirrigated lentils sown in April (a), July (b) and October (c) in 
Canterbury, 1984. 

Irrigated (0), unirrigated (e). 
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treatments even though Dill for the unirrigated plots was 92 % greater than the Dill of 

the irrigated plots. 

Since no relationship was found between Dill and dry matter production or seed 

yield no analysis to determine the limiting deficit (DI) (Penman, 1962a, b, c and 

1970a) was conducted. 

8. 1.3 Response to evapotranspiration 

Since there was no relationship between yield and either total water received or 

Dill' yield was next examined in relation to potential ET. A computer programme 

developed by Jamieson (1982), based on Ritchie (1972) and French and Legg (1979) 

was used to calculate ET (ETealc) and transpiration (Teale>. ETcalc was higher in all 

irrigated plots than in unirrigated plots (Table 8.2) Maximum ETealc was 465 mm in 

April sown irrigated Olympic, while the October sowing of the same treatment had 

an ETealc of only 318 mm. In the unirrigated crops, ETealc ranged from 387 mm in 

the April sown Olympic treatment to 253 mm in the October sowing for both 

cultivars. 

Table 8.2. 

Sowing date 
April 
July 
October 

Potential evapotranspiration corrected for crop cover of Titore and 
Olympic lentils with and without ilTigation sown at three dates in 
Canterbury, 1984/85. 

Titore Olympic 
Irrigated Unirrigated Irrigated Unirrigated 

458 386 465 387 
398 326 402 328 
315 253 318 253 

Crop transpiration (Tcalc) was always lower than ETc!llc (Table 8.3). All ilTigated 

crops transpired more water than the unirrigated ones, ranging from 313 mm in the 

irrigated April sown Olympic to 129 mm in the uninigated October sown Titore. 
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Sowing date 
April 
July 
October 
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Calculated crop transpiration of Titore and Olympic lentils with and 
without irrigation sown at three dates in Canterbury, 1984/85. 

Irrigated 
277 
270 
179 

Titore 
Unirrigated 

201 
203 
129 

Olympic 
Irrigated Unirrigated 

313 227 
277 2 \0 
181 132 

There was a linear relationship between Teale and maximum dry matter 

production (Figure 8.4). The regression accounted for 75.5 % of the variance and 

was highly significant (p < 0.01). The slope of the line indicated that for each mm 

of transpiration 43.5 kg DM ha-1 were produced. 

In an attempt to further explain relationships between the dry matter production 

of lentils and their water use, accumulated dry matter production was J;,elated to 

transpiration/vapour pressure deficit (T/VPD) (Tanner and Sinclair, 1983). The 

linear relationship between accumulated DM and T/VPD was highly significant (p 

< 0.01) and the regression line explained 89.3 % of the variance (Figure 8.5). The 

slope of the line, the k value, which is a measure of WUE was 0.0277 mb. 

It is clear that these lentil crops did not exhibit the usual Penman response to 

water deficit. A likely reason may be the existence of a critical period of sensitivity 

to water deficit. Evidence for this possibility, not conclusive on its own, is provided 

in Figure 8.6 which shows that for the July and October sowings heavy rainfall 

occurred within three days of an irrigation at the beginning of flowering. These two 

sowing dates showed virtually no responses to irrigation of either dry matter 

production or seed yield. In the April sowing, however, no significant rain fell until 

at least halfway through the flowering period. In this sowing the irrigated crops 

produced 12.5 t DM ha-1 compared to 8.8 t DM ha-1 without irrigation. The seed 

yield response was smaller with irrigated Titore producing 3.1 t ha- I while the 

unirrigated Titore produced 2.9 t ha-1 . With Olympic, the irrigated crop produced 

2.6 t ha- l while the unirrigated crop produced 2.7 t ha- I . 
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8.2 Results from 1985/86 

8.2.1 Response to total water received 

As rep0l1ed in Chapter 4, rainfall in November was extremely high. This had a 

serious effect on the response of both dry matter and seed yield to total water 

received. 

There was no relationship between maximum dry matter production or seed 

yield and total water received within either sowing date (Figures 8.7a and 8.7b). 

The maximum seed yield of 1.5 t ha-1 was attained with no irrigation and with total 

rainfall of 296 mm. Full ilTigation. a total water receipt of 416 mm, produced only 

0.7 t seed ha- l . 

8.2.2 Response to water deficit 

The high November rainfall meant that no severe water deficits occurred. For 

the May sowing, Dm in the unirrigated plots reached a value of only 197 mm, while 

in the fully irrigated plots it was 109 mm (Figure 8.8a). Evidence will be presented 

later to show that these values are not large for lentils grown on this soil. Figure 

8.8b shows the seasonal pattern of potential soil moisture deficit for the unirrigated 

plots only in the August sowing. With only one application of 10, 20 or 30 mm of 

water in the ilTigated treatments it is unlikely that there were any significant 

differences in potential soil moisture deficits. The Dm for the unirrigated August 

sown plots was a low 165 mm. 

8.2.3 Actual evapotranspiration (ETa) 

There was a significant difference in ETa between sowing dates with totals for 

the May and August sowings at 330 and 232 mm respectively (Table 8.4). There 

was also a significant difference among irrigation treatments, but the significant 

sowing date by inigation interaction (Table 8.5) indicated that this irrigation 

response occurred only in the May sowing. 
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The effect of total water received on maximum total dry matter 
production (a) ancl seed yield (b) of Titore lentils sown at two dates 
under four irrigation regimes in Canterbury. 1985/86. 

May sowing (.). August sowing (0). 
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The seasonal pattern of potential soil moisture deficit of Titore lentils 
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Table 8.4. 

Sowing date 
May 
August 

Sx 
Significance 

Inigation 
Full 
2/3 full 
1/3 full 
Nil 

Sx 
Significance 
CV (%) 
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Measured evapotranspiration of irrigated Titore lentils at two sowing 
dates in Canterbury, 1985/86. 

Evapotranspiration (mm) 
330 
232 
2.8 

p<O.OOI 

299 
290 
277 
257 
4.0 

p<O.OOI 
4.5 

Significant interactions sdate x irr * * * 

Ratios of ET /PET are presented in Figure 8.9. While there were no differences 

in the August sowing, in the May sowing there were highly significant differences. 

The ratio was consistently higher than 1.0 only in the the fully irrigated treatment. 

While the 2/3 full irrigation treatment allowed ETa to proceed at about the potential 

rate for a considerable period, both the 113 full irrigation and the nil irrigation 

treatments produced ETa values which were substantially less than PET over the 

entire growing season. 

Table 8.5. 

Irrigation 
Full 
2/3 full 
113 full 
Nil 

Sx 
CV (%) 

The interaction of sowing date by irrigation on actual 
evapolranspiration (mm) of Titore lentils in Canterbury, 1985/86. 

Sowing date 
May August 
362 236 
340 240 
323 232 
294 220 

5.6 
4.5 
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regimes, sown at two dates in Canterbury, 1985/86. 
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8.3 Results from the shelter experiment 

8.3.1 Response to total water received 

There was a linear relationship between dry matter production at final harvest 

and total water received (Figure 8.10) The regression was highly significant (p < 
0.01) and accounted for 93.2 % of the variance. Maximum dry matter production of 

504 g m-2 was obtained with a total water receipt of 295 mm, while with no 

irrigation or rain, and grown on stored soil water only, only 130 g m-2 were 

produced. Both intermediate irrigation treatments produced nearly the same amount 

of dry matter. 

The response of dry matter production at final harvest to water received was 

l.27 g DM m·2 mm-1 in the fully irrigated treatment, and 0.84 and 1.12 g m-2 mm-1 

in treatments 2 and 3 respectively. No water was applied to treatment "'4. 

The relationship between seed ,yield and total water received was also highly 

significant (p < 0.01) (Figure 8.10). The linear regression accounted for 87.0 % of 

the variance. Again the fully irrigated crop produced the highest yield at 245 g m-2 • 

There was strong evidence of a reduction in seed yield caused by witholding 

irrigation from flowering. The treatment produced only 99 g m-2 of seed with 165 

mm of water received, while irrigating only from flowering produced 127 g seed m-2 

from 130 mm of water. The expected production, estimated from the regression, 

from the fomler treatment was 138 g m-2 • 

The response of seed yield to water received was 0.72 g m-2 mm- i in the fully 

irrigated treatment and 0.41 and 0.73 g m-2 mm-1 in the plants irrigated only until 

flowering and the plants irrigated only after flowering respectively. No water was 

added to treatment 4. 

8.3.2 Response to water deficit 

The seasonal patterns of potential soil moisture deficits for the four treatments 

under the shelters are shown in Figure 8.11. There was a wide range of Dill values 

which ranged from 132 to 350 mm. 

The responses of both dry matter 'at final harvest and seed yields to Dill are 

shown in Figure 8.12. Dry matter production declined linearly as DI1\ increased 
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above about 130 mm. This indicated an approximate limiting deficit (01) of 130 mm 

on this soil, assuming that the fully irrigated crop was not restricted by water deficit 

The yield loss as Om increased above 0 1 was 1.65 g OM m-2 mm-1 (Figure 8.12). 

The value of 0 1 for seed yield was also about 130 mm, and seed yield declined 

linearly as Om increased above 0 1, The yield decrease per mm increase in Om was 

0.96 g m-2 mm- I (Figure 8.12). When seed yields relative to the fully irrigated crop 

were plotted against Om another highly significant relationship is obtained (Figure 

8.13). It further suppOlis a 0 1 of about 130 mm for lentils on this soil. 

8.3.3 Response to actual evapotranspiration 

There were highly significant differences in total actual ET among the four 

treatments (Table 8.6). The fully irrigated crop used 332 mm, while the total for the 

unirrigated crop was a very low 46 mm. 

Table 8.6. The effect of ii-rigatiQn on actual evapotranspiration (mm) of Titore 
lentils grown under rain shelters in Canterbury, 1985/86. 

Irrigation regime 
Full 
Full to flower then nil 
Nil to flower then full 
Nil 

Sx 
Significance 
CV (%) 

332 
204 
166 
46 
4.0 

p<O.OOl 
3.02 

There was a highly significant (p < 0.01) linear relationship between total 

actual ET and both dry matter production and seed yield (Figure 8.14). Dry matter 

production at final harvest was 504 g m-2 with 332 mm of actual ET, while the 

unirrigated crop produced 130 g OM m-2 with only 46 mm of actual ET. The 

response of seed yield to actual ET was similar, although the yield of plants inigated 

only until flowering at 99 g m-2 with 204 mm of actual ET was considerably lower 

than the value of 138 g m-2 predicted by the regression equation. 

The WUE values for individual treatments are presented in Table 8.7. The 

mean WUE of seed production was 0.66 g mm-l. There were no significant 

differences among treatments. However, the WUE of dry matter production differed 

significantly among treatments, with the unirrigated plants being the most efficient. 
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producing 2.8 g DM m-2 mm-l of actual ET. A feature of the results is the 

difference in WUE between seed and dry matter production. For all irrigated 

treatments, the WUE for seed production was about 50 % of that for dry matter 

production. However, the WUE of the unirrigated crop dropped from 2.8 g DM m-2 

mm-l to 0.69 g seed m-2 mm-1 , a 75 % decrease. 

Table 8.7. The effect of irrigation on water use efficiency (g mm- i ETa) of Titore 
lentils grown under rain shelters in Canterbury, 1985/86. 

Irrigation regime Dry matter Seed 

Full 1.52 0.73 
Full to flower then nil 1.32 0.48 
N it to flower then full l.67 0.76 
Nil 2.81 0.69 

Sx 0.268 0.236 
Significance 0.1> P > 0.05 ns 
CV (%) 20.6 49.2 
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8.4 Discussion 

8.4.1 Response to total water received 

In both seasons, there was no relationship between either total dry matter 

production or seed yield and total water received (Figure 8.1, 8.2, 8.7a, b). 

However, under rain shelters on a shallower soil, both relationships were linear and 

highly significant (Figure 8.10). 

In temperate regions, where rainfall is adequate and consistent, there appears to 

be little benefit from irrigating lentils (Jelmyn et aI., 1981; McKenzie et aI., 1985). 

There is, however, a lack of infom1ation on the response of lentil DM production to 

irrigation in temperate climates. In Canterbury, both peas (Zain, 1984) and field 

beans (Newton, 1980; Husain, 1984; Attiya, 1985) have been shown to produce 

increased yields when irrigated. Husain (1984) found a highly significant linear 

relationship between total water received and both total dry matter and" seed yield. 

Similar results have been reported for soybeans (Doss et al.. 1974) and for field 

beans in Canada (Krogman et aI., ~980). 

In arid regions, or where lentils are grown on stored soil water only, which is 

analogous to growing lentils under rain shelters, there are many reports of increased 

yield with irrigation (Mehrotra, et al., 1977; Saraf and Baitha, 1979, 1985 ; Sharma 

and Prasad, 1984; Murari and Pandey, 1985). While it is not possible to calculate 

yield responses to water received from the results of these experiments, Saraf and 

Baitha (1985) showed that, in general, seed yield increased with increasing numbers 

of irrigations (Table 8.8). 

Table 8.8. The effect of varying irrigation regimes on seed yield of lentils in 
India (after Saraf and Baitha, 1985). 

Number of irrigations 
4 
3 
3 
2 
o 

Seed yield (kg ha- 1) 

1963 
1970 
]953 
1557 
952 

From the results of a more detailed study by Sharma and Prasad (1984), it is 

possible to calculate the relationship between total water received and hoth total dry 

matter and seed production (Figure 8.15). These results are similar to those from 

the sheltered experiment (Figure 8.10). Under rain shelters, each mm of water 
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received produced 1.25 g DM m-2 , which is higher than the 0.77 g DM m-2 mm- l of 

water calculated from the results of Sharma and Prasad (1984). The difference could 

be due to higher fertility levels in the Lincoln College soil because the best yields of 

Sharma and Prasad (1984) were only about half of those at Lincoln. Additionally. as 

will be seen later, the effect of VPD on yields can be significant and it is likely that 

in India the VPD is higher than in Lincoln which would give lower yields in India. 

The most likely reason for the lack of any relationship between yield and total 

water received in the field experiments is that more than adequate rainfall occurred 

during both growing seasons. According to Summerfield (1981) and Hawtin et a1. 

(1980), lentils are adapted to dry conditions and are extremely sensitive to excess 

water. It seems likely that even in dry seasons there is adequate rainfall for 

maximum lentil yield in Canterbury. In 1984/85 rainfall was only 70 % of the long 

term average over the growing season. Cunent lentil genotypes are not highly 

productive and so may not be able to respond to high inputs of either water or 

fe11i1ity in the same manner as highly productive crops. The field responses to 

ilTigation have proved of little valu~. However, the response obtained under rain 

shelters, which was very similar to reports from arid regions, is significant. 

8.4.2 Response to water deficit 

There were no relationships between yield and water deficit when the results of 

the two field experiments were analysed using the Penman drought response model. 

Although Dill values were quite large for the unirrigated crops in 1984/85 (Table 

8.1), there were no yield reductions at the higher Dm values. In 1985/86 Dill values 

were much lower due to the greater rainfall which occurred and yields increased at 

higher Dm values because of lower disease incidence. 

There are no previous reports on the response of lentils to water deficit, using 

Penmans model. However, yield responses to water deficit of field beans (Husain, 

1984) and peas (Jamieson et aI., 1984) have been shown to fit the Penman model in 

Canterbury. On a much deeper, more water retentive soiL Husain (1984), found a DI 

of approximately 73 mm for field bean total dry matter production and 55 mm for 

seed yield. An average value of 65 mm was chosen for DI which was about 40 % of 

the A WC in the top 1. 0 m of soil. 

Allhough the results of the field trials did not fit the Penman model, the results 

of the rain shelter experiment exhibited relationships between yield and water deficit 
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which were in accord with the model (Figures 8.12, 8.13). The D, was 

approximately 132 mm which is very high particularly considering that at field 

capacity the soil holds about 250 mm of water per metre of depth and that the soil 

profile was only 45 - 65 cm deep. It seems likely that the fully irrigated crop was 

under some water stress and that D1 is in fact somewhat lower than this. This may 

have been the case since, although the fully irrigated crop was apparently well 

watered, the seed yield of 245 g m-2 was considerably lower than the maximum seed 

yield of 350 g m-2 from May sown irrigated Titore in 1984/85. If the D1 value of 

130 mm is correct for a soil with a field capacity of from 119 mm to 165 mm. it 

seems that lentils clearly are capable of very efficient extraction of soil water. 

Field bean crops need to be irrigated when approximately 60 % of the available 

waterholding capacity in the rooting zone is depleted (Reid et aI., 1984). The 

results of the rain shelter experiment suggest that lentils are very efficient at 

extracting water and can use up to 80 % of water in the rooting zone at field capacity 

(Figure 8.16). This is considerably higher than the amounts extracted by other crops 

in other reports. Sherrell (1986), found field grown lentils extracted 65 % of the 

water contained at saturation while peas (Zain, 1984) and field beans (Husain, 1984). 

extracted 58 % and 35 % of the water at saturation respectively. While no 

physiological study was undertaken to determine the likely reasons for this high 

extraction, the root study (Chapter 5) may give a clue. Lentils plants are small. 

usually about 50 cm tall. The root study indicated that lentils have extensive and 

relatively deep root systems for such small plants (Figure 5.4), which could facilitate 

efficient water extraction. 

In the rain shelter experiment, the relationship between seed yield and water 

deficit showed that relative yield declined by 0.39 % of maximum potential yield for 

each mm increase in D above D1 (Figure 8.13). This value is somewhat higher than 

the estimated loss of 0.22 % for each mm increase in D above D1 for field peas in 

Canterbury (Wilson et aI., 1984; Wilson, 1985). This result means that the biggest 

advantage is likely from irrigating crops with high potential yields. especially those 

which have not already suffered severe or prolonged water stress. However. if the 

high D1 is conect. it would appear that field grown lentils in Canterbury would only 

require inigation in the driest of seasons. 
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Figure 8.16. The change in soil water capacity as a fraction of field capacity over the 
growing season in lentils grown under rain shelters in Canterbury. 
J 985/86. 

Full irrigation (0), full irrigation until flowering then none (_). no 
irrigation until-flowering then full (0). no irrigation (e). 
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8.4.3 Response to evapotranspiration 

This discussion will consider both the crop response to measured actual 

evapotranspiration (ETa) and calculated crop transpiration (Tc)' The distinction 

between the two is important as Te is not a measured value and ETa is. 

The response of lentils to ETa indicated that 12.9 kg OM ha-1 was produced per 

mm of ETa in the rain shelter experiment. For seed yield this was reduced to 7.2 kg 

ha-1 per mm of ETa' While not directly comparable due to different methods of 

determining ET, Zain (1984) reported that peas in Canterbury produced 10.3 kg ha- I 

of seed per mm of active ET, while Husain (1984) reported that autumn sown field 

beans produced 4.7 kg seed ha-1 mm- I of adjusted ET in 1981/82 and 9.2 kg seed 

ha-1 mm-I of adjusted ET in 1982/83. 

In 1984/85, there was a linear relationship between yield and Tc tFigure 8.4). 

The slope of the regression indicated that for each mm of Te, 43.5 kg ha- I of OM 

was produced: While ETa was me~sured in the rain shelter experiment, Tc was also 

calculated to compare with the 1984/85 results. Figure 8.17 shows that for each mm 

of Te. 20.8 kg DM ha-1 remaining at final harvest was produced. This figure is 

lower than in the 1984/85 season because it was calculated from DM remaining at 

final harvest. In the previous experiments dry matter at final harvest was 

approximately 50 % of maximum OM production. Therefore, doubling the response 

to Te in the shelter experiment gives a value for DM production of 41.6 kg ha-1 mm-1 

Te, which is similar to that found in the 1984/85 experiment. 

These values compare favourably with Te efficiencies reported by Wilson (1985) 

for a range of crops in Canterbury. These included field peas at 60 kg ha- 1 mm-I , 

wheat at 45 kg ha- I mm-I , barley at 63 kg ha-1 mm-I and potatoes at 78 kg-;ila- I 

mm-I. Zain (1984) found peas in Canterbury produced 42 kg DM ha- l mm- I of Te' 

While there are very few reports on water use of lentils, Sharma and Prasad 

(1984) reported that at New Delhi, India fully irrigated lentil crops used 344 mm 

and 279 mm of water in 1979/80 and 1980/81 respectively. Production per mm of 

water was 5.2 and 5.6 kg seed in 1979/80 and 1980/81 respectively. Mehrotra et a1. 

(1977) found that lentils sown in the Oeoria district India produced 17.0 kg seed ha-1 

mm-1 of water utilized with no irrigation and only 8.9 kg seed ha-1 mm-r water 

utilized with four irrigations. However, water utilisation was not defined and ET was 

not measured. 
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Figure 8.17. The relationship between both dry matter production (-) and seed 
yield (- - -) of Titore lentils grown uncler rain shelters and calculated 
crop transpiration in Canterbury, 1985/86. 

Full irrigation (D), full irrigation until flowering then none (_), no 
irrigation until flowering then full (0), no irrigation (.). 
Dry matter regression y = 96.9 + 2.08 X, (R2 = 99.8%) 
Seed yield regression y = 12.9 + 1.18 X. (R2 = 97.7 %) 
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The relationship between DM yield and ETa in the shelter experiment was 

affected by irrigation (Table 8.7). These values differ from the general relationship 

in Figure 8.14 because water use efficiency has been calculated for each separate 

treatment. The unirrigated plots produced 28.1 kg ha-1 mm-1 ETa' while irrigated 

plots produced a mean of 15.0 kg ha-1 mm-1 ETa' These results are similar to those 

of Sherrell (1986) and Mehrptra et al. (1977) for lentils, and Wilson et al. (1981) 

and Zain (1984) for peas. The higher efficiency without irrigation is expected since 

only the transpirational fraction of ET is associated directly with crop growth. 

lnigated plots have more soil evaporation which increases ET without increasing 

growth. Therefore, unilTigated crops have a higher water use efficiency but 

considerably lower DM production. 

The relationship between ETa and seed yield in the shelter experiment was the 

same for all treatments (Table 8.7). This occurred because the water stress on the 

un irrigated crop was so severe that the plants were very small and few pods 

developed. A similar result was reported by Shruma and Prasad (1984) who found a 

lower water use efficiencyfot seed production in unirrigated plots. 

8.4.4 Response to the ratio of transpiration and vapour pressure deficit 

An analysis, first proposed by Bierhuizen and Slatyer (1965) was conducted to 

compare the water use efficiencies of lentils with other crops in Canterbury. The 

analysis was only done on the results of the 1984/85 field experiment. This was 

because in 1985/86 there were no yield responses to irrigation due to the wet season 

and in the rain shelter experiment it was not possible to take the required sequential 

destructive harvests. Crop growth over the season was linearly related to 

transpiration per unit vapour pressure deficit (Figure 8.5). The slope of this line is a 

transpiration efficiency coefficient (k), which characterizes crop water use efficiency. 

The k value of 0.028 mb is lower than most values reported for other crops in 

Canterbury and overseas (Table 8.9). 



Table 8.9. 

Crop 

Lentils 
Field peas 
Lucerne 
Soybean 
Wheat 
Barley 
Potatoes 
Maize 

Values of ET efficiency coefficient. k (mb), for various crops. 

k 

0.028 
0.038 * 
0.043 + 
0.040 + 
0.03l * 
0.040 * 
0.059 * 
0.089-0.120 + 

* from Wilson, 1985; + from Tanner and Sinclair, 1983 
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The lower k value suggests that lentils use water less efficiently than other 

crops. However, the ability of lentils to extract more soil water may c?mpensate for 

their lower water use efficiency, thus making them more drought tolerant. 

The linear relationship between yield and ratio of transpiration to VPD 

indicates that crop growth depends on water used. This means that dry matter yield 

can only be increased by increasing the amount of water available to plants, or by 

growing plants in a more humid environment. Additionally, the conditions which 

result in maximum yields are the same as those which result in maximum water use. 

Finally, if the crop needs to be irrigated, the greatest response will come in humid 

environments. However, with lentils humid environments are likely to cause disease 

problems. 

8.4.5 The existence of crHical periods of sensitivity to water deficit 

There are reports in the literature that lentils may be particularly sensitive to 

water stress at flowering or podfill. Sharma and Prasad (1984) reported that 

branching and grain development were the most critical time for water requirement 

of lentils. Flowering has also been reported to be a critical period for soybeans 

(Hearn and Constable. (1981) and field beans (Salter and Goode, 1967). More recent 

work, however, in which drought was controlled and/or quantified has thrown 

considerable doubt upon the existence of critical periods (Husain et a1.. 1983; Husain 

1984; Jamieson et aI., 1984; Zain, 1984; Roy, 1986). 

It was clear that the yield response to water deficit of field grown lentils did not 

fit the Penman model. There are two possible reasons for this. The Penman model 
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was developed in the U. K., where a maritime climate ensures consistent humidity. 

In Canterbury, the nOlth to south mountain range running along the westem edge of 

the Canterbury Plains causes very hot dry winds to blow over the plains. This can 

result in daily evapotranspiration losses of 7-8 mm. This may explain why in the 

field grown crops the only relationship of water use to yield which was significant 

was yield versus T/VPD, where transpiration was corrected for the dryness of the 

day. The other possible reason for this would be the existence of critical periods of 

sensitivity to water stress. 

This research has produced evidence which suggests that flowering to pod-fill 

may be a critical period for lentils. However, it is stressed that the statistical 

limitations of the small number of replicates and small plot size make interpretation 

of the data difficult. 

The results which most strongly suggest the existence of a critical period are shown 

in Figures 8.14 and 8.17. Figure 8.14 shows that the plants ilTigated until flowering 

produced approximately the same DM with 204 mm of ETI\ as the plants irrigated 

only after flowering did with 166 mm of ETa' The deviation is even more 

pronounced in the relationship between seed yield and ETI\ (Figure 8.14). While 

treatments 1, 3 and 4 all fall on the line, treatment 2, irrigated only until flowering, 

is considerably below it. The expected yield at 204 mm ETa was 147 g seed m-2, 

and the actual yield of 99 g m-2 is only 67 % of the expected. There was a similar 

deviation in the seed yield response to Tc (Figure 8.17). 

While these results are not sufficient to prove the existence of a critical period in 

lentils, when combined with the previous evidence presented in section 8.1.3 and 

Figure 8.6 they do suggest it. Reasons for the likely importance of this period for 

lentil yield could include sensitivity of pod abOltion and flower production)o water 

deficit. Additional work is therefore required in this area as this is one of the few 

crops that responds to water in what appears to be an unorthodox manner. It is 

unlikely however that the complete lentil water story will be learned until 

experiments with the crop are conducted under large rain shelters. 

8.5 Conclusions 

The results show that in Canterbury. even in a dry season, lentils do not give 

large responses to inigation. Even at a relatively high maximum potential soil 

moisture deficit of 299 mm in the unirrigated July sown crop, neither dry matter or 
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seed yield were reduced compared with the irrigated crop. In Canterbury, on the 

soil type used there appears to be adequate moisture even in dry seasons to produce 

high lentil yields. 

In the field lentils did not respond to irrigation according to the Penman model. 

However, under rain shelters, the crop response to soil moisture deficit did fit the 

Penman model. The results indicated that for each millimetre increase in Dill above 

DJ relative DM yield declined by 0.39 % of maximum potential yield. These lentils 

had a high limiting deficit and were very efficient at extracting soil moisture. 

In two of the three experiments there was a relationship between calculated 

transpiration and maximum dry matter production. The approximate WUE of 43.5 

kg DM ha-1 mm-1 Tc was lower than the WUE values for most crops in Canterbury. 

Field grown lentils showed a significant relationship between dry matter 

production and the ratio of transpiration to mean daily vapour pressure deficit. The 

low k value ofD.028 mb indicated that lentils used water less efficiently than many 

other crops. This relationship indicated that lentil DM production can only be 

increased by increasing the amount of water available to the plants or by growing the 

plants in a humid environment. Additionally, the conditions for maximum dry 

matter yields are the same as those for maximum water use. 

There was some indication from the results that flowering may be a critical 

period of sensitivity to water stress in lentils. 
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Chapter 9 

A computer simulation model of lentil growth and development 

9. 1 Introduction 

A major objective of this research project was the development of a computer 

simulation model which would predict crop development and yield. Many similar, 

albeit considerably more complex models have been developed. For wheat, Ceres

wheat (Otter et aI., 1983); TAMW (Maas and Arkin, 1980); and Robelison 

(Robel1son, 1968) models were all designed to predict the date of various 

phenological stages. Childs et a1. (1977), produced a mathematical model which 

evaluated soil, atmosphere and plant characteristics to predict maize yields in the 

USA. O·Leary et a1. (1985) produced a model based on water, biomass and 

phenology to predict development, growth and yield of wheat in Australia. Weir et 

a1. (1984) developed the AFRC model to predict yield and LAI of wheat in the 

United Kingdom. 

Any simulation model which attempts to provide a mechanistic explanation of 

growth and development must be based on soil, water, environmental and plant 

characteristics. As seen in Chapter 6, phenological development of lentils was 

dependent upon both temperature and photoperiod. Growth of lentils was plimmily 

dependent upon the amount of intercepted radiation and was also affected by crop 

transpiration. Final seed yield was affected by harvest index. All of these factors 

were taken into account during the development of the model. 

9.2 Model mechanics 

The model was developed after Montieth (1977). The model was dev~loped 

from the April and May sowing dates in 1984, and other sowing dates were used for 

initial validation. Total dry matter production is the integral of crop growth rate 

with time from emergence to physiological maturity. This can be expressed 

mathematically as Equation 9.1. 

maturity 

TDM = ) CGR dt 

emergence 

Equation 9. 1 



167 

The basic model equation then provides the basis for the required inputs and sub 

models. After calculation of TDM, seed yield is the product of harvest index (HI) 

and TDM (Equation 9.2). 

Y = HI x TDM Equation 9.2 

Equation 9. 1 indicates that CGR is the main determinant of TDM and hence 

seed yield, therefore, the first submodel developed was a description of CGR in 

which CGR is dependent upon: the amount of solar radiation (S) intercepted by the 

crop canopy; the efficiency at which the radiation is convelied into dry matter (u); 

anel a drought factor (elf) which acts to stop growth under dry conditions (Equation 

9.3). 

CGR = 0.5 x S x fj x u x df Equation 9.3 

where 0.5 = the fraction photosynthetically active radiation 

fj = the fraction of solar radiation actually 

intercepted by the crop 

The variables in Equation 9.3 indicate the other necessary sub models. 

1. A submodel to calculate fj 

2. A phenological submodel to calculate starting and stopping points. 

3. A submodel to calculate df 

9.2.1 Fraction of intercepted radiation submodel 

The amount of radiation intercepted by the crop is calculated from Gallagher 

and Biscoe (1978) (Equation 9.4). 

fj = 1 - exp( - k x GAl) Equation 9.4 

Where k = extinction coefficient 

GAl = green area index 

From Equation 9.4 it follows that a function to calculate GAl is necessary. Leaf 

area was found to be simulated most accurately using a relative leaf growth rate 

which was linearly dependent upon daily thermal time (Equation 9.5). 



Equation 9.5 

Where a = -0.0174 and b = 0.00892 

tte! = daily thermal time 

Daily GAl was then calculated on a relative basis (Equation 9.6). 

GAIn = GAIIl _1 X Lgr + GAln_1 Equation 9.6 
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Since complete solar radiation interception occurred at a GAl of approximately 7, 

GAl was not allowed to increase above this. 

An empirical parabolic function was used to reduce GAl after the crop attained 

maximum GAL This function should begin working between flowering and 

physiological maturity. At 650°C days (Tb) after maximum GAl, GAf should be 

zero. 

9.2.2 Phenological submodel 

The development of a phenological submodel was necessary to determine crop 

emergence, flowering and physiological maturity. As seen in Chapter 6, 

developmental phases were dependent upon either thermal lime or photothelmal 

time. Emergence, physiological maturity and harvest maturity were based on 

thermal time at T b = 2 0c. Time to flower and maximum GAl were dependent 

upon photothermal time. The input parameters to detelmine timing of these events 

are shown in Table 9.1.' 

Table 9.1. Threshold values for predicting various phenological events cQf lentils 
in a computer simulation moclel. 

Phenological event thelmal time photothermal time ;C ( °C clays) 
Emergence 115 2 
Flowering 278 2 
Maximum GAl 490 2 
Physiological maturity 546* 6 

* thermal time accumulated from flowering 
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9.2.3 Water use submodel 

While the model was not designed primarily to calculate lentil water use, a 

water use submodel was necessary to detelmine soil moisture status. Since crop 

growth ceases when there is no water available, the submodel calculates soil moisture 

deficit and if there is no water available for crop transpiration simulated crop growth 

stops. 

The water use submoclel is based on Penman (1962), ancl on PET corrected for 

crop cover (Ritchie, 1972). Simulatecl evapotranspiration from the crop occurs at the 

potential rate if the soil is moist and GAl is greater than five. At lower GAL, or with 

dry soil conditions PET is reduced following the method of Ritchie (1972) (see lines 

217-235 in the model programme, Appendix 2). 

The drought factor (clf) is used to turn crop growth on or off depending on soil 

moisture status. When df equals 1 growth continues at the maximum rate. When clf 
is zero, growth stops until more water becomes available and df increases. 

The df is dependent upon soil water status. If the soil contains enough water to 

supply the calculated daily PETeo!"r then df equals I. However, crop growth slows 

when the amount of water in the growth reservoir (an amount equal to the limiting 

deficit plus rainfall or inigation) is insufficient to supply the daily evaporation 

requirement. Under these conditions, df is calculated as the remaining available 

water in the growth reservoir divided by the daily PETeorr ' (See lines 311-32"3 in the 

model programme, Appendix 2). 

The df assumed a relatively minor importance because the lentil crop appeared 

to be relatively unaffected by the mild Canterbury drought. The limiting deficit was 
--

set at a high 80% of plant available water which was set at a high 240 mm. 

9.3 Model results and discussion 

9.3.1 Phenological development 

Over two very different seasons, encompassing eight sowing dates, the 

phenological stages of emergence, flowering and physiological maturity were 

predicted with reasonable accuracy (Table 9.2). 



Table 9.2. 
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Actual and predicted dates of emergence. flowering and physiological 
maturity at eight sowing dates for lentils in Canterbury. 

Sowing date Emergence Flowering Phys maturity 
Actual Predict Actual Predict Actual Predict 

16 April 1984 28/4 28/4 22/10 15/10 4112 3/12 
15 May /I 7/6 7/6 24/10 26/10 7112 11/12 
26 July /I 19/8 15/8 911 1 8111 21112 21112 
14 Sept /I 29/9 2110 24/11 26/11 611 511 
15 Oct /I 25/10 27110 8112 11112 1411 18/1 
15 Nov /I 24/11 25/11 31112 111 3011 912 
20 May, 1985 9/6 1116 28110 31110 13112 ] 9/12 
26 Aug, /I 9/9 9/9 20/11 20/11 13/1 311 

For the period from sowing to emergence, the largest discrepancy between 

actual and predicted dates, four days, occurred in the July sowing. This was 

probably due to the very low temperatures which occurred from 15 Jul)' until 20 

July. This may indicate that the model does not deal adequately with frost. Another 

possible explanation woulQ be that the crop may have been sown marginally deeper 

than the other sowings. This would also cause delayed emergence. In generaL 

predictions were quite accurate with four of the eight sowing dates emerging within 

one day of the predicted date and six within two days. 

Results from the period emergence to flowering were similar to those from the 

period of sowing to emergence. The only sowing date which showed a marked 

difference between actual and predicted dates to flower was the April, 1984 sowing. 

The seven day delay which occurred was most likely because of herbicide damage 

which was unique to this treatment. As reported earlier, metribuzin burning set the 

April sowing date back by approximately 7 - 14 days. Five of the eight sowing dates 

flowered within two days of the predicted dates and seven within 3 days. 

As might be expected, date of physiological maturity showed the most 

variability between actual and predicted dates. This was because of difficulty in 

determining whether or not a crop was physiologically mature. However. with the 

exception of the 1985 sowings, and the November, 1984 sowing the predicted dates 

of physiological maturity were close to the actual in all five of the other sowing 

dates, with the maximum deviation being four days. Six of the eight sowing dates 

were within six days of the predicted values. 
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9.3.2 Growth 

Total dry matter accumulation over the season was predicted reasonably well for 

both years (Figure 9.1a, b, c and 9.2). Variation in dry matter accumulation 

between sowing dates was accurately accounted for. The model tended to give better 

predictions for autumn than for spring sowings (Figure 9.1a and 9.lc). While 

predicted maximum TDM tended to be very close to actual, the model appeared to 

lag behind nature with predicted maximum DM occurring 7 - 14 days after actual. 

The reasons for this discrepancy are unknown, but may be the result of variable base 

temperatures later in the growing season .. 

9.3.3 Yield 

In most cases the model accurately predicted dry matter production and seed 

yield (Table 9.3). Only in the August, 1985 sowing did the predicted value differ 

markedly from the actual dry matter production. The severe Boh-ytis infection early 

in the life of the crop accourits for this difference. In the May sowing of the same 

season, the disease outbreak occurred much later in the crop life cycle, after most 

DM had accumulated, hence there was little difference between actual and predicted 

values. 

Table 9.3. Actual and predicted dry matter and seed yields for lentils at eight 
sowing dates in Canterbury. 

Sowing date Dry matter (t ha- I ) Seed yield (t ha- I ) 

Actual Predict Actual Predict 

16 April 1984 to.7 10.6 2.8 2.4 
15 May /I * 10.0 10.2 3.3 2.8 
26 July /I 9.3 8.9 2.4 2.3 ~ ~ 

14 Sept /I * 6.1 5.3 L5 1.4 
15 Oct /I 4.8 4.1 0.8 0.6 
15 Nov /I * 3.7 0.5 0.6 
20 May, 1985 8.7 9.0 1.5 # 1.4 
26 Aug, /I 4.1 5.4 0.8 0.8 

* from the data of Sherrel. (1986) 
# unirrigated plots only 

While predicted yields were not pelfectly accurate, sowing date trends were 

clearly predicted, and the potential yield lost due to spring sowing was obvious. 
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Days after sowing 

Actual (0) and predicted (e) dry matter production of lentils sown in 
April, 1984, in Canterbury. 
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Actual (0) and predicted (e) dry matter production of lentils sown in 
July, 1984, in Canterbury. 
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Actual (0) and predicted (e) dry matter production of lentils sown in 
October, 1984, in Canterbury. 
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Actual (0) and predicted (e) dry matter production of lentils sown in' 
May, 1985, in Canterbury. 
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9.3.4 Ground cover 

Outing model development leaf area proved to be the most difficult crop 

parameter to simulate. However, as related in section 9.1.1, leaf area was related to 

daily thermal time. Model predictions of total intercepted PAR were reasonably 

accurate (Table 9.4). 

Table 9.4. Actual and predicted intercepted PAR for five lentil crops in 
Canterbury. 

Sowing date 

April 16, t 984 
July 26, 1984 
October 15, 1984 
May 20, 1985 
August 26, 1985 

Intercepted PAR (MJ m-2) 

Actual Predicted 

704 804 
6L8 687 
365 380 
534 644 
409 407 

Model predictions were more accurate for spring sowings than for autumn 

sowings. This may have been due to an overestimation of intercepted PAR late in 

the season in the autumn sowings because the autumn sowings took longer to 

senesce. The longer period of senescence in these sowings makes measurement of 

actual intercepted PAR less reliable than in the spring sowings. 

9.4 Conclusions 

The model presented here is extremely simple in that soil water fluxes are 

ignored, crop rooting depth is not considered, the crop is assumed to be 

unresponsive to vemalisation and crop senescence is described mathematically not 

mechanistically. However, the model is based on sound physiological proc'esses and 

mechanistically describes growth and water use over the season. 

The model is accurate enough to be of practical value to lentil growers. 

Phenological predictions are quite accurate and could be used to predict harvest date 

or time to flower if irrigation at this time is desired. In Canterbury, the lentil grower 

would be able to use the model to detclmine possible yields at different sowing 

dates, or to provide evidence for increasing plant populations at later so~ings in an 

attempt to boost yields. 
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The model may also be of use to other agricultural researchers. Manipulating 

input variables can indicate areas in growth and development which require further 

research. 

The present model is preliminary. It is hoped that further development will 

occur. Subroutines can be built into the model which could account for the effects of 

disease, vemalisation, and perhaps for the deleterious effects of excess irrigation. 

The water use submodel needs further development to account for drainage, upward 

fluxes in the soil profile and water extraction patterns in the soil profile. 

Of vital importance to the model development is further testing, particularly in 

very hot arid regions where the crop will respond to irrigation. Within the" limits of 

the resources available it was not possible to grow lentil crops outside Canterbury. 

Hence, the model has not been validated outside Canterbury. Detailed phenological 

observations of lentil crops grown in arid areas would be valuable and "Would 

certainly lead to further refinements of the model. 



Yield 

Chapter 10 

Conclusions 
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This research showed that lentils can produce very high yields of both dry 

matter and seed in Canterbury. In 1984/85, maximum dry matter production of 12.5 

t ha-1 was higher than any previously published value for this crop. In this 

experiment, sowing date had the most significant effect on dry matter production. 

All autumn and winter sowings significantly out yielded all spring sowings. Although 

1984/85 was a dry season, dry matter production responded inconsistently to applied 

irrigation. In 1985/86, a wet season, irrigation had no effect on dry matter 

production. There was no difference in dry matter production between the two 

cultivars sown in 1984/85. 

Seed yield was also very high in 1984/85, and under the rain shelters in 

1985/86. Themarked seasonal variation in yield with a maximum seed yield in 

1984/85 of 3.3 t ha-1 and only 1.2 t ha-1 in 1985/86 indicates the sensitivity of lentils 

to high levels of soil moisture. Under wet conditions the crop is susceptible to many 

fungal diseases and yield can be reduced markedly as was seen in the 1985/86 field 

experiment. As with total dry matter production, sowing date had the most marked 

effect on seed yield. All autumn sowings produced more than 2. a t seed ha -I, while 

spring sowings produced less than 1.5 t ha-1 • 

Harvest index in this project remained relatively stable within a season. Earlier 

sowings tended to produce harvest indices of around 0.40, while later sowings had 

smaller HI's. Irrigation occasionally reduced harvest index slightly. In 1985/86, 

disease caused a large reduction in harvest index. 
'. 
" 

Because there has been little quantitative research on lentils in New Zealand, 

some advice to prospective lentil growers is included. In Canterbury, on soils which 

contain more than 200 mm of water at field capacity, recommendations for 

producing high lentil yields are: 

1. Sow in the autumn at 50 kg seed ha-1 for small seeded lentils and 70 kg seed 
ha-1 for large seeded lentils. The optimum sowing elate is aroul]d 15 May. 
If sowing must be delayed until spring, increase the seeding rate by two to 
three times to ensure canopy closure. Sow fungicide treated seed into a 
reasonably fine seedbed. Seed should be sown 2 to 3 cm deep in 15 em 
rows. 



2. Irrigation is not recommended even in a dry season, unless the soil is 
extremely shallow, sandy or stony. 

3. Control weeds, preferably with a pre-emergent herbicide 
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4. In a wet season watch crops carefully for signs of disease, and spray at the 
earliest sign of infection. 

Yield components 

Lentil seed yield was most highly correlated with the number of pods per plant. 

In general, sowing date affected the number of pods per plant more than any other 

factor. Early sowing produced considerably more pods per plant than later sowing 

even though the branch number per plant remained about the same. 

Growth analysis and development 

There was a highly significant linear relationship between maximum total dry 

matter production and green area duration. However, the relationship between 

cumulative dry matter production and intercepted solar radiation was even closer. 

Over all treatments and two seasons dry matter was produced at 1.76 g DM MJ-l 

PAR which was equivalent to a growth efficiency of approximately 3.1 %. 

Final utilisation coefficient was affected only by irrigation, with inigated plants 

using solar radiation approximately 10 % more efficiently than unirrigated plants. 

Development of lentils was shown to be dependent upon both mean temperature 

and photoperiod. All growth stages except E-F were dependent upon accumulated 

thermal time over the stage. For the period emergence to flowering however, 

photoperiod con-ected thermal time provided a very accurate prediction of flowering 
date. ~. 

Water use 

In the field experiments, lentil dry matter production was not related to 

potential evapotranspiration or to maximum potential soil moisture deficit. However, 

in 1984/85, a highly significant relationship was found between cumulative dry 

matter production and the ratio of crop transpiration to daily vapour pressure deficit. 

This relationship indicated that dry matter yield could only be increased by 

increasing the amount of water available, or by growing the plants in a more humid 

environment. 
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When grown under rain shelters, both seed yield and total dry matter production 

were related to total water received, maximum potential soil moisture deficit and 

actual evapotranspiration. Water use efficiency was affected by irrigation under the 

rain shelters with the unirrigated plants producing 2.8 g OM m-2 mm-1 ETa and 

irrigated plants about 1.5 g DM mm- 1 m-2 ETa' Water use efficiency for seed 

production- was more constant at approximately 0.7 g seed m-2 mm-1 ETa' 

Under the rain shelters, the limiting deficit appeared to be a high 130 mm on a 

soil with a field capacity of approximately 160 mm. At a similar percentage of field 

capacity, a high D) may have been the reason for little response to irrigation in the 

1984/85 field experiment. 

There was an indication that flowering may be a critical period of sensitivity to 

water stress in lentils .. 

Computer simulation model 

A computer simulation model was developed to predict growth, yield and 

development of lentils. The model is based on the data obtained from the April and 

May sowing dates in the 1984 experiment. Initial validation of the model was based 

on the other sowing dates and the second years experiment. Crop growth is 

dependent upon the amount of intercepted solar radiation. Seed yield is dependent 

upon harvest index which is considered stable in the absence of disease. Phenology 

of the crop is dependent upon accumulated thermal time and photoperiod. Lentil 

water use is calculated from PET corrected for crop cover. The model pulls together 

most of the results from these experiments and simulates the effect of the 

environment on a Canterbury lentil crop. 

The model is reasonably accurate at predicting dates of various phenological 

events, dry matter accumulation over the season, and final seed yields. The model 

does however, require further validation outside Canterbury. 
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RECOMMENDATIONS FOR FURTHER RESEARCH 

There is a need for further research in the following areas: 

1. To detelmine if yields from late sowings could be significantly increased by 

increasing plant population. 

2. To determine the limiting soil moisture deficit of field grown lentils to learn 

why the crop does not respond to in-igation even in a dry season. 

3. The crop is clearly extremely drought tolerant. A physiological study to 

examine the plant's reaction to water stress should provide valuable insights 

into why lentils are so drought tolerant. 

4. Further study on lentil root systems could provide additional information on 

lentil water use. 

5. The collection of phenological and yield data from other areas of New 

Zealand, and from other regions of the world, is crucial to further validate 

and fine tune the computer model. 
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APPENDICES 



Appendix 1. 

Sowing date 
April, 1984 
July, 1984 
October, 1984 
May, 1985 
August, 1985 
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APPENDIX 

Curve parameters for the MLP programme fitted logistic curves. y = a 
+ C/(l + T * exp (-b (x - m»)l/T 

Curve parameters 
b m T C a 

0.129 209.65 3.63 10461 0.0 
0.094 114.91 1.19 9734 0.0 
0.042 65.17 0.0 6791 0.0 
0.238 176.52 4.86 8642 0.0 
0.177 90.77 2.17 5017 0.0 
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Appendix 2. The fortran programnle of the lentil growth and development model. 

program LENTIL_grow 
c 
c This program is a simple model of the growth. development and 
c yield of a disease free lentil crop. It is driven by five weather 
c variables and in addition, the plant available water and stage 
c one limit of the soil must be known. 
c 
c Written 
c Last revision 
c Programmer 
c File name 

1-3 March 1985 
26 January, 1987 

J. N . Gallagher and B. A. McKenzie 
NEWLENMOD.FOR 

c 
character*70 loc !location of experiment 
character*70 experi !experiment desciption 
character*70 ysd! 
character*50file !names of input and output files 
! 
logical sow date 
logical flagl! 
logical flag2 

! true when sowing date found 

logicalflag3 
logical flag4 
logical gaimax 
logical flag7 
! 
integer sday !day of sowing 
integer smonth !month of sowing 
integer syear !year of sowing 
integer day !day read from weather file 
integer month !month read from wather file 
integer year !year read ti'om weather file 
integer groprd 
integer npos 
! 
real srfres 
real tfac(8)! 
real tmax 
real tmill 
real tmean 
real solrad 
real ep 
real rain 
real k 
real photop 
real grores 
real dm 
real psmd 
real maxlf 
real eratio 

!surface water resevoir 

!maximum temperature for day 
!minimum temperature for day 
!mean temperature for the day 

!solar radiation for day 
!evapotranspiration for day 
! rainfall for day 
! radiation extinction coefficient 

!photo period for day? 

dimension nirrig (10,3). amount (10) 
1 

! 
data tfac/0.98, 0.91, 0.80, 0.60, 0.37, 0.22, .0.10,0.021 
! 
! open input and output files 



! 
write(S.6) 
6 formate $Enter Parameter file name : ') 
read(5,7)t1le 
7 format(a) 
open(unit=l, name=file, carriagecontrol= 'list', type='old') 
write(5,8) 
8 format(,$Enter Output file name : ') 
read(5,7)file 
open(unit = 6, name =file, carriagecontrol = 'fortran', type = 'new') 
c 
c Set counters and sums to 0 
c 

! 

sumeac=O.O 
sumeas=O.O 
tdgg=O.O 
td=O.O 
sumptt=O.O 
sumtt=O.O 
ndas=O 
sumeta=O.O 
sumcep=O.O 
sumdd=O.O 
tdgg=O.O 
qq=O.O 
sumrad=O.O 
radint=O.O 
tmaxl = 200.0 
tlfdie = 650.0 
npos= 1 

! read the paramters from input file on logical unit 1 
! 
read(l,7) loc 
read( 1 ,7) experi 
read( 1,7) ysd 
read(l, *) tbdevel,tblfgro,tbgro,topt,pb.tdemer, 

c ptttlow,pttmaxg,physmat,ttharv ,hvstin,u,st tlmt, 
c paw,asmd,sday,smonth,syear,k 

read(1, *) noi !this is the number of irrigation events 
do i=1.noi 

read(l,*) (nirrig (i,j),j=1,3),amount(i) !date and amount (mm) 
enddo 

c1ose(unit= 1, dispose= 'save') 
c 
c Now the soil water status will be defined note the growth 
c reservoir will be set to equal the limiting deficit. 
c 

c 

grores=0.8*paw 
dm=asmd 
psmd=asmd 

c Print location and year of experiment followed by values of crop 
c and soil parameters 

write(6.101O) lac 
write(6, 1020) experi 
write(6, to25) ysd 
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! 

write(6,1030) 
wtite(6, 1040) 
write(6, 1) tbdevel, topt. tbgro, pb 
write(6,2) pttflow, pttmaxg, physmat 
write( 6,18) tdemer, ttharv 
write(6,3) st Umt, paw, asmd 
write(6,4) u, hvstin, k 

! open the weather data file 
! 
write(5,9) 
9 formate$Enter the Weather Data file : ') 
read(5,7)file 
open(unit= 1, file=fiIe, caniagecontrol= 'list', status = 'old') 
c 
c Soil sUlface water resevoir is set to take rough account of the 
c actual soil moisture deficit. 
c 

stfres =4*st Ilmt*( 1.0-asmd/paw) 
20 formate', 'day month year tmax tmin solrad rain EP EA' , 

c ' EP EA ETA smd/paw soil drought sum GAl', 5x, 
c 'CGR TDM INT RAD Dm') 

25 formate', 48x, , soil max crop', 12x, 'surface', 
c ' factr drought') 

26 fOlmatC', 78x, , res', Ilx" 'days') 
30 formatC', 18x, '<.leg C deg C MJ/sqm mm mm 

c 'mm mm mm mnl', 6x,' mm', 
c 24x, 'kg/ha t/ha MJ/sqM') 

34 formate', 30x, , Id ',67x,' Id'/) 
! 
! find the sowing date within the file 
! 
sow date = . false. 
dowlli1e(. not. sow date) 

read(1, '(3i2)' ,-end = 11 )year,month,day 
if(year.eq.syear.and. !correct year 
! month.eq.smonth.and. !con-ect month 
! day.eq.sday)then!correct day 

sow date = .true. 
endif 

enddo 
1 I continue 
LB(.not.sow date)then 

pause ' Correct sowing date not found within file ' 
endif 
35 fonnat(3i2, 7f7.2) 
! 
! as <.lay month and year should now equal their sowing date equivalents 
! we will print the output to prove the correct position in the file has 
! been found 
! 
write(6,5) day, month, year 
5formatC " 'sowing date was day', i4. ' month', i4, 

c ' year', i4 II) 
write(6,20) 
write(6,25) 
write(6,26) 
write(6,30) 
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write( 6,34) 
c 
c The next loop runs until sufficient thennal time has accumulated 
c for crop emergence to have occuned. 
c 
ndas=O 
flag 1 =. true. 

tb=tbdevel 
do while(flag 1) 

ndas = ndas + 1 
read(1 ,35 ,end= 12)year,month ,day ,tmax,tmin,tmean,solrad, 
c rain,ep,photop 

call ttime(tt, tmax, tmin, tfac, tb, topt) 
sumtt=sumtt+tt 

call irrig(day,month,year,nirrig,npos,noi,rain,amount) 
call evap(fint,gai,stllmt.ep,rain,easoil,epcrop.eacrop, 
! correp,paw,asmd,fswd,grores,drfac,sumdd,sumeac, 
! sumeas,sumeta,sumcep,dm,srfres,eta,psmd) 

write(6,50) day, month, year, tmax, tmin, 
c soh'ad, rain, ep, 
c easoil, conep, eacrop, eta, fswd, srfres, 
c drfac, sumdd, gai, cgr, tdm, radint, dm 

50 formate', 315, 9(2x, f4.1), x, f5.1, 2x. f5.1, 2x, f4.2, 
c 2x, f4.1, 2x, f5.2, 2x, f5.1, 2x; 2f6.2, 2x, f4.0) 

if(sumtt. ge. tdemer.and. ptt. eq. 0.0) then 
write(6, lO) ndas 
10 fonnate " lOx,! '***** crop emergence *****', 

c 5x, 13, ' days after sowing'll) 
f1agl = .false. 

endif 
enddo 
12 continue 
if(f1ag l)then 

pause' Weather file ended before emergence' 
endif 
c 
c This section predicts the time from emergence until flowering. 
c The time taken for flowering depends upon photothennal time 
c which is summed from emergence until flowering. 
c Leaf expansion occurs at a rate determined by temperature. 
c Leaf area expansion rate is assumed to be a linear function of 
c temperature based on this years six sowing date trial. 
c At the end of this phase the crop will have flowered, but 
c maximum GAl will not yet exist. 
c 

gai=0.05 
flag2 = . true. 
do while(f1ag2) 

ndas =ndas + 1 
reac1( I ,35,end= 13)year.month.day .tmax.tmin.tmean.solrad. 
c rain,ep.photop 

tb=tblfgro 
call ttime(tt .tmax . tmin . tfac, tb. topt) 
rlagr=-O.O 174 +0.00829*tt 
gai = gai *rlagr + gai 
if (gai . ge. 7.0) then 
gai =gai 
endif 
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tb=tbdevel 
call ttime(tt ,tmax , tmin . tfac, tb, topt) 

sumtt = sumtt + tt 
ptt = tt*(photop-pb)/(24.0-pb) 
sumptt=sumptt + ptt 

qq=qq+ptt 
fint= I.O-exp(-k*gai) 

call irrig(clay ,month ,year ,nirrig,npos,noi ,rain ,amount) 
call evap( fint, gai, stJ Imt, ep, rain, easoiL epcrop, 
c eacrop, cOlTep, paw, asmcl' fswd, grores, 
c clrfac, sumdd, sumeac, sumeas, sumeta, sumcep, 
c dm, srfres,eta,psmd) 

cgr = 0.5*solrad*fint*u*dlfac*10.0 
radint=0.5*solrad*fint !intercepted PAR 
sumrad=sumrad+radint !sum of interceptedPPAR 

tdm = tdm + cgr*O.OOI 
write(6,50)day, month, year, 
c tmax, tmin, solrad, rain, 
c ep, easoil, correp, eacrop, eta, fswd, srfres, 
c drfac, sumdd, gai, cgr, tdm, radint, dm 

if (sumptt . ge. pttflow)then 
flag2 = .false. 

write(6,100) 
100 formatC " II' Flowering started'll) 

endif 
enddo 
13 continue 
if(flag2)then 

pause' Weather file ended before flowering occurred.' 
endif 
c 
c During the next phase of development, from floweting until 
c maximum leaf area, growth is detelmined by insolation 
c and the presence of sufficient soil water. The time taken to 
c maximum leaf area is governed by thermal time. 
c 

yy=O.O 
zz=O.O 

f1ag3 = .true. 
do while(tlag3) 

read(l ,35.end= 14)year,month,day ,tmax,tmin,tmean,solracl, 
c rain,ep,photop 

callttime(tt, tmax, tmin, tfac, tb. topt) 
yy=yy+tt 
sumtt = sumtt + Lt 
ptt = tt*(photop-pb)/(24 .O-pb) 
qq=qq+ptt 
sumptt = sumptt + ptt 
zz=zz+tt 
tb=tblfgro 
call ttime(tt. tmax. tmin. tfac. tb. topt) 
rlagr=-O.O 174 +0.00829*tt 
if (gai . ge. 7.0) then 
gai = gai 
else if (zz .It. 200.0) then 
gai = gai *rlagr + gai 

endif 
if (zz . ge. 200 ) then 
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64 
write(6,64) 
fOlmat (' " II ' Maximum GAT occured' II) 

flag3 = .false. 
endif 
fint= 1.0-exp(-k*gai) 
tb=tbdevel 
call irrig(day,month,year,nirrig,npos,noi,rain,amount) 

call evap(fint, gai, stUmt, ep, rain, easoil, eperap, 
c eaerop, con'ep, paw, asmd, fswd, grores, 
c drfac, sumdd, sumeae, sumeas, sumeta, sumcep, 
c dm, srfres,eta,psmd) 

cgr = 0.5*solrad*fint*u*c1rfac*10.0 
radint =0.5 *solrad *fint 
sumrad= sumrad +raclint 
tdm = tdm + cgr*O. 00 1 

write(6,50) day, month, year, 
c tmax, tOlin, soh'ad, rain, 

!intercepted PAR 
!sum of intercepted PAR 

c ep, easoil, cOlTep, eacrop, eta, fswd, stires, 
c drfac, sumdd, gai, cgr, tdm, radint, dm 

enddo 
14 continue 
if(f1ag3)then 

pause' Weather file ended before maximum LA!' 
endif 
c 
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c This section catTies on with thermal time to calculate c physiological maturity. 
However, LAI is now calculated using a c parabolic function which decreases LAI 
to zero at 650 oed after c flowering 
c 

e 

maxlf=gai 
flag 7 = . true. 
zz=O.O 
do while (f1ag7) 

read(1,35.encl= 14)year,month,day,tOlax,tmin,tmean,solrad, 
c rain,ep,photop 

call ttime(tt, tmax, tmin, tfac, tb, topt) 
sumtt=sumtt+tt 
yy=yy+tt 
zz=zz+tt 
ptt =tt*(photop-pb)1 (24. O-pb) 
qq=qq+ptt 
sumptt = sumptt + ptt 
tb=tbdevel 
call irrig(c1ay .month,year, niITig,npos,noi . rain, amount) 

call evap(fint, gai, stllmt, ep, rain, easoiL epcrop. 
c eacrop, cOlTep, paw, asmcl, fswd, grores, 
c c1lfac, sumdd, sumeac, sumeas. sumeta, sumcep, 
c dm, sifres,eta,psmd) 

if (eperop . gt. 0.0) then 
eratio = eacrop/epcrop 
if (eratio .Ie. 0.2)then 
gakilr=5.0 
else gakilr =epcrop/eacrop 
end if 
if (gakilr .It. 1.0) gakilr = 1.0 

endif 



c The next equation is the differential of the parabola needed 
c to decline LAI to zero at 6S0 oCd after reaching max LAI. 
c The zz-tt/2.S takes into account the fact that tt is a daily mean 
c so dont worry about it. Since the equation uses a differential 
c we are reducing LAI by it's daily rate of decline. See notes if 
c there are any problems. At the present time 1 have shifted away 
c !! !from using the differential and am using the actual equation!!! 
c 

gai = gai-maxlf*«zz-tt/2.S)*tt*gakilr*2/tIfdie**2) 
if (gai .le. O.OS) then 

gai=O.O 
endif 

fint= 1.0-exp(-k*gai) 
cgr = 0.5*solrad*fint*u*dlfac* 10.0 
radint=O.S*solrad*fint !intercepted PAR 
sumrad=sumrad+radint !sum of intercepted PAR 
tdm = tdm + cgr*O.OOl 

write(6,SO) day, month, year, 
c tmax, tmin, solrad, rain, 
c ep, easoil, cOlTep, eacrop, eta, fswd, srfres, 
c drfac, sumdd, gai, cgr, tdm, radint, dm 

if(yy . ge. physmat .and. flag7) then 
flag7 = .false. 
write(6,60) . 
60 fOlmatC ',/1 'Physiological maturity occured' I I) 

endif 
enddo 
19 continue 
if(flag7)then 

pause' Weather file ended before physiological maturity' 
endif 
c 
c The next phase of development represents the time from physiological 
c maturity to harvest. The duration of this phase is governed by 
c temperatures above a base of 2.0 deg C (usually). During this 
c phase LAI continues to decline until an LAl of zero is reached. 
c 

zz=O.O 
f1ag4 = .true. 
do while(flag4) 

if (epcrop .gt. 0.0) then 
eratio = eacrop/epcrop 
if (eratio .Ie. 0.2)then 

gakilr=S.O 
else 
gakilr =epcrop/eacrop 

endif 
if (gakilr .It. 1.0) gakilr = 1.0 

endif 
if (gai .gt. O.O)then 

gai = gai-maxlf*( (zz-tt/2. 5) *tt*gaki 1 r*2/tlfdie**2) 
if(gai .It. 0.05)then 

gai=O.O 
endif 

endif 
ndas = ndas + 1 
read( 1 ,35 ,end = 15)year,month ,day ,tmax, tmin ,tmean,solrad, 
c rain,ep,photop 
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call ttime(tt, tmax, tmin, tfac, tb, topt) 
call irrig(day .month.year,nirrig,npos.noi. rain .amount) 

call evap(fint, gai, st I]mt, ep, rain. easoiI, epcrop, 
c eacrop, COlTep, paw, asmd, fswd, grores, drfac, sumdd, 
c sumeac, sumeas, sumeta, sumcep, dOl, slires,eta,psmd) 

sumtt=sumtt+tt 
zz=zz+tt 
fint= 1.0-exp(-k*gai) 

cgr = 0.5*solrad * tint * u * dlfac * 10.0 
radint=0.5*solrad*t1nt !intercepted PAR 

sumrad=sumrad+radint !sum of intercepted PAR 
tdm = tdm 

tdgg = tdgg + tt 
write(6,50) day, month, year. 
c tmax, tmin, soh'ad, rain. ep. 
e easoil, correp, eacrop, eta, fswd, srfres, dlfac, 
e sumdd, gai, egr, tdl11, radint, dm 

if(zz .ge. Hharv) then 
f1ag4= .false. 
write(6,55) 
55 formatC " I I' Harvest maturity reached ' I I) 

endif 
enetdo 
15 continue 
u(flag4)then . 

pause' Weather file ended before harvest" 
endif 
perelt = (sumdd/ndas)* 100.0 
effep = sUl11cep - dm + (0.5 * paw) 
c 
c Print summary before stopping 
c 

ernean = (ttim/ndas) * 1000.0 
yield = tdm * hvstin 
utilz = (tdm* 100)/sumrad 
write(6,65) 

65 formatC', / / ' Summary of run ') 
write(6,70) 

70 formatC', 13('*') II) 
write(6,80) ndas 

80 formatC', 'Total growth duration', 16, , days' /) 
write(6.90) emean 

90 fonnate', 'Mean crop growth rate', f6.0, 
c ' kg per ha per day' /) 
write.(6,95) yield 

95 fonnate'. 'grain yield (DM) , f6.2, , t per ha' /) 
write(6, I 10) nint(surncld), percit 

110 formate', 'Days of growth lost to drought', 16. ' days'. 
c f4.1, 2x, 'percent of total growth duration' /) 
write(6, 120) sllmeas 

]20 formate'. 'Total soil evaporation' f6.0. ' O1m'/) 
write(6, 130) sllmeac 

130 forniat(,', 'Total actual evaporation from crop " f6. 0, . mm' I) 
write(6, 140) sumcep 

140 formate', 'Total potential evapotranspiration', f6.0, , mm 'I) 
write(6, 150) dm 

150 formatC", 'Maximum potential soil moisture deficit', f6.0, 
c ' mm'/) 
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write(6, J 60) effep . 
160 f01matC', 'Effective potential evapotranspiration', f6.0, 

c ' mOl' I) 
wdte(6, 161) sumrad 

16 L formatC', 'Total intercepted PAR was', f8.2, ' MJ' I) 
write(6, t 62) utilz 

162 fOlmatC', 'Calculated utilization was " f5.3, 'g/MJ' I) 
! 
! format statements stored in order of use within program 
! 
10 I 0 format(, " 'Location ',A 70/) 
1020 formatC ','Experiment ',A 70/) 
1025 format(' " 'Year ',A 70/) 
1030 fOImat(' ',' Parameter vaJues for model') 
1040 formatC " IX, 26('*')11) 
1 formate', 'base temperature =', f4. I, 

C 3X, 'optimum temp. =', f4.1, 
c 3x, 'base temp. grain gowth =', f4.1, 
c 3x, 'base photoperiod =', f4.1/) 

2 formatC' , 'photothermal duration to flower =', f6.2, 
c 3x, 'photothermal duration to max gai =', f6.2, 
c 3x, 'thermal duration to physical maturity =', f6.2/) 

18 formatC', 'Thermal time sowing - emergence = ',£6.2, 
c 3x, 'thermal time from physiological maturity to harvest = ' 
c f6.2) 

3 formatC', 'stage] limit =', "£4.1, 'mm', 3x, 
c 'plant available water =', f4.0, 'mm', 3x, 
c 'soil moisture def. at sowing =', f4.0, 'mm'/) 

4 formatC',' solt'ad utilisation coefficent =', f4.1, , g/MJ', 
c 3x, 'harvest index =', f4.2,2x, 'extinction coefficient =', 
c f4.2 II) 
stop 
end 
subroutine evap(fint, gai, stllmt, ep, rain, easoil. epcrop, 

c eacrop, cOlTep, paw, asmd, fswd, grores, dlfac, 
c sumdd, sumeac. sumeas, sumeta, sumcep, dm. 
c srfres,eta,psmd) 

! 
real dl /301 !drought limit 
real easoil !actual evap from soil 
real epsoil ! potential evap 
real st llmt !stage one limit 
real st21mt !stage two limit 
real gai !green area index 
real fint !fraction of intercepted radiation total not PAR 
real srfres !surface water resevoir 
real sumeas ! total soil evap 
real epcrop !evap from crop 
real correp !actual ep corrected for crop cover 
real sumcep !total actual ep 
real fswd !fractional soil moisture deficit 
real paw !plant available water 
real eta !actual et 
real sum eta ! sum of evapotrans 
real asmd !actual soil moisture deficit 
real grores ! growth reservoir 
real dtfac !drought factor 
real dm !maximum potential soil moisture deficit 

206 



c 
c d1, the limiting deficit set at 80 % of plant available water 
c 

dl=0.8*paw 
c 
c The first section of this module calculates actual soil evaporation. 
c 

st2Imt=3.0 * stllmt 
if(gai. ge. 5.0) then 

epsoil=0.25 * ep 
else 

epsoil = ep * (i-fint) * i.3 
endif 

217 if(epsoil. ge. ep) epsoil = ep 
218 if(srfres. Ie. 0.0) then 
219 easoil = 0.0 
220 else if(srfres. gt. st2lmt) then 
221 easoil = epsoil 
222 else 
223 easoil = (epsoil/3.0) * srfres/stllmt 
224 endif 
225 sumeas = sumeas + easoil 
226 srfres = srfres - easoil + rain 
227 if(srfres. gt. (4.0*stllmt» srfres= 4.0 * st lImt 
c 
c The next section calculates actual and potential evaporation 
c from the crop. 
c 
228 if(gai. ge. 5.0) then 
229 epcrop = ep - easoil 
230 else 
231 epcrop = ep * (-0.21 + 0.7*sqrt(gai» 
232 if(epcrop .It. 0.0) epcrop =0.0 
234 x = ep - easoil 
235 if(epcrop. gt. x) epcrop = ep - easoil 

end if 
conep = epcrop + easoil 
sumcep = surncep + correp 
fswd = l-(asmd/paw) 
if(fswd. gt. 0.5) then 

eacrop = epcrop 
else 

eacrop = (-2.0 * (1 - fswd) + 2.0) * epcrop 
endif 
sumeac = sumeac + eacrop 
eta = easoil + eacrop 
sumeta = sum eta + eta 
asmd = asmd + eta - rain 
if(asmd .it. 0.0) asmd=O.O 

311 grores = grores - correp + rain 
312 if(grores. gt. ell) grores = ell 
313 if(grores. It. 0.0) grores = 0.0 
314 psmd = psmd + correp-rain 
315 if(psmd . gt. elm) elm = psmd 
316 if (grores. eq. 0.0) then 
317 chfac = 0.0 
3 18 sumdd = sumdd + .1.0 
319 else if (grores . gt. correp) then 
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320 drfac = 1.0 
321 else 
322 (hfac = grores/correp 
323 sumdd = sumdd + drfac 

endif 
retulll 
end 

subroutine ttime(tt, tmax. tmin, tfac, tb, topt) 
c 
c This subroutine calculates thermal time above the given base c temperature and 
decreases thermal time accumulated in a day if tmax c exceeds the optimum 
temperature for the process. 
c 

c 

dimension tfac(8) 
fract = 0.0 
if(tmax. It. tb) then 

tt = 0.0 
goto 500 

else if(tmin. It. tb) then 
tt = 0.0 
if(tmax. gt. topt) tmax = topt - 2.0 * (tmax-topt) 
if(tmax. It. 0.0) tmax = 0.0 . 
trange = abs(tmax-tmin) 
do j= 1, 8, 1 . 

dtemp= tmin + trange*tfac(j) 
if(dtemp. It. tb) then' 

dtemp=tb 
else if(dtemp. gt. tb) then 

fract = fract + O. 125 
endif 

c fract is used to determine the fraction of the day during which 
c temperatures are > tb and when growth can occur. 
c 

tt=tt+dtemp-tb 
end do 
tt=U/8.0 
go to 500 

else if(tmin. gt. tb. and. tmax. gt. topt) then 
tmax=topt-2.0*(tmax-topt) 

if(tmax. It. 0.0) tmax=O.O 
end if 
tt=0.5*(tmax +tmin)-tb 

500 continue 
return 
end 
subroutine irrig(day ,month.year,nirrig.npos.noi .rain, 

c amount) 
c 
c this suhroutine takes account of irrigation and sets rain equal 
c to rain plus irrigation on the appropriate days. 
c 

integer day,month,year 
dimension nilTig( lO.3), amount( 10) 
if (day .eq. nirrig(npos, I) .and. month .eq. nirrig 

c(npos,2) .and. year .eq. nirrig(npos.3» then 
rain =rain +amount(npos) 
npos=npos+ 1 



endif 
return 
end 
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Appendix 3. Example of the weather data file required for the lentil model. The 
data presented is for the month of April. 1984. 

84 4 1 IS.3 14.0 14.7 7.0 1.7 1.0 12.6 
84 4 2 IS.7 4.0 9.9 lO.9 0.0 1.6 12.6 
84 4 3 17.6 4.6 11.1 16.6 0.0 2.7 12.S 
84 4 4 22.8 8.S IS.6 16.9 0.0 2.8 ]2.S 
84 4 S 18.0 6.1 12.1 9.2 0.0 1.2 12.4 
84 4 6 20.8 6.1 13.4 8.4 0.0 2.6 12.4 
84 4 7 24.7 7.9 16.3 13.2 0.0 4.7 12.3 
84 4 8 13.7 12.7 13.2 10.0 4.0 2.9 12.3 
84 4 9 lS.2 0.3 7.8 15.2 0.0 3.3 12.2 
84 4 10 19.2 3.0 11.1 14.8 0.0 2.8 12.2 
84 4 11 19.2 3.S 11.4 IS.2 0.0 2.6 12.1 
84 4 12 20.S 2.2 11.4 IS.9 0.0 2.6 12.1 
84 4 13 18.0 3.4 10.7 14.9 0.0 2.1 12.0 
84 4 14 17. L 4.9 11.0 IS.S 0.0 2.1 12.0 
84 4 1S 17.0 11.0 14.0 8.3 0.0 1.4 12.0 
84 4 16 16.2 8.2 12.2 11.6 0.0 I.S 11.9 
84 4 17 16.S 3.7 ]0.1 12.8 0.0 1.9 11.9 
84 4 ] 8 16.8 9.S . 13.1 14.3 0.0 2.6 .. 11.8 
84 4 19 16.9 11.6 14.3 11.2 0.4 2.6 1 1.8 
84 4 20 14.8 10.3 12.6 S.6 0.4 0.8 11.7 
84 4 21 14.3 8.6 ll.S 10.7 0.0 1.S 11.7 
84 4 22 14.3 -O.S 6.9 ] 3.7 0.0 1.6 11.6 
84 4 23 14.3 7.3 10.8 10.1 0.0 1.8 11.6 
84 4 24 18.2 10.6 14.4 L3.9 0.0 3.2 1l.S 
84 4 2S 23.8 7.6 IS.7 9.2 0.0 2.7 II.S 
84 4 26 19.0 6.S 12.8 13.4 O. ] 2.8 11.S 
84 4 27 14.4 9.9 12.1 8.3 0.1 1.S 11.4 
84 4 28 17.9 S.O 11.4 S.6 7.8 2.1 11.4 
84 4 29 1S.6 0.2 7.9 12.3 0.0 1.7 11.3 
84 4 30 16.8 0.9 8.8 8.9 2.0 2.S 11.3 



Appendix 4. Example of the required input data to run the lentil growth and 
development model. 

D2 AREA OF MIXED CROPPING FARM 
BRUCE A. MCKENZIE LENTIL TRIAL OF SIX SOWING DATES 
SOWN L6 APRIL 1984 IRRIGATED PLOTS 
2.0 
3.0 
6.0 
25.0 
7.4 
115.0 
277 
490 
546 
270 
0.26 
1.76 
5.0 
240.0 
0.0 
16484 
0.32 
3 
13 10 84 25 
26 to 84 25 
13 11 84 40 
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~ppendix 5. Example model run of an April sown lentil crop from the lentil model. 

Locution 02 AREA OF MIXED CROPPING FARM 

Experill1ent BRUCE A. MCKENZIE LENTIL TRIAL OF SIX SOWING DATES 

Year SOWN 16 APRIL 1984 IRRIGATED PLOTS 

Parameter values for model 
************************** 

base lemperatlll'e = 2.0 optimum temp. =25.0 base temp. grain gowth = 6.0 base photoperiod = 7.4 

photothermal duration to flower =277.68 photothermal dmation 10 max gai =490.00 thermal duration to physical maturity =546.00 I·.·· 

Thermal time sowing - emergence = 115.00 Ihermal time from physiological1l18turity to harvest = 270.00 
stnge 1 limit = 5.01Um plunt available waleI' = 240.111111 soil moisture dcf. at sowing = O.mlll 

soh'ad utilisation coeli1cent = 1.8g/MJ harvest index =0.26 extinction cocft1cient =0.32 

sowing date was day 16 mOlllh 4 year X4 

day month year tmax tmin solrad rain EP EA EP EA ETA smd/paw soil drought sum GAl CGR TOM tNT RAD Om 
soil max. crop surface factr drought 

res days 
deg C deg C MJ/sqlll III III Illm mill 111m mill mill 111111 kgLha Ilha MJ/sqM 

Id III 

17 4 84 16.5 3.7 12.8 0.0 1.9 1.9 1.9 0.0 1.9 1.0 18.1 1.00 0.0 0.00 0.0 0.00 0.00 2. 
III 4 84 16.8 9.5 14.3 0.0 2.6 2.6 2.6 0.0 2.6 1.0 15.5 1.00 0.0 0.00 0.0 0.00 0.00 5. 
19 4 84 16.9 lL6 11.2 0.4 2:6 2.6 2.6 0.0 2.6 1.0 13.3 1.00 0.0 0.00 0.0 0.00 0.00 7 . 
20 4 84 14.8 10.3 5.6 0.4 0.8 0.7 . 0.7 0.0 0.7 1.0 13.0 1.00 0.0 0.00 0.0 0.00 0.00 7. 
21 4 84 14.3 8.6 10.7 0.0 1.5 1.3 1.3 0.0 1.3 l.0 11.7 1.00 0.0 0.00 0.0 0.00 0.00 8. 
22 4 84 14.3 -0.5 13.7 0.0 1.6 1.2 1.2 0.0 1.2 1.0 10.4 1.00 0.0 0.00 0.0 0.00 0.00 10. 
23 4 84 14.3 7.3 10.1 0.0 l.ll 1.3 1.3 0.0 1.3 l.0 9.2 1.00 0.0 0.00 0.0 0.00 0.00 11. i 
24 4 84 18.2 10.6 13.9 0.0 3.2 2.0 2.0 0.0 2.0 1.0 7.2 1.00 0.0 0.00 0.0 0.00 0.00 13. 
25 4 84 23.8 7.6 9.2 0.0 2.7 1.3 1.3 0.0 1.3 0.9 5.9 1.00 0.0 0.00 0.0 0.00 0.00 14. 
26 4 114 19.0 6.5 13.4 0.1 2.8 1.1 1.1 0.0 1.1 0.9 4.9 1.00 0.0 0.00 0.0 0.00 0.00 15. 
27 4 84 14.4 9.9 8.3 0.1 1.5 0.5 0.5 0.0 0.5 0.9 4.5 1.00 0.0 0.00 0.0 0.00 0.00 15. 
28 4 84 17.9 5.0 5.6 7.8 2.1 0.6 0.6 0.0 0.6 0.9 11.7 1.00 0.0 0.00 0.0 0.00 0.00 15. 

***** crop emergence"'''''** 12days uncI' sowing 

29 4 84 15.6 0.2 12.3 0.0 1.7 1.3 1.3 0.0 1.3 1.0 10.4 1.00 0.0 0.05 1.8 0.00 0.10 15. 
30 4 84 16.8 0.9 8.9 2.0 2.5 1.7 1.7 0.0 1.7 1.0 10.6 1.00 0.0 0.05 1.3 0.00 0.07 15. ; 
1 5 84 9.3 6.0 5.7 5.3 J.2 0.9 0.9 0.0 0.9 1.0 15.1 1.00 0.0 0.05 0.9 0.00 0.05 15. 
2 5 84 12.4 0.9 11.1 0.0 3.3 3.3 3.3 0.0 3.3 1.0 11.8 1.00 0.0 0.06 1.7 0.01 0.10 15. 
3 5 84 14.0 -0.6 12.2 0.0 2.2 1.7 1.7 0.0 1.7 1.0 10.1 l.00 0.0 0.06 1.9 0.01 0.11 15. 
4 5 84 15.8 0.0 11.7 0.0 2.0 1.3 1.3 0.0 1.3 1.0 8.7 1.00 0.0 0.06 1.9 0.01 0.11 15. i 
5 5 84 13.2 3.8 4.9 0.0 0.6 0.3 0.3 0.0 0.3 1.0 8.4 1.00 0.0 0.06 0.8 0.01 0.05 15 .. 
6 5 84 10.6 4.2 4.6 0.0 0.5 0.3 0.3 0.0 0.3 1.0 8.1 1.00 0.0 0.06 0.8 0.01 0.04 15. 
7 5 84 14.5 1.2 11.2 0.0 l.9 1.0 1.0 0.0 1.0 1.0 7.1 1.00 0.0 0.06 1.9 0.01 0.11 15. 
8 5 84 10.5 . 3.2 4.5 14.7 0.5 0.2 0.2 0.0 0.2 0.9 20.0 1.00 0.0 0.06 O.l! 0.01 0.04 15. 
9 5 84 11.4 7.7 4.4 2.8 0.6 0.6 0.6 0.0 0.6 1.0 20.0 1.00 0.0 0.07 0.8 0.01 0.05' 15. , 
10 5 84 10.5 7.6 4.4 0.0 0.6 0.6 0.6 0.0 0.6 1.0 19.4 1.00 0.0 0.07 0.8 0.02 0.05 15. 
11 5 84 11.4 0.9 4.7 0.0 0.8 O.!! O.!! 0.0 0.8 1.0 H!.6 1.00 0.0 0.07 0.9 0.02 0.05 15. 
12 5 84 13.4 4.3 9.6 0.0 1.4 1.4 1.4 0.0 1.4 1.0 17.2 1.00 0.0 0.07 1.9 0.02 0.11 15. , 
13 5 84 19.6 6.7 9.3 0.0 1.8 LX U! 0.0 l.l! 1.0 15.4 1.00 0.0 0.07 1.9 0.02 0.11 15. : .. 
14 5 84 17.2 3.4 9.9 0.0 2.2 2.2 2.2 0.0 2.2 1.0 13.2 1.00 0.0 0.08 2.1 0.02 0.12 15. 
15 5 l!4 15.2 7.6 10.0 0.0 2.1 U! Ul 0.0 1.8 1.0 11.4 1.00 0.0 0.08 2.3 0.02 0.13 15. 
16 5 84 14.3 0.0 10.8 0.0 2.0 1.5 1.5 0.0 1.5 1.0 9.!; 1.00 0.0 O.OK 2.5 0.03 0.14 15. 
17 5 !!4 14.5 -0.1 10.5 0.0 2.4 1.6 1.6 0.0 1.6 1.0 X.3 1.00 0.0 0.09 2.5 0.D3 0.14 15. 
18 5 84 18.3 2.5 4.l! 0.3 3.1 1.7 1.7 0.0 1.7 1.0 6.9 1.00 0.0 0.09 1.2 0.03 0.07 15. 
19 5 84 10.1 5.2 6.6 4.4 2.4 l.l 1.1 0.0 1.1 0.9 10.2 1.00 0.0 0.09 1.7 0.03 0.10 15.' 
20 5 84 H.4 4.9 5.3 0.0 1.0 0.7 0.7 0.0 0.7 1.0 9.5 1.00 0.0 0.09 1.-1 O.OJ O.OH 15.' 
21 5 84 10.9 -3.5 9.2 0.0 1.4 0.9 0.9 0.0 0.<) 1.0 X.fi 1.00 0.0 0.0<) 2.4 0.04 0.1.3 15. 
22 5 84 9.9 -5.1 9.6 0.0 1.4 0.8 O.H 0.0 O.H 1.0 7.S 1.00 0.0 0.09 2.5 0.04 0.14 15. 
23 5 84 9.0 -4.2 4.7 0.8 0.9 0.5 0.5 0.0 0.5 0.9 U 1.00 0.0 0.09 1.2 0.04 0.07 15 
24 5 84 12.7 -0.5 3.7 12.4 0.6 0.3 0.3 0.0 0.3 1.0 20.0 1.00 0.0 0.09 1.0 0.04 0.05 IS 
25 5 84 11.8 5.2 3.7 0.7 0.5 0.5 0.5 0.0 0.5 1.0 20.0 1.00 0.0 0.10 1.0 0.04 0.06 15 
26 5 84 12.0 7.3 4.2 0.0 0.8 0.8 0.8 0.0 0.8 1.0 19.2 1.00 0.0 0.10 1.2 0.04 0.07 15 
27 5 84 11.1 0.3 6.3 0.0 1.4 1.4 1.4 0.0 1.4 1.0 17.8 1.00 0.0 0.10 1.8 0.04 0.10 15 
28 5 84 16.5 2.0 6.4 0.9 1.4 1.4 1.4 0.0 1.4 1.0 17.3 1.00 0.0 0.11 1.9 0.05 0.11 15 
29 5 84 13.5 -2.3 9.2 0.1 2.0 2.0 2.0 0.0 2.0 1.0 15.4 1.00 0.0 0.11 2.7 0.05 0.15 15 
30 5 84 8.6 -0.1 6.5 0.9 0.9 0.9 0.9 0.0 0.9 1.0 15.4 1.00 0.0 0.11 1.9 0.05 0.11 15 
31 5 84 10.9 1.1 9.2 0.0 2.0 2.0 2.0 0.0 2.0 1.0 13.4 1.00 0.0 0.11 2.7 0.05 0.16 15 
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1 6 84 13.3 -2.3 9.1 0..0. 1.7 1.5 1.6 0..0. 1.6 1.0. 11.9 1.0.0. 0..0. 0..11 2.8 0..0.6 0..16 15. 
--2 6 84 11.2 -2.9 7.5 0..0. 1.6 1.3 1.3 0..0. 1.3 1.0. 10..6 1.0.0. 0..0. 0..11 2.3 0..0.6 0..13 15. 

3 6 84 14.4 0..3 4.9 0..0. 1.0. 0..7 0..7 0..0. 0..7 1.0. 9.9 1.0.0. 0..0. 0..11 1.5 0..0.6 0..0.9 15. 
4 6 84 14.9 5.8 3.5 0..0. 1.3 0..9 0..9 0..0. 0..9 1.0. 9.0. 1.0.0. 0..0. 0..12 1.1 0..0.6 0..0.6 15. . ...• 
5 6 84 10..5 2.6 3.5 1.1 0..4 0..2 0..3 0..0. 0..3 1.0. 9.9 1.0.0. 0..0. 0..12 1.1 0..0.6 0..07 15. 
6 6 84 12.6 5.6 7.2 0..0. 1.4 0..9 1.0. 0..0. 1.0. 1.0. 9.0. 1.0.0. 0..0. 0..12 2.4 0..0.7 0..14 15. 
7 6 84 12.7 1.6 8.5 0..0. 1.5 0..9 1.0. 0..1 1.0. 1.0. 8.1 1.0.0. 0..0. 0..12 2.9 0..0.7 0..17 15. 
8 6 84 16.2 -0..8 6.7 0..0. 2.4 1.3 1.4 0..1 1.4 0..9 6.1l 1.0.0. 0..0. 0..13 2.4 0..0.7 0..13 15. 
9 6 84 19.0. 0..7 7.9 0..0. 1.6 0..7 0..8 0..1 0..8 0..9 6.1 1.0.0. 0..0. 0..13 2.9 0..0.7 0..17 15. 
10. 6 84 17.4 8.5 7.8 0..0. 3.7 1.5 1.7 0..2 1.7 0..9 4.6 1.0.0. 0..0. 0..14 3.1 0..0.8 0..17 15. 
11 6 84 18.4 7.1 7.1 0..0. 3.5 1.1 1.3 0..2 1.3 0..9 3.5 1.0.0. 0..0. 0..15 3.0. 0..0.8 0..17 15. 
12 6 84 17.9 4.0. 6.1 0..0. 2.1 0..5 0..6 0..1 0..6 0..9 3.0. 1.0.0. 0..0. 0..16 2.7 0..0.8 0..15 15. 
13 6 84 11.8 3.0. 8.1 0..0. 1.5 0..3 0..4 0..1 0..4 0..9 2.7 1.0.0. 0..0. 0..16 3.6 0..0.9 0..20. 15. 
14 6 84 11.7 -2.1 7.8 0..0. 1.7 0..3 0..4 0..1 0..4 0..9 2.4 1.0.0. 0..0. 0..16 3.5 0..0.9 0..20. 15. 
15 6 84 12.6 -1.5 8.1 0..0. 1.4 0..2 0..3 0.. t 0..3 0..9 2.2 1.0.0. 0..0. 0..17 3.7 0..0.9 0..21 15. 
16 6 84 13.8 -3.3 7.7 0..0. 1.6 0..2 0..4 0..1 0..4 0..9 1.9 1.0.0. 0..0. 0..17 3.5 0..10 0..20. 15. 
17 6 84 14.8 -2.3 7.6 0..0. 1.5 0..2 0..3 0..1 0..3 0..9 l.lI 1.0.0. 0..0. 0..17 3.6 0..10. 0..20. 16. 
18 6 84 19.9 3.1 8.0. 0..0. 2.3 0..3 0..5 0..2 0..5 0..9 1.5 1.0.0. 0..0. 0..18 3.9 0..10. 0..22 16. 
19 6 84 11.5 -2.6 7.6 0..0. 1.4 0..1 0..3 0..1 0..3 0..9 1.3 1.0.0. 0..0. 0..18 3.8 0..11 0..21 16. 
20. 6 84 9.2 -1.7 3.2 3.0. 0..3 0..0. 0..1 0..0. 0..1 0..9 4.3 1.0.0. 0..0. 0..18 1.6 0..11 0..0.9 16. 
21 6 84 7.2 4.1 3.2 0..5 0..4 0..1 0..2 0..0. 0..2 0..9 4.7 1.0.0. 0..0. 0..18 1.6 0..11 0..0.9 16. 
22 6 84 9.9 3.4 6.2 0..2 1.2 0..4 0..5 0..1 0..5 0..9 4.5 1.0.0. 0..0. 0..18 3.1 0..11 0..18 16. 
23 6 84 6.9 3.1 3.2 1.0. 0..5 0..2 0..2 0..0. 0..2 0..9 5.4 1.0.0. 0..0. 0..18 1.6 0..12 0..0.9 16. 
24 6 84 7.9 -3.0. 7.4 0..0. 1.4 0..5 0..6 0..1 0..6 0..9 4.9 1.0.0. 0..0. 0..18 3.7 0..12 0..21 16. 
25 6 84 12.5 -0..1 3.2 0..0. 1.2 0..4 0..5 0..1 0..5 0..9 4.5 1.0.0. 0..0. 0..19 1.6 0..12 0..0.9 16. 
26 6 84 15.3 3.1 8.4 0..0. 1.5 0..4 0..6 0..1 0..6 0..9 4.0. 1.0.0. 0..0. 0..19 4.4 0..13 0..25 16. 
27 6 84 8.8 -2.0. 3.3 0..0. 0..5 0..1 0..2 0..0. 0..1 0..9 3.9 1.0.0. 0..0. 0..19 1.7 0..13 0..10. 16. 
28 6 84 10..1 1.4 3.3 0..8 0..3 0..1 0..1 0..0. 0..1 0..9 4.6 1.0.0. 0..0. 0..19 1.7 0..13 0..10. 16. 1 
29 6 84 11.5 5.9 3.3 4.4 0..6 0..2 0..2 0..1 0..2 0..9 8.8 1.0.0. 0..0. 0..20. 1.8 0..13 0..10. 16. .'~' 

3D 6 84 11.5 7.0. 3.3 1.6 0..3 0..2 0..2 0..0. 0..2 0..9 10..3 1.0.0. 0..0. 0..21 1.9 0..13 0..11 16. 
1 7 84 12.6 3.0. 4.2 1.2 0..6 0..4 0..5 0..1 0..5 0..9 11.1 1.0.0. 0..0. 0..21 2.4 0..13 0..14 16. 
2 7 84 8.4 6.4 3.3 1.1 0..5 0..4 0..4 0..1 0..4 1.0. lUi 1.0.0. 0..0. 0..22 1.9 0..14 0..11 16. 
3 7 84 11.8 5.9 4.4 0..0. 1.0. 0..8 0..9 0..1 0..9 1.0. 11.0. 1.0.0. 0..0. 0..22 2.7 0..14 0..15 16. 
4 7 84 15.4 1.3 S.6 0..0. 1.7 1.2 1.5 0..2 1.5 1.0. 9.8 1.0.0. 0..0. 0..23 5.3 0..14 0..30. 16. 
5 7 84 8.1 -2.0. 3.4 14:0. 0..8 0..5 ,0..6 0..1 0..6 0..9 20..0. 1.0.0. 0..0. 0..23 2.1 0..15 0..12 16. 
6 7 84 8.3 -0..3 3.4 24.5 0..3 0..3 0..3 0..0. 0..3 1.0. 20..0. 1.0.0. 0..0. 0..23 2.1 0..15 0..12 16. 
7 7 84 8.2 6.5 3.5 2.2 0..5 0..5 0..5 0..0. 0..5 1.0. 20..0. 1.0.0. 0..0. 0..23 2.2 0..15 0..12 16. 
8 7 84 9.9 3.9 6.4 0..0. 1.2 1.2 1.2 0..0. 1.2 1.0. 18.8 1.0.0. 0..0. 0..23 4.1 0..16 0..23 16. 
9 7 84 9.7 -1.9 3.8 0..0. 0..8 0..8 0..8 0..0. 0..8 1.0. 18.0. 1.0.0. 0..0. 0..24 2.4 0..16 0..14 16. 
10. 7 84 11.2 -1.0. 8.5 0..0. 1.5 1.5 1.5 0..0. 1.5 1.0. 16.5 1.0.0. 0..0. 0..24 5.5 0..16 0..31 16. 
11 7 84 12.5 3.4 6.0. 0..0. 1.4 1.4 1.4 0..0. 1.4 1.0. 15.1 1.0.0. 0..0. 0..24 3.9 0..17 0..22 16. 
12 7 84 14.9 5.9 3.7 0..0. 0..9 0..9 0..9 0..0. 0..9 1.0. 14.2 1.0.0. 0..0. 0..25 2.5 0..17 0..14 16. 
13 7 84 13.9 0..9 8.7 0..0. 2.0. 1.9 2.0. 0..1 2.0. 1.0. 12.3 1.0.0. 0..0. 0..26 6.1 0..18 0..35 16. 
14 7 84 9.3 1.8 3.8 2.9 0..6 0..5 0..6 0..1 0..6 1.0. 14.7 1.0.0. 0..0. 0..26 2.7 0..18 0..15 16. 
15 7 84 7.6 0..5 4.7 14.8 2.0. 2.0. 2.0. 0..0. 2.0. 1.0. 20..0. 1.0.0. 0..0. 0..26 3.3 0..18 0..19 16. 
16 7 84 6.6 1.2 4.1 10..8 0..8 0..8 0..8 0..0. 0..8 1.0. 20..0. 1.0.0. 0..0. 0..26 2.9 0..18 0..16 16. 
17 7 84 9.8 2.2 6.3 0..0. 1.2 1.2 1.2 0..0. 1.2 1.0. 18.8 1.0.0. 0..0. 0..26 4.4 0..19 0..25 16. 
18 7 84 9.0. 2.5 9.7 0..0. 1.8 1.8 1.8 0..0. 1.8 1.0. 17.0. 1.0.0. 0..0. 0..26 6.8 0..20. 0..39 16. 
19 7 84 6.2 -2.5 7.3 0..0. 1.0. 1.0. 1.0. 0..0. 1.0. 1.0. 16.0. 1.0.0. 0..0. 0..26 5.1 0..20. 0..29 16. 
20. 7 84 13.6 -2.2 8.0. 0..0. 1.4 1.4 1.4 0..0. 1.4 1.0. 14.6 1.0.0. 0..0. 0..26 5.7 0..21 0..32 16. 
21 7 84 17.4 5.7 5.1 3.0. 1.8 1.8 1.8 0..0. 1.8 1.0. 15.8 1.0.0. 0..0. 0..28 3.8 0..21 0..22 16. 
22 7 84 9.5 7.3 3.9 5.8 0..4 0..4 0..4 0..0. 0..4 1.0. 20..0. 1.0.0. 0..0. 0..28 3.0. 0..21 0..17 16. 
23 7 84 11.1 6.1 7.2 0..0. 1.1 1.1 1.1 0..0. 1.1 1.0. 18.9 1.0.0. 0..0. 0..29 5.7 0..22 0..32 16. 
24 7 84 9.9 0..7 4.4 0..0. 1.0. 1.0. 1.0. 0..0. 1.0. 1.0. 17.9 1.0.0. 0..0. 0..29 3.5 0..22 0..20. 16. 
25 7 84 8.9 1.8 4.3 0..2 0..7 0..7 0..7 0..0. 0..7 1.0. 17.4 1.0.0. 0..0. 0..30. 3.4 0..23 0..19 16. I 
26 7 84 9.9 -2.7 9.3 0..0. 1.6 1.6 1.6 0..0. 1.6 1.0. 15.8 1.0.0. 0..0. 0..30. 7.4 0..23 0..42 16. 
27 7 84 11.3 -1.0. 9.9 0..0. 1.9 1.9 1.9 0..0. 1.9 1.0. 13.9 1.0.0. 0..0. 0..30. 7.9 0..24 0..45 16. 
2!! 7 84 8.2 1.3 4.2 0..0. 0..7 0..6 0..7 0..1 0..7 1.0. 13.3 1.0.0. 0..0. 0..30. 3.4 0..24 0..19 16. 
29 7 84 10..0. 1.7 4.2 0..7 0..4 0..4 0..4 0..0. 0..4 1.0. 13.6 1.0.0. 0..0. 0..30. 3.4 0..25 0..19· 16. 
3D 7 84 15.5 7.5 8.6 0..0. 2.5 2.3 2.5 0..2 2.5 1.0. 11.3 1.0.0. 0..0. 0..32 7.3 0..26 0..41 16. 
31 7 84 15.0. 9.2 4.7 0..0. 2.0. 1.5 1.9 0..4 1.9 1.0. 9.t! 1.0.0. 0..0. 0..33 4.2 0..26 0..24 16. 
1 8 84 15.8 4.9 9.9 0..0. 2.6 1.7 2.2 0..5 2.2 1.0. 8.1 1.0.0. 0..0. 0..35 9.2 0..27 0..52 16. 
2 8 84 14.4 0..9 8.6 0..0. 1.9 1.0. 1.4 0..4 1.4 0..9 7.1 1.0.0. 0..0. 0..36 8.2 0..2H 0..47 Ill. 
3 8 84 15.2 2.7 9.7 0..0. 2.5 1.2 1.7 0..5 1.7 0..9 5.9 1.0.0. 0..0. 0..37 9.5 0..29 0..5.1 16. 
4 8 84 16.1 4.7 4.6 7.6 1.9 0..7 1.2 0..4 1.2 0..9 12.8 1.0.0. 0..0. 0..39 4.7 0..29 0..27 16 .. 
5 8 84 8.0. -1.2 1l.2 0..0. 2.2 1.9 2.2 0..3 2.2 1.0. 10..9 1.0.0. 0..0. 0..3!! 11.4 0..30. 0..65 16. ,~ 
6 8 84 7.4 1.4 12.1 0..0. 3.1 2.3 2.9 0..7 2.9 0..9 8.6 1.0.0. 0..0. 0..38 12.3 0..31 0..70. Ill ... 
7 8 34 8.0. -0..1 9.6 0..0. l.S 1.0. 1.4 0..4 1.4 0..9 7.6 1.0.0. 0..0. 0..38 9.7 0..32 0..55 16.1 .. 
8 8 84 8.4 1.6 8.H 0..0. 1.5 o..H l.l 0..3 1.1 0..9 6.X 1.0.0. 0..0. 0..3H 8.9 0..33 0..51 16. 
9 8 84 9.5 -1.5 12.3 0..0. \.6 0..7 1.1 0..4 1.1 0..9 h.1 1.0.0. 0..0. 0..3H 12.5 0..35 0..71 16. 
10 8 84 IV! 2.9 9.7 0..0. 2.1 0..9 1..1 0..5 \.., 0..9 5.2 1.0.0. 0..0. 0..39 10..1 0..36 0..57 Ill. 
11 8 84 15.3 2.6 9.2 0..0. 2.4 o..X 1.4 o..h l.4 0..9 4.4 1.0.0. 0..0. 0..40. 9.S 0..37 0..56 16. : 
12 8 84 12.9 5.2 12.9 0..0. 2.1 0..6 1.1 0..5 1.1 0..9 3.1-1 1.0.0. 0..0. 0..42 14.2 0..38 0..!!1 16. 
13 8 84 12.4 6.2 12.2 0..0. 2.2 0..6 1.1 0..1l 1.1 0..9 3.2 1.0.0. 0..0. 0..43 13.9 0..39 0..79 16. , 
14 8 84 12.6 9.0. 5.4 0..2 1.7 0..4 o..H 0..4 0..8 0..9 3.1 1.0.0. 0..0. 0..45 6.4 0..40. 0..36 16'1 
15 8 1-14 12.2 9.8 5.S 0..0. 1.6 0..3 0..8 0..4 0..8 0..9 2.7 1.0.0. 0..0. 0..47 7.2 0..41 0..41 16.1 
16 8 84 11.7 9.9 5.3 3.7 0..9 0..2 0..4 0..3 0..4 0..9 6.3 1.0.0. 0..0. 0..50. 6.9 0..41 0..39 16. 
17 8 84 15.2 8.9 10.0. 0..0. 2.0. 0..8 1.4 0..6 1.4 0..9 5.4 1.0.0. 0..0. 0..53 13.6 0..43 0..77 16. 
18 8 84 17.3 5.2 13.8 0..0. 2.5 0..9 1.7 0..8 1.7 0..9 4.5 1.0.0. 0..0. 0.:55 19.7 0..45 1.12 16. 
19 8 84 15.5 7.7 7.3 0..0. 2.2 0..7 1.4 0..7 1.4 0..9 3.9 1.0.0. 0..0. 0..58 10..9 0..46 0..62 16.! 
20. 8 84 18.9 7.7 8.2 0..0. 3.0. 0..8 1.S 1.0. l.8 0..9 3.1 1.0.0. 0..0. 0..62 13.0. 0..47 0..74 16" 
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21 8 84 16.8 5.4 13.0 0.0 4.2 0.9 2.4 1.5 2.4 0.9 2.2 1.00 0.0 0.65 21.6 0.49 1.23 16. 
-22 8 84 18.5 8.0 10.3 0.0 3.6 0.5 1.9 1.3 1.9 0.9 1.7 1.00 0.0 0.70 llU 0.51 1.03 16. 
23 8 84 8.9 6.0 6.0 1.2 1.2 0.1 0.6 0.5 0.6 0.9 2.!! 1.00 0.0 0.71 10.7 0.52 0.61 Hi. 
24 8 84 10.2 -0.8 13.3 0.0 1.9 0.3 l.1 0.7 1.1 0.9 2.4 1.00 0.0 0.71 23.9 0.55 1.36 16. . " 
25 8 84 11.6 1.5 12.8 0.0 l.8 0.3 1.0 0.7 1.0 0.9 2.1 1.00 0.0 0.72 23.3 0.57 1.32 16. 
26 8 84 12.0 4.6 15.7 1.4 2.2 0.3 1.2 0.9 1.2 0.9 3.2 1.00 0.0 0.74 29.2 0.60 1.66 16. 
27 8 84 11.6 8.1 11.7 0.0 2.3 0.5 \.4 0.9 1.4 0.9 2.7 1.00 0.0 0.77 22.5 0.62 1.28 16. 
28 8 84 12.1 7.2 12.7 0.0 2.8 0.5 1.7 1.2 1.7 0.9 2.2 1.00 0.0 0.80 25.3 0.65 1.44 16. 
29 8 84 14.5 6.8 13.1 0.2 2.1 0.3 1.2 0.9 1.2 0.8 2.1 1.00 0.0 0.1l4 27.1 0.67 1.54 16. 
30 8 114 11.6 9.2 6.4 0.4 1.1 0.2 0.6 0.5 0.6 0.8 2.3 1.00 0.0 0.88 13.8 0.69 0.7!! 16. 
31 8 84 12.7 7.6 6.7 0.0 1.0 0.2 0.6 0.5 0.6 O.!! 2.2 1.00 0.0 0.91 14.9 0.70 0.85 16. 
1 9 84 13.2 7.1 1l.J 0.0 1.7 0.2 1.0 0.8 1.0 0.8 2.0 1.00 0.0 0.95 25.6 0.73 1.45 16. 
2 9 84 14.8 3.9 13.5 0.0 2.4 0.3 1.5 1.2 1.5 0.8 1.7 1.00 0.0 0.98 32.1 0.76 1.82 16. 
3 9 114 12.4 4.7 15.5 0.0 2.3 0.2 1.4 1.1 1.4 0.8 1.4 1.00 0.0 1.01 37.7 0.80 2.14 16. 
4 9 84 14.2 7.5 17.0 0.0 3.0 0.3 1.8 1.5 1.8 0.8 1.2 1.00 0.0 1.06 43.0 0.84 2.44 16. I·· 
5 9 84 22.4 7.0 14.9 0.0 3.1 0.2 1.9 1.7 1.9 0.8 0.9 1.00 0.0 1.14 40.2 0.88 2.28 16. h 
6 9 84 10.6 5.7 11.5 3.8 2.1 0.1 1.3 1.2 1.3 0.8 4.6 1.00 0.0 1.17 31.7 0.91 1.80 16. 
7 9 114 11.2 5.4 7.3 1.9 1.2 0.3 1.0 0.7 1.0 0.8 6.2 1.00 0.0 1.20 20.5 0.93 1.17 16. 1-'. 

!. 
8 9 84 11.7 3.3 9.8 0.0 1.3 0.5 1.2 0.7 1.2 0.8 5.7 1.00 0.0 1.23 28.0 0.96 1.59 16. 
9 9 84 11.5 -0.5 16.2 0.0 2.2 0.7 2.0 1.3 2.0 0.8 5.0 1.00 0.0 1.24 46.7 1.01 2.65 16. 
10 9 84 17.9 6.6 7.5 0.0 2.2 0.6 1.9 1.3 1.9 0.1l 4.4 1.00 0.0 1.31 22.7 1.03 1.29 16. 
11 9 84 20.9 5.0 18.4 0.0 3.8 0.9 3.3 2.3 3.3 0.8 3.4 1.00 0.0 1.40 58.5 1.09 3.32 16. 
12 9 84 20.4 6.3 7.3 0.1 3.1 0.6 2.6 2.0 2.6 0.1l 3.0 1.00 0.0 1.50 24.4 1.11 1.39 16. 
13 9 84 16.1 9.3 9.5 5.5 2.0 0.3 1.7 1.3 1.7 0.8 8.2 1.00 0.0 l.59 33.3 1.15 1.89 16. 
14 9 84 12.1 4.7 13.1 0.0 2.4 1.0 2.4 1.4 2.4 0.8 7.2 1.00 0.0 1.63 46.9 1.19 2.67 16. i-
IS 9 84 12.5 5.6 8.3 2.6 1.3 0.5 1.3 0.8 1.3 0.8 9.3 1.00 0.0 1.69 30.5 1.22 1.73 16. 

, 

16 9 84 11.2 4.7 15.5 0.0 2.1 1.0 2.1 1.1 2.1 0.8 8.3 1.00 0.0 1.73 57.9 1.28 3.29 16. 
17 9 84 11.5 -2.3 17.2 0.0 1.9 0.8 1.9 1.1 1.9 0.8 7.5 1.00 0.0 1.74 64.6 1.35 3.67 16. 
18 9 84 ]0.4 5.0 9.2 0.0 1.2 0.4 1.2 0.8 1.2 D.!! 7.1 1.00 0.0 1.78 35.1 1.38 2.00 16. 
19 9 84 12.4 5.5 10.5 0.0 1.9 0.6 1.9 1.3 1.9 0.8 6.4 1.00 0.0 t.S3 41.0 1.42 2.33 16. 
20 9 84 11.2 0.5 12.6 0.0 1.6 0.5 1.6 1.1 1.6 0.8 5.9 1.00 0.0 1.85 49.6 1.47 2.82 16. 
21 9 84 13.4 -D.!! 16.6 4.8 2.1 0.6 2.1 1.5 2.1 O.S ]0.2 1.00 0.0 1.88 66.1 1.54 3.76 16. 
22 9 84 ]4.7 5.7 13.1 0.5 1.7 0.8 1.7 0.9 1.7 0.8 9.9 1.00 0.0 1.96 53.8 1.59 3.06 16. 
23 9 84 14.8 9.6 16.3 0.0 2.7 1.2 2.7 1.5 2.7 0.8 8.7 1.00 0.0 2.08 69.7 1.66 3.96 16. 
24 9 84 16.8 8.5 14.2 0.0 2.6 1.0 . 2.6 1.6 2.6 0.7 7.7 1.00 0.0 2.21 63.3 1.73 3.60 16. 
25 9 84 18.2 5.9 14.7 0.0 3.7 1.2 3.7 2.5 3.7 0.7 6.5 1.00 0.0 2.34 68.1 1.79 3.87 18. 
26 9 84 16.6 2.6 13.8 0.0 2.9 0.8 2.9 2.1 2.9 0.7 5.8 1.00 0.0 2.42 65.5 1.86 3.72 21. 
27 9 84 14.0 1.7 17.7 0.0 2.5 0.6 2.5 1.9 2.5 0.7 5.2 1.00 0.0 2.48 85.4 1.94 4.85 24. 
28 9 84 15.3 2.0 21.4 0.0 3.2 0.6 3.2 2.6 3.2 0.7 4.6 1.00 0.0 2.56 105.2 2.05 5.98 27. 
29 9 84 16.8 5.2 ] 1.3 3.3 2.4 0.4 2.4 2.0 2.4 0.7 7.5 1.00 0.0 2.68 57.3 2.11 3.25 27. 
30 9 84 10.4 0.4 13.6 10.1 2.1 0.6 2.1 1.5 2.1 0.7 17.0 1.00 0.0 2.70 69.3 2.1S 3.93 27. 
I 10 !!4 8.9 3.9 10.0 4.6 1.8 1.0 1.8 0.8 1.8 0.7 20.0 1.00 0.0 2.73 51.3 2.23 2.91 27. 
2 10 84 12.1 3.0 18.2 2.1 3.1 1.7 3.1 1.4 3.1 0.7 20.0 1.00 0.0 2.79 94.5 2.32 5.37 27. 
3 10 84 10.5 6.1 14.3 0.9 2.4 1.2 2.4 1.2 2.4 0.7 19.7 1.00 0.0 2.86 75.4 2.40 4.29 27. 
4 10 84 14.1 4.6 20.7 0.0 3.4 1.7 3.4 1.7 3.4 0.7 17.9 1.00 0.0 2.96 111.5 2.51 6.34 27. 
5 10 84 12.!! 4.0 22.1 0.0 3.3 1.6 3.3 1.7 3.3 0.7 16.3 1.00 0.0 3.04 121.0 2.63 6.87 27. 
6 10 84 19.5 7.7 21.5 0.0 3.9 1.8 3.9 2.1 3.9 0.7 14.5 1.00 0.0 3.26 122.4 2.75 6.96 28. 
7 10 84 12.2 5.8 9.5 0.4 1.1 0.5 1.1 0.6 1.1 0.7 14.5 1.00 0.0 3.36 55.1 2.81 3.13 29. 
8 10 84 18.9 2.2 14.3 2.4 2.4 1.0 2.4 1.4 2.4 0.7 15.9 1.00 0.0 3.51 85.0 2.89 4.83 29. 
9 10 84 21.2 0.0 19.4 0.0 4.5 1.8 4.5 2.7 4.5 0.7 14.1 1.00 0.0 3.69 118.3 3.01 6.72 34. 
10 10 84 24.4 8.2 23.3 0.0 6.4 2.2 6.4 4.2 6.4 0.7 11.9 1.00 0.0 4.03 148.6 3.16 8.44 40. 
11 10 84 16.0 7.8 23.8 0.0 5.9 1.6 5.9 4.3 5.9 0.6 10.4 1.00 0.0 4.26 155.8 3.31 8.85 46. 
12 10 H4 15.3 1.6 23.1 0.0 3.6 0.8 3.6 2.8 3.6 0.6 9.6 1.00 0.0 4.38 153.2 3.47 8.71 49. 
13 10 H4 22.3 6.7 14.2 25.0 3.8 0.7 3.8 3.1 3.8 0.6 20.0 1.00 0.0 4.72 97.4 3.57 5.53 49. i, __ 
14 10 84 22.6 12.2 21.6 0.0 3.6 0.9 3.6 2.7 3.6 0.7 19.1 1.00 0.0 5.20 154.1 3.72 8.76 49. ;: 
15 10 84 20.2 7.4 12.4 0.0 2.4 0.6 2.4 1.8 2.4 0.7 Hl.5 1.00 0.0 5.58 90.8 3.81 5.16 49. 

Flowering sl!Irted 

16 10 84 23.4 10.9 ] \.1 0.0 3.7 0.9 3.7 2.8 3.7 0.7 17.6 1.00 0.0 6.14 84.0 3.89 4.77 49. I 
17 10 84 22.S 12.9 14.8 0.0 5.1 1.3 5.1 3.8 5.1 0.6 16.3 1.00 0.0 6.7l! 115.4 4.01 6.56 49. 1-
18 ]0 84 19.4 9.4 21.2 2.2 6.1 1.5 6.1 4.6 6.1 0.6 17.0 1.00 0.0 7.31 168.6 4.1l! 9.58 49. Ie 
19 10 84 21.7 5.8 26.0 0.0 5.3 1.3 5.3 4.0 5.3 0.6 15.7 1.00 0.0 7.31 206.7 4.39 I \.is 52. , 
20 10 84 21.0 3.7 22.7 7.4 4.2 1.0 4.2 3.1 4.2 0.6 20.0 1.00 0.0 7.31 IRO.5 4.57 10.25 52. i" 
21 10 84 14.6 2.7 20.9 2.5 3.3 O.S 3.3 2.5 3.3 0.6 20.0 1.00 0.0 7.31 166.2 4.73 9A4 'i' i ... -. I 
22 10 S4 11.8 0.5 21.1 0.1 4.1 1.0 4.1 3.1 4.1 0.6 19.1 1.00 0.0 7.31 Hi7.8 4.90 9.53 54. 
23 10 84 14.2 0.6 23.2 0.0 3.4 0.9 3.4 2.6 3.4 O.h IR.2 1.00 0.0 7.31 IH4.5 5.0H 10AH 57. 
24 10 84 16.4 2.8 25.0 0.0 4.0 1.0 4.0 3.0 4.0 0.6 17.2 1.00 0.0 7.31 19X.8 5.28 11.29 61. 
25 10 84 16.4 5.2 27.2 0.0 4.2 1.0 4.2 3.1 4.2 0.5 16.2 1.00 0.0 7.31 216.3 5.50 12.29 65. 
26 10 84 18.7 6.3 25.7 25.0 4.0 1.0 4.0 3.0 4.0 0.5 20.0 1.00 0.0 7.31 204.3 5.70 11.til 65. 
27 10 84 17.2 7.0 19.1 0.0 3.1 O.S 3.1 2.3 3.1 0.6 19.2 1.00 0.0 7.31 151.9 5.86 8.63 65.1 
28 10 H4 17.9 1.5 25.7 0.0 3.7 0.9 3.7 2.8 3.7 0.6 UU 1.00 0.0 7.31 204.3 6.06 11.61 65.1 
29 10 84 23.8 7.4 15.9 0.3 4.8 1.2 4.!! 3.6 4.8 0.6 17.4 1.00 0.0 7.31 126.4 6.19 7.18 65.1 
30 ]0 84 1\ .5 6.6 10.6 9.5 1.4 0.3 1.4 1.0 1.4 0.6 20.0 1.00 0.0 7.31 84.3 6.27 4.79 65.: 
31 10 84 13.6 8.3 10.6 0.1 1.5 0.4 1.5 l.l 1.5 0.6 19.7 1.00 0.0 7.31 84.3 6.35 4.79 65·1-· 
1 11 84 16.0 9.5 16.6 0.0 2.6 0.6 2.6 1.9 2.6 0.6 19.1 1.00 0.0 7.31 132.0 6.49 7.50 65.r 
2 11 84 16.8 5.8 17.7 0.0 2.5 0.6 2.5 l.9 2.5 0.6 1!!.S l.00 0.0 7:31 140.7 6.63 8.00 6'i 1 

3 11 84 14.3 9.2 11.2 l.6 2.1 0.5 2.1 1.6 2.1 0.6 19.5 1.00 0.0 7.31 89.1 6.72 5.06 6S:1 
4 11 84 20.3 10.4 16.0 0.0 2.8 0.7 2.8 2.1 2.8 0.6 18.8 l.00 0.0 7.31 127.2 6.84 7.23 65·1 

" 
" 
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Max.illlumGAI occured 

5 11 84 17.8 6.8 18.1 0.0 2.7 0.7 2.7 2.0 2.7 0.6 18.2 1.00 0.0 7.31 143.9 6.99 8.18 65. ;'.-

6- II 84 23.0 5.6 27.9 0.0 5.3 1.3 5.3 4.0 5.3 0.5 16.8 1.00 0.0 7.30 221.8 7.21 12.60 65. 
7 Jl 84 16.2 6.7 18.0 0.0 2.9 0.7 2.9 2.2 2.9 0.5 16.1 1.00 0.0 7.30 143.1 7.35 8.13 68. 
8 11 84 Hi.7 9.5 16.6 0.0 3.0 O.H 3.0 2.3 3.0 0.5 15.4 1.00 0.0 7.29 131.9 7.48 7.49 71. 
9 11 84 17.8 10.2 25.2 0.0 4.0 1.0 4.0 3.0 4.0 0.5 14.4 1.00 0.0 7.27 200.1 7.68 11.37 75. 
10 11 84 17.8 8.8 20.9 0.0 3.5 0.8 3.5 2.6 3.4 0.5 13.5 1.00 0.0 7.25 165.8 7.85 9.42 79. 
11 11 84 24.6 7.8 20.8 0.0 4.2 0.9 4.2 3.1 4.0 0.5 12.6 1.00 0.0 7.22 164.9 8.01 9.37 83. 
12 11 84 21.8 12.1 22.4 0.0 4.9 1.0 4.9 3.5 4.5 0.5 U.S 1.00 0.0 7.18 177.3 8.19 10.07 88. 
13 11 84 17.8 11.2 18.1 40.0 3.0 0.6 3.0 2.1 2.7 0.4 20.0 1.00 0.0 7.14 143.1 8.34 8.13 88. 
14 11 84 25.0 8.8 13.1 0.0 3.2 0.8 3.2 2.4 3.2 0.6 19.2 1.00 0.0 7.0R 103.3 8.44 5.87 88. 
15 11 84 21.4 14.6 24.1 0.0 8.5 2.1 8.5 6.4 8.5 0.6 17.1 1.00 0.0 7.02 189.6 8.63 10.77 88. 
16 11 84 14.6 10.8 11.9 31.0 2.6 0.6 2.6 1.9 2.6 0.5 20.0 1.00 0.0 6.97 93.4 8.72 5.31 RH. 
17 11 84 18.3 5.7 22.2 0.0 4.5 1.1 4.5 3.4 4.5 0.7 18.9 1.00 0.0 6.91 174.0 8.90 9.89 88. 
18 11 84 15.5 8.9 19.2 21.7 3.9 1.0 3.9 2.9 3.9 0.6 20.0 1.00 0.0 6.86 150.1 9.05 8.53 88. 
19 11 84 16.8 2.6 21.3 0.0 3.3 0.8 3.3 2.5 3.3 0.7 19.2 1.00 0.0 6.82 166.3 9.21 9.45 8R. 

" 20 11 84 18.8 6.6 24.4 0.0 4.4 1.1 4.4 3.3 4.4 0.7 18.1 1.00 0.0 6.75 190.0 9.40 10.79 88. 
21 11 84 23.3 1l.5 16.3 0.2 5.8 1.5 5.8 4.4 5.8 0.7 16.8 1.00 0.0 6.65 126.4 9.53 7.18 88. 
22 11 84 21.4 14.6 25.0 0.3 6.7 1.7 6.7 5.0 6.7 0.7 15.4 1.00 0.0 6.54 192.9 9.72 10.96 88. 
23 11 !l4 21.3 14.4 17.5 11.7 3.9 1.0 3.9 2.9 3.9 0.6 20.0 1.00 0.0 6.42 134.3 9.86 7.63 88. 
24 11 84 14.4 10.3 13.3 4.2 2.2 0.6 2.2 1.7 2.2 0.7 20.0 1.00 0.0 6.34 101.6 9.96 5.77 88. 
25 11 84 14.2 7.0 20.6 0.0 3.4 0.9 3.4 2.6 3.4 0.7 19.1 1.00 0.0 6.27 156.9 10.11 8.91 88. 
26 11 84 16.1 5.5 30.0 0.0 4.9 1.2 4.9 3.7 4.9 0.7 17.9 1.00 0.0 6.19 227.6 10.34 12.93 88. 
27 It 84 18.4 6.7 28.2 0.0 4.7 1.2 4.7 3.5 4.7 0.6 16.8 1.00 0.0 6.09 212.9 10.55 12.09 88. 
28 11 84 23.0 11.0 30.2 0.0 5.9 1.5 5.9 4.4 5.9 0.6 15.3 1.00 0.0 5.95 226.2 10.78 12.85 88. 
29 11 84 24.6 10.4 16.6 0.0 5.8 1.5 5.8 4.4 5.8 0.6 13.8 1.00 0.0 5.80 123.2 10.90 7.00 88. , 

30 It 84 24.7 16.2 13.0 0.0 5.1 1.2 5.1 3.9 5.1 0.6 12.6 1.00 0.0 5.60 95.4 11.00 5.42 88. 
1 12 84 16.6 7.9 27.8 0.0 5.1 1.1 5.1 4.0 5.1 0.5 11.6 1.00 0.0 ~.49 202.4 11.20 11.50 88. 
2 12 84 17.7 4.5 26.3 0.0 3.9 0.8 3.9 3.1 3.9 0.5 10.8 1.00 0.0 5.39 190.2 11.39 10.80 88. 
3 12 84 19.0 13.6 15.2 0.0 3.2 0.6 3.2 2.6 3.2 0.5 10.2 1.00 0.0 5.22 108.6 11.50 6.17 88. 

Physiological maturity occllred 

4 12 84 24.3 14.0 15.7 7.0 4.1 0.7 4.1 3.4 4.1 0.5 16.5 1.00 0.0 5.22 112.2 11.50 6.37 88. 
5 12 84 21.9 15.0 18.2 2.2 3.4 0.9 3.4 2.6 3.4 0.5 17.9 1.00 0.0 5.22 130.0 11.50 7.39 88. 
6 12 84 21.9 8.9 24.8 0.0 4.3 1.1 4.3 3.2 4.3 0.5 16.8 1.00 0.0 5.20 176.9 11.50 10.05 88. 
7 12 84 18.9 6.6 17.4 1.0 3.7 0.9 3.7 2.7 3.6 0.5 16.9 1.00 0.0 5.18 124.0 11.50 7.04 88. 
8 12 84 18.1 4.2 19.7 3.8 2.8 0.7 2.S 2.0 2.7 0.5 20.0 1.00 0.0 5.16 140.1 11.50 7.96 SH. 
9 12 84 16.2 9.8 22.4 0.0 3.9 1.0 3.9 2.8 3.8 0.5 19.0 1.00 0.0 5.14 159.1 11.50 9.04 88 .. 
10 12 84 15.7 10.2 12.2 1.6 2.3 0.6 2.3 1.6 2.2 0.5 20.0 1.00 0.0 5.11 86.4 11.50 4.91 88. 
11 12 84 14.8 11.5 11. 9 22.9 1.9 0.5 1.9 1.3 1.8 0.5 20.0 1.00 0.0 5.08 84.1 11.50 4.78 88. 
12 12 84 15.8 12.8 11.9 5.9 1.9 0.5 1.9 1.4 1.9 0.6 20.0 1.00 0.0 5.04 83.8 11.50 4.76 88. 
13 12 84 19.0 10.1 22.3 0.0 3.5 0.9 3.5 2.6 3.5 0.6 19.1 1.00 0.0 4.99 156.5 11.50 8.89 88. 
14 12 84 24.6 12.S 20.1 0.0 5.3 1.4 5.3 3.9 5.3 0.6 17.7 1.00 0.0 4.94 140.5 11.50 7.98 !l8. 
15 12 84 24.2 13.2 24.S 0.3 6.3 1.7 6.3 4.6 6.3 0.5 16.3 1.00 0.0 4.86 172.2 11.50 9.78 8S. ~ 
16 12 84 23.7 6.2 19.4 0.7 3.g 1.0 3.8 2.8 3.R 0.5 16.0 1.00 0.0 4.77 133.7 11.50 7.59 SS. 
17 12 84 23.7 14.1 23.1 0.0 6.8 1.9 6.8 4.8 6.7 0.5 14.0 1.00 0.0 4.70 158.1 11.50 8.98 R8. 
I!! 12 84 22.0 10.3 26.1 0.0 5.8 1.6 5.8 3.9 5.5 0.5 12.5 1.00 0.0 4.59 176.8 11.50 10.05 88. 
19 12 84 22.4 9.8 14.9 0.0 5.9 1.5 5.9 3.9 5.4 0.4 11.0 1.00 0.0 4.49 99.9 11.50 5.6!! 93. 
20 12 84 18.0 13.9 22.8 0.0 7.5 1.7 7.5 4.9 6.6 0.4 9.3 1.00 0.0 4.37 151.1 11.50 8.59101. 
21 12 84 23.9 18.2 12.4 0.0 4.8 1.0 4.8 3.0 4.0 0.4 R.4 1.00 0.0 4.24 81.0 11.50 4.61105. 
22 12 84 20.2 8.9 17.6 0.2 2.7 0.5 2.7 1.7 2.2 0.4 8.1 1.00 0.0 4.04 112.4 11.50 6.38108. ' 
23 12 g4 23.6 8.2 28.5 0.0 6.4 1.2 6.4 3.8 5.0 0.4 6.8 1.00 0.0 3.89 178.6 11.50 10.15114. 

Harvest II1HtUrity reached 

Summary of run 
***:\::!.**$***** 
Total growth dul'tllion 202 days 
Mean crop growth rate 57. kg pel' ha perdllY 
grain yield (DM) 2.99 t per ha 
Days of growth los\ to drought 0 dllYS 0.0 percent or total growth duration 
Total soil evaporation 234. llll11 
Total actu!11 evaporation Ii'olll crop 308. 111111 

Total potential evapotranspiration 54!!. 111111 

Maximul11 potential soil 1I10isture del1cil Il4. nll11 
Elrective potential evapotranspiratioll 554. mm 
Total intercepted PAR was 804.43 MJ 
Calculated utilization was 1.430 g/MJ 
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