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1 General introduction 

Lettuce has been cultivated.and consumed as a vegetable for human 

nutrition for many centuries. HEDRICK (1919), for instance, mentioned 

lettuce cultivars (e.g. Laatuaa soaviola) used by the Persians, Greeks, 

Romans, and also by the Chinese in the fifth century. DODONEAUS (1554) 

described lettuce types such as 'tamme Lattouwe' (.Laatuaa sativa) and 

'gecronckelde Lattouwe' (Laatuaa arispa), which were cultivated in The 

Netherlands during the 16 t h century. DODONEAUS and UILKENS (1852) al

ready reported the cultivation of heading lettuce types. 

The butterhead cultivar 'Meikoningin' (May Queen) was the only 

heading lettuce cultivar under poor light conditions in the glass-house 

in The Netherlands until the early fifties (GROENEWEGEN, 1960). During 

the last decades new cultivars for glass-house cultivation appeared, 

knowledge of cultural practices, e.g. CO„-application (VAN BERKEL, 

1964) increased, technical facilities of the modern glass-house im

proved and its equipment became more sophisticated. The growth period 

in general became shorter during all seasons. Most obviously this 

occurred for the October and November plantings with the growth period 

in the winter season (DE VISSER, 1977) . Usually a lettuce crop is 

followed by a tomato crop. Sometimes lettuce is planted a second time. 

This second planting became possible due to the shorter growth period. 

Butterhead lettuce is ranking the third position after tomato and 

cucumber regarding its importance in vegetable production under 

glass (MULDER, 1981) . Data about the production of lettuce under 

glass during the last 30 years are shown in Table 1. 
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Year Area under glass Production value Main cultivars 
(ha) (x fl. 1000.000) , • 

1950 - 19.5e Meikoningin g 

(outdoor and Dutch 
frames included) 

1960 1380a 58.3a Proeftuins Blackpool, 
(298 ha Dutch (outdoor and Dutch Regina h 

frames included) frames included) 

1970 3592b 124.8b Deciminor, Deciso, 
(outdoor and Dutch Magiola, Noran,, 

>'. frames included) Plenos, Rapide 1 

1975 3105c 123.9f Amanda Plus, Deci
minor, Deciso, 
Miranda, Noran J 

1980 3285d 167.0d Cynthia, Mir, Pallas, 
Panvit, Plus, Ravel, 

- Renate, Salina k 

a) Anon., 1962; b) Anon., 197Qa; c) Anon., 1976; d) MULDER, 1981; e) 
Anon., 1952; f) Anon., 1975; g) BANGA, 1951; h) BANGA, 1960; i) Anon., 
1970b; j) Anon., 1974 and k) Anon., 1980. 

The area of butterhead lettuce is now more or less constant, but 

the production value Increases and Is. substantial for the total vege

table production in the poor light period. In 1980 the area of iceberg 

lettuce under glass was about 20 ha. The area of cos-lettuce under 

glass can be neglected (MAASWINKEL, 1981) . 

The whole lettuce shoot, i.e. for butterhead lettuce the head, is 

harvested and consumed for human nutrition. Research on lettuce com

prises studies oh head formation (BENSINK, 1971; DULLFORCE, 1968), on 

growth (LEE, 1974; NICHOLS, 1970) and on photosynthesis (BROUWER and 

HUYSKES, 1968). In the winter period light is the limiting factor for 

lettuce production. Due to head formation parts of the newly formed 

leaves are excluded from light. Between the leaves competition for 

light (self shading) also exists, whereas the gas exchange between the 

leaves is hampered as well-. The area, available per plant in the glass

house is restricted (mutual shading) and a rapid covering of this area 



by the plant in order to intercept as much irradiance as possible can 

be important. BIERHUIZEN et al. (1973) concluded that a high temperature 

in the beginning of the growth period may be useful to reach 100% soil 

cover as soon as possible. An interesting problem seems whether a plant 

with a high rate of covering has a higher ultimate harvest weight. 

Experiments for practical purpose of the growers emphasize the 

importance of the ultimate fresh weight and the quality of the lettuce 

head (e.g. VAN ESCH, 1977). A good understanding of effects of environ

mental conditions on growth related with time, weight, soil cover, 

leaf area, leaf number and photosynthesis is necessary. 

Photosynthesis measurements of single leaves are difficult because 

of bubbled and curved leaves and the rosette habitus of the plant. With 

equipment suitable for the measurement of photosynthetic rates of whole, 

plants the photochemical efficiency, maximum photosynthetic fate* 

light compensation point and CO compensation concentration can be 

calculated. Gas exchange data per plant represent the overall accumula

tion of C0_, but not all plant parts contribute equally to the measured 

data. A basis on which the photosynthesis data of the plant will be 

expressed is needed to study and compare the obtained results. 

Photosynthesis data are usually expressed per unit leaf area 

(GAASTRA, 1959), dry weight or fresh weight (BROUWER and HUYSKES, 1968; 

ACOCK et al., 1978) or another basis (CHARLES-EDWARDS et al., 1974). 

For selection on better growth and higher harvest weight photosyn

thesis data obtained by routine cultivation and measurement methods 

may improve the criteria for selection and can give a better under

standing of.varietal differences. 

Because of the many problems involved, in growth and photosynthesis 

of lettuce, extensive research on this topic was carried out, which is 

presented in the subsequent chapters. In chapter 2 the process of soil 

covering is studied and discussed for a number of cultivars grown under 

various temperatures in spring and autumn. The quantitative analysis 

of growth (chapter 3) deals with the growth rate in.relation to time, 

dry weight and soil cover and with the relationship between leaf area 
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ments was not available at the Department of Horticulture of the Agri

cultural University, Wageningen, a closed system was built suitable 

for lettuce plants, which is described in chapter 4. Photosynthesis 

results obtained with this equipment are given in chapter 5, while 

results from measurements with whole plants in an open system are 

presented in chapter 6. 

The chapters 2, 3, 4, 5 and 6 have already been published as 

separate articles. In chapter 7 an overall summary in English is given 

and in chapter 8 this summary is presented in Dutch. 
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U R U n i n yjr L E I I U L C 

I. COVERING OF SOIL SURFACE 

INTRODUCTION 

In general one can distinguish various periods in the growth cycle of a lettuce 
crop (Lactuca sativa L.) e.g. a period of germination, a period from germinating 
until 100 percent soil cover by the leaves and subsequently a period until harvest 
(BIERHUIZEN et al., 1973; BAELDE, 1972). The second period can be divided for 
practical purposes into two intervals viz. the one between germination, followed 
by emergence and transplanting and that between transplanting and 100 percent 
soil cover. During this latter period a rapid covering of the available soil area is 
important for an efficient light interception, especially during winter, when light 
is the main limiting factor for growth. It should be emphasized that during this 
growth stage the performance of the plant and its quality are of minor 
importance. For example a high temperature in the beginning results in a rapid 
covering of the soil area, thus a rapid increase in light interception per plant, but 
the plant has a rather poor appearance. When a lower temperature is applied 
later a qualitatively good head can still be harvested. In this article first some 
consequences of temperature, light and plant density in relation to soil cover will 
be discussed in more detail. 
• BENSINK (1971) analysed in his thesis the growth and morphogenesis of lettuce 

at different conditions of temperature and light. A higher temperature increased 
cell extension. At low light intensities, except extremely low intensities, this 
resulted in a plant with long leaves with a small width. A plant with such long 
leaves exhibits less self-shading. When the light intensity, however, is extremely 
low the leaves remain short. At high light intensities the initiation of leaves 
increases relatively faster than the leaf expansion, whereas the latter was more 
affected by temperature. BIERHUIZEN et al. (1973) demonstrated that the soil 
cover rate by lettuce plants depended exclusively on a heat sum and not on a 
radiation unit nor on time. They concluded from their experiments in different 
glass-houses that a high temperature in the beginning of the growth period of 
lettuce may be useful in order to reach a 100 percent soil cover as soon as 
possible. 

Efficient light interception can be obtained when the amount of light 
absorbing surface per gram fresh or dry weight is high. BROUWER and HUYSKES 

(1968), for example, found that the difference in growth between the cultivar 
'Rapide' and the F2 of 'Rapide' and 'Hamadan' was caused by a larger light 
absorbing leaf surface per gram fresh weight. It is evident from their experiments 
that the amount of leaf area exposed to light is the most important growth 
parameter. When soil cover is less than 100%, growth and production are 
directly related to the fraction of light intercepted (SHIBLES and WEBER, 1966). 

8 Meded. Landbouwhogeschool Wageningen 80-7 ( 1980) 



KANEMASU and ARKIN (1974) described in a simplified model how the potential 
net photosynthesis on a ground area basis is linearly related to the intercepted 
photosynthetic active radiation. 

In a glass-house competition between the leaves for light occurs through self-
and mutual shading of the leaves of the plants. HUGHES (1969) regarded a 
depression of 5 percent in growth as a criterion of mutual shading. However, this 
criterion is not important in horticultural practice, because the spacing of lettuce 
plants is economically determined (HENDRIX, 1976; KEIJZER, 1975). At a wide 
spacing more light per plant will be intercepted and the total weight of the lettuce 
head increases faster in comparison with a narrow spacing. Moreover, the 
harvest date will be earlier, quality and performance will improve, and the 
lettuce heads can be stored for a longer period (VAN ESCH, 1976). The total yield 
per m2, however, decreases at wider spacing, although the number of marketable 
heads will increase (e.g. KEIJZER, 1975; VAN ESCH, 1977). At present, however, 
new cultivars, modern glass-houses and better growing conditions allow 
narrower spacing. Another procedure is to transport plants during their growing 
period so that from the beginning until harvest an almost closed canopy can be 
achieved. Nutrient film techniques make this possible, as was illustrated in a 
short article by SCHIPPER (1979). 

Although it seems obvious that a high rate of soil cover is important for the 
production of lettuce, data on this aspect are lacking. Moreover, when the 
factors determining the soil covering are known, it may improve the selection of 
favourable morphological and physiological characteristics of a plant in an early 
stage of growth. In this part of the study of Growth of Lettuce, therefore, 
experiments are described in which the soil covering process of plants of several 
cultivars is analysed at various temperatures and three plant densities in spring 
and autumn for various cultivars. A mathematical description for this process is 
evaluated and its parameters are related to the ultimate weight at harvest. 

MATERIALS AND METHODS 

Spring experiment 
In the experiments carried out in the early spring, the following butterhead 

lettuce cultivars were used: 'Meikoningin' ('May Queen'), 'Proeftuin's 
Blackpool', 'Rapide', 'Deciminor', 'Valentine', 'Amanda Plus', 'Noran' and 
'Tornado'. In the sequence of the first six cultivars, growth rate and heading 
ability are stronger under winter conditions, partly due to the increasing rate of 
leaf production and partly due to an increasing leaf size (SMEETS, 1977). This list 
of cultivars also represents the historical sequence up to 1976 in the use of 
cultivars by Dutch growers. Before 1954 'Meikoningin' was the only heading 
lettuce cultivar in The Netherlands (GROENEWEGEN, 1960; HUYSKES, 1968). 
'Amanda Plus' has become the most popular cultivar since the early seventies, 
but it has the disadvantage of not being resistant against new strains of mildew 
(Bremia lactucae), which appeared in the seventies. The advantage of this rather 



'Valentine', a compact English cultivai-, has not been cultivated to a great extent 
in The Netherlands. 'Noran', a spring and late spring cultivar, was also used in 
this experiment because previous experiments were executed with this cultivar at 
the Department of Horticulture of the Agricultural University in Wageningen» 
(BIERHUIZEN et al., 1973; EBBENS en KOOMEN, 1971 ; EVERAARTS en VAN SLOTEN, 
1974). 'Tornado' was a new, upright type which starts heading rather late in its 
growing period and is not adapted for midwinter conditions. 

On January 6, seeds of'Valentine' and 'Tornado', and two days later seeds of 
the other cultivars, were sown in peat blocks of 5 x 5 x 5 cm (two seeds per 
block). The blocks were placed in boxes in a glass-house at a day and night 
temperature of 18°C. The largest number of seeds germinated between 4 to 5 
days after sowing whereupon the day and night temperature was lowered. Seeds 
which emerged earlier or later were removed. When the cotyledons of the 
seedlings expanded, the plants were thinned and selected. The mean day and 
night temperatures from germination until transplanting into the glass-house 
were 14.8°C and 10.5°C, respectively. During this period zineb and TMTDwere 
sprayed weekly against mildew, botrytis, Sclerotinia, etc.. 

On February 23, plants were selected again and transplanted on a sandy clay 
soil in 3 separate compartments of a Venlo-type glass-house. The 24th of 
February was called day 1 .The first soil cover measurements were done on day 3 
and the first harvest of 'Noran' on day 4. Fertilizers were applied according to 
the recommendations of the Laboratory for Soil and Crop Testing, Oosterbeek, 
The Netherlands. The average top weight of the plants was 1.5-2.5 grams and the 
average leaf area was 90-120 cm2. Plants of 'Tornado' were smaller than those 
of the other cultivars. 

In each compartment three plant densities, with respective distances of 20, 25 
and 35 cm, were applied, later in this part indicated as 20-, 25- and 35-treatments. 
These densities correspond with 25, 16 and 8.16 plants per m2 or an available 
ground area per plant of 400, 625 and 1225 cm2. Plants were considered to be 
solitary at the 35-spacing. In normal horticultural practice the number of plants 
per m2 varies from 16-24. In autumn and winter the number is usually below 20, 
and in spring higher (ANON., 1978). The plots used for soil cover measurements 
consisted of at least 16 plants, and were surrounded with two edgerows. 
Additional plants of 'Noran' were planted because of the destructive measure
ments for the growth analysis of this cultivar (vide Part II). For this growth 
analysis 20 plots of 4 plants were planted, also surrounded by edge plants. All 
plots were distributed at random over the compartment. The same scheme was 
applied in all three compartments. 

Three day-night temperature regimes were selected; the intermediate regime 
was comparable with that used in normal practice, one regime washigher and 
the other one lower than that in normal practice. They will be indicated as the II-, 
I- and Ill-treatments, respectively. The actual temperatures depended on the 
existing weather conditions outside and the heating capacity of the glass-house. 
C02 was not applied. Plants were watered by sprinkling. Manual watering was 
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sometimes necessary due to differences in evaporation between the various 
plots. During the first three weeks zineb and TMTD were sprayed once a week. 
The spring experiment terminated on April 29, that is day 66, when the plants in 
the compartment (III) with the lowest temperatures were harvested. The end 
harvest in compartment I took place on day 46 and of compartment II on day 54. 
The last harvest of plants of 'Tornado' was one week later than the other 
harvests. 

Autumn experiment 
In this experiment the following butterhead lettuce cultivars were used: 

'Deciso', 'Amanda Plus', 'Dandie', 'Ravel' and 'Tornado'. 'Deciso' is ex
clusively an autumn lettuce and it was one of the most popular cultivars until the 
mid-seventies. It was used :.n preliminary experiments at the Department of 
Horticulture (MATHIJSSEN, 1973; SMIT, 1974). 'Amanda Plus' and 'Tornado' 
were used in the spring experiment. 'Ravel' was a new, promising cultivar which, 
like 'Amanda Plus', can be cultivated in spring, autumn and winter. 'Dandie' has 
the same performance as 'Valentine' ('Valentine' is one of the parents), but is 
larger and grows faster. In this experiment the endive (Cichorium endiva L.) 
cultivar 'Brevo', adapted for glass-house cultivation in the late autumn and 
winter season, was also planted. Endive was used to test the usefulness of the 
mathematical description of the soil covering process by a sigmoid pattern for 
other rosette plants. In horticultural practice endive is planted with slightly 
wider spacing than lettuce. 

On September 3, the seeds of'Brevo', 4 days later the seeds of'Tornado', and 
again two days later the seeds of the other cultivars were sown in peat blocks, in 
the same way as in the spring experiment. The day and night temperatures were 
18-22°C. The seeds germinated after the fourth day. Seedlings were selected as 
in the spring experiment. The mean day and night temperatures from 
germination until transplanting in the glass-house were 22.1 Cand 17.7 Cresp.. 
Twice a week zineb and TMTD were sprayed. On September 29 the plants were 
selected again and planted in the three compartments of the Venlo-type glass
house. The 30th of September was called day 1. The first soil cover measurement 
took place on day 1 and the first harvest of 'Deciso' on day 2. The average top 
fresh weight of a plant was 1.5-2 grams and the leaf area was 70—105 cm2. The 
soil was fertilized in accordance with the advice of the Laboratory of Soil and 
Crop Testing, Ôosterbeek. 

The same plant densities were used as in the spring experiment. One plot 
consisted of 8 plants, surrounded by edge rows. Each treatment was carried out 
in two replications. Extra plants of 'Deciso' were necessary for the destructive 
measurements for the growth analysis (vide Part II). For this analysis 22 plots 
with two plants per plot surrounded by edge row plants, were available. All plots 
were distributed at random. All three compartments were planted according to 
the same scheme. The middle regime of the three temperature regimes was 
comparable with that in horticultural practice. C0 2 was not applied. Watering 
was carried out in the same way as in the spring experiment, but less frequent. 
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Pirimor was used against aphids and Phosdrin agains caterpillars. The autumn 
experiment terminated in compartment III on the 2nd of December (day 64), in 
compartment I on day 50 and in compartment II on day 57. 

Measurement of the soil cover percentage 
The soil cover measurements were done in 3- and 4-day intervals. The 

observations were continued until a constant percentage of soil cover was 
achieved during a period of at least one week. The soil cover was determined 
according to the dot counting method (KVËT and MARSHALL, 1971) with a 
Hasselblad camera. A tripod with a transverse tube, upon which the camera was 
fixed, was placed so that the camera hung above the plot (Fig. 1). In the camera a 
transparent plate, provided with equally spaced dots, was inserted behind the 
lens. The number of dots obscured by a plant were counted through the camera. 
Preceeding the measurements of the soil cover, a standard soil area was always 
used for calibration. Depending on the distance between the camera and the 
ground surface one dot counted for 9 to 10 cm2. 

In the spring experiment the soil cover was measured on 16 or 18 plants per 
plot for the density of 20 x 20 cm, on 18 plants for the density of 25 x 25 cm, and 
on 12 plants for the density of 35 x 35 cm. In the autumn experiment each plot 
consisted of 8, 6 and 6 plants for the three densities and two plots per density 
were measured. 

Only at the density of 20 x 20 cm in the spring experiment fresh and dry 
weight of 8 plants per plot were harvested, when the soil cover of 100 % had been 
reached. The fresh weight was measured immediately after cutting. The dry 
weights of the plants were obtained by drying during 7 davs in a ventilated oven 
at 65 °C. When the soil cover of the solitary plants became constant or decreased, 
the remaining plants at thé density 20 x 20 cm and the plants of all other plots 
were harvested. Fresh and dry weights were measured for 10 plants per 
treatment in the spring and 8 plants per treatment in the autumn experiment. 

Criteria for the performance of the head of the lettuce plants were: the 
appearance of diseases such as botrytis and blackrot; the quality of the head 
(firm, loose or leafy), of the base (well closed, bony structure) and of the leaves 
(soft or fluffy). No data concerning the total leaf area or the root system of the 
plant were collected. 

Measurement of temperature and radiation 
The air temperature was registered with Fuess-thermographs, which were 

placed in the middle of each compartment on plant level. Hourly readings were 
used to calculate the mean day and night temperatures. The day was considered 
to be from sunrise to sunset. 

Measurements of the daily radiation were obtained from a nearby me
teorological station of the Department of Physics and Meteorology of the 
Agricultural University, Wageningen. During spring and autumn the trans
mission for light of the three compartments was determined 4 times with a flat 
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FIG. 1. Genera! view of the set 
up for soil cover measure
ments. 

photometer, type TFDL-65-202Ö, and once with a Kipp solarimeter. The 
average transmission of the Venlo-glass-house in spring was 57.5 % and in 
autumn 58.5 %. These percentages were used to calculate the radiation inside the 
glass-house. 

In Figures 2a and 2b, the average day temperatures on plant level in the three 
compartments and the total short wave irradiance per day during the experiments 
are given. The average night temperatures in the spring experiment were 
respectively 7.1°C, 7.1°C and 8.2°C lower than the day temperatures in the 
compartments I, II and III. In the autumn experiment these figures were 
respectively 4.2°C, 4.1 °C and 4.1 °C for the used periods. The difference between 
day and night temperatures remained rather constant during a short period. At 
the same radiation level, the temperature in autumn was higher than in spring. 
Other environmental data such as relative humidity, C02-concentration, 
evaporation and windspeed were not regularly measured in the glass-house. 

Mathematical description of the soil cover process 
The relationship between soil cover and time shows a sigmoid pattern, similar 

to that of many biological processes (BIERHUIZEN et al., 1973). Data of the 
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FIGS. 2a and 2b. The average day temperature and thé total short wave irradiance (per day) in 
compartments I, II and III of the glass-house during the spring (a) and autumn (b) experiments. 
Day number I in spring is February 24 and in autumn September 30. 

preliminary experiments with the cultivars 'Noran' and 'Deciso' were used to 
test various equations. From these tests a four parameter sigmoid curve was 
selected as defined by the differential equation : 

dS 
dt 

= r.S. 1 and — 1 < p < oo 0) 
where t is the time scale (days from planting), S denotes the soil cover of the plant 
(cm2) and Smax is the maximal area (in cm2), covered by the plant (VAN DOORN). 

The family of curves defined by equation (1) includes several curves, which have 
been used emperically for the description of growth, e.g. the 'monomolecular\(p 
— - 1), the Gompertz (p » 0) and the logistic (~ symmetrical sigmoid) growth 
curves (p =* 1). Further mathematical details are given in an extensive paper, 
written by RICHARDS (1969). Instead of time, t, other so-called 'environmental 
time scales' can be used as heat or radiation sums (NICHOLS, 1970). S is positive 
and increases with time. It should be noted that, in case p is restricted to be only 
positive and the soil cover is small compared to the maximal soil cover, equation 
(1) can be approximated by: dS/dt = r.S, which describes exponential Soil 
cover. In this case r can be seen as the relative soil cover rate. For p < 0 however 
the initial rate of soil cover is not approximately exponential. In the following p 
will therefore be restricted to positive values only. The solution of (1) can be 
writtert in the form 

S = a. l + p .e . -P-1"^) -l/P 
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where t, denotes the number of days between planting and the inflexion point of 
the S-curve. Remark that S -»• 0, only when t -+ — oo. For purposes of 
physiological interpretation it can be useful to introduce three additional 
parameters, namely S„ which is the amount of soil (in cm2), covered at the 
inflexion point of the curve, and L„ which is S{ as the percentage of Smail. Note 
that Smax.e~' < Sj < Smax, when 0 < p < oo. It is obvious that 

S, = SL„-<l. + P)- , / p - (3) 
and 

L1=S i /Smax .100=(l+p)- , / ' ' .100 (4) 
The parameter p in fact shows the degree in which the curve is asymmetric, 
because we find that 36.8 < L, < 50 % as 0 < p < 1 ; L, = 50 % as p = 1 and 50 
< L, < 100 % when 1 < p < oo. The third parameter, Rj, is thederivative of the 
S-curve in the inflexion point and can be defined as the rate of soil cover (in 
cm2d_1) at time tj. This value represents also the maximum rate óf soil cover 
attained during the period of soil covering. 

R _ Smai. p.r , 
' ~ ( l+p) 1 + 1 ' P P J 

Physiological interpretation of some parameters 
The number of days between planting and the inflexion point denotes the 

length of the period in which soil covering is approximately exponential. The 
amount of mutual and self shading will eventually decrease the raté of soil cover 
and thus determine tj. Plant density, and also environmental, ontogenetic and 
genetic factors, which influence plant morphology, will affect the degree of 
mutual and self shading. Differences in plant morphology will be expressed in 
parameters of the soil cover curve, like t,. Sj is the amount of soil covered at date 
tj. A high L, seems favourable. Parameter p itself seems physiologically not 
meaningful and therefore L, willbe used (which is only dependent on p) in this 
study. 

A high relative soil cover rate (r) in the beginning of the growth period of a 
young plant seems favourable. At that stage of growth there is no mutual 
shading. The value of r will only depend on temperature and cultivar. Note that 
Sma!C is always 400 cm2 at the plant density of 20 x 20 cm and almost 625 cm2 at 
the density of 25 x 25 cm. It can be expected that Smai becomes higher than 625 
cm2 for solitary plants. In this case Smai varies among cultivars and can also be 
influenced by temperature. 

A high R, in the inflexion point suggests that in the period immediately after t, 
the soil coyer rate will be high. Because of the presence of the parameters Sma„ p 
and r in Rr R, could be a valuable characteristic for the description of the whole S-
curve. Rj is only an important parameter when the plant has not yet reached the 
marketable weight at time ti. The day the maximal soil cover is reached (t,,»,,) is 
not mentioned in equation (1). Because of the character of the used equation, 
theoretically S = Smax only if t = oo. Therefore t,,,,, is determined from the 
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all the incoming radiation is intercepted by at least one leaf layer of the plant. A 
low value of tmax, thus a short period between planting and complete soil cover, 
seems favourable. 

For a rapid covering of the available soil, the following combination of 
parameters seems desirable : a high r, a high L„ a low t, (combined with a high S^, 
a high Ri and a low t„,ax. The harvest weight (Wend) at the end of the growth 
period is needed in order to determine the relationship between the final weight 
of the head and one or more parameters of the curve, which describes the process 
of soil covering. 

Calculation of the parameters of the S-curve 
The above mentioned model is intrinsically non-linear in its parameters. For 

this reason an iterative method (method of Taylor series) was employed, in 
which the parameters are estimated by the least squares method in a succession of 
stages, as described by DRAPER and SMITH (1966, p. 267-270). Initial estimates 
of the parameters were made by taking those which gave the 'best fit' of the linear 
model: 

which was calculated for a sufficient amount of values of Smax and p. The 
iterative procedure was terminated when the differences of the parameter 
estimates in successive iterations were sufficiently small (0.1 for Smax, 0.01 for p, 
0.001 for r and 0.1 for t,). The last stage of the iterative process also provides 
standard errors for the parameters. The above mentioned calculations were 
programmed on a portable desk calculator HP 9815 by NILWIK. In general 
convergence was fast except for some specific treatments, which visually also 
showed no clear sigmoid pattern. 

RESULTS 

The curve fitting procedure 
Table la shows the parameters t., S,, SmflX, r, L,, R( of the S-curve with their 

standard errors of all the treatments of the spring experiment. In this table three 
other parameters are presented i.e. t^,,, which is the number of days from 
planting until no visual increase in soil cover occurs, Wmax, which is the fresh 
weight of the lettuce head at t,,,,;,, and W^,,, which is the fresh weight of the head 
at the end of the experiment. In Table la no data of the treatments 'Tornado'-
111-25, 'Tornado'-III-35 are given because tb,e soil covering process of the 
various plants within one plot varied too much. Data of 'Valentine'-III-35 are 
absent due to calculating problems. In the autumn experiment data of the 
treatments 'Amanda Plus'-II-35, 'Tornado'-III-35 and 'Brevo'-I-35 are not 
presented, since the increase in soil cover did not show a clear sigmoid pattern. 
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FIGS. 3a and 3b. Relation between soil cover and time in spring and autumn after planting in 
compartment I of the glass-house of plants of'Amanda Plus'. Plant distances are 20,25 and 35 cm. 
The lines represent the calculated regressions, the open circles are the measured data. The solid 
circles represent the calculated inflexion point. 

This fact also became clear from the calculations because no convergence was 
obtained. The growth of the plants of 'Tornado' in compartment III was poor 
for all treatments. Plants of the plot 'Dandie'-II-25 (Table lb) were not planted. 

Figures 3a and 3b give examples of the results of the curve-fitting of the soil 
cover of the various treatments in compartment I in spring and autumn with the 
cultivar 'Amanda Plus'. The measured and calculated values are given. The 
inflexion point (ti5 Sj) is also shown in the Figures. All curves are asymmetrical (p 
=£ 1). The Figures demonstrate that t ^ , and Smax increase with a decrease in 
plant density. At the same plant density the process of soil covering until the 
maximum area occurs more rapid in autumn than in spring due to higher 
temperatures in autumn. The parameters r and, for some treatments, Smax have 
high standard errors. 

Time t-t and soil cover 5j at the inflexion point 
The standard errors of t; are in general small. The time of the inflexion point 

becomes longer when the temperature is lower or when the spacing is wider. For 
'Amanda Plus', for instance, the tj in spring is longer than the tf in autumn 
because of the lower temperatures at the beginning of the growth period. 
Solitary plants show also an inflexion point, which is caused by self shading of 
the leaves within one plant. The pattern of the curve of soil covering of the 
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TABLES 2a and 2b. Temperature sums (heat units in degree days) of day temperatures for all 
treatments and cultivars in spring (a) and in autumn (b) calculated between planting and the 
inflexion point of the soil cover curve. I, II and III represent the temperature regimes. 20, 25 and 35 
represent the plant densities of 20 x 20,25 x 25 and 35 x 35 cm. 

Cultivar 

2a. SPRING EXPERIMENT 

Amanda Plus 
Deciminor 
Meikoningin 
Noran 
Proeftuin's Blackpool 
Rapide 
Tornado 
Valentine 

2b. AUTUMN EXPERIMENT 

Amanda Plus 
Dandie 
Deciso 
Ravel 
Tornado 
Brevo 

20 

407.4 
415.9 
391.1 
369.5 
423.9 
332.7 
511.3 
407.7 

272.3 
255.3 
262.4 
368.9 
302.0 
234.8 

I 
25 

470.6 
466.5 
443.0 
439.3 
460.1 
430.0 
546.8 
505.1 

371.3 
332.6 
357.2 
399.1 
432.1 
351.4 

35 

616.0 
555.4 
519.6 
470.6 
498.0 
498.3 
636.0 
532.4 

425.8 
389.9 
430.0 
467.6 
538.7 

-

20 

425.9 
424.3 
393.8 
429.1 
434.5 
413.2 
503.9 
465.8 

276.0 
220.8 
255.8 
320.0 
320.0 
316.4 

Treatment 

II 
25 

480.9 
451.6 
434.5 
457.7 
451.6 
436.4 
601.9 
495.2 

348.7 
-

342.2 
371.5 
407:5 
320.0 

35 

554.5 
524.4 
502.1 
511.2 
486.4 
511.2 
652.4 
520.6 

-
397.9 
390.5 
468.2 
452.4 
483.7 

20 

390.0 
435.0 
421.9 
377.8 
435.6 
403.0 
513.5 
431.5 

329.2 
244.5 
294.0 
375.5 
324.9 
273.0 

III 
25 

470.1 
480.8 
441.8 
445.3 
495.5 
539.9 

-
510.6 

356.9 
312.3 
348.6 
394.5 
358.6 
343.4 

35 

598.5 
634.2 
534.0 
603.7 
577.2 
575.4 

-

400 
373.8 
370.4 
385.8 

437.1 

.solitary plants is not disturbed by competition for light interception with the 
neighbouring plants. The decrease of t, at higher plant densities indicates that the 
inflexion point in the soil cover curve is also caused by mutual shading. 

In Tables 2a and 2b the day temperature sums until t, (heat units in degree 
days) are presented, in which 0°C as minimal temperature isused. Constant 
temperature sums until tj were expected for the various treatments of one 
cultivar, but these constant sums are not shown in the Tables. Taking into 
account the standard error of tj, correction for higher minimal temperatures will 
not result in constant heat sums, also since the sums of treatments with low mean 
temperatures and long periods until t( are also not systematically higher. The 
mean day and night temperatures until tj can be derived from Figures 2a and 2b. 
From those Figures it is evident that the mean temperature over, for instance, 
the first 20 days of the growth period in one compartment differs slightly from 
the mean temperature over the first 25 days in that compartment Thus the 
differences in temperature sums between treatments of one cultivar and also 
probably between cultivars are caused mainly by differences in t,.. 'Tornado', for 
instance, has both a high t( and a high temperature sum. In general there is a 
tendency to small differences in temperature sums between cultivars. 

Mutual shading shortens the period of the exponential soil cover rate. In 
Figure 4a the linear regressions of t( and Sj are given for all treatments in 
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FIGS. 4a und 4b. Calculated linear relationships between time and the soil cover area, reached at the 
inflexion point of the soil cover curve, for all treatments and cultivars during spring (a) and autumn 
(b). 
• temperature regime I; O temperature regime II; A temperature regime III. 

spring. During spring the linear relationships between t, and Si are not highly 
significant,but other, non-linear, regressions gave no consistent higher values of 
the correlation coefficients (r2) for all cultivars. Solitary plants exhibit only self 
shading. These plants have a higher t{ and S( than the plants at narrow spacings. 
With higher temperatures the value of tj declines for all plant densities, although 
Sj can remain the same or declines less than expected. The variation of the data in 
Fig. 4a is a result of these effects. 'Rapide' has in general a higher S(-value during 
the period until tt than other cultivars. The high t( combined with the relatively low 
S; of plants of'Tornado' and 'Proeftuin's Blackpool' is less adventageous for the 
soil covering and growth of lettuce. The differences between the slopes and 
intercepts of the linear regressions are large between the various cultivars. 
'Deciminor', 'Rapide' and 'Tornado' (however, negative intercept) have high 
values of the slope, which seems to be favourable for the process of soil covering. 
The regressions of 'Noran' and 'Proeftuin's Blackpool' show low values. 

Figure 4b presents the relationship between t{ and S; for the treatments of the 
autumn experiment. The correlation coefficients of the regressions are higher in 
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autumn than in spring and the differences in tj are smaller. Although 
environmental conditions were different, the same remarks about the effects of 
temperature and plant density are valid for both experiments. The intercepts of 
the linear regression lines of all cultivars are in autumn negative and the values of 
the slopes are higher than in spring. 'Deciso' is one of the cultivars with a 
favourable low tj and a high Sj in comparison with the other cultivars, whereas 
'Tornado' combines a low value of tj with a relatively low Sr 

We may conclude that no cultivars with a very short th combined with a high 
Si are present in the experiments. Moreover, with higher temperatures a certain 
Sj can be obtained in a shorter period. 

The parameters 5max and r 
The maximal soil cover for the spacings of 20 and 25 cm is in the order of 400 

and 625 cm2, resp. (vide Tables la and lb). Differences in Smax occur mainly for 
solitary plants. Smax tends to be lower at lower temperatures, when the plant 
forms a more compact head. The cultivar 'Valentine' has a rather low Smax. This 
cultivar is also in horticultural practice known as a lettuce with a small head. 

The parameter r represents the relative soil cover rate immediately after 
planting into the glass-house, but r is not useful in most situations due to high 
standard errors. There is a tendency that r decreases at lower temperatures and 
increases at wider spacings. The values of r of'Valentine' are low, compared with 
the values of other cultivars. The parameter r is lower in spring than in autumn. 

Position of the inflexion point and slope in (t{, SJ 
The standard errors of Ls are small. Li is strongly influenced by plant density 

(effect of mutual shading) and less by cultivar and temperature. Most values of 
Lj are higher in spring than in autumn irrespective of cultivar. The large 
environmental influences on Ls make this parameter less useful as a criterion for 
selection between cultivars for a fast soil covering process. Since Smax for the 
plant spacings of 20 and 25 cm always gives an almost constant value i.e, 400 
resp. 625 cm2, it is not necessary to relate Lj to t,. The linear regressions of the 
values of tj and L; of the widest spacing show for both experiments low values of 
the correlation coefficients (r2 < 0.10). The same regressions without the values 
of'Tornado' and 'Brevo' give still low correlation coefficients (r2 < 0.21). The 
favourable relation of a low t, with a high Lh comparable with that of a low t; 
with a high Ss at the narrow spacings, is not present. And a high value of t( is not 
always related to a high value of Lj. Thus the best choice is for a low ti. 

Figures 5a and 5b demonstrate the non-linear relationships of Lj with r. The 
parameter Lj was strongly influenced by plant density and the parameter r by 
temperature and plant density, although the standard error of r was high. When 
the standard error of r was close to or exceeded the real value, this value was not 
mentioned in the Figures. The fit in autumn was better than in spring. A cultivar 
with the preferable combination of a high r and a high Lj is not present. A 
cultivar with the unfavourable combination of a low L, and a low r, is also not 
shown. In spring 'Amanda Plus' has a rather good combination of r and Lr 
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FIGS. 5a and Sb. Calculated quadratic relationships between r and L, for all treatments in spring (a) 
and in autumn (b). 
Spring : • 'Amanda Plus' ; O 'Deciminor' ; A 'Meikoningin' ; A 'Noran' ; Q 'Proeftuin's Blackpool' ; 
• 'Rapide' ; V 'Tornado' ; andV 'Valentine'. Autumn : • 'Amanda Plus' ; O 'Dandie' ; A 'Deciso' ; A 
'Ravel'; V 'Tornado'; a n d • 'Brevo'. 
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values, whereas 'Tornado' (because of low L,) and 'Proeftuin's Blackpool' 
(because of low r) have a less favourable combination of the parameters. In 
autumn 'Amanda Plus' has an intermediate position between other cultivars, 
like 'Ravel' and 'Dandie'. 

The slope R; increases at lower plant densities and with higher temperatures. 
This is more evident in autumn than in spring. The values of R( are higher in 
autumn than in spring (see 'Amanda Plus'). 'Deciminor' has in spring slightly 
higher values than the other cultivars, while 'Proeftuin's Blackpool' has low 
values. In autumn cultivar 'Tornado' has a low value of R(. The parameter 
Rj is not as meaningful as was expected as an overall characteristic of the Curve, 
because of the small differences between the values, mainly in spring. 

Correlation of some soil cover parameters with end harvest weight 
The fresh weight of the lettuce head at the end of the experiments, Wend, 

depends partly on the harvest date, as in spring and autumn the plants of the 
three compartments were not cut on the same day. Higher weights at lower 
temperatures are partly caused by those different harvest dates. Wider spacings 
result in higher end weights. The total amount of intercepted radiation during 
the period of complete soil cover is higher in spring than in autumn. Plants in 
spring, therefore, had much more benefit from the radiation during the weeks 
before harvest than those in autumn. Generally the end weight in spring was 
higher. 

The relationships between Wend and Lir t, and Wmax deserve attention for 
breeding reasons. The relationships of t{ and Wmax with Wcnd also, give 
information about the relationships between S( and tmax with Wend, The 
correlation coefficients (r2) of the linear regressions between L, and Wcnd of all 
cultivars together are 0.04,0.12 and 0.07 for the plant densities 20, 25 and 35 cm, 
resp. in spring, and 0.12, 0.33 and 0.13 for those plant densities in autumn. The 
correlation coefficients are slightly higher when calculated without the data of 
'Tornado' and 'Brevo'. Cultivars with approximately the same L| (which 
depends mainly on plant density) can reach different values of Wend. Lower 
temperatures give a lower fresh weight at a certain Ls. Since the relationship of L, 
with W^j is not clear and because of the relatively high standard errors of r, also 
no significant relation between r and Wend can be expected. 

Figures 6a and 6b present linear relationships between tj and Wend. A longer tj, 
caused by wider spacing and/or lower temperatures, gives a higher Wend. The 
correlation coefficients and the values of the slopes and intercepts vary much 
between the cultivars in spring as well as in autumn. The linear fit of 'Amanda 
Plus' differs in spring more from the fits of other cultivars in spring than from the 
linear fit of'Amanda Plus' in autumn. The differences of the values of'Tornado' 
are rather large between spring and autumn. Non-linear regressions do not give 
a better fit for the cultivars. The correlation coefficients (r2) of the linear regresT 
sions of tj and Wend per temperature regime for the temperature regimes I, II and 
III werein spring resp. 0.53,0.72 and 0,78 and in autumn resp. 0.41,0.35 and 0.25. 
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FIGS. 6a and 6b. Calculated linear relationships between time at the inflexion point and the fresh 
weight at the final harvest for all treatments and all cultivars in spring (a) and in autumn (b). • 
temperature regime I; O temperature regime II and A temperature regime III. 

The parameter Wmax is only available for the 20 cm spacing in spring. From 
Table 1 a it is obvious that Wend gives higher values when Wmax is higher. Selection 
on Wmax seems favourable, but. because of the positive relation between tmm 

and Wmax this is misleading. 

DISCUSSION 

In a Venlo glass-house some environmental factors can often not be 
conditioned to a great extent and the climate within such a glass-house is not 
homogenous. As a result of this much variation in the data and the results of the 
experiments can be expected. In these experiments the difference in actual 
temperature regimes was relatively small, especially in the autumn experiment. 
The last harvest date was late in comparison with normal horticultural practice 
(KLAPWIJK, 1978a, 1978b) and the end weight was in many treatments also 
higher than the commercial weight; In both experiments rather large plants were 
planted in the glass-house. 
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The measurement of the soil cover by the dot counting method was easy and 
fast. Differences in soil cover between various treatments seem large during the 
first weeks of growth, due to the high soil cover rate, but the large differences in 
cm2 of covered soil present only a small difference in the number of days. 

In general the fitting of the soil cover by a four parameter sigmoid curve is 
feasible, as was shown by calculations with results of'Noran' and 'Deciso' in 
preliminary experiments, but also for other cultivars or rosette plants, like 
endive. Some parameters such as tj, S-, and Lj have low standard errors. The 
standard errors of r are high. The four parameter curve is not sufficient flexible 
to describe the process of soil covering accurately for all treatments. For those 
treatments the soil covering process did not occur according to a sigmoid 
pattern. This resulted in high standard errors of the parameters or no 
convergence in the calculations (e.g. in autumn experiment the treatments 
'Amanda Plus'-H-35, 'Tornado'-III-35 and 'Brevo'-I-35). Other causes of the 
high standard errors are: the relatively high inaccuracy of the dot counting 
method for the measurements of small plants, the difficulty to obtain and 
measure the exact value of Smai of the solitary plants and the unequal 
distribution of the primary data throughout the whole curve. More measure
ment dates are needed during the beginning of the soil covering process (the 
exponential part). Moreover, when the period from planting until t,,,,,, is long the 
fit becomes less accurate. Since the shape of the curve is chosen because of the 
preliminary results of the soil cover measurements with the butterhead cultivars 
'Noran' and 'Deciso', the fitting of this curve is more difficult for 'Tornado', 
which is an upright lettuce type with another pattern of soil covering and growth, 
and 'Brevo', an endive cultivar. The use of a minimal soil cover percentage of 
36.8 % (p > 0) in the calculations was appropriate. As a result of this choice a 
physiological interpretation of r remained possible. Since all plants start to grow 
as solitary plants, the value of r had to be the same for all plant densities. There is 
a tendency; however, that r increases with wider spacing, but because of the high 
standard errors most values of r are identical. The uncorrected time scale did not 
appear to be suitable in uncontrolled conditions (NICHOLS, 1970). NICHOLS tried 
to compensate for these fluctuating conditions by using 'environmental time 
scales' for the description of growth. Time scales based on the heat unit concept 
were not suitable enough either, especially the exponential growth stage during 
which the soil cover is less than the maximal value. A better correlation was 
obtained between growth and the corrected solar radiation, although tempera
ture was important as well. 

BIERHUIZEN et al. (1973) concluded from glass-house experiments with 
'Noran' at a plant density of 20 x 20 cm that temperature determines the soil 
cover rate. This conclusion could not be confirmed in the spring and autumn 
experiments described in this article, although an influence of the temperature is 
evident. Growth and soil covering are not identical processes, but from NICHOLS' 
experiments it seems also justified to conclude that temperature does not 
exclusively determine the soil cover process. A problem for the comparison of 
the temperature sums until tj is that at date tj the parameter S, can have various 



-x o 
autumn of, for example, 'Amanda Plus' is not useful. The use of radiation sums 
for the experiments with soil cover as described by NICHOLS (1970) was not 
sufficient to solve the time problem accurately, not even when the radiation was 
corrected on a soil cover base and for a minimal and maximal radiation. The use 
of radiation sums in this study was tried but was not more succesful than the use 
of temperature sums. 

The depression in soil cover at the 20 and 25 cm spacings is, compared with the 
solitary plants, more than the 5%, which HUGHES (1969) considered as a 
criterion for mutual shading. HUGHES studied the depression in growth, while in 
this Part the depression in covered soil area is observed. The lower ts at the 20 and 
25 spacings, compared with the tj of the solitary plants, is caused by mutual 
shading. The inflexion point of the soil cover curve of solitary plants is 
determined by self shading of the leaves of the plant itself. Higher temperatures 
result in a higher value of S; at a certain value of tj than lower temperatures do. 
At higher temperatures the effect of mutual shading becomes visible in a later 
stage of the soil covering process. 

The effect of mutual shading is less at lower temperatures because cell 
extension is less, leaves are shorter and the relative width of the leaves is higher 
(BENSINK, 1971). Self shading, however, is stronger in that case, as the leaves are 
overlapping each other to a greater extent. 

No cultivars in these experiments were used which had the desired com
bination of the soil cover parameters for a rapid cover of the soil. No clear and 
very useful relationships exist, unfortunately, between end fresh weight and the 
parameters of the soil cover curve. For instance, at one temperature regime it 
seems difficult to select a high Wend based on th especially in autumn. The 
correlations between Wend and some of the parameters could be better in 
horticultural practice than in these experiments. The final harvest date was 
chosen when the solitary plants achieved maximum soil cover. This implies that 
the plants at the densities of 20 and 25 cm, which densities are more similar to 
those applied in normal practice, were harvested too late. One other reason is 
that the concept of soil cover is twodimensional and to regard this as a measure 
for the light intercepting surface of the plant is oversimplified. Growth of a plant 
is a threedimensional process during which light is intercepted from all 
directions. Especially during winter, the threedimensional structure of a plant is 
essential. Plant height and leaf thickness are also important parameters for the 
growth of a plant. The microclimate around a plant and between the leaves will 
play a part too. A plant with an open structure has a better gas-exchange, and is 
less affected by diseases. EENINK and SMEETS (1978) concluded from glass-house 
experiments with various genotypes that the correlations between plant growth 
characteristics and the fresh weight in an early stage of growth and those at 
harvest are low. The correlation will even be less when the length of the growth 
period increases, as shown in this article. The growth period between t,,,^ and t ^ 
is important for W ^ . 
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It is possible and interesting from a physiological point of view to describe the 
soil cover process of a plant by a four parameter sigmoid curve, although its 
relation with the marketable head is low. With data ofthat curve the harvest time 
or the end weight can not be predicted. A high temperature in the beginning of 
the growth period may be useful in order to reach a hundred percent soil cover as 
soon as possible, but it is no guarantee for a high marketable yield. At present it 
does not seem possible to select genotypes with favourable characteristics in the 
early stage of growth on the basis of the parameters of the soil cover curve, unless 
genotypes with much larger differences than shown between butterhead 
cultivars are used. 



Lettuce (Lactuca sativa L.) is an important glass-house crop under the poor 
light conditions during winter in the Netherlands. Despite many experiments 
fundamental data about the whole process of growth are scanty. Two 
experiments, one in spring with 8 cultivars and one in autumn with 5 cultivars, 
were carried out in order to study the process of soil covering by lettuce plants. In 
both experiments 3 plant densities and 3 temperature regimes were applied. The 
process of soil covering can be described by a four parameter sigmoid curve with 
the parameters r, the initial relative soil cover rate; S, the soil cover and Smax, the 
maximal area which can be covered ; t, time in days from planting and p, which 
determines the position of the inflexion point (ti; S;). As other parameters L{ ( = 
Si/Smax) and Ri5 the soil cover rate in the inflexion point, are introduced. 

Especially with treatments with long growing periods (low temperatures, 
solitary plants) problems with curve-fitting occurred. All curves appeared to be 
asymmetrical. The parameters p and r were less useful, mainly because of their 
high standard errors. Lower temperatures and wider spacings result in higher t,-
and Sj-values and a lower r. Smax tends to decrease at lower temperatures. When 
the growing period is short or the plant density high, L|' becomes high. 
Differences between cultivars exist in the spring as well as in the autumn 
experiment, but no cultivar showed the optimal combination of parameters for a 
fast soil covering process. The correlation of some soil cover parameters (th Si; 

Li? Smax) with the final harvest weight of the lettuce head was low, especially 
between the parameters, which give information about the early stage of growth, 
and the final weight. This was partly due to the late harvest daté in the 
experiments. 
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3 G R O W T H O F L E T T U C E 

II. QUANTITATIVE ANALYSIS OF GROWTH 

INTRODUCTION 

Since the cultivation of lettuce (Lactuca sauva L.) in glass-houses is of great 
importance during the winter period, many experiments have been carried out 
over the past 30 years with the purpose of obtaining optimal growth in the poor-
light period. These experiments were made specifically for practical purposes of 
the growers. Usually only the fresh weight of the lettuce head at the end of the 
commercial growth period was measured, and often much emphasis was laid on 
the performance and the quality of the lettuce head (e.g. V A N ESCH, 1977; 
KRIZEK et al., 1974). Sometimes more harvest periods in an earlier stage of 
growth were included (BIERHUIZEN and PLOEGMAN, 1966; V A N ESCH, 1973), but 

in general detailed quantitative da ta on the growth of lettuce are scarce. 

A growth analysis using frequent destructive harvests leads to a good under
standing of the effect of environmental conditions on growth during the entire 
period from transplanting until harvest. With such an analysis the daily increase 
in the growth of the plant can be calculated. The commercial grower is especially 
interested in the yield, expressed in grams of fresh weight, and in the quality of 
the marketable head, and not in the dry matter percentage of the lettuce head. In 
a quantitative analysis of growth, however, the dry weight of the plant is ge
nerally used (KvÈT et al., 1971 ; e.g. for lettuce: DULLFORCE, 1968; NICHOLS, 
1970). 

Theory of quantitative analysis of growth 
BLACKMAN (1919) described the dry matter accumulation of the whole plant as 

a law of continuous compound interest. Since then a quantitative approach of 
the growth of plants has been applied numerous times, especially for field crops. 
For the growth analysis of these outdoor crops, plants were often grown under 
controlled conditions (COCKSHULL and HUGHES, 1969; EAGLES, 1967, 1969; 

EVANS and HUGHES , 1961 ; FUKAI and SILSBURY, 1977 ; HUGHES and COCKSHULL, 

1969; HUGHES and EVANS, 1962; WATSON, 1952; WILSON and COOPER, 1969). In 

general young plants were used (e.g. H U R D and THORNLEY, 1974; THORNLEY and 
H U R D , 1974) and in the case of older plants often only a short growth period was 
analysed. 

RADFORD (1967) reviewed and defined the formulae of the classical growth 
analysis, the growth rate (GR) , the relative growth rate (RGR) , net assimilation 
rate (NAR) and leaf area ratio (LAR). The growth rate of a plant at any instant 
in time (t) is defined as ' the increase Of plant material per unit of time i.e. G R = 
dW/d t ' (W = weight). This G R is the most simple growth characteristic. The 
relative growth rate (RGR) of a plant at an instant in time (t) is defined as ' the 



= ( 1 /W) (dW/dt). The net assimilation rate (NAR) of a plant at an instant of time 
(t) is defined as 'the increase of plant material per unit of assimilatory material per 
unit of time' i.e. NAR = (l/A)(dW/dt)(A = leaf area). The leaf area ratio (LAR) 
of a plant at an instant in time (t) is defined as 'the ratio of the assimilatory material 
per unit of plant material present' i.e. LAR = A/W. The relationships of A with 
time and W with time are important. In case W and A vary with time without 
discontinuity, the only requirement for the analysis according to RADFORD 

( 1967) is that fitted growth curves are available which adequately describe the W 
versus t and the A versus t relationships over the period in question. In the first 
place a good fit of the growth curves is important and not their physiological 
interpretation. These growth curves are needed for a further analysis of growth. 
The derived functions (RGR, NAR, LAR) can be deduced accurately from these 
functions without additional assumptions. RADFORD described, for instance, 
exponential and polynominal regressions relating A and W with time. HUGHES 

and FREEMAN (1967) and NICHOLS and CALDER (1973) discussed and improved 
the application of regression analysis. HUGHES and FREEMAN used frequent small 
harvests and the natural logarithms of W and A instead of simply W and A, thus 
making the variability of the primary data more homogeneous. They fitted po
lynomials of the relationships of In (A) and In (W) With time up to the third degree 
using the least squares method. In a subsequent step the derived parameters and 
the standard errors for the estimates of these parameters were calculated. HU
GHES and FREEMAN also suggested that this method would be useful for glass
house and field experiments as well. Their method was successfully applied in 
experiments with controlled environment (EAGLES, 1969). The choice of the 
degree of the polynomials which are used in the method of H UGHES and FREEMAN 

(1967) remains somewhat arbitrary. HUGHES and COCKSHULL (1969), for in
stance, used cubic equations in experiments with Callistephus chinensis in growth 
cabinets in which mutual shading was negligible. FUKAI and SILSBURY (1977) 
could fit their data of subterranean clover, grown in a glasshouse, in most cases 
with polynomials of the third degree. KOLLER et al. (1970), however, used 
polynomials up to the seventh degree in analysing the growth of different parts of 
the soybean crop in the field. NICHOLS and CALDER ( 1973) suggested an objective 
method of chosing the degree of the polynomials and they gave a survey of the 
advantages of a regression analysis in growth studies as done by RADFORD (1967) 
and HUGHES and FREEMAN (1967). These advantages are: 
- estimates of RGR, NAR and LAR can be derived directly from the regression 

equation without additional assumptions. The only and very important as
sumption in this respect is that the regression adequately describes the changes 
of W and A with time ; 

- all the data collected over the experimental period are utilized for the de
termination of the growth parameters ; 

- pairing of plants is not necessary before the first harvest ; 
- at relatively frequent intervals only small samples are necessary, while a 

constant number of replicates per sample is not essential. 
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Quantitative growth analysis of lettuce 
The classical growth analysis has also been applied for glass-house crops. 

CHALLA (1976), for example, used the relationships of dry weight and leaf area 
with time and the relative growth rate for the description and the definition of his 
' s tandard ' cucumber plants. HARSSEMA (1977) used the quantitative analysis of 
growth for young tomato plants in order to determine the importance of root 
temperature in relation to other environmental factors. H U R D and THORNLEY 
(1974) analysed growth of young tomato plants. 

In the case of lettuce, the relations of W and A versus time (BROUWER and 
HUYSKES, 1 9 6 8 ; D U L L F O R C E , 1971;NoGUCHietal., 1 978 ;SMEETS , 1977) or those 

of ln(W) and ln(A) versus time (DENNIS and DULLFORCE, 1974,1975 ; DULLFORCE, 

1963, 1968, 1971 ; LEE, 1974) or versus a calculated heat sum (VAN ESCH, 1973; 
NICHOLS, 1970) or radiation sum (BIERHUIZEN et al., 1973; DULLFORCE, 1968, 

1971) is often presented without much application of curve-fitting techniques. In 
some experiments, the classical growth analysis is applied e.g. to compare va
rious cultivars (SCAIFE, 1973; BROUWER and HUYSKES, 1968; LEE, 1974) and to 

study the effects of light, temperature, C 0 2 , fertilizers or plant density. BROUWER 
and HUYSKES (1968) also included the G R in their study. The quantitative 
analysis was used to study the growth during short periods. (DULLFORCE, 1956; 
SARTI, 1973) as well as during long periods (DENNIS and DULLFORCE, 1974,1975; 
DULLFORCE, 1963, 1968,1971 ; LEE, 1974; NICHOLS, 1970;NoGUCHietal„ 1978). 
NICHOLS (1970) fitted a four parameter logistic model to the relationships of the 
In (W) and In (A) of lettuce with a calculated heat sum ('environmental time scale'). 
SCAIFE and JONES ( 1976) grew lettuce plants in pots in a nearly constant environ
ment. They used logistic expressions according to the suggestions of RICHARDS 
( 1969). Logistic models have, compared with polynomials, the disadvantage that 
the shape of the curve and the number of parameters are already fixed (e.g. 
NICHOLS, 1970). Similar problems appeared also in Part I (VAN HOLSTEIJN, 
1980), where a logistic model was used for the fit of the soil cover curve, even 
though in that case the inflexion point was not fixed. 

When 100% of the soil surface, available to a plant, is covered, the leaf area 
index (LAI) can be an important factor for growth. A plant with a high LAI 
intercepts more light. The LAI is, however, misleading for lettuce. Also it is not 
correct to use the term 'closed canopy' , when lettuce plants are overlapping each 
other. DULLFORCE ( 1968) suggested that the LAI underestimates overlapping by 
25 /a. LEE (1974) used the leaf area/ground cover ratio in experiments with 
solitary plants without noticing the misleading effect of it. 

Heading of lettuce and leaf area ratio 
The head formation of butterhead lettuce cultivars is extremely important to 

achieve a good quality of the crop. The first butterhead lettuce cultivar, which 
formed a head under winter conditions in the glass-house was 'Meikoningin' 
( 'May Queen') (RODENBURG, 1960). BENSINK (1971) analysed head formation of 
the cultivars 'Meikoningin' and 'Proeftuin's Blackpool'. This process is closely 
related with leaf morphogenesis. BENSINK studied the arrangement and the 
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relation to head formation and he took the leaf length and leaf width as criteria 
for differences in leaf growth. 

For a high amount of light intercepting leaf surface per gram of fresh or dry 
weight, leaf thickness is important. Thin leaves intercept more light per gram of 
fresh weight than thick leaves. Leaf thickness is expressed by specific leaf weight 
(SLW). If only data of the total plant top weight and the total leaf area are 
known, the calculation of SLW is not useful, since it gives an average thickness 
for all leaves of the plant. DULLFORCE (e.g. 1963, 1968) used the leaf area ratio 
(LAR) not in relation with leaf thickness, but as a measure for heading. The 
orocess of heading was considered independent of other parameters like RGR 

id NAR. KVËT et al. (1971) suggested that in general LAR is a useful measure 
. i the assimilatory apparatus, as influenced by genetic and environmental fac
tors, or cultural practices. Changes in LAR with time also reflect the interaction 
of ontogenetic factors with environmental conditions. DULLFORCE (1956, 1963, 
1968) observed that an unfavourable balance between light and temperature, i.e. 
a relatively high temperature, and a low light intensity, resulted in a high LAR, 
while no heading occurred. For the cultivars 'Chéshunt 5-B' and 'Southdown 5-
B' head formation was poor at LAR-values above 800 to 900 cm2 g~ ' with the 
use of dry weight. No heading at all occurred with LAR-values of 1100 cm2 g~ ' 
or higher. For the above mentioned cultivars DULLFORCE checked the usefulness 
of LAR under various environmental conditions (DENNIS and DULLFORCE, 1974, 
1975; DULLFORCE, 1963, 1968). Differences in LAR between cultivars were 
rather small but in some cases significant (DULLFORCE, 1963). SCAIFE (1973) also 
found differences in LAR among a number of cultivars, but, since he studied only 
the early stage of growth, he could not relate LAR to head formation. BROUWER 

and HUYSKES (1968) did not relate LAR to head formation, but from their pub
lished results it can be concluded that at the same fresh weight the cultivar 
'Rapide' had a low LAR and formed a head, whereas the F2 of'Rapide x Ha-
madan' had a high LAR, grew faster and did not form a head. EVERAARTS 

and VAN SLOTEN (1974) concluded that the cultivar 'Noran', grown in late 
spring, formed a qualitatively good head as soon as LAR decreased below 
600 cm2 g"1. 

Although BENSINK (1971) and DULLFORCE ( 1968) studied extensively the head 
formation of lettuce plants, clear definitions of the 'head' of the lettuce plant and 
of the beginning of heading are not defined in their work. They showed the 
heading of lettuce plants with the use of photographs and analysed the causes of 
the heading process. BENSINK studied the shape and the number of the leaves 
and the leaf curvatures. DULLFORCE studied also the leaf production, stem 
and midrib elongation and the size of individual leaves and petioles. The use 
of the term 'head' and the judgement of the quality of the head in this publication 
is based on their observations and criteria and on my personal observations and 
experience. 

Head formation, studied in relation to LAR, is also described in this publica
tion. 
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MATERIALS AND METHODS 

The growth analysis was carried out with the cultivar 'Noran' in the spring 
experiment and with cultivar 'Deciso' in the autumn experiment. Both cultivars 
were grown in three glass-house compartments at different temperature regimes 
and at three plant densities. Details of the various treatments and the cultivation 
are given in Growth of Lettuce, Part I (VAN HOLSTEIJN, 1980). Compared with 
the practice of the growers rather large plants were planted, which could result in 
a shorter growth period (KLAPWIJK, 1978). The last harvest varied per treatment 
and was carried out when the fresh weight was at least 150 gram per plant, or 
when the differences in weight between plants of one plot became exceptionally 
large. 

Destructive harvests were carried out twice a week with intervals of 3 and 4 
days. The fresh weight, dry weight and leaf area of four plants per treatment were 
determined. The dry weights and leaf areas were measured similar to the methods 
in Part I (VAN HOLSTEIJN, 1980). No data on the root system were obtained. The 
soil cover data are presented in Part I. Plants were always harvested as much as 
possible at the same time of day. Data of the environmental parameters during 
both experiments are presented in Part I. 

Fitting procedure of dry weight and leaf area 
From the literature survey the conclusion was drawn to use polynomials 

instead of logistic models for an accurate description of the relationships of dry 
weight and leaf area with time. From preliminary calculations it had become 
evident that logarithmic transformation of the primary data did not greatly 
diminish the variability of the data of both experiments with time. Therefore, the 
method of the weighted least squares was always used. In this method, as 
outlined by DRAPER and SMITH (1966) the data of the harvests are weighted 
according to the reciprocal values of the harvest variance. As to the degree of the 
polynomials to be fitted, the method of 'lack of fit' was applied (DRAPER and 
SMITH, 1966; NICHOLS and CALDER, 1973). The method of orthogonal poly
nomials for fitting the relationships óf the weight and the leaf area versus time 
was used (DRAPER and SMITH, 1966; Fox and MAYERS, 1968) for performing the 
least squares analysis. In this case especially the polynomials tended to suffer 
from induced instability (Fox and MAYERS, 1968) as the calculations were done 
on a desk calculator with a limited accuracy for number storage. The actual 
calculating program, which incorporated the above mentioned remarks, was 
made by NILWIK for the desk calculator HP 9518A following the general outlines 
of FORSYTHE (1957). After data input polynomials of increasing degree were 
fitted to the data. This procedure was terminated when 'lack of fit' was not 
significant (p < 0.001). The program could continue until the tenth degree. The 
data and the necessary coefficients for the generation of the orthogonal poly
nomials were then put on a cassette. A second program was available to calculate 
the fitted values and the time derivatives of the dry. weight ( = dW/dt) and leaf 
area ( = dA/dt) at any chosen time during the growth period. 



KESULTS 

The results of the curve-fitting procedure are given in Table 1. When the ninth 
degree still resulted in a significant 'lack of fit' (p < 0.001), the degree with the 
lowest F-value was selected. This occurred with the dry weight fitting for the 
treatments 1-25 and 111-35 of'Noran' and H-35 of'Deciso' and with the leaf area 
fitting for the treatments 1-25 and 11-25 of'Noran' and 11-35,111-20 and 111-35 of 
'Deciso'. A polynomial of the second degree never gave the best fit and cubic or 
higher regressions appeared to be necessary. Generally, the longer the growth 
period, the higher the degree. The number of harvests varied per treatment as 
well as the number of plants per harvest. 

TABLE 1. Results of the curve-fitting procedure of the relationships of dry weight and leaf area with 
time of plants of "Noran' and 'Deciso' (p < 0.001 ). a, b, cand d : no harvest data were available at day 
36.44,48 and 51. resp.. I. II and HI represent the three temperature regimes. 20, 25 and 35 represent 
the plant densities 20 x 20, 25 x 25 and 35 x 35 cm. 

Cultivar 

Noran 

Deciso 

Treatment 

temperature 
regime 

I 
I 
1 

II 
II 
II 

III 
III 
III 

I 
I 
I 

II 
II 
II 

III 
111 
III 

plant 
density 

20 
25 
35 

20 
25 
35 

20 
25 
35 

20 
25 
35 

20 
25 
35 

20 
25 
35 

dry weight; 
degree 

of 
polynomial 

4 
3 
3 

6 
7 
8 

7 
8 
8 

4 
6 
5 

3 
7 
6 

5 
5 
5 

Results 

leaf area number of 
degree 

of 
polynomial 

4 
4 
4 

7 
5 
6 

7 
8 
8 

4 
6 
5 

9 
5 
5 

5 
5 
5 

harvests 
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The relationship of dry weight with time 
Figure 1 a-d shows examples of relationships of the dry weight with time for 

'Noran' and 'Deciso' at the three temperature regimes and the plant density of 
25 x 25 cm, and of the three plant densities at the middle and highest tempera
ture regime for 'Noran' and 'Deciso', resp.. The date of the inflexion point of the 
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leaf area with time are not presented. The curves generally show the same patterns 
of exponential growth during the first weeks. At low temperatures accumulation 
of dry weight is slower than at higher temperatures (Fig. 1 a, c). At the various 
plant densities the growth is similar in the beginning, but becomes slower after 
some time for the plants at the more narrow spacings. The differences in dry 
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weights between plants at the various plant densities increase with time. The dates, 
at which the growth curves of the three plant densities become different, are 
delayed in comparison with the dates of the inflexion point, tP of the soil cover 
curves. 

Relative growth rate 
The relationships of the relative growth rate (RGR) with time for 'Noran' and 

'Deciso' are shown in Figure 2 a-d, while in Figure 3 a-d the relationships of the 
relative growth- rates with the dry weight are given for the same treatments as 
were used in Figure 1. The irregular pattern of the relationships between RGR 
and time in the beginning of the growth period occurs for a relatively long period 
of approximately 2 to 3 weeks. The small plants in this period represent 
a dry weight range of only 0.1 to 1.5 gram. After this irregular period RGR 
decreases with time as well as with an increase in plant dry weight for all treat
ments shown. In this period the dry weight ranges from 1.5 to 6 gram. 

The dry weight was used as abscissa, because this parameter presents a better 
measure of the growth and the ontogenetic phase of the plant as affected by 
environmental conditions than an arbitrary time scale (EVANS, 1972, p. 319). A 
higher temperature regime results in a higher RGR at similar dry weights for 
'Deciso'. 'Noran' has a lower RGR in the dry weight range between 1.5 and 5 
gram at a higher temperature regime, which result is contrary to that of'Deciso'. 
Plants with a wider spacing have a higher RGR compared with plants with 
narrow spacings. 

The relationship of growth rate with time 
Although RGR and NAR are commonly used in growth analysis studies, the 

absolute growth rate (GR = dW/dt) will present more direct information about 
the growth process. RICHARDS (19,69) mentioned in his introduction of'Quanti
tative analysis of growth' that GR could be plotted against A or W in order to 
give 'rate curves'. Figure 4 a-d (p. 11) shows the relationships of the growth rate 
with time of 'Noran' and 'Deciso'. Data were obtained from the treatments used 
in Fig. 1. The data of the inflexion point of the soil cover curve (tj) is also presented 
in the Figures. The patterns of the growth rates in the beginning and at the end of 
the growth period are irregular. 

Except for the GR versus time relationship of the treatment 'Noran'-I-25, all 
curves show an identical pattern. During the first 4 to 5 weeks the growth rates of 
'Noran* and 'Deciso' were higher at higher temperatures. Less plants per m2 

resulted in a higher GR per-plant. The GR decreased after a certain period for 
both 'Noran' and 'Deciso' in various conditions of light and temperature. The 
maximal GR occurred at a later date than that of the inflexion point of the soil 
cover curve. The maximal GR tends to occur later in time during lower tempera
ture regimes and with wider spacings. 

The relationship of growth rate with dry weight 
In Figure 5 a-f (p. 12) dry weight is used instead of time on the abscissa. The data 



oi an treatments oi iNoran ana ueciso are presentee in tnese figures Dothcom-
ponents of RGR are plotted against each other. The pattern of the GR versus W 
is 'similar for all treatments, except for 'Noran'-I-25 and -35 in the dry weight 
range between 1 and 7 gram: GR increases with an increase of weight of the 
plant. Maximum values of GR are reached when the plants have a dry 
weight between 2 and 5 gram, in which stage of growth the formation of the head 

0.30 

oi 0.20 -

Noran - 25 

î> -

Norm - H 

I \ 

xv.-< 

0.20 

1 

•• - n 
— m 

'V 
_i 

15 

20 
25 
35 

' \ 

\ \ .. 

10 15 
Dry weight, g 

Fio. 3. The relationships of relative growth rate with dry weight for plants of cultivar 'Noran' at three 
temperature regimes and the plant density 25 (a), and at temperature regime II and three plant 
densities (b), and the relationships of the relative growth rate versus time for plants of cultivar 
'Deciso' at three temperature regimes and the plant density 25 (c), and at temperature regime I and 
three plant densities (d). I, II and III represent the three temperature regimes and 20, 25 and 35 the 
plant densities 20 x 20, 25 x 25 and 35 x 35 cm. 

44 Meded. Landbouwhogeschool Wageningen 80-13 (1980) 



becomes visible. For solitary plants the maximum GR and the decrease of GR 
occurs at a slightly higher dry weight. 

The relationship of the growth rate with soil cover 
The parameter NAR includes the leaf area, which is an inaccurate measure of 

the photosynthetic area of a lettuce plant, because of the bubbled and over-
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1980). I, II and III represent the three temperature regimes and 20, 25 and 35 the plant densities 
20 x 20, 25 x 25 and 35 x 35 cm. 
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Figure 6 a-f (p. 13) shows the relationships of GR with soil cover for all treatments 
of'Noran' and 'Deciso'. The amount of covered soil (Sj) at the inflexion point of 
the soil cover curve is presented as well. In the beginning of the growth period the 
growth rates of plants for all treatments increase almost linear with the soil cover. 
Different relationships of GR with soil cover exist between the three different 
temperature regimes and the two cultivars. 
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cover was reached, were used for linear regressions of GR with soil cover, leaf 
area and dry weight resp. and for a multilinear regression of GR with those three 
parameters. The linear regressions of GR with soil cover are drawn in Fig. 6. At a 
certain soil cover value the plants of 'Noran', grown at the lowest temperature 
regime, have a higher GR than plants of the higher temperature regimes, while for 
'Deciso' the reversed situation was observed. For 'Noran' in spring a larger 
increase of the growth rate with increasing soil cover is observed at the low 
temperatures and for 'Deciso' in autumn at the high temperatures. For a short 
period, when more than 80% of the soil cover is reached, GR increases more than 
linear with the soil cover. The maximal value of GR for the non-solitary plants 
occurs when the maximum soil cover has already been reached. At the end of the 
growth period the GR for almost all treatments declines. This effect has been 
observed more clearly for 'Deciso' than for 'Noran'. 

Table 2 lists the correlation coefficients of thé linear regressions of GR with 
soil cover, W and A and the coefficients of the multilinear regression model. 
From the linear regressions it became evident that for all temperature treatments 
the best fit óf GR, over the above mentioned period until 80% of the soil cover 
was reached, was made with soil cover, except for treatment 'Noran'-III. For this 
reason soil cover was tak,en as the first independent variable in the multilinear 
regression model. The leaf area was taken as the second one. Addition of A 
and/or W to the multilinear equation results in slightly higher correlation coef
ficients for most treatments, but the model is not significantly improved by 

TABLE 2. The correlation coefficients ofthe linear regressions of growth raté with resp. soil cover, leaf 
area and dry weight, and ofthe multilinear regression of growth rate with soil cover, leaf area and dry 
weight for the data of 'Noran' and 'Deciso' at the three temperature regimes. The last column 
indicates whether the addition of another parameter than soil cover for the multilinear regression is 
significant or not. Data for these regressions are taken over the period until 80% ofthe maximum soil 
cover has been reached. 

Cultivar 

Noran 

Deciso 

Tempe
rature 
regime 

I 
II 

III 

I 
II 

III 

Correlation coefficients 
(r2) of linear regressions 

of growth rate with 

soil 
cover 

0^97 
0.80 
0.75 

0.96 
0.98 
0.89 

leaf 
area 

0.94 
0.59 
0.74 

0.84 
0.90 
0.80 

dry 
weight 

0.95 
0.65 
0.77 

0.85 
0.88 
0.78 

Correlation 
coefficients 

(r2) of 
multilinear 
regression 

0.97 
0.87 
0.79 

0.97 
0.99 
0.98 

Not significant (p< 0.01) 
is addition of: 

Leaf area and dry weight 
Dry weight 
Leaf area and dry weight 

Leaf area and dry weight 
Leaf area and dry weight 
Dry weight 
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X Radiation, M J plant-1 

£ Radiation, MJ plan*-1 

FIG. 7a. The relationship of the total accumulated sum of radiation per plant, with the correction for 
the amount of intercepted radiation based on the amount of radiation received by the soil surface 
covered per plant, with the accumulated dry weight per plant of the three temperature treatments of 
the cultivar 'Noran'. The figure below is an enlargement of the first part of the linear regression 
of figure 7a. The data of the three plant densities are taken together per temperature regime. The 
symbols • ( = I), A ( = II) and • ( = III) represent the temperature regimes. The open symbols 
are used for the data in the period when more than 80% of the maximum soil cover is reached. 
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FIG. 7b. The relationship of the total accumulated sum of radiation per plant, with the correction 
for the amount of intercepted radiation based on the amount of radiation received by the soil sur
face covered per plant, with the accumulated dry weight per plant of the three temperature treat
ments of the cultivar 'Deciso'. The figure below is an enlargement of the first part of the linear 
regression of figure 7b. The data of the three plant densities are taken together per temperature 
regime. The regressions of II and HI are almost identical. Thesymbols»( = I), A ( = I I ) a ndT (= III) 
represent the temperature regimes.. The open symbols are used for the data in the period when 
more than 80% of the maximum soil cover is reached. 
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adding these factors except for 'Noran'-II and 'Deciso'-III. In fact, the soil cover 
in the stage of growth until 80% of the maximum soil cover is reached forms a 
good measure for the effective light absorbing leaf area of the lettuce plant. GR is 
almost linear with the soil cover. 

The relationship of dry weight with radiation 
In Figures 7a and 7b the accumulated dry weight versus the total accumulated 

short wave radiation per plant with the correction for the amount of intercepted 
radiation based on the amount of radiation received by the soil surface covered 
per plant, is presented. The linear regressions, which are calculated with the data 
of the whole growth period, are shown in these figures. The correlation coeffi
cients of the regressions with the data until 80% of the maximal soil cover was 
reached were also calculated, but are not presented here, since they were almost 
identical to the coefficients of the regressions until the end of the growth period. 
The variation of the data in the regressions is small for both cultivars. The value 
of the slope of the treatment 'Noran'-I is significantly lower (p < 0.05) than the 
values of the other two treatments of this cultivar. For 'Deciso' the value of'De-
ciso'-I is significantly higher than the values of'Deciso'-II and -III. Thé low tern-
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so' result in a more efficient interception and/or use of light. Comparing the 
two experiments the plants of 'Deciso' intercept or convert the light more effi
ciently than the plants of 'Noran'. 

Leaf area ratio and heading 
Heading will begin when the plant has achieved a fresh weight of about 35 

grams (about 1.5 gram of dry weight). Figure 8 presents the LAR for all treat
ments of'Noran' and 'Deciso' between the dry weight of 1.5 and 5.5 gram. In this 
period plants of'Noran' demonstrate a minimum value of LAR or an increasing 
LAR- Plants of'Deciso' show an irregular pattern of LAR in this period. A good 
quality has been obtained when LAR is < 550 and < 710 cm2 g~ l for 'Noran' 
and'Deciso', resp. A poor quality occurs when LAR is > 620 and > 760cm2g_ 1 

for 'Noran' and 'Deciso' resp.. Between these values of LAR the quality is also 
poor, but the product is still marketable. Wider spacing and lower temperatures 
give a lower LAR, a better head and improve the quality of the market
able product. 

DISCUSSION 

There were problems during the cultivation, since a long period gives difficul
ties for an undisturbed and continuous growth. The plants are more liable to get 
diseases, tipburn, etc. Differences between replicates on plant weight and leaf 
area increased at the end of the growth period. Especially the measurement of 
leaf area of older plants caused problems and became less accurate. In more 
controlled conditions (e.g: BROUWER and HUYSKES, 1968) or during short experi
ments (e.g. DULLFORCE, 1956; SCAIFE, 1973) these problems are less dominant 
than in these experiments. 

The procedure in these experiments of small, frequent harvests (HUGHES and 
FREEMAN, 1967) and the use of polynomials (NICHOLS and CALDER, 1973) is 
correct and useful, but the fitting procedure was not as simple for this glass
house crop as HUGHES and FREEMAN (1967) suggested. For most treatments, 
however, an accurate fit was possible and the growth analysis gave reliable 
results. The growth rate ( = dW/dt) is important as growth characteristic itself 
and as a factor in the relative growth rate and net assimilation rate (RADFORD, 

1967). The calculated values of GR for the beginning and the end of the growth 
period are not reliable, as the derivatives of the first and last value of W of the 
polynomial are inaccurate. Apart from this, derivatives of growth curves are 
sensitive to errors in the primary data (RICHARDS, 1969). The first and last 
calculated values of RGR are also less reliable. 

The high degrees of the polynomials are caused by the long growth period, 
various ontogenetic stages, self and mutual shading and diseases at the end of the 
period. The plants were grown under partly controlled conditions: The use of a 
time scale (in days) which is not corrected for fluctuating environmental con-
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ditions, will result in a more complicated analysis than for plants grown in, for 
instance, growth cabinets (HUGHES and EVANS, 1962). HUGHES and EVANS con
cluded also that growth analysis becomes more complex when self shading starts, 
as occurs in the case of lettuce. If only quadratic curves had been applied, the 
problems with the various parameters of the growth analysis would have been 
absent, as EAGLES (1969) showed with his results of young plants. NICHOLS and 
CALDER (1973) explained in their discussion about RGR and NAR that the 
usefulness of these growth characteristics depends on the degree of the poly
nomial used. They suggested that a quadratic or higher order of ln(W) was 
preferable, but they did not emphasize that ä high degree caused serious pro
blems for the physiological interpretation of the growth parameters. 

Growth starts exponentially and later the growth rate decreases; DULLFORCE 

( 1963,1968) and NICHOLS ( 1970) observed that the growth was exponential for at 
least half of the growth period. The dry weight increase did not follow the logistic 
curve as SCAIFE and JONES (1976) suggested in a schematic illustration. They 
suggested that the harvest time of lettuce occurs in the exponential part of the 
curve. For the used butterhead lettuce cultivars and the 'commercial plant 
densities' this does not seem to be true. VAN ESCH (1973) found that, for 'Deciso' 
and various other cultivars, a higher weight is obtained when the temperature is 
higher, while in that situation the quality of the head is poor. The results of these 
experiments confirm his observations of the quality. RGR is decreasing as is 
observed in other experiments with lettuce (e.g. DENNIS and DULLFORCE, 1975; 
DULLFORCE, 1968, 1971). Leaf area data are used only in the LAR. No further 
attention was paid to the NAR. Data of the leaf area were less accurate than 
those of the dry weight. 

Mutual and self shading diminish the growth of lettuce, and their effect 
becomes evident at a later date for the dry weight increase than for the soil cover 
rate. This is shown in the relationship between GR and time, since the maximal 
GR is reached much later than the inflexion point of the soil cover curve. 

The relationships of GR with time and with dry weight show the ontogenetic 
effect of heading, while that effect is not visible in similar relationships of RGR. 
Maximum values of GR are reached, when the dry weights of the plants are 
between 2 and 5 gram. In this period of growth heading becomes visible. The 
process of heading seems to be more or less independent of mutual shading and 
environmental conditions, since a decrease of GR of both 'Noran' and 'Deciso' 
starts as soon as a certain dry weight value is reached. Only a strong effect of 
mutual shading or temperature on GR may become apparent. From the article of 
BROUWER and HUYSKES (1968) it can be concluded that GR reached a nearly 
constant level at a fresh weight of about 160 grams and 100 grams, for the F2 of 
'Rapide' x 'Hamadan' and for 'Rapide', resp.. They explained the constant GR 
from the constant light conditions and the constant light absorbing area. The 
plant densities in their experiments were not mentioned, but the plants were 
probably grown as solitary plants. They did in fact observe a later decrease of 
GR, but they did not show this in graphs and they explained that decrease as the 
beginning of the process of bolting. In my opinion the decrease starts already 
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growth rate with dry weight of the treatments 'Noran'-I-25 and -35 in the spring 
experiment can be caused by fitting the curve and the absence of the formation of 
a firm head. An increase of GR during the last week of the growing period of 
some treatments in both experiments can be a result of bolting. 

Attention was paid to the relationship of GR with the soil cover, since the soil 
cover was considered to be a good measure of the light intercepting surface of a 
plant. The soil cover gives a good estimate for that surface. However, growth is a 
result of photosynthetic activity, for which the light intercepting surface is 
essential, and of respiration, which is more related with the weight of the plant 
(FUKAI and SILSBURY, 1977). With lettuce the light absorbing surface, estimated 
with the help of the soil cover, seems to be the most important factor for growth, 
since the GR is linearly related with the soil cover during a long period of growth. 
BROUWER and HUYSKES (1968) found an identical relation between GR, ex
pressed in grams of fresh weight per day, and the 'exposed leaf area'. 

Different growth rates at similar soil cover values are mainly caused by 
differences in the amount and intensity of the intercepted light, because a certain 
soil cover value was not reached at the same day for all treatments in one 
experiment. In spring the plants of the low temperature treatments and in 
autumn the plants at high temperatures intercepted more light. The differences 
between the slopes of the GR-soil cover curves can also be explained by the above 
mentioned argument, since a certain amount of covered soil is obtained on an 
earlier or later date. When the soil cover forms a reliable estimate and there 
should have been no differences in environmental conditions among all the 
treatments, then the difference between the slopes öf 'Noran' and 'Deciso' 
should have been due to cültivar differences. 

The linearity of GR with the soil cover is not in contradiction with the results 
in the previous publication (VAN HOLSTEIJN, 1980), where the correlation of one 
or more parameters of the soil cover curve with the end harvest weight was low. 
In the experiments described in that article the end weight was harvested when 
the maximal soil cover was reached or even later, while here data are used for the 
calculations until the date when 80% of the maximal soil cover was reached. 

A correct calculation of the radiation sum involves the use of a non-linear 
photosynthesis-radiation response curve, for the plant temperature in question. 
The exact amount of light intercepted by the leaves has to be known. The light 
compensation point, the light saturation level etc. must be taken into account. In 
Fig. 7 the radiation sum per plant was calculated on the basis of the soil cover, 
which is a good measure, even though light interception is a three dimensional 
process. The concept of soil cover as the light intercepting surface is useful and 
feasible in comparison with the use of other plant characteristics. NICHOLS ( 1970) 
used 'environmental time scales', which resulted in a better fit than the fit of the 
data with the normal time scale. His 'solar radiation scale' was superior to the 
scale, in which he used the heat sum for the fit of the dry weights. BIERHUIZEN et 
al. (1973) used fresh weights for their analysis and they found a linear relation for 
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this weight with the absorbed radiation. 
In the same stage of growth, in which the growth rate reaches a maximum 

value, LAR can be an accurate measure for the head formation and the quality of 
the head. The results of 'Noran' agree with the results of E VERA ARTS and VAN 

SLOTEN (1974), also done with 'Noran'. They found a good quality when LAR < 
600 cm2 g~ ' , while some of the plants were grown under controlled conditions 
and some were transplanted when heading started. DULLFORCE (1963, 1968) 
found other values for other cultivars. From the differences between the LAR, 
required for optimal heading, the conclusion can be drawn that the LAR can be 
used as a criterion for optimal growth and heading within one cultivar, but not as 
a selection criterion between cultivars or for the selection of new cultivars. 

Generally it can be concluded that a quantitative analysis of growth, applied 
for plants with a long period of growth and with various ontogenetic stages, is 
complex, but gives valuable information with the applied mathematical 
approach. 

SUMMARY 

While many data are available about the growth of lettuce (Lactuca sat i va L ) , 
fundamental data about the growth process, especially about growth rate, soil 
cover and the relationship between those parameters, are lacking. In this paper a 
quantitative analysis of growth has been applied. In the spring experiment the 
cultivar 'Noran' was used and in the autumn experiment 'Deciso'. Twice a week 
plant data were collected. 

Because of the long period of growth and the partly controlled conditions, a 
good fit of dry weight and leaf area with time was difficult for some treatments. 
Polynomials between the third and the ninth degree were needed for an adequate 
description of the growth curve. The growth rate is the derivative of the poly
nomial of dry weight with time. It has been used as a growth parameter and for 
the calculation of RGR and NAR. The relationships of growth rate and RGR 
with time have been described for representative treatments. Attention has also 
been paid to the relationships of GR with dry weight and soil cover. The latter 
relation gives information about the growth stage, during which mutual and self 
shading becomes visible and heading .starts. During the stage of heading GR 
reaches a maximum value and starts to decrease. The relationship between GR 
and soil cover is almost linear over the growth period until 80% of the maximal 
soil cover is reached. The linear fit of GR with soil cover gave better correlation 
coefficients than the fit with dry weight or leaf area. From a multi-linear re
gression model it became evident that the soil cover almost sufficiently explains 
the increase of GR over that period. Low temperatures in spring and high 
temperatures in autumn resulted in more light interception and/or a better use of 
light. Narrow spacings gave lower growth rates than wider spacings. The re
lationship between the accumulated dry weight and the total radiation, in-
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relation between LAR and heading has also been studied: When LAR is lower 
than 550 cm2 g - * and 710 cm2 g - 1 for 'Noran' and 'Deciso' resp., the quality of 
the head is good. 

Because of the two different cultivars used and the spring and autumn season 
not all results of the experiments are comparable. The results of the curve-fitting 
and the quantitative analysis have been discussed and compared with some data 
from literature. 
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4 A CLOSED SYSTEM FOR M E A S U R E M E N T OF PHOTOSYN
THESIS, RESPIRATION AND C0 2 -COMPENSATION POINTS 

INTRODUCTION 

Fundamental data for the production of glass-house crops in relation to 
temperature, light and C02-conc. are greatly needed. Nowadays, advanced 
equipment is available to control temperature and CO,-cone, in the glass
house climate. An efficient temperature regulation is now extremely important, 
because of the amount of energy required to heat the glass-house. In practice 
the application of artificial light is useful but depends to a large extent on 
economic factors. Data about the relation between temperature, light and C 0 2 

on photosynthesis of glass-house crops are scanty. 
Many research workers have built open, semi-closed or closed systems or 

have discussed aspects, which have to be considered in building such a 
system (ACOCK 1974; JARVIS et al. 1971). At the Agricultural University and 
Research Institutes in Wageningen, The Netherlands, open systems have been 
built for measurements of leaves (CHALLA 1976; GAASTRA 1959; PIETERS 1974), 
whole plants (LOUWERSE and VAN OORSCHOT 1969) or stands (LOUWERSE and 
EIKHOUDT 1975). VERFAILLIE (1972) constructed a closed system in which the 
environmental control of the aerial part and the control of the roots was 
separated. The equipment was used for grains (e.g. rice) and could not be applied 
to vegetables such as lettuce and sweet pepper. A closed system facilitates the 
measurement of C02-exchange from high external C02-conc. to levels as low 
as the CO,-compensation point. HEATH and MEIDNER (1967) stated that data 
obtained in that way give information about possible practical use of C0 2 -
applieation. The C02-compensation point gives information about the photo-
synthetic efficiency of plants. For these reasons a relatively simple and cheap 
apparatus is constructed, based on the principle of a closed system and 
suitable for glass-house crops. 

METHODS AND APPARATUS 

General description 
Fig. 1 is a diagram of the equipment which consists of the following com

ponents: plant chamber and pot chamber, the equipment for light- and tem
perature control. The infra-red gas-analyser and a 24 channel mV-recorder are 
not shown in Fig. 1. The closed circuit with the perspex plant chamber (Pl.ch.) 
and the temperature control equipment is placed on a metal trolley (g; 800 x 
880 x 960 mm) with universal wheels (h,-h4). This trolley can be pushed 
under and beside the frame (e). Details of the perspex chamber and tem
perature control equipment will be given in subsequent paragraphs. 

The light equipment consists of 5 Philips high intensity mercury vapour lamps 
(a ,-a5 ; HPLR of 400 W each), arranged at 250 mm from each other, 



500 1000 mm 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ X 
Fig. 1. Diagram of the equipment. All sizes in mm. a,-a5 = lamps, aa = fan and motor, b = water 
bath, bb = cooling coil, c = valve, cc, and cc2 = air-heating elements, d,-d5 = metal screens, 
e = metal frame, f,-f4 = screw jacks, g = metal trolley, h,-h4 = universal wheels, i = copper 
duct, I[-l2 = perspex interunits, k = drain cock, l ,-l2 .= copper flanges, m,-m2 = copper 
interunits, n,~n2 = flexible tubes, o = temperature sensor, p,-p2 = perspex flanges, Pl.ch = plant 
chamber,q,-q2 = placesof transits through the copper duct, r = copper cone fixed on aa. 

measured from the central lamp. Light intensity is regulated by movable metal 
screens (d) with a different size and a different number of perforations. A 
range of irradiance between 0 and 215 W m~2 (400-700 nm) at plant level 
can be realized. The difference in light intensity at the horizontal direction in 
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the plant chamber is less than 15%. A water bath (b) was installed in or
der to reduce the long wave radiation. The distance from the water bath to 
the lamps is 50 mm and from the water bath to the plant chamber 120 mm. 
The temperature in the water bath is regulated between 12' and 35"C with a 
thermostat, which operates a valve (c) for the tap-water supply. Lamps, water 
bath and screens are mounted on a metal frame (e; U-tube, 2250 x 1090 x 
1090 mm), the height of which can be increased 400 mm by 4 hand-operated 
screw jacks (fj-f*). More details of the equipment are given in the Appendix. 

A copper duct i (700 x 320 x 424 mm) is equipped with a fan (aa), a cooling 
coil (bb) and 2 air-heating elements (cc, and cc2). A copper cone r is fixed on aa 
and placed in the airstream. The drain cock (k) is inserted at the lowest 
point of the duct in order to drain superfluous water. At points q, and q2-
2 copper tubes connect the cooling coil with the cooling equipment at the 
bottom of the trolley. The copper tubes and 3 transits for electric wires 
through the copper duct are hermetically sealed with Bucarit-aquarium putty. 
The duct is connected at both ends to sloping copper units (m, and m2) by 
means of copper flanges ( 1 j and 12) and bolts and hermetically clothed with 
foamed cellrubber. The sloping units are connected with flexible tubes ( 0 
100 mm) to the inlet (n2) and to the outlet (n,) of the plant chamber. The 
copper part is isolated with Armaflex rubber and the flexible tubes are wrapped 
in Virginia foam rubber tape. A temperature sensor (o) for the temperature 
control equipment is placed at unit m2; The length of tube n, can be varied 
for various heights of the plant chamber. Both tubes (n, and n2) have perspex 
flanges (p, and p2) which connect the perspex interunits I, and I2 by means 
of bolts and a quad ring ( 0 1 1 3 x 6 mm). The room temperature can be 
varied between 10° and 34°C with an accuracy of ± 0.8 C by means of 
thermostatic controlled electric heaters and a cooling battery (s). 

Details of the plant chamber 
The plant chamber (Fig. 2) consists of a perspex (polymethylmethacrylate) 

cylinder (A; h = 150 mm) mounted on a solid perspex bottom plate (B; 0 
620 mm; h = 25 mm) and an upper unit (C) with an internal height of 
190 mm. The height of the cylinder can be increased with 2 interunits (D and E) 
with heights of 100 and 250 mm, resp. (not shown in Fig. 2). The inner 
diameter of the cylinders (A, C, D, E) is 441 mm and the wall thickness 
8 mm. The units are airtight connected with O-rings ( 0 480 x 6 mm) 
and 6 adjustable metal clips (F). The total volume of the closed circuit with 
A and C is 180 litres. This volume (b) was calculated from the increase of 
the C02-concentration (AC02) after injection of a known volume (Av) of 
pure CO, into the system according to the equation Av = a + bAC0 2 . 
In plotting Av against A C 0 2 a straight line was obtained from which the 
volume was calculated. When there is no leakage, the symbol a is zero in the 
equation. 

Cylinder A is provided with perspex tubes (G,-G4) which are used to insert 
wires for sensor elements, electrical cables and copper tubes conducting the 
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thermostat controlled water to achieve any desired temperature of the pot 
in the chamber. The tubes G , -G 4 are filled with perspex stops to prevent 
C02-pockets in the closed circuit. Air leakage is prevented by use of perspex 
stop flanges, bolts and airtight foamed cell rubber. The air inlet (H2) is con
nected to the interunit I2 by a flange and a quad ring ( 0 113x6 mm). In the 
subscript of Fig. 2 those dimensions of the various parts are given, which 
have not been mentioned here. The bottom plate is provided with holes with 
screw thread to insert PVC bars oh which sensors can be fitted. A perspex 
cylinder (K), the pot chamber, is glued onto the bottom plate in which a pot 
with a soil-volume of almost 2,3 litres can be inserted. The cylinder is provided 
with a perspex tube (L,). for supply of water and air via a valve (L2). W 
are perspex supports. Point Y is the place for a transit of themocouple 
wires. 

An airtight seal of the pot chamber with the pot is obtained by means 
of a flat disk (M) of 2 segments, an O-ring (0226 x 6 mm) and metal 
clips (F). Disks with different slot sizes are used because of various thick
nesses of the plant stems. The slot is sealed with aquarium putty after 
inserting the pot with the plant in the pot chamber. The temperature of the 
pot can be regulated in a range between 15-35 C by a copper tube (N,) bent into 
a spiral (1 = 225 or 315 cm) and connected to an isolated water bath (N4) 
of 10 litres which contains a portable thermoregulator (N5) and a cooling unit 
(N6). N2 and N3 are plastic tubes. N 4 -N 6 are mentioned in the Appendix. The 
difference in temperature between the pot and the water bath depends mainly 
on the applied difference in air and soil temperature. 

The upper unit C is provided with an air outlet H,, constructed in the 
same way as the air inlet H2. Opposite to H, a perspex tube (0[) with a 
flange (02), a perspex stop and an O-ring ( 0 63 x 4 mm) are attached. 
Through this tube the leaf temperature of a plant can be measured with an 
infra-red thermometer (P; see Appendix) before or after the C02-exchange 
measurements. 

H, and H2 are connected by perspex flanges (p, and p2) with the interunits 
(I, and I2)and flexible tubes (n, and n2). The interunit I2 is provided with pers
pex tubes 1,1, and I212 (both 1=50 mm), I,I3 and 1,I4. I21, is connected 
by means of a threeway valve onto a C02-injector and a C02-cylinder. In this 
way pure C 0 2 can be injected in the circulating airstream with an accuracy 
of 5"/0. The time needed after injection to achieve a steady mixture is about 
4 minutes. I2I2 is connected to a U-shaped glass tube (not shown) filled 
with paraffin oil, which indicates the pressure difference between the closed 
circuit and the ambient air and prevents damage to the equipment in case of 
excessive under or over pressure. 

Through tubel2I3 a humidity sensor (Q; see Appendix) can be inserted in the 
airstream. I214 is used for wires. Interunit I, has similar tubes.(1,1,, I,I2, 
I,I3, I,.I4) as I2. Tubes 1,1, and I,I2 are connected via nyloseal tubes to the 
in- and outlet of the URAS (R4). The nyloseal tubes are impermeable for C0 2 . 
Nyloseal flareless tube fittings were used for the connections. The circuit is pro-



Appendix). In tube 1,13 a humidity sensor (Q) has been inserted. 
Transpiration is determined by measuring in- and outgoing air of the plant 

chamber by the humidity sensors. The temperatures of the air in cylinder 
K and in the soil of the pot are measured by copper-constantan thermo
couples (Si; 0.5 mm2). The air and leaf temperature is measured by man-
ganin-constantan thermocouples (S2; 0.2 mm2) fixed on thin aluminium bars 
and movable in all directions. The irradiance at various horizontal and 
vertical positions in the empty plant chamber was measured with a flat photo
meter for visible light (type TFDL - 65 - 2020) and a Kipp solarimeter (type 
cc,). The maximum irradiance at plant level is 215 W m"2 . The difference in 
horizontal distribution was less than 15% and the vertical measurements showed 
a quadratic relation. During C02-exchange measurements the irradiance is 
recorded continuously by photocells (T,) which are fixed on the thin aluminium 
bars. 

To improve the turbulence in the plant chamber 2 small fans (U, and 
U2) are used. Usually the wind-speed is not recorded during C02-exchange 
measurements. The wind-speed in the centre of the interunits is about 4.80 m s _ ' . 
In the plant chamber without a plant it was 0.60-0.95 m s~ ' with units A and 
C (in the centre 0.8 m s"1) and 0.50-1.10 m s" ' with units A, C, D and E. 
Wind-speed was measured by a heatball anemometer, constructed at the Depart
ment of Physics and Meteorology, Agricultural University. Because of the 
relatively high wind-speed the difference between leaf and ambient air tem
perature was small, which is in accordance with results obtained by PAPEN-

HAGEN(1974). 

The URAS, thermocouples, photocells and humidity sensors are connected to 
a 24 channel mV-recorder (Philips, type PR 3500) or to a datalogger (Fluke, 
type 2240 A). 

Principle of the temperature control system 
A diagram of the temperature control system is given in Fig. 3. The copper-

duct i of the closed circuit (see Fig. 1.) is provided with a fan (aa), a cooling 
coil (bb), 2 air-heating elements (cc, and cc2) and the temperature sensor (o). 

Glycol is circulated through the cooling coil. The glycol circuit consists of an 
expansion vessel (dd) with pressure gauge (ee), a threeway valve with servo
motor (ff), a pump (gg) for circulating the glycol through the glycol circuit and a 
valve (hh). The threeway valve determines the distribution of glycol through the 
evaporator (ii) and a bypass. In this way the cooling capacity is adapted con
tinuously to the cooling requirement. Temperature is regulated proportionally. 
The valve hh is used for filling the circuit with glycol. 

The freon circuit consists of a freon compressor (kk,), an air cooled con-
densor (kk2), a liquid vessel (kk3), a filter drier (11), a sight glass (rr), double tubes 
evaporator (ii), thermostatic expansion valves (mm, and nn,) with bulb sensors 
(mm2 and nn2), a liquid separator (00) and a filter drier (pp); qq and ss are 
pressure valves. 
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A high pressure and high temperature exist in compressor k k r In kk2 the 
pressure is still high but the temperature becomes lower, due to the cooling by 



,nn,. The pressure difference between the high pressure and low pressure part 
(ii) is provided by mm,. A low pressure and low temperature exist at ii. 
Freon evaporates in ii and takes heat off from the glycol circuit. 

The freon system is continuously operating but below full capacity. Pressure 
valve ss regulates the pressure in ii in such way that the temperature in ii never 
becomes too low. When ss is closing, an extreme low pressure between ss and 
kk[ can exist, because the capacity of kk, remains unchanged. For the protec
tion of the compressor the extreme low pressure is taken off via a gas short-
circuit, regulated by qq. Expansion valve nn, is necessary to prevent high tem
peratures in the short-circuit in a period of prolonged low cooling capacity 
at ii. Temperature sensor bulb nn2 regulates nn, in such way that the tem
perature in the shortcircuit never becomes too high and the compressor is 
protected against burning. The evaporation of freon after nn, in the low 
pressure part cools the short-circuit. 

Since the room temperature can be controlled in a range between 10 and 
34'C, the temperature in the plant chamber can be chosen between 5 and 
32°C. Usually the.room temperature was kept a few degrees above the plant 
chamber temperature in order to prevent condensation on the plant chamber 
wall. The temperature of the plant chamber could be kept constant with an 
accuracy of ± 0.5°C. With rapid changes in irradiance manual control of the 
temperature can be applied in order to achieve more quickly the desired tem
perature. 

In case the equipment fails, a safety fuse will cut the current in order to 
prevent damage. 

SOME PRELIMINARY RESULTS ON PHOTOSYNTHESIS AND TRANSPIRATION 

During preliminary experiments it appeared that the humidity sensors were 
accurate and sufficiently sensitive. The difficulty of exactly calibrating the sen
sors at the high air humidity and of the high wind-speed applied in the plant 
chamber, which gives a small difference in water vapour between the in- and 
outgoing air, resulted in a less accurate recording of transpiration than desired. 
At present data on transpiration can be obtained only under steady condi
tions (ACOCK et al. 1977; KING et al. 1977) by measuring the amount of water 
condensed at point k (see Fig. !,)• Measurement of transpiration by humidity 
sensors would have been cheap. In the near future we hope to use a URAS 
for continuous recording of transpiration. 

The rates of photosynthesis and respiration are determined in a closed 
system by measuring the C02-content of the circulating air by infra-red gas-
analysis. The rate of photosynthesis (Pn) depends on the decline in CO^-con-
centration (AC02) per unit time (At) and the volume (b) of the closed cir
cuit according to Pn = b.AC02/At.c. Symbol c contains a factor for the cali
bration of the URAS and the density of C 0 2 at the measured temperature. 
Analogue to the measurements of HEATH and MEIDNER (1967) with lettuce leaves 
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Fig. 4. Decrease of C02-concentration during 4 hours in a closed circuit with a sweet pepper plant 
cv. Bruinsma Wonder at irradiance of 61 W m~2 at plant level. The injected C02-conc. was about 
620 mg 1" '. Plant chamber and pot chamber temperature was 25.5 C ±0.5 C during the measure
ment. The plant was grown at day-night temperatures of 26-21 G in a glass-house in April-May 
1977. The leaf area was 23.3 dm2 and the plant had 3 small fruits. 

or VERFAILLIE (1972) with rice plants, the C02-exchange can be measured at 
any external C02-conçentration. Fig. 4 shows the decrease in C02-concentra
tion against time for a sweet pepper plant cv. Bruinsma Wonder. It is evident 
from Fig. 4 that below a concentration of 300 mg l--1 the rate of photosynthesis 
declines until a steady condition is achieved and the net C02-exchange is zero. 
The C02-concentration at the compensation point, which was 62 mg P 1 in 
this particular case, can be read directly from the chart. Leakage in a short period 
is neglectable. If there was some leakage of C0 2 , the C02-compensatiqn point 
would actually be lower than on the chart. 

When knowledge regarding photosynthesis at only one C02-concentration 
is required, a calculated amount of C 0 2 can be injected each time to obtain 
the desired C02-concentration. Fig. 5a shows an example with lettuce cv. 
Amanda Plus at various light intensities. The figure shows that within a few 
minutes after injection a gradual decline in CO ̂ concentration set in and 
AC0 2 can be measured. The data of Fig. 5a were used to calculate the C0 2 -
exchange rates, which are presented in Fig. 5b, showing the photosynthesis-
light response curve. 

It should be mentioned that the volume of the plant chamber can bé varied 
depending on the height of the plant. With the smallest volume, plants should 
have a leaf area of at least 5 dm2 in order to obtain accurate data. 



180 200 220 2L0 

Time Lmin] 
Fig. 5a. Decrease of C02-concentration in a closed circuit with a lettuce plant cv. Amanda 
Plus during short periods at various irradiance levels. The C02-conc. was between 350 and 
250 mg I"1. Plant chamber and pot chamber temperature was 14 ±0.5 C during the measure
ment. The plant was grown at day-night temperatures of 16-11 C in a glass-house in Februari-
March 1977 with 30 W m" 2 (400-700 nm) artificial illumination and the last two weeks before 
the measurement 65 W m~2. The fresh weight was 52.4 g and the leaf area 18.0 dm2. 
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Fig. 5b. C02-exchange rate (mg C0 2 d m - 2 h~ ') of a lettuce plant cv. Amanda Plus at various 
irradiance levels. 
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SUMMARY 

A closed system for determination of photosynthesis, respiration and C0 2 -
compensation points is described. The internal gaseous volume of the closed cir
cuit is 180 litres. It consists of a plant chamber, a copper duct with built-in fan, 
cooling coil and air-heating elements and connecting flexible tubes. The cylin
drical perspex plant chamber has an internal diameter of 441 mm and a 
height of 340 mm, which can be enlarged to 690 mm, The cylindrical perspex pot 
chamber has an internal diameter of 190 mm and a height of 190 mm. 

Temperature in the plant chamber can be kept constant in the range between 
5 and 32°C and in the pot chamber between 15 and 35°C with an accuracy 
of ±0.5°C. Temperatures are measured by thermocouples. The maximum 
irradiance on plant level is 215 W m" 2 (400-700 nm). Irradiance is measured 
by selenium photocells and air humidity with thin film humidity sensors. Wind-
speed in the centre of the plant chamber is about 0.8 m s - ' . The rate of C0 2 -
exchange is determined by an infra-red gas-analyser. Injection of pure C 0 2 

or a gas mixture facilitates continuous monitoring of photosynthesis and res
piration. During short periods leakage can be neglected. 

All measurements are recorded on a 24 channel mV-recorder or a data
logger. The equipment has been used in a controlled environment room but 
can be transferred to the field. Since 1976 this closed system has been used 
for C02-exchange measurements with lettuce and sweet pepper plants. 
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APPENDIX 

aa Ventilator motor. Kuba, type EA-24, with Küba-wings 300KS 
15/12 and stepless revolution regulator, type VRH-502. 

b Water bath of aluminium plate (h = 110 mm) with a glass plate 
(d = 10 mm) on the bottom. 

bb Cooling coil Kuba, type 6 x 7 (0.3) B6. Total cooling area is 10 m2. 
At a temperature difference of 10°C the capacity with forced cooling 
is about 5040 k J h - 1 . 

c Water bath thermostat. Danfoss solenoid valve, type EVJD 15. 
cCj andcCj Air-heating elements. Kuba, type HR300. Power 315 W. 
dd Expansion vessel. Flexon, type 2/0.5. 
ee Flexon pressure gauge with a range of 0.1-0.4 g m~2. 
f,-f4 Old screw jacks, used for cars. 
ff Servomotor. Zentra, type VM-13P and a threeway valve, Zentra type 

DRK-15. 
F Metal clips. Camloc, type 5 IL 7-IBF. 
gg Pump. SMC, Commander 'S', with a maximal working pressure of 

6. 105Pa. 
ii Double tubes evaporator (condenser). Kuba, type G3. Capacity at 

a temperature difference of 10 °C is 7350 kJ h ~ ' . 
kki-kkj Compressor unit L'unité hermétique, type TAH4518/AHR. This 

fan-cooled condensing unit consists out of the freon compressor 
kkj, condensor kk2 and cooling unit kk3. Airflow of 23.105 1 h _ 1 . 

11 Filter drier. Danfoss, type DC-0833. 
mm! Thermostatic expansion valve, Danfoss, type TF2-0.5 with pressure 

sensor mm2. Capacity max. 6300 kJ h _ 1 . 
n t -n 2 Flexible tubes Flexofit, type NG2M ( 0 100 mm). 
nn, Thermostatic expansion valve, Danfoss, type TF2-0.2 with pressure 

sensor nn2. Capacity: max. 3780 kJ h _ 1 . 
N 5 Portable thermoregulator. Braun, type Thermomix II. Capacity: 

8001 h~ ' . Temperature range 0-40°C. 
N 6 Cooling unit. Grant, type CC15. Cooling power o f295kJh- 1 at 0°C 

a ndo f590kJh - 1 a t25°C . 
o Temperature sensor. Zentra, type GF-11 with selector, type FG-2. 

The temperature in the closed circuit is regulated proportionally by 
the Zentra thermostat type 2G13/TE3/TK, (ES) with above men
tioned sensor and selector by switching the cooling coil bb and 
air-heating elements cc t and cc2 simultaneously. 

oo Liquid separator (a suction line accumulator), Virginia, type 
VA32-55. 

pp Lo-side filter drier, Virginia, type AL 24-5SV. 
p Infra-red thermometer, Heimann, type KT with objective A. Tem

perature range 0-60°C. 
qq Capacity regulator/receiver pressure valve. Danfoss, type CPC-15. 



v i » c vcuscuct iiuiiiiuiiy seiisui nas oeen uescnoeu oy auAiuLA ana 
ANTSON (1973). The electronical circuit is changed by Hoogendoorn 
B.V. 's-Gravenzande, The Netherlands. 

rr Sight glass. Danfoss, type SGI-1 OS. 
R2 Membrane pump. Hartmann und Braun, type 2-Wisa. 
R3 Flowmeter. Brooks, type E/C, model 1550-V. Capacity: 0-1151 h"1. 
R4 Infra-red gas-analyser, Hartmann und Braun, URAS-2. The URAS 

has a measuring cuvette of 21 cm with an optical H20-filter in order 
to reduce interference with the water vapour content of the air 
sample. Applied flow rate is about 40 1 h ~ '. The URAS is weekly 
calibrated with gas mixtures mixed by 2 mixing pumps (R5 and 
R6), set in series. Variations in sensivity of the URAS are always 
less than 3%. 

R sand R6 Gas mixing pumps. Wöstoff, type SA 27/2a and SA 27/3a. 
s Searle-Bush refrigerators, type SR-240. 
ss Constant pressure valve. Danfoss, type CPP-15. 
T2-T6 Small selenium cells. Megatron, type B ( 0 7 mm). 

The photocells are calibrated with a flat photometer and the Kipp 
solarimeter, mentioned in the text. 

U , - ! ^ Fans. Micronell, type V361 M. Maximal capacity 50.10* l h - 1 . 
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5 P H O T O S Y N T H E S I S OF L E T T U C E 

I . R E S U L T S W I T H C U L T I V A R ' A M A N D A P L U S ' 

INTRODUCTION 

In The Netherlands the cultivation of butterhead lettuce (Lactuca sativa L.) in 
glass-houses takes place in spring, autumn and winter, and in the open field in the 
spring and summer season. Fundamental data on the growth of lettuce are 
important to obtain an optimal yield. In previous papers results of the growth 
analysis (VAN HOLSTEIJN, 1980b) and of the process of soil covering of lettuce 
(VAN HOLSTEIJN, 1980a) were presented. Data on photosynthesis of lettuce 
plants in relation with temperature, irradiance and C0 2 -concentrat ion are essen
tial for a good understanding of the growth process. It is known, for instance, 
that in the poor light period changes in the environmental conditions during the 
day or during a number of days strongly affect growth. EENINK (1978) and 
EENINK and SMEETS (1978) concluded from research in the phytotron and in 
glass-houses that certain genotypes of lettuce reacted rapidly to short periods of 
higher irradiance and temperature resulting in a higher yield, while these ge
notypes gave a similar yield compared to other genotypes under constant en
vironmental conditions. Photosynthesis measurements may give additional in
formation on these aspects. 

The quantitative growth analysis describes and analyses long term growth 
aspects (e.g. VAN HOLSTEIJN, 1980b; SALE, 1977), while gas exchange measure
ments permit an analysis of short term effects with either constant or changing 
conditions of irradiance, temperature and C 0 2 . The effect of irradiance on 
photosynthesis of sun and shade plants was studied by e.g. BJORKMAN and HOLM
GREN (1966), BÖHNING and BURNSIDE (1956), CHARLES-EDWARDS et al. (1974), 

LOACH (1967) and LOGAN and KROTKOV (1968). The photosynthesis response 

of butterhead lettuce on irradiance was studied by A C O C K and H A N D (1974), 
BROUWER and HUYSKES (1968), GAASTRA (1966), REINKEN et al. (1973) and 

TATSUMI and HORI (1969). SARTI (1973) presented light response curves of a 
cos lettuce cultivar and VAN HOLSTEIJN et al. (1977) investigated the gas exchange 
properties of whole shoots as affected by drought. 

Gas exchange measurements can be carried out in various ways. Lettuce 
measurements were done on leaf discs (SARTI et al., 1977), attached leaves or leaf 
parts (GAASTRA, 1966; REINKEN et al., 1973; SARTI, 1973) or whole shoots 

(BROUWER and HUYSKES, 1968 ; V A N HOLSTEIJN et al., 1977 ; LORENZ and WIEBE, 

1980; TATSUMI and HORI , 1969, 1970 and WIEBE and LORENZ, 1977). Since most 

plants and crops grow in plant communities or in more or less closed canopies the 
photosynthesis data of a single plant have to be related to its position in a canopy. 
Lettuce plants do not form a homogeneous canopy or row crop community and 
only during the early stage of growth they can be considered as solitary plants. 



aince me structure oi mature pianis is complex ana ine wnoie snoot 01 me lenuce 
plant' is harvested, measurements with whole plants are necessary. In addition 
the separation of a bubbled and curved leaf and in consequence the gas exchange 
measurement of a single leaf of a heading butterhead lettuce j ) lant is difficult. 
Equipment for whole plant measurements is available (e.g. LOUWERSE and VAN 
OORSCHOT, 1969; VAN HOLSTEIJN, 1979). 

The photosynthetic and respiratory rates are usually expressed per unit leaf 
area (ACOCK et al., 1978; GAASTRA, 1959, 1966; VAN HOJLSTEUN.et al., 1977; 

REINKEN et al., 1973) or unit dry or fresh weight (ACOCK et al., 1979; BROUWER 

andHuYSKEs, 1968; CHARLES-EDWARDS et al., 1974; SALE, 1977). BROUWER and 

HUYSKES (1968) expressed the photosynthetic rates of lettuce also on unit ex
posed leaf area (soil cover). Field chamber and assimilation chamber data are 
usually expressed on unit ground area ( A C O C K et al., 1978 ; ALBERDA et al., 1977 ; 
M C C R E E and TROUGHTON, 1966; SALE, 1977). 

Differences in the number of leaf layers, leaf thickness or chlorophyll content 
still can interfere a correct comparison of the effects of environment and variety. 
BJÖRKMAN (1968) therefore related the soluble protein to photosynthesis and 
CHARLES-EDWARDS et al. (1974) and PATTERSON et al. (1977) measured the 

mesophyll tissue volume. The latter authors and KOLLER and DILLEY (1974) 
presented photosynthesis data per unit chlorophyll. Other parameters as bases of 
expression with specific advantages and disadvantages for a comparison of 
photosynthetic results are feasible. In this paper, therefore, attention is paid to 
this problem with the results of the butterhead lettuce cultivar 'Amanda Plus'. 

Theory 
Empirical and semi-empirical models have been applied to describe the re

lationship between environmental factors and photosynthesis of single leaves 
(AKITA et al., 1968; CHARLES-EDWARDS and LUDWIG, 1974; MARSHALL and 

BISCOE, 1980; PEAT, 1970; THORNLEY, 1976). THORNLEY (1976) modified single 

leaf models for the use of crop photosynthesis data and ACOCK et al. (1976b) and 
DUNCAN et al. (1967) used canopy models derived from leaf models. These 
models describing the gas exchange of a plant or canopy give a good understand
ing of the gas exchange properties of a plant community (ACOCK et al., 1976a, 
1976b; CHARLES-EDWARDS and ACOCK, 1977; DUNCAN et al., 1967; ENOCH and 

SACKS, 1978; TOOMING, 1967), of the various physiological processes involved, 
and of the data which are still lacking. 

TAKAKURA ( 1975) tested his model for plant growth optimisation by computer 
with lettuce plants, and SORIBE and CURRY (1973) simulated lettuce growth in a 
plastic greenhouse, but information regarding leaf or plant photosynthesis of 
lettuce was and is still lacking and hence appropriate models are not available. 
THORNLEY (1976) described a rectangular hyperbola relating the gross photo
synthetic rate of a leaf to both irradiance and C 0 2 : 

P a f rC 
8 txl + T C 
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in which Pg is the gross photosynthetic rate, I the level of irradiance, C the carbon 
dioxide concentration, a thé initial slope of the P-I-curve i.e. the photochemical 
efficiency and T the initial slope of the P-C-curve i.e. the leaf conductance for 
C 0 2 transfer. Maximum gross photosynthesis (Pm8) is tC (I = oo) oral (C = oo). 
The net photosynthetic rate (Pn) is obtained as the difference between the gross 
photosynthetic rate and the dark respiration (Rd): 

P" = P^-R -=afSc-R - (2) 

and the maximum net photosynthesis, Pm n, (I = oo) is xC - Rd and Pm n (C = oo) 
is ai - Rd. ACOCK et al. (1976b, 1978) used this equation as a basis for their 
canopy model for green peppers and tomato, which model gave good estimates 
for the values of a and T. The photorespiration (R,) is not included as a separate 
component in this equation, as is done in almost similar models used by ACÓCK 

et al. (1976a), CHARLES-EDWARDS et al. (1974). and CHARLES-EDWARDS and 
LUDWIG (1974). When equation (2) is used in a plant model, the parameter a will 
present the 'plant photochemical efficiency' and T the 'overall plant conductance 
for C 0 2 transfer'. The photosynthesis-irradiance response curve can be written 
as: 

a I P 
P. = P„ + R„ = — * =*i a I + P (3) 

"•g* T m,g,i 

The gross initial slope of the curve is ag (I = 0) and the net initial slope ocn (I = Ic). 
I,., the light compensation point when Pn = 0, is 

— - ï — ü i i i i — (4) 
a g (Pm.g.i _ R d ) 

Rd can either be measured and used for the calculation of other parameters or 
estimated from the equation. 

The photosynthesis-C02 response curve can be written as: 

T g L "*"• "m,g,c 

The gross initial slope of the C02-photosynthesis curve is tg (C = 0) and the net 
initial slope xn (C = Cc). Cc,theC02compensationconcentrationwhenPn = 0,is 

R-d "m.i.c 

t g (Pm .g .c - R d ) . ' . . • • . - • / . <6> 

Note that Rd in equations 3 and 4 represents another value than in equations 5 and 6. 
In the ideal situation when all the light quanta are absorbed and used for the 

reduction of C 0 2 a single constant value for the photochemical efficiency (ag,con) 
could be obtained for at least all C3-plants. RABINOWITCH (1951) and GAASTRA 



(WbZ) concluded trom their analysis of the photochemical processes that the 
maximum light efficiency should be about the same for leaves of different species 
and for leaves grown under various environmental conditions. CHARLES-

EDWARDS et al. (1974) found no significant differences between photochemical 
efficiencies (an) of six temperate grass varieties. LOUWERSE and VAN DE ZWEERDE 

(1977) also obtained similar values of ag of various groups of bean plants. ACOCK 

et al. (1976b) observed similar values of <xn between leaves measured under 
various circumstances and concluded that their data supported the concept of a 
constant potential photochemical efficiency for the photosynthesis of C3-plants. 
However, this potential value (ag>con) is never obtained due to limitations of 
external CO ̂ concentration, conductance for C 0 2 or photorespiration. Measur
ed differences between the initial slopes of the P-I-curves (e.g. BÖHNING and 
BURNSIDE, 1956; PEAT, 1970; for lettuce: BROUWER and HUYSKES, 1968; SARTI, 

1973) are due to differences in structure and morphology of the leaf, plant or 
canopy. 

With a correction factor all measured or estimated values of <xg can be made, 
equal to ag con. This means that correction is necessary either for the measured 
irradiance (Wm " 2) or for the measured gas exchange rate. The corrected value 
for the irradiance (Icor) will be expressed in Watt per plant (WP1-1) and the 
corrected value for the photosynthesis (Pcor) on the basis of the real effective leaf 
area (EL) of the plant. This area, EL (m2Pl " ' ) . intercepts and absorbs all light 
quanta with efficiency agcon. In such a concept the number of leaf layers and the 
leaf thickness of the plant are incorporated, whereas EL gives information on the 
morphology of the plant. The photosynthesis per plant P (mg C 0 2 P l_ l s~ ' ) , 
expressed on the basis of effective leaf area, is now described by:"Pcor = P.EL"1 

(mg C0 2 m" 2 s"1) and Icor by LEL. 
The efficiency agcon (mg C 0 2 J - 1 ) is defined by: 

d(Pcor) 
dl 

dP 

d(l.J 
d(P/EL) 

dl EL • (7) 
a

B 

1 = 0 L „ = 0 1^0 
*cor 

, 2 n | - l with ag (mg C 0 2 m
2 PI ~ ' J " ') calculated from the obtained plant data. The con

clusion from (7) is that EL = <xg/ag con (m 2 PI - ' ) . The photosynthetic rate per 
effective leaf area (P.EL ~ ') is Ppl. ag con.ot " ' . The effective leaf area is equal to k. A 
or k'.S, or another basis of expression for photosynthesis (k and k' constant). 
According to GAASTRA (1966) the calculated value of ocg for lettuce varies be
tween 4 and 14% of the <xgcon. 

A similar theory is valid when, instead of gas exchange data per plant, data 
expressed per unit leaf area or soil cover are used. The photosynthetic rate per 
effective leaf area will be equal to P\^g_co„oi'^i or P sag con<x ~'s with ag , 
and <xgs calculated on leaf area or soil cover basis, respectively. Photosynthetic 
rates can then be compared using a correction factor EL" \ while the measured 
level of irradiance in W m - 2 can be used. Note that the corrected value of Ic will 
be IC.EL = lc.a.ra.-J0„. 
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In this paper the analysis of the results of gas exchange measurements is based 
on the above explained theory with the use of the correction factor EL ~ ' for the 
photosynthesis data or EL for the irradiance data. 

MATERIALS AND METHODS 

Two experiments were carried out with the butterhead lettuce cultivar 'Aman
da Plus', one in spring (nr. 1) and one in autumn (nr. 2). Experiment 1 included 
plants of two sowing dates (la and lb) with different age groups A, B and C 
based on weight and leaf area. The leaf area of plants of age A varies between 4.5 
and 11.5 dm2 and the corresponding dry weight between 0.55 and 1.60 g. These 
values are for plants of age B between 14.0 and 28.5 dm2 and between 1.70 and 
3.90 g and for age C between 31.0 and 43.5 dm2 and between 3.95 and 7.45 g. 

In both experiments plants of different habitus were obtained with 4 different 
pretreatments of irradiance and temperature (Table 1). 'Amanda Plus' had been 
used also in previous experiments of growth and photosynthesis (VAN HOL-
STEUN, 1980a, 1980b; VAN HOLSTEUN et al., 1977). 

On January 17 seeds of the plants of experiment la were sown in peat blocks of 
5 x 5 x 5 cm in a glass-house at an average day/night temperature of 19°C. 
After germination the average day/night temperatures were 17/12°C, respec
tively. On January 24 the plants were selected. After that 11 hours artificial 
illumination of 35 Wm - 2 (400-700 nm at plant level ; HPLR lamps 400 W) was 

TABLE I. Data about the 4 treatments of experiments la, lb, and 2 with butterhead lettuce cultivar 
'Amanda Plus'. Day and night temperatures are mean temperatures and the observed levels of 
irradiance are also mean levels. NI is natural daylight and AI additional illumination with HPLR 
lamps. 

Experiment 

la 
(age B and C) 

lb 
(age A) 

2 

Treatment 

I 
11 
III 
IV 

I 
11 
III 
IV 

I 
II 
III 
IV 

Temperature (°C) 

day 

17.0 
17.0 
26.5 
26.5 

18.0 
18.0 
27.0 
27.0 

16.5 
- 16.5 

26.0 
26.0 

night 

12.5 
12.5 
17.5 
17,5 

12.0 
12.0 
18.0 
18.0 

12.0 
12.0 
20.0 
20.0 

Irradiance (Wm"2) 

NI + AI66Wm-2 . 
70% of NI : 
NI + A I69Wm- 2 

70% of NI 

NI + AI66Wm-2 . 
70% of NI : 
NI + AI 69Wm-2. 
70% of NI 

N I + A I 66 Wm- 2 

70% of NI 
NI + AI68Wm-2 . 
70% of NI 

117.5 
36.0 

124.0 
38.5 

117.0 
35.5 

123.5 
38.0 

84.5 
13.0 
87.0 
13.5 



pots. In preliminary experiments it had been established that growth of'Amanda 
Plus' and other butterhead cultivars until a fresh weight of 150 grams was 
undisturbed in these pots. On March 4.(= day 0) the plants were separated in 4 
groups (I, II, III and IV) and.different temperatures and irradiance levels were 
induced (Table 1). The HPLR lamps providing the additional illumination were 
situated 1.2 meter above plant level. Fertilizers were applied according to the 
recommendations of the Laboratory for Soil and Crop Testing, Oosterbeek, The 
Netherlands. Pirette was sprayed twice against diseases. Gas exchange measure
ments with plants of the 4 treatments of experiment la (age B and C) started on 
day 10 and ended on day 27. 

Plants of experiment lb (age A) were sown on February 22 and transplanted 
on March 22. On March 23 (day 19) these plants were also separated in 4 groups 
(I, II, III and IV; Table 1). Gas exchange measurements started on day 28 and 
finished on day 36. The plants of experiments la and lb were used for 
photosynthesis-irradiance response measurements. 

On September 30 seeds of'Amanda Plus' were sown for experiment 2 in which 
the same procedure was applied as in experiment 1. The average temperature was 
20 °C. After 5 days the day/night temperatures were 21.5/16 °C, respectively, until 
October 31. After October 9 artificial illumination (30 Wm"2) was applied 
during 11 hours. The plants were transplanted on October 24 and 9 days later 
distributed between the treatments I,'II, III and IV (Table 1). During the culti
vation period TMTD was sprayed 3 times. Gas exchange measurements for 
photosynthesis-C02 response curves were carried out between November 21 and 
December 16. Temperature and irradiance in the glass-house were measured as 
in previous experiments (VAN HOLSTEIJN, 1980a). 

For the photosynthesis measurements the closed system as described by VAN 
HOLSTEIJN (1979) was used. The pot, containing the root system, was airtight 
sealed from the upper part of the plant and placed in a cylindrical perspex plant 
chamber (height 34 or 44 cm; diameter 44 cm). In the centre of the chamber the 
windspeed was 0.8 m s " ' and the relative humidity 75 to 85 %. The temperature 
in the chamber near the plant was measured by thermocouples. The light source 
above the plant chamber consisted of 5 HPLR lamps (400 W) and the level of 
irradiance could be reduced by movable screens with a different number of 
perforations. The irradiance (maximum value 215 Wm"2) was measured on 
plant level with selenium photocells. The C02-concentration was measured with 
an infrared gasanalyser, while the transpiration was not registered at that time. 

In experiments la and lb response series consisting of 8 irradiance levels were 
carried out in a sequence from maximum available irradiance to darkness. These 
series lasted 2 to 3 hours and were determined at 14° and 26DC. Sixty minutes 
after inserting the plant into the plant chamber the actual measurements started. 
Gas exchange readings were taken in the range between 580 and 500 mg C 0 2 m ~ 3 

when a constant response was reached. Plants of similar size or weight were 
always selected for the two replicates. 

In experiment 2 the response series were determined at 15° and 25 °C at the 
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irradiance level of 142 Wm~2 (for treatment I and III) and at 65 Wm~2 (treat
ment II and IV) in the closed system according to the procedure described by 
NiLWiK (1980b). The measurements started at a C02-concentration of 1400 mg 
m~3 and lasted 2 to 3.5 hours, after which period the C 0 2 compensation 
concentration was reached. At least 8 readings per C02-series were taken with 
three replicates per treatment. Data at 15 °C consisted of plants of treatments I, II 
and III and at 25°C of treatments I, III and IV. 

The data of fresh weight and leaf area were collected immediately after the 
measurements. The dry weight of the plant was obtained by drying during 7 days 
in a ventilated oven at 65CC. One hour before the measurements three photos of 
the plant were taken. The soil cover area was calculated from one photo from 
above and the profile area of a plant from the average of two photos from aside. 

According to equations (3) and (5) regressions were calculated through the 
photosynthesis data per plant from which the photochemical efficiencies otg and 
<xn, the net plant conductance (xn), the maximal gross and net photosynthesis Pm g 

and Pm n, the dark respiration (Rd), the light compensation point (Ic) and the 
C0 2 compensation concentration (Cc) were obtained. These calculations were 
carried out on a desk calculator HP 9518A with the actual program outlined by 
NILWIK (1980a). The Tukey's Honest Significant Difference was calculated to 
compare the calculated results of the different treatments (CARMER and SWAN-

SON, 1973). 

RESULTS 

In Figure 1 an example of a response curve of the net photosynthesis to 
irradiance is given of plants of treatments I, II, III and IV, measured at 14°C and 
an external C02-concentration of about 560 mg m~3. The photosynthetic rates 
are expressed per plant (a), unit leaf area (b), unit soil cover (c) and unit dry 
weight (d). The values of the initial slopes, the photosynthetic rates and dark 
respiration thus depend on the applied unit. The sequence from high to lower 
levels of photosynthesis between the four treatments is almost the same for figures 
la, b and c (e.g. I, III, II and IV), although the differences between the curves are 
varying. When the photosynthesis is expressed per unit dry weight (Id) the 
sequence is II, I, IV and III. 

In Table 2 various parameters, calculated from measured data of experiments 
la and lb, are presented. Values of the P-I curves were calculated from re
gressions through 8 points and the values of the replicates were taken together. 
Tukey's Honest Significant Difference (CARMER and SWANSON, 1973) is calcu
lated per age (A, B and C) and for all data together. 

Except for the data of Ic a comparison of the results, especially those on plant 
basis, is difficult. In general, however, the values of ag increase and of öcg decrease 
with an increase of age: The values of ag andag of treatment IV are lower than 
other values when measured at 14°C, while those differences disappear when 
measured at 26°C. In general, the maximum gross photosynthesis on leaf area 



treatments (I, II, III and IV) of the groups A, B and C of experiment 1. Measurements were carried 
out at 14° and 26"C and at an external CO,-concentration of about 560 ( 14°C) and 545 (26°C) mg 
m ~ \ a g and o£: photochemical efficiencies (in I = 0) expressed per plant (mgC02m

2PI "" ' J " ' ) and per unit 
leaf area (mg CQ2 J " ' ) ; Pm g and P,J,lg : maximum Pg at saturating 1 expressed per plant (mg C 0 2 PI " ' 
h"1) and per unit leaf area (mgC0 2 dm" 2 h^ 1 ) ; Rd : dark respiration per unit leaf weight (mgC0 2 

g~' h " 1 ) ; Ic light compensation point (Wm~2). Specific leaf weight (SLW) is expressed in g m~2. 
THSD: Tukey's Honest Significant Difference (p < 0.01). 

Treatment 

age A 
I 
II 
III 
IV 
I 
II 
HI 
IV 
THSDA 

age B 
I 
II 
III 
IV 
I 
II 
III 
IV 
THSDB 

age C 
I 
II 
III 
IV 
I 
II 

HI 
IV 
THSDC 

THSDABC 

Temperature 

(6q 

14 

26 

14 

26 

14 

26 

103 <xg 

0.406 
0.323 
0.536 
0.296 
0.238 
0.211 
0.234 
0.488 
0.088 

0.570 
0.778 
0.662 
0.575 
0.326 
0.571 
0.500 
0.542 
0.139 

0.782 
1.004 

: 0.725 
0.702 
0.628 
0.715 
0.625 
0.786 
0.175 
0;i36 

103 <xg 

4.82 
4.37 
4.67 
2.84 
4.54 
5.05 
4.41 
5.33 
1.23 

3.06 
3.05 
2.62 
2.03 
2.55 
3.87 
3.05 
3.16 
0.79 

2.30 
2.71 
1.85 
1.69 
1.81 
2.13 
1.60 
2.07 
0.47 
0.87 

P-. . 

179.1 
104.2 
196.1 
103.4 
136.6 
98.6 

178.6 
147.1 
37.6 

302.4 
254.3 
285.5 
212.9 
520.2 
236.4 
367.1 
241.3 
94.7 

320.1 
351.7 
274.9 
207.0 
520.1 
531.1 
579.1 
456.0 
81.8 
82.9 

Results 

P ' 
r m.8 

21.4 
13.7 
17.2 
9.9 

26.1 
23.6 
34.3 
16.1 
7.1 

16.2 
9.8 

11.5 
7.5 

41.1 
15.9 
22.7 
14.6 
7.6 

9.4 
9.4 
7.0 
5.0 

15.0 
15.8 
15.0 
11.9 
2.6 
6.2 

Rd 

7.3 
8.2 
6.1 

11.9 
18.2 
29.6 
26.1 
18.7 
6.5 

4.4 
5.2 
3.5 
3.5 

11.7 
15.5 
11.8 
16.1 
4.1 

3.5 
4.1 
3.0 
3.6 
7.3 
9.4 
7.1 
8.1 
2.8 
4.9 

Ic 

8.5 
7.2 
6.2 

13.0 
19.3 
25.2 
29.0 
13.0 
4.3 

7.5 
6.3 
6.1 
6.4 

22.1 
16.1 
18.1 
17.1 
4.3 

9.9 
5.6 
6.8 
5.6 

25.8 
18.6 
19.0 
16.8 
4.1 
4.2 

SLW 

19.3 
13.2 
15.8 
10.2 
17.2 
11.4 
14.9 
11.3 
2.8 

18.0 
12.4 
15.6 
10.3 
16.6 
12.5 
15.6 
10.6 
3.7 

21.9 
12.8 
14.4 
8.9 

20.8 
12.9 
14.3 
9.9 
5.8 
4.1 

basis decreases with age. Lettuce plants grown at lower temperatures or a higher 
level of irradiance showed higher P.J, g-values, while a high temperature during 
the measurements also resulted in higher rates. The calculated results of Rd are 
well in agreement with the measured data (not presented here), the correlation 
being high (r = 0.99). Dark respiration rates on leaf weight basis decreased with 
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150 200 
Ir radiance, Wm-2 

FIG. 1. Curves through measured data describing the response of net photosynthesis to irradiance of 
the 4 treatments (I, II, III and IV) of experiment I, age B. The photosynthetic rates (mg C02 h " ' ) are 
expressed per plant (a), per unit leaf area (b), per unit soil cover (c) and per unit dry weight (d). The 
measurements were carried out at 14"C and an external C02-concentration of about 560 mg m "3. D 
= I; • = II; • = III; o = IV. 

increasing age and lower measurement temperatures. The Revalues per plant of 
age A were in the order of magnitude of 14 % (at 14°C) and 17 % (at 26°C) of Pm>g 
per plant, with lower percentages at increasing age. The I „-values depend 
strongly on the temperatures during measurements. The values measured at 14 °C, 
a temperature applied in the poor light season in glass-houses, are between 5 and 
13 Wm"2 for all treatments. Differences between the parameters are more 
obvious between age A and B and between age A and C than between age B and 
C. High SLW-values are due to low temperatures and a high level of irradiance 
during growth. 

The effective leaf area of plant, EL, is assumed to be related with one or more 
plant characteristics: EL = ag.a g" ôn = k.A or k'.S, etc.. A multilinear regres
sion has been carried out between <xg on plant basis with soil cover (S), leaf area (A), 
average profile area (Pa) and dry weight (W) for all plants of experiment 1. From 
linear regressions it became evident that the best fit of <xg occurred with soil cover. 
The S was taken as the first independent variable, A as second one and W as the 
last one in the multilinear regression model. The same sequence of plant charac
teristics was applied in a regression model with growth rate in a previous paper 
(VAN HOLSTEUN, 1980b). The profile area was listed after leaf area in the model. 



basis (txg) with the soil cover 
experiment 1 and for the 

Group 

A, B, C 
A 
B 
C 

'S), leaf area (A), profile area (Pa) and leaf dry weight (W) for all plants of' 
three separate age-groups. 

Correlation coefficients (r) of 

linear regressions of ag 

'S 

0.93 
0.84 
0.85 
0.66 

A Pa 

0.92 0.91 
0.87 
0.79 
0.56 

with 

W 

0.86 
0.88 

- 0.77 
0.44 

the multilinear model 

0.90 
0.92 
0.76 
0.62 

The correlation coefficients are listed in Table 3. Addition of the Pa to the 
multilinear regression of all data did not improve this model (p < 0.01) signi
ficantly and therefore Pa was not added to the models per age-group. The 
correlation coefficients of ag with S, A and W decrease with increasing age, while 
this effect is more pronounced for the correlation of ag with A and W than with S. 

The results of a 3-way analysis of variance of the gross photochemical efficien
cies, maximal gross photosynthetic rates per unit leaf area, maximal net photo-
synthetic rates, net photosynthetic rates at irradiance level of 35 and 100 Wm ~ 2 and 
of the light compensation points are listed in Table 4. According to the theory 
presented in the introduction the photosynthetic rates are divided by <xg and the 
corrected light compensation points multiplied by this parameter. Instead of EL 
( = ag.a~g|coil) only the factor ag has been used, since <xg con has a constant 
value, The values of Pn 35 and P n l 0 0 are chosen since these levels of irradiance 
correspond with those during cultivation. 

For almost all parameters differences between factors age and measurement 
temperature exist, while the influence of temperature during cultivation on the 
parameters is less. For photosynthetic rates on ocg-basis the differences between 
age are mainly due to plants of age A. The level of irradiance during cultivation 
has a larger influence on photosynthesis than the temperature level, as applied in 
these treatments, while temperature during the measurements contributes 
strongly to the different maximum rates. No significant difference occurs between 
the Pn 35-values of th": four treatments. At a high level of irradiance (100 
Wm"2) the temperature during measurements did not affect the net photosyn
thetic rates. The corrected light compensation point (Ic cor) is mainly affected by 
age and temperature during measurement and not by environmental conditions 
during growth, while Ic is more influenced by the conditions during growth 
than by age. 

In Table 5 the calculated results of the C02-series of experiment 2 are listed. 
Tukey's Honest Significant Difference (CARMER and SWANSON, 1973) is calcu
lated for all treatments together/Values of the Pn-C-curves were calculated from 
regressions through at least 8 points and the values of the 3 replicates were taken 
together. The tn- and x^-values of plants of treatment I and III are slightly lower 
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concentration for the 4 treatments (I, II, III and IV) of experiment 2. Measurements were carried out 
at 15° and 25 °C and at 65 (for II and IV) and 142 Wm - 2 (I and III). The T„ and x ' n are conductances 
for C02 (in C = Cc) expressed per plant (m3Pl~ 's~') and per unit leaf area (m s" ' ) ; Pm „ and P.J, „: 
maximum P„ at saturating C expressed per plant (mgCQ2Pl~ 'h~ ') and per unit leaf area (mgC02 
dm ~2 h " ' ) ; Cc : C02 compensation concentration (mgC02m "3). Specific leaf weight is expressed in 
gm-2. THSD: Tukey's Honest Significant Difference (p < 0.01). 

Treatment 

I 

II 

III 

IV 

THSD 

Temperatuur 
CC) 

15 
, 25 

15 

15 
25 

25 

103x„ 

0.190 
0.136 

0.110 

0.260 
0.184 

0.088 

0.013 

103xi 

0.869 
0.687 

0.735 

1.234 
0.906 

0.378 

0.214 

Results 

Pm.n 

244.6 
305.9 

104.8 

212.5 
270.9 

132.8 

63.4 

P' 
* m,n 

11.2 
15.6 

6.7 

10.1 
13.4 

5.7 

3.3 

cc 

' 94.2 
176.1 

58.8 

101.5 
169.1 

110.2 

22.9 

SLW 

19.9 
17.3 

11.5 

15.3 
16.6 

9.4 

4.7 

at an increased temperature during measurements and lower temperatures dur
ing growth. For plants grown at low irradiance (II and IV) a high temperature 
during growth (IV) and/or measurement results in low values of xn and T^. 
Temperature affects maximum Pn, resulting in higher values for Pm n and Pj n at 
higher measurement temperatures (for I and III), but lower values when the 
temperature during cultivation is higher (III). The calculated Cc-values corres
pond with the values registered by the infrared gas analyser and the correlation 
between the calculated and measured values was high (r = 0.97). Cc depends 
strongly on temperature during measurement. 

DISCUSSION 

Gas exchange data of whole plants or shoots are more difficult to interprète 
than those of single leaf measurements. Special problems arise for butterhead 
lettuce due to its Short stem and the production of a head with bubbled and 
curved leaves, which exclude new formed leaves partly from irradiance (BENSINK, 

1971; DULLFORCE, 1968). Moreover, in practice the plants do not grow as 
solitary plants. The canopy is not homogeneous, even not at narrow spacings at 
the end of the growth period. The leaves and the number leaf layers are unequally 
distributed over the 'canopy'. Plants achieve a high 'leaf area index' in the centre 
during heading stage, while the exterior of the plant consists of one or a few leaf 
layers only. Because of the complex structure of lettuce plants a comparison 
between plants (e.g. BROUWER and HUYSKES, 1968 ; VAN HOLSTEIJN et al., 1977) is 
difficult. Four treatments were given during cultivation in order to obtain 
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distinct differences in plant structure and habitus and to analyse the effect of 
those differences on photosynthesis. 

F rom actual data as well as from calculated results it became evident that no 
saturation of photosynthesis was obtained at 225 W in " 2 . Fo r single leaves the 
level of irradiance saturation has been determined at 42 W m " 2 (REINKEN et al., 
1973) and between 200 and 240 W m " 2 for cos lettuce (SARTI, 1973). BROUWER 
and HUYSKES (1968) and VAN HOLSTEIJN et al. (1977) did not observe saturation 
levels for whole shoots at 209 resp. 154 W in " 2 . 

Figure 1 shows that differences between the photosynthesis light response 
curves depend on the basis of expression. On weight basis the sequence of the 
photosynthesis levels changes and some differences decrease as shown by 
BROUWER and HUYSKES (1968). The small difference between calculated and 
measured values of Rd and the low standard errors for most parameters indicate 
that the use of equations (3) and (5) on plant level gives reliable results. A C O C K et 
al. (1976b, 1978) also obtained reliable results with other crops, for which they 
used a crop model based on a similar leaf model. 

Photochemical efficiency 
Although differences between gross (in 1 = 0) and net (in I = Ic) photochemi

cal efficiencies exist, the conclusions in this paper based on ag are valuable for txn 

as well, since the correlation between ag- and an-values was high (r = 0.99). The 
high correlation between ag and S and the good fit of the multilinear regression of 
<xg with 4 plant characteristics justify the outlined theory about the application 
of ag to define a basis of expression for the photosynthetic rates and a corrected 
value for Ic. The correlation coefficient of <xg with the 3 plant characteristics 
decreased with increasing age, which might be ascribed to a higher number of leaf 
layers, the more complex structure of the older plant, and the senescence of the 
older leaves of the plant. 

In older plants a relatively smaller part of the total leaf area intercepts light 
and contributes to the positive net photosynthesis than in young plants. The data 
of the photochemical efficiencies on the basis of leaf area are therefore in
accurate, but they permit rough comparison with other data. The highest up
values are observed in the group with the younger plants and the lowest ones in 
group C. These data are similar with those on leaf level ( LUDLOW and WILSON, 
1971b; PEAT, 1970) and plant level (N ILWIK , 1980a). Moreover, young lettuce 
plants have a more open structure, which can result in a higher photochemical 
efficiency as shown by N ILWIK (1980a) for sweet pepper plants. Typical sun and 
shade-effects on ag or al„ as reported for single leaves by some authors (BJÖRKMAN 
and HOLMGREN, 1966; BÖHNING and BURNSIDE, 1956; LOACH, 1967; SARTI, 

1973) are not noticeable for all t reatments. In single leaves structural and mor
phological differences like leaf thickness, structural changes in chloroplasts and 
chlorophyll content are responsible for these effects. Other authors (CHARLES-
EDWARDS et al., 1974; LUDLOW and WILSON, 1971a) reported no influence of the 

level of irradiance during cultivation on <xg or <xri. For single plant measurements 
contrasting results are also reported^ N I L W I K (1980a) observed differences ino^ 



lummy tauscu uy me spauai structure 01 ine sweei pepper piant as a result oi 
pretreatment and BROUWER and HUYSKES (1968) found different <xn-values on 
soil cover basis for two applied treatments, but identical photochemical efficien
cies on plant or canopy level were observed by ACOCK'e t al. (1976a) and Lou-
WERSE and V A N DE ZWEERDE (1977). The efficiencies calculated from plant data in 
these experiments with lettuce are lower than those from single lettuce leaves 
(SARTI, 1973) or other leaves (ACOCK et al., 1979) and those calculated from 
other plant or canopy data which are corrected for number of leaf layers (ACOCK 
et al., 1976a; N ILWIK , 1980a). 

Dark respiration 
The P m of the photosynthesis-irradiance response curve depends on the 'over

all plant conductance' for C 0 2 ( tg) and the C0 2 -concentrat ion, which is the same 
for all measurements in experiment 1. The Pm n depends also on the estimated 
dark respiration (Rd) . These estimated Revalues per plant never exceeded 17 % 
of the P m g per plant but this percentage increased at values below P . LOGAN 
(1970) found similar percentages for birch trees over the whole season. The lower 
percentage of the older groups was not expected for lettuce, since the plants of age 
B and C possess more aged leaves and a higher number of leaves excluded 
from the light source. Dark respiration decreases with age ( L U D L O W and WILSON, 
1971 b) and the lower rates with increasing age for lettuce can be a result of that 
effect. M C C R E E and TROUGHTON (1966) and L U D W I G et al. ( 1965) concluded from 

canopy da ta that the respiration of the lower and older leaf layers was extremely 
low. For lettuce, however, the ' shade' leaves consist of a mixture of old leaves 
and newly formed leaves within the head of the plant. 

Plant conductance for C02 

The plant conductance for C 0 2 (T) determines to a great extent Pm ( = xgC) 
and Pm n ( = xnC) in light series. The carboxylation efficiency is incorporated in 
this 'overall conductance for C 0 2 ' , which represents an average value for all 
leaves of the plant. These values can differ considerably as was reported by 
ACOCK et al. (1978) for leaves in a tomato canopy. A higher plant conductance 
means a high carboxylation efficiency and/or a low resistance for the transport 
and diffusion of C 0 2 from the external air to the carboxylation sites. On leaf level 
the total resistance can be divided in the boundary layer resistance (ra), the 
stomatal resistance (rs) and the residual resistance (rm) (BIERHUIZEN and SLATYER, 
1964; GAASTRA, 1959; LUDLOW and WILSON, 1971a). For lettuce plants the rm, 

i.e. the residual resistance, can be considered as the most important factor (VAN 
HOLSTEIJN et.al., 1977), which is in agreement with data of BEARDSHELL et al. 
( 1973), FRASER and BIDWELL ( 1974), GAASTRA ( 1959,1962), and, at an irradiance 

level below 50 Wm~ 2 , of N ILWIK and TEN BÖHMER (1981). 
On plant and canopy level the t ransport process is more complicated and other 

C 0 2 sources outside the leaf occur. Another resistance, ra cr, the plant or crop 
resistance determining the t ransport of C 0 2 from the atmosphere to the leaves, 
can play a more significant role (GAASTRA, 1966). This ra_cr is considered to be 
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low for most crops, but for lettuce plants which have a more dense leaf package 
this resistance can be more important. VAN HOLSTEIJN et al. (1977) paid no atten
tion to the role of ra cr in their experiments, since they used aconstant value on leaf 
basis for ra and calculated rs- and rm-values on basis of the leaf area of all leaves of 
the plant. The level of irradiance below saturation and the calculation methods 
of rm according to GAASTRA (1959) also contributed to an overestimation of rm 

(and rs) by VAN HOLSTEIJN et al. (1977). JONES and MANSFIELD (1970) measured 
detached leaves of lettuce and they observed values of the total resistance above 
30 scm " ' , but the applied level of irradiance ( 14.4 Wm ~2) was below saturation 
for lettuce leaves. The average total conductance on leaf basis (from P^g) 
decreases with age, which can be caused by the more complex structure of the 
plant, by more self shading, as found by ACOCK ét al. (1978) with canopy data, 
and slightly by the increase of mesophyll and stomatal resistances (LUDLOW and 
WILSON, 1971b). A decrease in conductance for COj means an increase in total 
resistance for the transport of C0 2 . 

The higher conductance at 26° compared to 14°C indicates that for these 
photosynthesis measurements the optimum x-value is found above 14° and 
probably near 26 °C, as observed by NILWIK ( 1980b) for sweet pepper, where the 
optimum value in most situations was obtained at 24°C. For long term growth, 
however, a lower temperature seems to be favourable for a high conductance for 
C 0 2 transfer. A distinction between the temperature effect of growth and the gas 
exchange measurement is more difficult to draw in Table 5, due to the restricted 
number of conductance data. Only a slight influence of the environmental 
factors in these experiments on rs is expected (JONES and MANSFIELD, 1970). 
Different t-values therefore are also caused by plant structure, more self shading, 
the influence of ru cr and the role of internal factors affecting rm. AUGUSTINE et al. 
(1976), for instance, concluded that differences in carboxylation efficiencies 
between genotypes were determined by anatomical and biochemical factors, 
which are expressed in rm and BJÖRKMAN (1968) observed differences in carbo-
xydismutase activity of several species grown in strong and weak light. 

Specific leaf weight and photosynthesis 
The leaf area ratio (LAR) and the specific leaf weight (SLW), calculated from 

plant data, are considered as less reliable estimates for a morphological character
istic like leaf thickness (VAN HOLSTEIJN, 1980b), but can be used as indicators for 
some morphological properties. Only small differences between SLW-values of 
ages A, B and C were observed for treatment I, II, III and IV. The differences 
between the values of the 4 treatments were significant. Temperatüre and level of 
irradiance during cultivation both affect leaf thickness. The influence of leaf 
thickness on Pm g in these experiments is not always similar, since the correlation 
coefficient (r) between SLW and Pm n .a - ' at 14° is 0.73 and at 26°C it is 0.55. In 
other experiments with single plants or canopies usually a higher positive re
lation between SLW and the maximal photosynthetic rates is observed (Lou-
WERSE and VAN DE ZWEERDE, 1977; NILWIK, 1980b). The correlation coefficients 
(r) between T,J and SLW for plants measured at 14° and 26°C are 0.57 and 0.63. 



lespecuveiy. i riese coeiucients may nave oeen negatively ïnriuencea Dy tne ages 
of the plants in experiment 1, since plants of the 3 age groups gave almost similar 
SLW-values but different plant conductances for C 0 2 . 

The analysis of variance of net photosynthetic rates on the basis of ocg of 
irradiance level of 35 and 100 W m - 2 shows no significant differences between 
group B and C. The absence of any significant differences between the corrected 
Pn 3S-values of the 4 t reatments suggests a similar assimilation of the 'sun' and 
'shade' plants at that level of irradiance, which is in contrast to some other results 
obtained from plant or canopy measurements and expressed on leaf unit basis 
(BROUWER and HUYSKES, 1968; LOGAN and KROTKOV, 1968; LOUWERSE and 

VAN DE ZWEERDE, 1977; PATTERSON et al., 1977). Their observed differences 
between sun and shade plants are due to the various structures and morphologies 
of the plants and the leaves and the applied basis of expression for the photo-
synthetic rates, and not to fundamental differences in photosynthetic processes. 
The spatial structure of the lettuce plant compensates for the differences in leaf 
structure and morphology at that level of irradiance. 

Light compensation point 
The influence of measurement temperature is larger than the effects of treat

ment and age on Ic. Lettuce plants seem to adapt well to the applied irradiance 
levels in this experiment. The level of irradiance in the winter season approaches 
the light compensation point. Age and plant structure affect the light intercep
tion and self shading and thus Ic. Moreover, young plants have a relatively high 
number of just unfolded leaves, and this results in higher Ic-values (LUDLOW and 
WILSON, 1971b). Observed light compensation points are averages of the com
pensation points of all leaves of the plant. Reported values of single leaves are 
lower than the values in this experiment (DULLFORCE, 1971 ; HEATH and M E I D -
NER, 1967). The maintenance of a low temperature seems to be essential at poor 
light conditions in order to obtain a low respiratory rate and a low Ic, since an 
increase of 1 °C increases Ic with one W m " 2 , a slightly lower value than found by 
N ILWIK (1980a) with sweet pepper plants. 

Photosynthesis and C02 compensation concentration 
The maximal Pn-values of the C02-series are mainly determined by differences 

in the estimated photochemical efficiencies (from : P m n = <xnI). The Pn-values of 
treatment I and III, measured at 142 W m " 2 , are influenced by temperature 
during cultivation and during the gas exchange measurement (LOACH, 1967; 
N ILWIK , 1980b). Calculation of Pm n on the basis of data over a range between 80 
and 1400 m g C 0 2 m ~ 3 (in experiment 2) can give misleading results, since a 
higher C0 2 -concentrat ion can cause an increase in the stomatal resistance for 
lettuce (JONES and MANSFIELD, 1970) and residual resistance (N ILWIK and TEN 

BÖHMER, 1981; WITTWER and ROB , 1964). 

The calculated values of Cc are in agreement with the observed data. The Cc-
values, which provide an average estimate of the C0 2-concentrat ion in the 
intercellular spaces for the whole plant, are slightly higher than the values 
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reported by HEATH and MEIDNER (1967) for detached leaves at comparable 
temperatures. BRAVDO (1971) also observed higher C0 2 compensation con
centrations of leaves and stem together as compared with concentrations of single 
leaves. The leaves which intercept direct light have lower Cc-values than the young 
and old 'shade' leaves (NILWIK, 1980b). Thé shade part of the plant and the stem 
contribute more to Rd (BRAVDO, 1971 ) and form an extra C 0 2 source, although the 
contribution of the stem for lettuce is low and also Rd has a low value. A higher 
temperature during the measurements causes a higher Cc (HEATH and MEIDNER, 

1967; NILWIK, 1980b), due to an increase in photorespiration in the leaves which 
intercept irradiance and to a higher Rd of the other plant parts. A significant 
influence of the treatment temperature on Cc is not expected (NILWIK, 1980b). 

With the use of the effective leaf area (EL) for an analysis of the photosynthesis 
data the interpretation of the results is still complex. More extensive studies of 
the morphology of a lettuce plant are essential to solve the problems of light 
interception, C 0 2 transport and diffusion from the external air to the carboxy-
lation sites. The 'ideal' plant seems to be a plant with an open structure, a low 
r9 cr, without a head and with a good light interception of all the leaves, but at the 
moment such a plant shape is not of commercial interest. 

SUMMARY 

In two experiments photosynthesis of whole lettuce shoots was measured in a 
closed system. During cultivation in both experiments 4 treatments of different 
irradiances and temperatures were applied to obtain plants with different ha
bitus. In experiment 1 the response of photosynthesis to irradiance (I) was 
measured for plants of 3 ages at 14° and 26°C. In experiment 2 the response of 
photosynthesis to C02-concentration (C) was measured at 15° and 25 °C. 

Attention was paid to the basis of expression for the photosynthetic rates, 
obtained per plant. The basis, effective leaf area (EL), is equal to soil cover (S), 
leaf area (A) and leaf weight (W) and to the gross photochemical efficiency (ag), 
since EL = otg.a",.1,,,, with ag con as the constant value of <xg when all light quanta 
are absorbed. A multilinear regression model of ocg with S, A and W gave high 
correlation coefficients, while addition of the profile area did not improve the 
model significantly. 

In experiment 1 the gross photochemical efficiency per plant (ag) and per unit 
leaf area (<xg), the maximal gross and net photosynthesis (Pm g and Pm n) per plant 
and per unit leaf area (P^g), the dark respiration (Rd) per unit leaf weight and the 
light compensation point (Ic) were calculated by curve-fitting. In a 3-way ana
lysis of variance some of these parameters, the net photosynthetic rates on <xg-
basis at 35 and 100 Wm" 2 and at light saturation, Ic and the corrected Ic ( = 
Ic.ag) were analysed. The values of ag and P^ g decreased with increasing age. The 
ag-value was not affected by treatment and measurement temperatures. The 
photosynthetic rates on ag-basis gave only lower values for the group of young 
plants. The effect of treatment on Pn diminished at 35 Wm - 2 , but increased at 



•2 ïo corrected Pn at 35 Wm~2 is higher at 14° than at 26°C. This difference disap
peared at 100 Wm~2 and at saturating I the Pm „ was higher at 26° than at 14°C. 
Ic is strongly influenced by measurement temperature. Corrected Ic-values were 
affected by age and not by treatment. 

In experiment 2 the net conductance for CÓ2 per plant (tn) and per unit leaf 
area (T„), the Pm n and Pj, n, and the C 0 2 compensation concentration (Cc) were 
calculated. An increase in measurement temperature decreased tn and T^, but 
affected the maximum photosynthetic rates positively. Cc depends strongly on 
temperature during measurement. 

Observed différences between the parameters are discussed, also in relation to 
the stomatal and residual resistances and morphological properties of the plant 
such as specific leaf weight and plant structure. 
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II. RESULTS WITH BUTTERHEAD, COS- AND ICEBERG LETTUCE CULTIV ARS 

INTRODUCTION 

For many decades selection to improve yield and quality of lettuce has been 
carried out for outdoor and glass-house cultivation. The butterhead cultivar 
'Meikoningin' , for instance, is introduced since 1902 and suitable for glass-house 
cultivation. It was almost the only cultivar grown under glass in winter until 1950 
(RODENBURG, 1960). The outdoor cultivar 'Hilde' was introduced since 1947 
(HUYSKES, 1960) and the cos-lettuce cultivar 'Sucrine' was already mentioned in 
1880 (RODENBURG, 1960). In The Netherlands special attention has been paid to 
the breeding and selection for glass-house cultivars with a higher yield, better 
performance and heading capacity, and resistances against diseases and t ipburn 
(BANGA, 1939; EENINK and ALVAREZ, 1975; EENINK and GARRETSEN, 1977, 

GROENEWEGEN, 1952; HUYSKES, 1958, 1968; HUYSKES and RODENBURG, 1965, 

1968; RODENBURG, 1960, 1968a, b) and for other lettuce types, such as iceberg 
lettuce (RODENBURG, 1972). 

Differences in yield were related to differences in relative growth rate (SCAIFE, 
1973; LEE, 1974),leaf area rat io (DULLFORCE, 1963; V A N HOLSTEUN, 1980b), leaf 
number (EENINK and SMEETS, 1978; SMEETS, 1977) and leaf size (SMEETS, 1977) 

and with different reactions to changes in environmental conditions (EENINK and 
SMEETS, 1978). BROUWER and HUYSKES (1968) measured gas exchange rates of 
the cultivar 'Rapide ' and the F 2 o f 'Rap ide ' and 'Hamadan ' and concluded that 
differences were caused by the exposed leaf area of a plant to light. They 
mentioned that the basis of expression for photosynthesis plays an important 
role in the calculation and explanation of the measured photosynthetic rates. 

Many data are available on research between varietal differences in photo-
synthetic rates and yield of various crops such as grains ( A P E L and LEHMANN, 
1969; DANTUMA, 1973; HEICHEL and MUSGRAVE, 1969), grass (CARLSON et al., 

1971 ; CHARLES-EDWARDS et al., 1974), soybean (DORNHOFF and SHIBLES, 1970; 

DREGER et al., 1969), other beans ( IZHAR and WALLACE, 1967), sugarcane 
(IRVINE, 1967), cotton (EL-SHARKAWY et al., 1965), peanut (PALLAS and SAMISH, 

1974), coffee (NUNES et al., 1969) dr a glass-house crop like tomato (AUGUSTINE 
etal . , 1976;GosiEWSKietal., 1981 ; N I L W I K e ta l . , 1981). The observed differences 
in photosynthetic rates of the leaves, however, did not always correspond with 
similar differences in crop or grain yield (e.g. DANTUMA, 1973; EL-SHARKAWY 
etal . , 1 9 6 5 ; D E V O S , 1977). Thus , selection based on photosynthetic rate or photo
chemical efficiency of the measured leaves did not always result in a higher yield. 
Moreover, most gas exchange measurements were done on leaf level (e.g. AUGUS
TINE et al., 1976; CHARLES-EDWARDS et al., 1974; DANTUMA, 1973; EL -SHAR-

KAWY et al., 1965), while only a part of the plant and not always the leaves 
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were harvested. For lettuce the situation is different from most of the above 
mentioned crops since the whole shoot is harvested. Due to the rosette form of 
butterhead lettuce gas exchange measurements of single leaves are difficult and 
do not give a reliable estimate of plant growth. 

Results of plant measurements are still difficult to interpret, as was discussed 
in a previous paper (VAN HOLSTEUN, 1981). In that paper a basis of expres
sion for the photosynthesis data of butterhead cultivar 'Amanda Plus' was 
developed, which procedure has been emploid also for data of that and other 
cultivars described in this paper. The photosynthetic rates per plant will be 
divided by the gross photochemical efficiency (ag) calculated per plant, and the 
light compensation point is multiplied with ocg. Experiments are described on the 
photosynthetic capacity of 3 butterhead cultivars and their relation with other 
plant properties under various environmental circumstances, and of a number 
of butterhead, cos- and iceberg lettuce cultivars, grown in spring. 

MATERIALS AND METHODS 

Six experiments were carried out with butterhead, cos- and iceberg lettuce 
(Lactuca sativä L.) cultivars (Table 1). In 5 experiments (1, 2, 3, 5 and 6) the 
butterhead cultivars 'Amanda Plus', 'Ostinata' and 'Hilde' were used. 'Amanda 
Plus' had also been used in previous experiments (VAN HOLSTEUN et al., 1977; 
VAN HOLSTEUN, 1981). 'Ostinata' is selected for glass-house cultivation from late 
spring until early autumn and 'Hilde' for outdoor cultivation from late spring 
until late autumn (HUYSKES, 1960). In the first spring experiment (exp. 3) the 
butterhead cultivars 'Deciminor', 'Meikoningin', 'Rapide' and 'Valentine' were 
used, which were investigated in a previous experiment on the process of soil 
covering (VAN HOLSTEUN, 1980a). 'Amanda Plus', 'Ostinata' and 'Hilde' were 
also used. In the second spring experiment (exp. 4) the butterhead cultivars 
'Cynthia', 'Noran', 'Profos', 'Ravel' and 'Tornado', all selected for glass-house 
cultivation in spring, the cos-lettuce cultivars 'Sucrine' and 'Plucos' and the 
iceberg lettuce genotypes C-5 and Y-6 were used. 'Tornado' is an upright cultivar 
with another pattern of growth and another habitus than other butterhead 
cultivars. 'Sucrine' is a semi cos-lettuce cultivar and 'Plucos' a short-day 
glass-house cos-lettucé. The two iceberg lettuce genotypes were selected for 
spring glass-house conditions (VAN ESCH, 1976). 

In all experiments the seeds were sown and the seedlings selected according to 
a procedure as described in previous experiments (VAN HOLSTEUN, 1981). Infor
mation about sowing date, average day and night temperatures before and after 
transplanting into 2-litre pots, which marks the beginning of the various treat
ments, average level of irradiance (400-700 nm) and the dates of the gas ex
change measurements is given in Table 1. Until transplanting all plants were 
cultivated in a Venlo glass-house. Plants of experiment 1 were grown in the 
phytotron of the Laboratory of Horticulture, Wageningen (DOORENBOS, 1964) 
without cultural problems. In the other experiments plants were cultivated under 
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natural daylight. In all experiments plants were sprayed twice with TMTD and in 
experiments 1 and 2 twice with zineb as well. Fertilization was applied once 
during cultivation. 

Measurements of both photosynthesis and transpiration were carried out in 
the gas exchange assembly, an open system, described by LOUWERSE and VAN 

OORSCHOT (1969). Four plants of one cultivar were measured simultaneously in 
the 4 plant chambers. Each chamber was considered as one replicate. The shoot 
part was sealed off from the root part, which was kept outside the chamber at 
about 21 °C. Light series consisted of 6 irradiance levels in a sequence from 
darkness to the maximal level of irradiance, which varied between 160 and 220 
Wm~2. The irradiance was calculated at top level of the plant. The plant 
chamber temperature was kept at 22 ± 1°C. One light series lasted about 2.5 
hours. Each day two series were carried out. The incoming C02-concentration 
was kept at 570 mgm - 3 and the humidity of the incoming air was constant. 
Plants of the same size and weight as those of age B in a previous experiment 
(VAN HOLSTEUN, 1981) were used, except the plants in experiment 4 which were 
larger than the others. Immediately after the gas exchange measurements the 
fresh weight, leaf area and dry weight (after one week at 65 °C in the oven) were 
obtained. The leaf area was measured by a Hyaski Denke planimeter, type 
AAM-5. Photos of the covered soil area and the profile area were taken the 
evening before the beginning of the measurements. Photosynthesis, transpi
ration, stomatal and residual resistances were calculated according to the met
hods described by LOUWERSE and VAN OORSCHOT (1969). 

Following the theory, explained in a previous article (VAN HOLSTEUN, 1981), 
regressions were calculated through the photosynthesis data per plant with the 

a I P 
use of the equation P = Pn + Rd = — — . By this procedure the gross 

a g I + P m . g 

photochemical efficiency (ocg), the maximal gross and net photosynthesis (Pm g 

and Pmn) , the dark respiration (Rd) and the light compensation point (Ic) were 
calculated. A two way analysis of variance was done with the data of 'Amanda 
Plus', 'Ostinata' and 'Hilde' from experiments 1, 2, 3, 5 and 6, and a one way 
analysis of variance was done with the data of the two spring experiments (exp. 3 
and 4). 

RESULTS 

The calculated data of the photosynthesis-irradiance response curves, the 
stomatal and residual resistances, the specific leaf weight and the Tukey's Honest 
Significant Difference (p < 0.01 ; CARMER and SWANSON, 1973) are listed in Table 
2. . • - . 

The values of the gross photochemical efficiency per unit leaf area (ocg) are 
inaccurate, since only a part of the leaf area contributes to photosynthesis. The 
differences between ai are smaller between 'Amanda Plus', 'Ostinata' and 'Hilde' 



tivars of experiments 1-6. The results of experiment 3 are divided into two groups. Measurements 
were carried out at 22 ± 1 °C and at an external CO concentration of 570 mg m " 3 .at ̂  : photochemical 
efficiency (in I = 0) expressed per unit leaf area (mg C 0 2 J _ 1 ) ; Pra„ and P^„: P„ at saturating I 
expressed per plant (mg C 0 2 P I - 1 h~ ' ) and per unit leaf area (mg C 0 2 d m - 2 h ~ ' ) ; Rd: dark 
respiration per unit leaf weight (mg C 0 2 g " ' h " ' ) ; l t : light compensation point (Wm ~2) ; rs and rm : 
stomatal and residual resistance (s cm" ' ) . Specific leaf weight (SLW) isexpressed in g m - 2 . Values 
represent means of 4 plants. THSD : Tukey's Honest Significant Difference (p < 0.01), calculated for 
the results of'Amanda Plus', 'Ostinata' and 'Hilde' ( = 
the 2 spring experiments (3 and 4)). 

Experime 

1 

2 

3 

5 

6 

nt Cultivar 

Amanda Plus 
Ostinata 
Hilde 
Amanda Plus 
Ostinata 
Hilde 
Amanda Plus 
Ostinata 
Hilde 
Amanda Plus 
Ostinata 
Hilde 
Amanda Plus 
Ostinata 
Hilde 

THSDAOH 

3 

THSD3 

4 

THSD4 

Deciminor 
Meikoningin 
Rapide 
Valentine 

Cynthia 
Noran 
Profos 
Ravel 
Tornado 
Sucrine 
Plucos 
C-5 
Y-6 

io3<4 

3.20 
3.16 
2.36 
4.27 
4.09 
3.15 
2.92 
2.82 
2.93 
2.50 
2.08 
2.05 
1.74 
1.87 
1.87 
0.32 
2.63 
2.74 
2.56 
2.10 
0.28 
2.12 
2.16 
1.73 
2.13 
3.38 
1.94 
3.07 
2.32 
2.08 
0.37 

Pm.„ 

180.3 
184.4 
236.1 
126.1 
157.4 
100.1 
200:2 
207.9 
230.8 
234.2 
249.9 
300.6 
285.5 
257.8 
315.4 
24.5 

197.1 
216.6 
199.7 
181.3 
24.3 

320.7 
321.5 
261.2 
372.4 
369.0 
280.5 
365.9 
343.4 
338.0 
52.1 

P ' 
* m,n 

8.47 
9.00 
6.85 

11.67 
12.22 
8.25 

14.39 
17.27 
15.50 
14.96 
15.60 
16.00 
19.23 
18.09 
22.01 

1.80 
13.76 
17.70 
12.58 
11.38 
1.79 

11.05 
11.87 
11.23 
12.98 
15.32 
15.19 
15.34 
16.15 
15.84 
2.21 

Results 

Rd 

4.44 
4.21 
4.00 
4.58 
5.06 : 

5.51 
4.63 
4.88 
4.63 
5.98 
5.73 
5.72 
5.40 
5.46 
5.62 
0.79 
3.64 
4.50 
3.78 
4.22 
0.62 
4.23 
4.72 
4.71 
4.47 
4.86 
3.31 
4.56 
4.51 
3.95 
0.69 

Ic 

6.1 
6.4 
6.1 
4.9 
5.3 
6.2 

10.7 
10.7 
10.7 
12.0 
14.6 
12.3 
17.6 
17.5 
16.1 
1.1 

10.4 
12.3 
10.1 
12.4 
1.2 

12.8 
12.9 
13.8 
15.1 
11.6 
17.8 
13.0 
16.6 
17.4 
1.9 

f. 

11.1 
9.8 

12.8 
9.5 
9.3 

12.2 
10.7 
8.8 

10.7 
11.2 
9.8 

10.9 
11.1 
11.4 
10.9 
5.1 
9.5 
8.9 

12.2 
12.1 
2.9 

13.9 
13.1 
13.2 
10.8 
9.1 

12.1 
8.2 
9.8 

11.5 
3.3 

rm 

19.9 
20.1 
25.3 
15.7 
17.3 
24.3 
9.8 

11.0 
8.6 

11.8 
15.1 
12.5 
15.2 
13.4 
12.4 
5.2 

12.1 
11.7 
10.9 
16.0 
4.0 

12.3 
12.1 
17.2 
13.1 
9.9 

13.7 
10.0 
11.8 
12.2 
3.9 

SLW 

14.8 
16.0 
12.4 
15.5 
14.4 
11.9 
22.5 
21.1 
22.5 
16.9 
17.8 
15.2 
19.3 
20.7 
18.2 
2.8 

26.4 
24.8 
23.0 
20.6 
4.9 

20.6 
19.6 
22.3 
23.4 
26.0 
34.8 
28.9 
28.3 
30.3 
5.6 

than between the treatments of experiments 1, 2, 3, 5 and 6. The plants grown 
under low light conditions (exp. 1 and 2) showed the highest values. The ctlg of 
'Valentine' is significantly lower than that of the other cultivars in experiment 3. 
In experiment 4 'Tornado' and 'Plucos' showed a high oĉ -value and 'Profos' and 
'Sucrine' a low one, while the a'g of the other butterhead cultivars and the two 
iceberg genotypes demonstrates intermediate values. 
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The maximal net photosynthesis per plant (Pmn) was necessary for the analysis 
of variance (Table 3), while the maximal net photosynthetic rate per unit leaf 
area (P,J,,n) is usually reported in literature- From the latter parameter ( = xl

nC) 
the plant conductance for C 0 2 transfer at the light saturation level (TJ) and the 
overall plant resistance for C 0 2 per unit leaf area ( = 1/x )̂ can be calculated. 
Plants of'Amanda Plus', 'Ostinata' and 'Hilde' cultivated at high irradiance (exp. 
3, 5 and 6) show higher values of Pm 'n than those grown under poor light condi
tions (exp. 1 and 2). Significant differences between <x̂ - (and Pm ^-) values of 
'Amanda Plus' and 'Ostinata' are almost absent, while 'Hilde' deviates signifi
cantly from those two cultivars in experiments 1,2 (and 6). A low Pm 'n-value of 
'Valentine' and a significantly higher value of'Meikoningin' Were observed in 
experiment 3. The values of P ^ in experiment 4 differ between the normal 
buttef head cultivars 'Cynthia', 'Noran', 'Profos', 'Ravel' and 'Tornado', the non-
heading cos-lettuce cultivars and the two heading iceberg lettuce genotypes. 

The measured and calculated dark respiration values were in good agreement 
with each other. For this reason only the calculated values are presented. The 
differences between the Revalues of 'Amanda Plus', 'Ostinata' and 'Hilde', of 
the cultivars of experiments 3 and 4 and of the treatments in experiments 1,2,3,5 
and 6 are small. Only during summer (exp. 5 and 6) the plants of'Amanda Plus', 
'Ostinata' and 'Hilde' demonstrate significantly higher Revalues compared with 
the other plants. For all cultivars and treatments the Rd as percentage of Pm g, 
both per plant, remained below 8 % with small differences between thecultivars. 

Small but significant differences occur between Ic-values of 'Amanda Plus', 
'Ostinata' and 'Hilde' (exp. 2 and 5) and also between the butterhead cultivars in 
experiments 3 and 4. The effect of environmental conditions during cultivation 
on Ic, however, is much more pronounced as shown in the experiments with 
'Amanda Plus', 'Ostinata' and 'Hilde'. Plants cultivated at a high level of irra
diance showed high Ic-values. 

The stomatal (rs) and residual resistances (rm) are calculated from the actual 
photosynthesis and transpiration data at the highest available level of irradiance 
during measurement. This level is below the calculated saturation level. No 
significant differences in rs were observed between 'Amanda Plus', 'Ostinata' and 
'Hilde' or between the various experiments of those cultivars (high THSD-
vâlue). Significant differences in rm occurred with 'Hilde' (exp. 1 and 2) and 
between the various experiments with the 3 cultivars. A poor light period resulted 
in a higher rm. Significant differences in rs and rm of the cultivars in the two spring 
experiments (exp. 3 and 4) existed. In experiment 3 'Valentine' and in 4 'Profos' 
had a high rm. In experiment 4 'Plucos' and 'Tornado' had a low rs and rm. 

The calculated data of the overall plant resistance for C 0 2 transfer at the satur
ated level of irradiance ( 1 IT]) were compared with the sum of rs and rm. The value 
of 1 /T^ did not exceed the sum of rs and rm. The correlation coefficient (r) between 
1/T„ and the sum of the two resistances for all data together is 0.81. For experi
ments 1,2,3, 5 and 6 with 'Amanda Plus', 'Ostinata' and 'Hilde', for experiment 
3 and experiment 4, r was respectively 0.83, 0.87 and 0.72. The correlation 
coefficients of 1/T„ with rs were, in the above mentioned sequence, 0.40,0.42,0.86 



anu \J.IO aim me cuciuucuis wiui im vvcic v.yj, u.oo, u.ui auu u , j j . 111c uui-
relation between the overall resistance for C 0 2 transfer and rs is low for 'Amanda 
Plus', 'Ostinata' and 'Hilde' in experiments 1, 2, 3, 5 and 6, but high for the 
various cultivars in the two spring experiments, while for the correlation of this 
overall resistance for C 0 2 with rm the opposite situation occurs. 

For butterhead cultivars the specific leaf weight (SLW) is mainly influenced by 
the cultivation conditions (experiments 1, 2, 3, 5 and 6). In experiment 3 'Valen
tine' has a low SLW. The SLW of 'C-5' and ' Y-6' correspond more with the SLW 
of the cos-lettuce than with the butterhead cultivars. A high correlation exists 
between SLW and rm (r = -0.85), when the differences between SLW are caused 
by the environmental conditions during cultivation (experiments 1,2,3,5 and 6). 
A low correlation exists, when those differences are due to the various cultivars 
(r. = 0,19 and -0.17 for experiments 3 and 4, resp.). 

For similar reasons as in a previous paper concerning photosynthesis (VAN 
HOLSTEUN, 1981 ) a multilinear regression between ag per plant and soil cover (S), 
leaf area (A) and dry weight (W) was carried out. The results are listed in Table 3. 
In all cases the correlation coefficient of a with S is higher than that of ag with A 
or W, which is in agreement with earlier results (VAN HOLSTEUN, 1981). 

A two and one way analysis of variance of the gross photochemical efficien
cies, the maximal net photosynthesis and net photosynthetic rates at 30,50,70,100 
and 150 Wm ~ 2, divided by <xg, the maximal net photosynthesis per unit soil cover 
area and the light compensation point values were carried out and the results are 
listed in Table 4. A two way analysis has been done with the results of 'Amanda 
Plus', 'Ostinata' and 'Hilde', grown in 5 experiments (nrs. 1,2, 3, 5 and 6; Table 
4a) and a one way analysis with the results of the 7 cultivars in experiment 3 (Table 
4b) and of the 9 cultivars of experiment 4 (Table 4c). The analysis of variance of 
the net photochemical efficiencies and the maximal gross photosynthetic rates 
gave almost similar results as the respective gross and net values listed in this 
table. Therefore these values are not presented. According to the procedure 
followed in a previous paper (VAN HOLSTEUN, 1981) the photosynthetic rates are 
divided by ocg and the light compensation point is multiplied by this parameter. 

TABLE 3. The correlation coefficients of the regressions between the gross photochemical efficiency 
on plant basis, ocg, and soil cover (S), leaf area (A) and leaf dry weight (W) for the data of'Amanda 
Plus', 'Ostinata' and 'Hilde' of experiments 1,2, 3, 5 and 6 and for the data of experiments 3 and 4. 

Treatment/Cultivar 

Amanda Plus, Ostinata 
and Hilde 
7 cultivars in experiment 3 
9 cultivars in experiment 4 

linear 

S 

0.89 
0.81 
0.77 

Correlation coefficients (r) of 

regression of ag 

A 

0.87 
0.66 
0.70 

with 

W 

0.71 
0.61 
0.54 

•. 

the multilinear 
model 

0.81 
0.68 
0.70 
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The five levels of irfadiance for which the rate of photosynthesis is calculated 
correspond with those during cultivation. 

No significant differences could be shown between the otg-values of the 3 
cultivars in 5 experiments and between the net photosynthetic rates in those 
experiments, except for small differences for Pn 50 (Table 4a). Differences be
tween net photosynthetic rates are caused by the environmental conditions 
during growth. Plants of 'Amanda Plus', 'Ostinata' and 'Hilde', grown under 
poor light conditions, have a lower Pm n and lower other photosynthetic rates (on 
ocg-basis) at irradiance levels above their cultivation level. However, those plants 
demonstrate higher rates when measured at a level lower or close to that of their 
growth, when compared with the plants grown under high levels of irradiance. 
The results op Pm n per unit soil area show a similar pattern as Pm n on ag-basis. 
The low uncorrected Ic-values are also due to a low irradiance during cultivation, 
while the corrected values show relatively smaller differences between the experi
ments. For both light compensation points differences between 'Amanda Plus', 
'Ostinata' and 'Hilde' are absent. Significant interaction between the cultivars 
and the treatments occurs only for the photochemical efficiencies and the values 

OfP„,30-
Relatively small, but significant differences occur between the photochemical 

efficiencies and maximal photosynthesis on ocg-basis of the 7 cultivars of experi
ment 3 (Table 4b). Almost no significant differences were obtained between the 
net photosynthetic rates on <xg-basis, when the plants of the various cultivars were 
measured at the level of irradiance close to that during cultivation. No significant 
differences are shown for the Pm n on soil cover basis and for both light com
pensation points in experiment 3. 

Even between more heterogeneous lettuce genotypes no significant differences 
in net photosynthesis occur, when measured at the level of irfadiance similar to 
that during cultivation (Table 4c). In table 4c the other parameters differ more 
between the cultivars than in tables 4a and b. The differences in 4c are mainly 
caused by the plants with another pattern of growth and heading than the 
butterhead cultivars. The parameters of 'C-5' and 'Y-6' do not differ signi
ficantly from each other. 'Tornado' and 'Plucos' have low Pm „-values on ag-basis 
and 'Plucos' also on S-basis. Cos-lettuce 'Sucrine' and iceberg lettuce plants 
show high maximal photosynthetic rates and high uncorrected Ic-values. 

In general it can be concluded from table 4 that differences between the 
'various photosynthesis data of closely related butterhead lettuce cultivars are 
due to different cultivation conditions, and that after growth under similar 
conditions differences between photosynthesis data may only occur, when but
terhead cultivars with another habitus than those generally grown in horticul
tural practice or other than butterhead types are investigated. 



*_>• « iJ V^ »_* iJiJÂ W 1 

In a previous article (VAN HOLSTEIJN, 1981) problems with the interpretation 
of gas exchange data of whole lettuce plants have been discussed. These pro
blems increase when besides various treatments also various cultivars are used. 
Cos-lettuce plants, for instance, do not form a close head like butterhead 
lettuce, but they have also a rosette habitus and an accumulation of many leaves 
on a short stem. Gas exchange da ta per plant represent the overall accumulation 
of C 0 2 , while not all plant parts contribute equally to the measured total values. 
The SLW represents the average specific leaf weight of all leaves, while the SLW 
of those leaves mainly involved in the photosynthetic process is more important. 
The introduction of the effective leaf area (EL) by VAN HOLSTEIJN (1981) offered 
a reliable basis to compare photosynthetic rates and light compensation points. 
This procedure has also been applied in this paper. However, the plant conduct
ance for C 0 2 transfer (T ) , rs, rm and SLW are calculated on the basis of the whole 
leaf area and leaf weight and not per unit EL and unit 'effective leaf weight'. In 
the transpiration process a similar or larger leaf area may be important than in 
the photosynthesis process, so that the calculation of r5 and rm on the exact 
effective leaf area basis for both processes is complicated. Fortheuseofocgperunit 
leaf area (ag) the above mentioned restrictions must be taken into account, too. 

The small differences between calculated and measured values of Rd and the 
low standard errors (used in THSD) indicate that the results of the regressions 
are reliable. The results of ag, Pm „, Pm ' n , Ic and SLW of 'Amanda Plus' are in 
good agreement with those of plants of 'Amanda Plus' (age B), grown under 
comparable conditions in a previous experiment (VAN HOLSTEIJN, 1981). Al
though irradiance and temperature effects could not be separated as was the case 
in the previous experiment with 4 treatments o f 'Amanda Plus', the influence of 
the irradiance seems to be more evident than that of temperature in experiments 
1,2, 3, 5 and 6. 

Photochemical efficiency 
The high correlation between ag and soil cover, both for the various experi

ments with 'Amanda Plus', 'Ostinata ' and 'Hilde' and for the two spring experi
ments justifies the use of ag and soil cover as bases of expression as developed in a 
previous paper (VAN HOLSTEIJN, 1981). The correlation coefficients of ocg with S 
and A were even higher for those 3 cultivars than those for 'Amanda Plus' (age B) 
in the previous experiment. The two way analysis of variance shows that the 
differences between photochemical efficiencies and photosynthetic rates are 
mainly due to environmental conditions during growth and not to varietal 
differences. Lower levels of irradiance result in a higher <xg as was observed in a 
previous experiment at 26 °C, and a higher ag, as reported by some authors 
(BJÖRKMAN and HOLMGREN, 1963; LOACH, 1967; N I L W I K , 1980). A lower P m n 

was observed by BJÖRKMAN and HOLMGREN (1963), BROUWER and HUYSKES 

(1968), SARTI (1973), also when these maximum values are based on ag (VAN 
HOLSTEIJN, 1981). Although 'Amanda Plus' has been selected for the poor light 
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period and 'Ostinata' and 'Hilde' for the summer period, these cultivars can not 
be characterised regarding their photosynthesis as shade and sun ecotypes 
(BJORKMAN and HOLMGREN, 1963), but rather as short-day and day-neutral types. 
Between the 7 butterhead cultivars in experiment 3 small, but significant differ
ences occur for the photochemical efficiencies and P m n on ag-basis. BROUWER 

and HUYSKES (1968) also observed different efficiencies and maximal photo-
synthetic rates between two butterhead cultivars with data expressed per unit 
exposed leaf area and per unit fresh weight. Identical efficiencies of various 
cultivars on soil cover basis (DE VOS, 1977; TOXOPEUS, 1977) or leaf volume basis 
(CHARLES-EDWARDS et al., 1974) have been observed as well. 'Valentine' is a 
compact cultivar with a low ocg, high I,;, high rm and a low SLW. This cultivar has 
a low initial and overall soil cover rate and a low maximal covered soil area (VAN 
HOLSTEIJN, 1980a), but showed a better heading ability and growth at lower 
temperatures than 'Meikoningin', 'Rapide' and 'Deciminor' (SMEETS, 1977). The 
faster growth of'Valentine' is not based on the photosynthetic capacity, but may 
be due to the larger and thinner leaves. 

The differences between the photochemical efficiencies and other parameters 
in experiment 4 are larger than those in 3, which is mainly caused by the upright 
cultivar 'Tornado', the cos-lettuce and iceberg lettuce cultivars. 'Tornado' has a 
photochemical efficiency and light compensation point deviating from those of 
other butterhead cultivars in this experiment. Although 'Tornado' and 'Plucos' 
showed a high ocg, these cultivars are not suitable for winter cultivation as is 
known from horticultural practice. Selection for photosynthetic efficiency per 
unit leaf area, which is reported for other species (APEL and LEHMANN, 1969; 
CARLSON et al., 1971) seems not useful for lettuce. The typically lower Pm n for 
shade and higher Pm n for sun plants did not disappear for 'Amanda Plus', 
'Ostinata' and 'Hilde' with the use ofag as basis of expression, which means that 
some of the differences in leaf structure and morphology have not been 
corrected. 

Stomatal and residual resistance 
At saturating level of irradiance the C 0 2 transfer from the external air to the 

chloroplasts determines the photosynthetic capacity. The overall plant conduct
ance for C 0 2 transfer in the gaseous and liquid phase (x^) is lower under poor light 
conditions (ACOCK et al., 1978; VAN HOLSTEIJN, 1981) The residual resistance 
(rm) is significantly higher in experiment 1 and 2 than in other experiments with 
'Amanda Plus', 'Ostinata' and 'Hilde', which is one of the reasons of the lower 
Pm n. The correlation coefficient (r) between rm of these three cultivars and 1/T„ is 
high (0.88) and between rm and Pmnotg~ ' lower (-0.50), while between rs and 1/T„ 
and Pm not_1 these coefficients are respectively 0.42 and -0.16, which demon
strates the larger influence of rm on Pm n than of rs on Pm n in the experiments 
with 'Amanda Plus', 'Ostinata' and 'Hilde'. Large effects of rm on Pm n have been 
reported by BEARDSHELL et al. (1973), FRASER and BIDWELL (1974), GAASTRA 
(1959) and VAN HOLSTEIJN et al. (1977), although rm is probably overestimated 
(SINCLAIR et al., 1977). The various cultivation conditions did not affect rs 
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C0 2-coneentrat ion, also an important environmental condition during culti
vation, during growth of lettuce on rs. In the calculations of rç an rm according to 
LOUWERSE and VAN OORSCHOT (1969) the air boundary layer resistance (ra) has 
been assumed to be low and constant, which assumption seems inaccurate for 
lettuce plants as discussed previously (VAN HOLSTEIJN, 1981). The air boundary 
layer resistance for a whole plant, ra c r, (GAASTRA, 1966) will be underestimated 
and rm overestimated. The habitus o f 'Amanda Plus' and 'Ostinata ' were similar, 
but 'Hilde' showed a more open structure when grown in poor light, which 
resulted in less self shading and probably a lower ra c r than that for the two other 
cultivars. 

Maximal net photosynthesis of the butterhead cultivars onag-basis (exp. 3) is 
more related with stomatal than with residual resistances (r = -0.72 and -0.22, 
resp.). Higher correlation coefficients between these parameters were reported 
(DORNHOFF and SHIBLES, 1970; DUNSTONE et al., 1972; LOUWERSE and VAN DE 

ZWEERDE, 1977). A reason for the low coefficients in experiment 3 is the differ
ence in basis of expression for Pm n (on ag-basis) and in the basis used for the 
calculations of rs and rm (per unit leaf area). In contrast with the results of the 3 
cultivars in experiments 1, 2, 3, 5 and 6 the correlation of l/xl

n with rs is higher 
than with rm in experiments 3 and 4. The rs depends more on cultivar (AUGUSTINE 
et al., 1976) and the rm on cultivar and treatment, and, also for lettuce, not 
exclusively on the cultivation conditions. The slightly lower rs and rm do not 
result in a higher Pm n on <xg-basis for 'Tornado ' , due to the high ocg and maybe 
high SLW. 'Sucrine' showed different values from 'Plucos', another cos-lettuce 
cultivar, but selected for glass-housecultivation. The low Rd of 'Sucrine' indicates 
a high tolerance for high temperatures. The P m n on ocg-basis of the cos-lettuce 
and iceberg lettuce types are equal or higher than the maximal rates of the 
butterhead types. Maximal rates, however, are for glass-house cultivation ge
nerally not of great importance. 

Specific leaf weight 
SLW-values increase with an increase of irradiance (LOUWERSE and VAN DE 

ZWEERDE, 1977; VAN HOLSTEIJN, 1981). A positive correlation exists between 
SLW and Pm „a" ' o f 'Amanda Plus', 'Ostinata ' and 'Hilde' in experiments 1,2,3, 
5 and 6 (r = 0.51). In previous experiments (VAN HOLSTEIJN, 1981) an almost 
equal value was found when plants of 'Amanda Plus' were measured at 26 °C. 
The correlation between v'„ and SLW is higher (r = 0.70) than that in the 
previous experiments with 'Amanda Plus' (VAN HOLSTEIJN, 1981), since in those 
previous experiments the plants of different ages had similar SLW-, but different 
x'n- values. 

The SLW depends more on experimental conditions (exp. 1 ,2,3,5 and 6) than 
on cultivar ( 'Amanda Plus', 'Ostinata ' and 'Hilde'), but the influence of SLW on 
photosynthesis is less than, for instance, that reported by PEARCE et al. (1969) for 
13 alfalfa clones. They found a high correlation (r = 0.79) for the various SLW-
values with photosynthesis caused by as well environmental as genetical differ-
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ences. For the 7 butterhead cultivars in experiment 3 there existed no correlation 
between P ^ a " 1 and SLW (r = 0.06), a result reported earlier (DuNSTONEet al., 
1972; PALLAS and SAMISH, 1974). The opposite conclusion, however, is more 
frequently noted for various cultivars and species (CHARLES-EDWARDS, 1978; 
DORNHOFF and SHIBLES, 1970; IRVINE, 1967). A better correlation existed be
tween Pm na ~ ' and SLW in experiment 4 (r = 0.59), but selection with the help of 
SLW seems not very useful, since the correlation between SLW and the max
imum photosynthesis does not give information about the correlation between 
SLW and photosynthetic rate at a low irradiance, the correlation coefficients are 
still low, and a high SLW does not seem favourable under poor light conditions. 
The correlation coefficients (r) between SLW and the overall plant conductance 
for C 0 2 in experiments 3 and 4 are respectively 0.19 and 0.84. The coefficient from 
experiment 4 corresponds with results of AUGUSTINE et al. (1979), who observed 
a high correlation between leaf thickness and the carboxylation efficiency, one of 
the factors included in T^ 

Light compensation point 
The large influence of irradiance and the small varietal influence on Ic in 

experiments 1, 2, 3, 5 and 6 with 'Amanda Plus', 'Ostinata' and 'Hilde' is also 
observed by others (LOACH, 1967). Small but significant differences were re
ported by NILWIK et al. (1981) for tomato genotypes. A preceding period with a 
high level of irradiance seems to be unfavourable for a subsequent period with 
less light, but this negative effect is usually compensated in practice by ä decrease 
in the glass-house temperature. Plants grown under poor light conditions will 
react positively on a period with a high level of irradiance due to the low Ic at that 
moment. When the temperature under these circumstances rises, Ic will increase 
as well (VAN HOLSTEIJN, 1981). 

Cultivars with a similar habitus and pattern of growth have similar Ic-values. 
The high values of 'C-5', 'Y-6' and 'Sucrine' (exp. 4) show that these cultivars are 
less adapted to the winter and early spring season. The two iceberg lettuce 
genotypes gave identical results for all parameters, although 'C-5' has been 
selected from other genetic material than 'Y-6' (VAN ESCH, 1976). 

Significant differences between photosynthetic rates of the heading and non-
heading cultivars in experiments 3 and 4 are absent, when measuring at levels of 
irradiance close to those of cultivation. However, with the use of <xg as basis of 
expression for the photosynthetic rates differences between the various treat
ments of one cultivar and between the cultivars remain at saturating level of 
irradiance. For butterhead lettuce selection is not useful through differences be
tween photosynthetic rates and parameters describing the photosynthetic pro
cess. The differences disappear or change when the results are based on à reliable 
basis, and when the results are obtained under similar environmental conditions 
during the measurement as during growth. Study of the morphology and photo
synthetic capacities of lettuce plants will be simplified, and the cultivation of 
lettuce in the poor light period will be easier, when non-heading cultivars would 
become of more commercial interest. 
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In 6 experiments the response of photosynthesis to irradiance of whole lettuce 
shoots was measured in an open system at 22°C and a C02-conc. of 570 mgm~3. 
The butterhead lettuce cultivars 'Amanda Plus', 'Ostinata' and 'Hilde' were used 
in 5 experiments (nrs. 1, 2, 3, 5 and 6). Seven butterhead cultivars were used in a 
spring experiment (nr. 3) and 5 butterhead, 2 cos- and 2 iceberg lettuce cultivars 
in another spring experiment (nr. 4). The gross photochemical efficiency per 
plant (ag) and per unit leaf area (<xg), the maximal net photosynthesis per plant 
(Pm n) and per unit leaf area (P ' m n), the dark respiration per unit leaf weight (Rd) 
and the light compensation point (Ic) were calculated by curve-fitting. The 
stomatal (rs) and residual resistances (rm) and the specific leaf weight (SLW) were 
calculated on the basis of total leaf area (A). A multilinear regression of <xg with 
soil cover, leaf area and leaf weight gave a good fit for all experiments and for 
each separate plant characteristic the soil cover gave the best correlation with a . 

Ina two way analysis of variance ag,ocg,Pn at 30,50,100 and 150 Wm~ 2andat 
saturating level, expressed on basis of ag, Pm n per unit soil cover, Ic and corrected 
Ic (.= Icag) were analysed for the 3 cultivars in 5 experiments. A one way analysis 
for the same parameters was carried out for experiments 3 and 4, but only Pn at 
the level of irradiance during growth (50 and 70 Wm"2 , resp.) and Pm n were 
analysed. For 'Amanda Plus', 'Ostinata' and 'Hilde' ag is more influenced by 
treatment than cultivar, while in experiments 3 and 4 varietal differences also 
appeared. Pm n a"g' increased after a higher irradiance during growth. Differences 
between Pn and other parameters increased, when the cultivars differed more in 
habitus, growth and genetical background (exp. 4). Measurements at the ir
radiance level of growth showed no difference between the photosynthetic rates 
atag-basis of the cultivars. Results of the analysis of P m n per unit soil cover were 
identical to those of Pm n per ag. The influence of irradiance on Ic is more 
pronounced than that of cultivar. Differences in rm existed for 'Hilde' compared 
with 'Amanda Plus' and 'Ostinata', and for the cultivars in the other experi
ments. A period with low irradiance resulted in a high rm. Differences in rs existed 
only in experiments 3 and 4. SLW is mainly influenced by cultivation conditions 
(irradiance) and then correlated with rm, while those SLW-differences caused by 
cultivar are almost not correlated with rm. The 2 cos-lettuce cultivars gave 
different results, while the 2 iceberg genotypes always gave similar results. Cos-
and iceberg lettuce seemed less adapted for growth in winter. 

Selection on higher yield of butterhead lettuce with the use of parameters 
describing the photosynthetic process seems hardly useful, certainly when 
photosynthesis is measured at circumstances identical to those during growth. 
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Summary 

Butterhead lettuce is an important glass-house crop in the poor 

ght period in The Netherlands. Fundamental data about the influence 

temperature, light and CO on growth and photosynthesis are impor-

nt e.g. to facilitate selection criteria for new cultivars. In this 

udy on lettuce emphasis has been given to light interception in the 

or light period, the relationship of growth rate and relative growth 

.te with time, dry weight and soil cover, and to photosynthesis proper

es of the cultivar 'Amanda Plus' and other cultivars. 

The soil area which is covered by a lettuce plant determines to 

certain extent the light interception and growth of a plant. There-

re, the process of soil covering was studied in two experiments, the 

rst one in spring with 8 cultivars and the second one in autumn with 

lettuce cultivars and one endive cultivar (ohaptev . " ) . The cultivar 

manda Plus' was used in both experiments. Three plant densities 

0 cm x 20 cm; 25 cm x 25 cm; 35 cm x 35 cm) and 3 day/hight tempera-

.res were applied. The soil cover was determined according to the dot 

unting method. The process of soil covering related with time was 

scribed by a four parameter sigmoid curve with the parameters t 

ime in days from planting), S (amount of soil cover at time t), 

(maximal covered area) and p (the position of the inflexion point 
tax 
, S.) of the curve). Derived parameters are r (the initial soil'cover 
te), L. (= S./S ) and R. (the soil cover rate in the inflexion 

l l max i 
int). W is the fresh weight of the head at t (time from trans-

max max 
anting until no visible increase in soil cover occurred), and W . 

end 

the fresh weight at the end of the experiment. 

Sigmoid curves fitted from the obtained data were all asymmetrical, 

oblems with curve-fitting occurred for the data of the treatments 
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The data of the endive cultivar also could be fitted according to the 

similar sigmoid curve. The standard errors for the parameters r and p 

were high and these parameters were less useful for further analysis. 

Ât higher temperatures t is lower. Mutual shading shortens the 
° max 

period until t.. At lower temperatures t became higher. Wider spacin 

resulted in higher t - and S.-values. The soil covering process of 

'Amanda Plus' is more rapid in autumn'than in spring. For the 35 cm x 

35 cm plant density S tended to decrease at lower temperatures. Fo 

the other two densities the maximum available soil cover was reached 

almost all treatments. When t is low and the growth period is shor 
max °. . 

or the plant density high, L. becomes high. Differences between the 

parameters of the S-curves of the cultivars existed in spring as well 

as in autumn. 

A favourable combination between some parameters e.g. low t. wi 

high S., or high r with high L., is present for some treatments and 

cultivars, but no cultivar showed the optimal combination of all para 

meters (high r, high L low t. combined with a high S., high R and 
low t ) for a fast soil covering process. The correlations of some 

max 
of the soil cover parameters (t., L. or W ) with W , were low, 

1 1 max end ' 
especially of L. with W ., and of t with W . for a number of culti 

i end i end 

vars in spring. The low correlation was partly due to the late harves 

dates in the experiments. High correlations, however, are not to be 

expected and indirect selection of a high W based on parameters of 

the soil cover curve is doubtful. 

In chaptev 3 a quantitative growth analysis for the butterhead 

cultivar 'Norari' grown in spring and 'Deciso' in autumn has been des

cribed. The plants were cultivated at similar day/night temperatures 

and plant densities as those described in chapter 2. For the quantita 

tive analysis a good fit of; the growth curves is essential. Polyno

mials between the third and ninth degree were needed for an adequate 

description of dry weight (W) and leaf area (A) versus time (t). The 
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lg growth period and the partly controlled conditions of the glass-

ïse complicated a good fit of some data. 

The growth rate (GR = dW/dt), being the derivative of the poly-

ttial of dry weight with time, was also used for the calculation of 

1er parameters. The relative growth rate (RGR = dW/dt.l/W) decreases 

:h time as well as with an increase in dry weight for all treatments 

ssented. Plants grown at wider spacings have a higher RGR than plants 

narrow spacings. 

Attention was paid to the relationship of GR with soil cover. These 

-S. curves indicate the growth stage during wich mutual and self 

iding occur and heading becomes visible. When head formation occurs 

îtween 2 and 5 gram dry weight) GR reaches a maximum value and starts 

decrease. Plants at 35 cm x 35 cm have higher maximal growth rates, 

treas the decrease of GR starts at a higher dry weight. The relation-

.p between GR and S for the growth period until 80% of S is almost 
' . . ' max 

îear. After this period the rise of GR is larger and than followed 

a decline of GR at maximal or increasing S. Except one situation, the 

lear relation of GR with S gave higher correlation coefficients than 

>se with A and W. Multilinear regression showed that mainly S is 

.ated to the increase of GR over that period until 80% of S 
max 

The plants grown at lower temperatures in spring had a lower GR 

I reached a certain soil cover at a later date in this season than 

ints grown at higher temperatures, which resulted in a higher inter-

>tion of irradiance and/or better use of the intercepted irradiance. 

the autumn experiment the plants grown at higher temperatures inter

red more irradiance than those grown at lower temperatures, because 

ligh S was reached earlier during that period with a high leyel of 

•adiance and a longer day-length (Fig. 6 ) . The growth rates of the 

mts of the narrow spacings were lower than those of the plants of 

! wider spacings. The relationship between accumulated dry weight 

. total irradiance, intercepted per plant after correction for the 

ered area, is almost linear. 

The relationship between leaf area ratio (LAR = A/W) and heading 
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cm g for 'Noran' and 'Deciso' the quality of the head is good. 

Since equipment for photosynthesis measurements and determinati" 

of C0„ compensation concentrations was not available at the Departme: 

of Horticulture of the Agricultural University of Wageningen, a clos< 

system was built suitable for whole plants of lettuce and of other 

crops (sweet pepper, tomato). The system is described in chapter 4. 

The internal gaseous volume of the closed circuit as used for the 

lettuce measurements is 180 litres. The circuit consists of a cylind: 

perspex plant chamber, a copper duct with a built-in fan, cooling co 

air-heating elements and connecting flexible tubes. The internal dia 

meter óf the chamber is 441 mm and the height is 340 mm, which can b' 

enlarged to 690 mm. A cylindrical perspex pot chamber which has an 

internal diameter of 190 mm and a height of 190 mm is placed in the 

plant chamber. 

The equipment is placed on a metal trolley in a room, in which 

temperature can be regulated between 10 and 34 C + 1 C. The'tempérât 

in the plant chamber can be kept constant between 5 and 32 C + 0.5 C 

and in the pot chamber between 15 and 35 C + 0.5 C. Temperatures are 

measured by thermocouples. The light equipment consists of 5 Philips 

high mercury vapour lamps (400 W) arranged above a waterbath with 

running water, which is constructed above the plant chamber. The max 
—2 

irradiance on plant level is 215 Wm . Irradiance is measured by 

selenium photocells and the air humidity with thin film humidity sen 

sors. Windspeed in the centre of the plant chamber is about 0.8 ms 

An infra-red gas-analyser determines the rate of C0_ exchange. Injec 

tion of pure CO or a mixture of air with C0„ admits continuous moni 

toring of this exchange. During the relatively short periods of 

measurements leakage can be neglected. All measurements are recorded 

by a 24 channel mV-recorder or a data logger. 

Photosynthesis rates of whole lettuce shoots of butterhead 
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tivar 'Amanda Plus' were measured with this closed system (chapter 

In a first experiment the response of photosynthesis (P) to 

idiance (I) was measured for plants of 3 different ages at 14 C 

26 G and in the second experiment the response to CO -concentration 

was measured at 15 C and 25 C, and the CO compensation concen-

tion was determined. In both experiments plants were cultivated 

2 different levels of irradiance and 2 different day/night tempera-

as . 

The photosynthesis data per plant were fitted with the use of a 

tangular hyperbola, which related photosynthesis to both irradiance 

and CO„-concentration (C), in which a represents the initial slope 

;he P-I-curve, i.e. the photochemical efficiency, and T the initial 

>e of the P-C-curve, i.e. the plant conductance for C0_ transfer, 

carboxylation efficiency is included in this conductance. In the 

it series T determines to a great extent the gross maximal photo-

;hesis (P = T C ) . 
m.g g 

Attention was paid to the basis of expression for the photosyn-

:ic rates, obtained per plant. Since those rates expressed per unit 

'. area, weight (or soil cover) were not adequate for comparison 

i other results, another basis, the effective leaf area (EL) was 
- 1 2 - 1 

•oduced. EL = a .a (m PI ) , with a as the gross photochemical 
g g,con g 

.ciency per plant and a as the constant value of a when all 
g,con g 

it quanta should be absorbed. For the calculations of the photo-
;hesis rates on EL-basis only a -values have been used. 

g 

A multilinear regression model of a with S, A and W (in this 

îr) gave high correlation coefficients, while addition of the 

;ht of the plant, as included in the profile area, did not improve 

model significantly. The linear relation of a with the covered 

i by the plant gave higher correlation coefficients than of a 

i leaf area or weight, except for the group of younger plants. 

In experiment 1 the gross photochemical efficiency per plant 

and per unit leaf area (a ), the maximal gross photosynthesis 
g 1 

plant (P ) and per unit leaf area (P ) , the dark respiration 
m,g m,g y 



a x c 
calculated and listed. The values of a and a , the net photosyntheti 

-2 g g 
rates at 35 and 100 Wm and at saturated level of irradiance, expres 
on the basis of a , the P , I and the corrected light compensation 

g m,g' c B 

point (la) were used in a 3 way analysis of variance. 
C g 1 1 1 

The values of a and P decreased with ageing, but a was almo 
' g m,g g 

not affected by the temperatures of the treatment and of the measurem 

The net photosynthetic rates on a -basis gave lower values for the gr 

of young plants and similar values for the other age^groups. At a low 
-2 

irradiance level (35 Wm ) the effect of the various cultivation trea 
-2 

ments on net photosynthesis diminished, but at 100 Wm the influence 

of the treatments on net photosynthesis increased, and this influence 

became much more distinct on the maximal net photosynthetic rates. At 
-2 o 

35 Wm the nét photosynthesis on a -basis is higher at 14 C than at 
o g 

26 C . At saturated level of irradiance the opposite situation occurre 
-2 

while at 100 Wm this difference is absent. The light compensation p 

is strongly influenced by temperature during measurements and much le 

by treatment and age. The corrected I was affected by age and measur 

ment temperature and not by cultivation. The correlation coefficients 

(r) between specific leaf weight (SLW = W/A),' as an average of the le 

area and leaf weight of the plant, and P on a -basis at 14 C is 0. 
m,n g 

and at 26 C 0.55. 
In experiment 2 the net conductance for C0_ transfer per plant 

1 Z 

(T ) and per unit leaf area (T ) , the maximal net photosynthesis per 
plant and per unit leaf area (P and P ) and the C0o compensation 

m, n m, n & . 
concentration (C ) were calculated. The values of T and T decreased 

c n n 
and-the P increased with a rise in measurement temperature. C is 

m,n c 

strongly influenced by temperature during measurement but not by 

temperature during cultivation. 

The use of the rectangular hyperbola and of a and T was discusse 

in relation with the light interception and C0„ transport of whole 

lettuce shoots. It was suggested that the boundery air layer resistan 

for C0„ transport of the whole plant, which is considered to be low f 

118 



t plants or crops in optimal conditions, can play a more important 

e for plants with, a dense leaf orientation, such as lettuce. The 

of a as basis of expression did not completely solve the inter-

station problems of photosynthesis data obtained per plant. 

In chapter 6 six experiments have been described in which the 

ponse of photosynthesis to irradiance of whole lettuce shoots of 

ious cultivars was measured in an open system at 22 G. The butter-

d lettuce cultivars 'Amanda Plus', 'Ostinata' and 'Hilde' were 

tivated in 3 experiments (nrs. 2, 3, 5) in the glass-house, one 

the phytotron (nr. 1) and one outdoor (nr. 6 ) . Besides those 3 

tivars 4 other butterhead cultivars were used in the first spring 

•eriment (nr. 3 ) . Five butterhead, 2 cos- and 2 iceberg cultivars 

e used in the second spring experiment (nr. 4 ) . 

According to a similar procedure as described in chapter 5 the 

ss photochemical efficiency per plant (a ) and per unit leaf area 
g 

) , the maximal net photosynthetic rates per plant (P ) and per 
1 ta'n 

t leaf area (P ) , the dark respiration per unit dry weight (R.) 
the light compensation point (I ) were calculated. The SLW, 

matal (r ) and residual (r ) resistances were also calculated. The 
s m 

values were used as basis of expression for photosynthetic rates 

ording to the theory outlined in chapter 5. À multilinear regression 

a with S, A and W was carried out and the best fit of a was ob-
g g 

ned with S. 

In a two way analysis of variance a , a , the net photosynthetic 

es at 30, 50, 100 and 150 Wm and at saturated level of irradiance 
1 on basis of a ) , the P per unit S, the I and corrected I 

g m,n c c 

a ) were analysed for the 3 cultivars in the 5 experiments. For the 

hts of experiments 3 and 4 a one, way analysis of variance for the 

e parameters except the net photosynthetic rates at 30, 100 and 
-2 

Wm was carried out. For 'Amanda Plus', 'Ostinata' and 'Hilde' 
is more influenced by treatment (thus experiments 1, 2, 3, 5 and 6) 

1 
n by cultivar. The a of 'Hilde' differs from those of 'Amanda Plus' 
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a and a . In experiments 3 and 4 varietal differences for a appeared 
g g g 

to be higher. P increased after a higher irradiance during growth, 
m, n 

Differences between the values of P (and also other parameters invol

ved in photosynthesis) increased when differences between the culti-

vars regarding habitus, growth and genetical background were more 

pronounced (exp. 4 ) . Results of the analysis of variance of P per 
m, n 

unit soil cover were identical to those of P per unit a for 'Amand 
m,n g 

Plus', 'Ostinata' and 'Hilde'. When the photosynthesis measurements ar 

carried out at a level of irradiance close to that during growth, no 

significant differences between the photosynthetic rates Of the culti-
vars on a -basis occur (exp. 3 and 4 ) . 

g 
For butterhead lettuce the influence of cultivar on the light 

compensation point is less pronounced than that of treatment. In two 
experiments the r of 'Hilde' was larger than those of 'Amanda Plus' 

m 

and 'Ostinata'. In the two spring experiments different r -values be

tween the cultivars were also present. A period of low irradiance 

resulted in a high r for the plant. Differences between the r -values 
m * . s 

existed only in experiments 3 and 4. The correlation coefficient (r) 
between the total plant resistance for C0„ transfer (1/T ) and r + r 

2 n s n 

for all data is 0.81. 

For butterhead cultivars the specific leaf weight is more in

fluenced by cultivation conditions than by genetic differences. Howev« 

significant differences between cultivars existed. A high negative 

correlation existed between SLW and r , when the differences were 

caused by the various cultivation conditions. The two cos-lettuce 

cultivars, one selected for glass-house cultivation and one for out

door growing, gave different results, while the two iceberg genotypes, 

both selected as glass-house crops, always gave similar results. The 

used cos- and iceberg lettuce cultivars were less adapted for growth 

during the winter season in The Netherlands. 

No clear criteria for indirect selection on higher yield have 

been found between the parameters, which describe the photosynthetic 
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process. Success with indirect selection on higher yield based on 

parameters of the soil cover curve was also expected to be doubtful. 

When photosynthesis will be measured at irradiance and temperature 

conditions close to that during growth, no differences between the 

photosynthetic rates on a -basis of the various genotypes can be 

expected. It is felt desirable that more research is carried out on 

the morphology óf the lettuce plant in relation to growth, light inter

ception and CO transport and diffusion from the external air to the 

carboxylation sites. The introduction and use of non-heading cultivars 

would make the study of lettuce easier and facilitate cultivation of 

lettuce during the poor light period. 



Kropsla is één van de belangrijkste kasgroenten die in de licht

arme periode in Nederland worden geteeld. Het verkrijgen van fundamen

tele gegevens over de invloed van de temperatuur, de lichtintensiteit 

en het koolzuurgehalte op de groei en fotosynthese van sla is belang

rijk om bijvoorbeeld gemakkelijker tot goede selectiecriteria voor 

nieuwe rassen te komen. In dit onderzoek is de nadruk gelegd op de 

lichtopvang door individuele slaplanten in de lichtarme periode, en op 

de relatie van de groeisnelheid en van de relatieve groeisnelheid met 

de tijd, het drooggewicht en de door de plant bedekte hoeveelheid grond. 

Daarnaast is van het kropslaras Amanda Plus en enkele andere slarassen 

een aantal fotosynthesekarakteristieken bepaald. 

Omdat de door de plant bedekte grond mede de lichtopvang en groei 

bepaalt, werd in twee proeven het proces van de grondbedekking bekeken. 

De eerste proef werd uitgevoerd in het voorjaar met 8 slarassen en de 

tweede in het najaar met 5 slarassen en één andijvieras (.hoofdstuk 2). 

Amanda Plus werd geplant in beide proeven. De slaplanten werden uitge-

plant op 3 plantafstanden (20 cm x 20 cm; 25 cm x 25 cm; 35 cm x 35 cm) 

en geteeld bij 3 combinaties van dag- en nachttemperaturen. 

De bedekte hoeveelheid grond werd bepaald volgens een methode waar

bij puntjes op een raster werden geteld. Elk puntje kwam overeen met een 
2 

bepaald aantal cm . De relatie tussen de bedekte grond en de tijd werd 

beschreven met een sigmolde curve met 4 variabelen. Deze zijn: de tijd 

t in aantal dagen vanaf uitplanten; de bedekte grond S op tijdstip t; 

de maximale hoeveelheid bedekte grond S ; en de positie van het 
max 

buigpunt (t ,S ) welke weergegeven wordt met de variabele p. Andere, 
afgeleide parameters zijn de aanvangsgrondbedekkin ;ssnelheid r; de 

variabele L (= S./S ) en de grondbedekkingssnelheid R. in het buig-
i 1 max 1 
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punt van de curve. W is het versgewicht van de krop op het tijd

stip waarop er geen zichtbare toename van de grondbedekking meer 

plaats vindt (t ) . W .is het versgewicht van de krop aan het einde 
v max end •• 

van de proef. 

Alle berekende sigmolde curves voor de grondbedekking waren 

asymetrisch. Voor de curves van de planten met een lange teeltduur 

ontstonden enige berekeningsproblemen. De gegevens van de grondbe

dekking van het andijvieras konden verwerkt worden met gebruik van 

dezelfde sigmolde curve als bij de sla. Omdat de standaardafwijkingen 

van r en p in de meeste gevallen hoog waren, bleken deze parameters 

minder bruikbaar voor een uitgebreide analyse. Bij hogere temperaturen 

wordt het buigpunt eerder bereikt (t korter), evenals het tijdstip 

t . Ook onderlinge beschaduwing vervroegt het afbuigen van de curve.! 

Bij lagere temperaturen wordt t langer. Bij ruimere plantafstanden 

zijn de waarden van t en S hoger. Het grondbedekkingspróces van 

Amanda Plus verloopt sneller in het najaar dan in het voorjaar. 
S leek voor planten van de ruimste plantafstand af te nemen met 

max 
lagere temperaturen. Bij de twee nauwere plantafstanden werd de 

2 
maximale hoeveelheid beschikbare grond (400 en 625 cm ) voor bijna 

alle behandelingen bereikt. De L, is hoog als de periode tot t of 
i max 

de teeltduur kort is of als de planten nauw geplant worden. 

Rasverschillen voor de diverse parameters van de sigmolde be

dekkingscurven kwamen zowel in het voor- als het najaar voor. Een 

gunstige combinatie van enige van deze parameters, bijvoorbeeld een 

korte t met een hoge S of een hoge r met een hoge L., kwam voor bij 

enkele rassen en behandelingen. De optimale combinatie.van alle para

meters, dwz. een hoge r, hoge L., korte t. samen met een hoge S., 
hoge R en een korte t , werd echter bij geen enkel ras gevonden, i max 
De correlaties van t., L. en W met W . waren laag, vooral tussen a. i max end &• 
L, en W . en, bij een aantal rassen in het voorjaar, tussen t, en 

l end i 

W . Deze lage correlaties waren deels te wijten aan de late oogst

tijdstippen in dé beide proeven. Hoge correlaties zijn echter in 

andere gevallen ook niet altijd te verwachten. Succes van indirecte 



selectie op een noog eiiiugewxcni via parameters van ae gronaDeaeKKings-

curve is daarom twijfelachtig. 

In hoofdstuk 3 is de kwantitatieve groeianalyse van het kropsla-

ras Noran, dat in het voorjaar werd geteeld, en Deciso, geteeld in het 

najaar, beschreven. De dag- en nachttemperaturen en plantafstanden zijn 

gelijk aan die gegeven in hoofdstuk 2. Eèn goede berekening van de 

groeicurven is van wezenlijk belang voor de kwantitatieve groeianalyse. 

Gebruik van pplynomen van de derde tot en met de negende graad was 

daarom nodig om de juiste relatie te beschrijven tussen het drooggewicht 

(W) en het bladoppervlak (A) van de plant met de tijd (t). De lange 

teeltduur en het slechts gedeeltelijk te beheersen kasklimaat werkten 

een hoge graad van de polynomen in de hand. 

De groeisnelheid (GR = dW/dt) is de afgeleide van de polynôme 

groeicurve van het drooggewicht met de tijd. Deze groeisnelheid werd 

tevens gebruikt bij de berekening van andere parameters die de groei 

beschrijven, zoals de relatieve groeisnelheid (RGR = dW/dt.l/W). Deze 

RGR neemt zowel in de tijd als met een toename van het drooggewicht 

van de krop af bij planten van elke behandeling. Bij een ruimere plant-

afstand hebben planten een gemiddeld grotere RGR dan bij een nauwere 

plantafstand. 

Aandacht werd besteed aan de relatie tussen de groeisnelheid GR 

en de bedekte grond S. Deze GR-S-grafiek geeft namelijk het groei

stad iura aan waarin beschaduwing binnen de plant of beschaduwing door 

buurplanten optreedt en het proces van kropvorming zichtbaar wordt. 

De groeisnelheid bereikt een maximum waarde tijdens het kropvormings-

proces (tussen 2 en 5 gram drooggewicht) en neemt daarna weer af. 

Sla, geplant op 35 cm, bereikt een grotere maximale groeisnelheid 

dan nauw geplante sla en de afname van de GR begint bij de ruim ge

plante sla bij een hoger drooggewicht. Er bestaat een bijna lineaire 

relatie tussen GR en S tijdens de periode vanaf het uitplanten tot 

het tijdstip waarop 80% van S is bereikt. Na deze periode is de 
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toename van GR eerst groter geworden en daarna begint GR af te nemen 

bij een nog toenemende of reeds maximale S. Op één geval na waren de 

correlatiecoëfficiënten van GR met S hoger dan van GR met W of A. Een 

multilineaire regressie van GR met S, A en W liet zien dat de toename 

van GR in de periode vanaf uitplanten tot 80% van S hoofdzakelijk r max 

gerelateerd is aan S. 

In het voorjaar hadden de planten bij de lagere temperaturen een 

kleinere GR en zij bereikten een bepaalde grondbedekking later dan de 

planten bij hogere temperaturen. Dit resulteerde in een hogere licht-

opvang bij een bepaalde bereikte S en/of in een beter gebruik van de 

opgevangen straling. In de najaarsproef daarentegen kregen de planten 

die geteeld werden bij hogere temperaturen meer licht dan de planten 

van de lagere temperaturen, omdat een hoge S juist vroeg in het najaar, 

wanneer de daglengte nog langer en het stralingsniveau nog hoger is 

dan later in het seizoen, werd bereikt (fig. 6 ) . De groeisnelheid per 

plant van de nauw geplante sla was kleiner dan die van de ruim geplante 

sla. De relatie tussen het totale drooggewicht van de krop en de totale 

hoeveelheid opgevangen straling door de plant, berekend op basis van 

het bedekt grondoppervlak, is bijna lineair. De relatie bladoppervlak/ 

gewicht van de plant (LAR = A/W) en de kropvorming is eveneens be

studeerd. Een goede kwaliteit slakrop kan voor Noran verkregen worden 
2-1 

wanneer de LAR kleiner is dan 550 cm g en voor Deciso wanneer de 
2-1 

LAR kleiner is dan 710 cm g . 

Omdat er geen apparatuur voor fotosynthesemetingen en het bepalen 

van het C0_ compensatiepunt beschikbaar was op de vakgroep Tuinbouw-

plantenteelt van de Landbouwhogeschool in Wageningen, werd er een zo

genaamd 'gesloten systeem' gebouwd dat geschikt is voor fotosynthese-

metingen aan intacte planten van sla en van andere gewassen, zoals 

paprika en tomaat. Dit gesloten systeem is beschreven in hoofdstuk 4. 

De inhoud van het gesloten circuit is 180 liter. Dit circuit bestaat 

uit een cylindervormige plantkamer van perspex, een koperen kanaal 

waar een ventilator en de koelings- en verwarmingselementen zijn inge-



nenzijde van de plantkamer is 441 mm en de hoogte is 340 mm, welke ver

hoogd kan worden tot 690 mm. Een cylindervormige potkamer van perspex 

(diameter 190 mm en hoogte 190 mm) is in de plantkamer geplaatst. 

De apparatuur staat gemonteerd op een metalen wagentje en is in 
o 

een aparte ruimte gezet, waar de temperatuur tussen de 10 en 34 C 

(+ 1 C) geregeld kan worden. De temperatuur in de plantkamer kan kon

stant gehouden worden tussen 5 en 32 C (4-0,5 C) en die in de potkamer 
o o 

tussen 15 en 35 C (+ 0,5 C ) . De temperatuur wordt gemeten met thermo
koppels. De lichtbron wordt gevormd door 5 Philips hogedrukkwiklampen 

(400 W) die boven een boven de plantkamer gebouwd waterbad met stromend 
-2 

water hangen. De maximale lichtintensiteit pp plantniveau is 215 Wm 

De lichtintensiteit wordt gemeten met behulp van selenium fotocellen. 

De luchtvochtigheid wordt gemeten met Vaisalavoelers. De gemeten wind

snelheid in het midden van de plantkamer is ongeveer 0,8 ms . Met een 

infrarood-gasanalysator wordt de CO_-uitwisseling gemeten. Injectie met 
Al 

zuivere C0_ of een mengsel van lucht en C0„ maakt continue registratie 

van de C0_ concentratie mogelijk. Gedurende de betrekkelijke korte meet-

perioden kan de lekkage van CO in of uit het systeem verwaarloosd wor

den. Alle metingen worden geregistreerd met een 24 punts mV-recorder 

of een datalogger. 

De fotosynthesesnelheden van intacte slaplanten van het kropsla-

ras Amanda Plus werden gemeten in dit gesloten systeem (.hoofdstuk 5) . 

De respons van de fotosynthesesnelheid (P) op de lichtintensiteit (I) 

werd in een eerste proef gemeten bij 14 en 26 C bij planten van 3 

verschillende leeftijden. In een tweede proef werd de respons van P 

op de C0o concentratie (C) gemeten en tevens het C0_ compensatie-

punt bepaald bij 15 en 25 C. Zowel in de eerste als de tweede foto-

syntheseproef werden de planten opgekweekt bij twee lichtintensitei

tenen twee combinaties van dag- en nachttemperaturen. 

De relatie van de fotosynthesesnelheid P met zowel de lichtin

tensiteit I als de C0 2 concentratie C werd beschreven met een recht--
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hoekige hyperbool. In de formule van deze hyperbool is a de helling in 

het beginpunt van de P-I-curve, d.w.z. de fotochemische efficiëntie, 

en T is de helling in het beginpunt van de P-C-curve, d.w.z. het ge

leidingsvermogen van de plant voor het CO -transport. De carboxylatie-

efficiëntie behoort eveneens tot T. In de fotosynthese-liçhtseries 

bepaalt T in grote mate de maximale bruto fotosynthesesnelheid (P = 
m, g 

T g C ) . 

Aan de manier waarop de fotosynthesesnelheid, gemeten per plant, 

wordt uitgedrukt is speciale aandacht besteed, omdat de fotosynthese-

snelheden uitgedrukt per eenheid bladoppervlak, gewicht (of, in mindere 

mate, bedekte grond) niet nauwkeurig genoeg waren om met andere resul

taten te vergelijken. Daarom is een andere basis, het effectieve blad-
- 1 2 - 1 

oppervlak (EL), geïntroduceerd. El = a .a (m PI ), waarin a 
g g,con g 

de bruto fotochemische efficiëntie per plant is en a de konstante 
g, con 

waarde van a in het geval dat alle lichtquanta zouden worden opge

nomen door de plant. Bij de berekeningen van de fotosynthesesnelheden 

op EL-basis is voor EL niet a a gebruikt, maar alléén a_ omdat de 
g g,con B g 

a een constante waarde heeft, 
g, con 

Multilineaire regressie van de bruto fotochemische efficiëntie 

met de bedekte grond, het bladoppervlak en het drooggewicht (in deze 

volgorde) gaf hoge correlaties tussen a en deze drie plantkarakteris-

g 

tieken. Uitgezonderd voor de jongste planten waren de correlatie-

coëfficiënten van a met de bedekte grond hoger dan van a met het 

bladoppervlak of het gewicht. De toevoeging van de factor hoogte van 

de plant, zoals verwerkt in het profieloppervlak, gaf géén significant 

betere multilineaire regressie. 
De bruto fotochemische efficiëntie per plant (a ) en per eenheid 

1 g 

bladoppervlak (a ), de maximale bruto fotosynthese per plant (P ) 
g 1 m , g 

en per eenheid bladoppervlak (P ), de donkerademhaling per eenheid 
m, g 

drooggewicht ( R ) en het lichtcompensatiepunt (I ) van de planten in 

de eerste fotosyntheseproef werden berekend en in een tabel weerge

geven. Bovendien werden voor'een variantieanalyse met een indeling in 

drie klassen de gegevens van bovengenoemde a en a , de netto foto-



1 
basis van a ), de P , 1 en het gecorrigeerde lichtcompensatiepunt 

g m, g c 
Ö a ) gebruikt. 

c g 1 '. 1 
De waarden van a en P nemen af met een toename van de plaht-

! g m, g 
leeftijd. De a werd bijna niet beïnvloed dóór de temperatuur tijdens 

de voorbehandeling of de meting. De netto fotosynthesesnelheden op 

a -basis waren het laagst bij de groep met de jongste planten, terwijl 

de planten van de twee andere groepen dezelfde netto fotosynthesesnel-
—2 

heden hadden. Bij lage lichtintensiteiten (35 Wm ) verdween het effect 

van de verschillende opkweekbehandelingen op de netto fotosynthese. De 

-2 

-2 
invloed van de behandelingen nam weer toe bij 100 Wm en werd nog 

duidelijker zichtbaar bij de maximum netto fotosynthese. Bij 35 Wm 

is de netto fotosynthese op a -basis hoger bij de metingen 14 dan 
o o 

bij die van 26 C. Bij 100 Wm~'waren er geen verschillen meer waarneem

baar, terwijl bij lichtverzadiging de netto fotosynthese óp de a -basis 
g 

juist hoger is bij 26 C in vergelijking met de metingen bij 14 C. Het 

lichtcompensatiepunt wordt in sterke mate beïnvloed door de temperatuur 

tijdens de fotosynthesemetingen en veel minder sterk door de temperatuur 

tijdens opkweek of de leeftijd. Het gecorrigeerde lichtcompensatiepunt 

is afhankelijk van de leeftijd van de plant en de temperatuur tijdens 

de meting, maar niet van de opkweek. De correlatiecoëfficiënt van het 

specifiek blaagewicht (SLW = W/A), gebaseerd op W en A van alle bladeren 

van de plant, met de maximale netto fotosynthese op a -basis is 0,73 bij 

de metingen van 14°C en 0,55 bij 26°C 

In de tweede fotosyntheseproef werden het netto geleidingsyermogen 

voor het C0_ transport per plant (T ) en»per eenheid bladoppervlak 

(T ), de maximum netto fotosynthese per plant en per eenheid bladopper

vlak (P en P ) en het C0_ compensatiepunt (C ) berekend. De waar

in,n m,n 2 r * c 
den. van T en T 1 namen af en die van P namen toe bij een stijging 

n n m,n • 

van de meettemperatuur. C wordt sterk beïnvloed door de temperatuur 

tijdens de meting, maar niet door de temperatuur tijdens opkweek. 

De toepassing van de rechthoekige hyperbool en het gebruik van a 

en T is besproken in betrekking tot de lichtopvang van de plant en het 
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C0_ transport in de slaplanten. De suggestie werd gedaan dat de grens-

laagweerstand van de plant voor het CO„ transport, welke weerstand bij 

de bladeren van de meeste planten en gewassen onder optimale omstandig

heden als laag gezien wordt, een belangrijker rol kan spelen bij plan

ten met een dichte opeenhoping van bladeren, zoals bij slaplanten. Het 

gebruik van de bruto fotochemische efficiëntie a als basis waarop de 

fotosynthesesnelheden worden uitgedrukt loste niet volledig de pro

blemen op die er bestaan omtrent de interpretatie van fotosynthesege-

gevens die per plant verkregen zijn. 

In hoofdstiJi 6 zijn zes proeven beschreven waarin de respons van 

de fotosynthese op de lichtintensiteit bij slaplanten van diverse rassen 

werd gemeten bij 22 C in een 'open systeem'. In drie proeven (nrs. 2, 3 

en 5) werden de kropslarassen Amanda Plus, Ostinata en Hilde opgekweekt 

in de kas, in één proef (nr. 1) in het fytotron en in een laatste in de 

vollegrond (nr. 6 ) . In een eerste voorjaarsproef (nr. 3) werden behalve 

deze drie rassen nog vier kropslarassen opgekweekt. In de tweede voor

jaarsproef (nr. 4) werden 5 kropslarassen, twee bindslarassen en twee 

ijsslaselecties gebruikt. 

De bruto fotochemische efficiëntie per plant (a ) en per eenheid 
1 g 

bladoppervlak (a ) , de maximale netto fotosynthese per plant (P ) en 
g x m,n 

per eenheid bladoppervlak (P ) , de donkerademhaling per eenheid droog-

gewicht (R.) en het lichtcompensatiepunt (I ) werden op dezelfde wijze 

berekend als in hoofdstuk 5. De SLW, de huidmondjesweerstand (r ) en de 
s 

restweerstand (r , mesofylweerstand) werden eveneens berekend. Ook bij 
. m 

deze proeven werden de fotosynthesesnelheden uitgedrukt op basis van 

a . 
g 

De multilineaire regressie van de bruto fotochemische efficiëntie 

met de bedekte grond, het bladoppervlak en het drooggewicht gaf hoge 

correlatiecoëfficiënten tussen a en de drie plantkarakteristieken, 

waarbij die van a met de bedekte grond de hoogste waren. 

In een variantieanalyse met een indeling in twee klassen werden 
1 -2 

de a , a , de netto fotosynthesesnelheden bij 30, 50, 100 en 150 Wm 



e i l u i j i i v ; n t v c r z i a u i K i u K f m i e \JW u o s i p vu i i u , u«? x- u c i e e i u i e i u o , 
g m,n 

het lichtcompensatiepunt en het gecorrigeerde lichtcompensatiepunt 
(I a ) van Amanda Plus, Ostinata en Hilde in de 5 proeven nader be-

c g 

studeerd. Met de resultaten van de proeven 3 en 4 werden variantie-

analyses met een indeling in één klasse uitgevoerd. Dezelfde para

meters als in de andere analyses werden daarbij gebruikt, behalve de 
-2 

netto fotosynthesesnelheden bij 30, 100 en 150 Wm 
1 

De a van Amanda Plus, Ostinata en Hilde wordt in grotere mate 
g 6 

beïnvloed door de voorbehandeling (dus door de proefomstandigheden 

van de proeven 1, 2, 3, 5 en 6) dan door het gebruikte ras. De a 

van Hilde verschilt van die van Amanda Plus en Ostinata. Een lage 

lichtintensiteit tijdens opkweek heeft een hoge a en a tot gevolg. 
g S 

In de beide voorjaàrsproeven (nrs. 3 en 4) waren de rasverschillen 
voor o gróter dan tussen Amanda Plus, Ostinata en Hilde in de proeven 

1, 2, 3, 5 en 6. Slaplanten hadden een hogere P als de lichtinten-
m,n 

siteit tijdens de opkweek hoger was. De rasverschillen met betrekking 

tot P (en ook de andere fotosyntheseparameters) namen toe wanneer de 

verschillen tussen de rassen wat betreft habitus, groeiwijzè en 

genetische afkomst groter waren (proef 4 ) . Voor Amanda Plus, Ostinata 

en Hilde waren de resultaten van de variantieanalyses van P per 
m,n r 

eenheid bedekte grond gelijk aan die van P per eenheid a . Er waren 
m,n g 

geen significante rasverschillen voor de fotosynthesesnelheden op a -
. g 

basis, wanneer de fotosynthese gemeten werd bij een lichtintensiteit 

die dicht lag bij die tijdens de opkweek van de planten (proeven 3 en 

4). 

Bij kropsla is de invloed van de voorbehandeling op het licht

compensatiepunt sterker dan de invloed van de rassen. De r van Hilde 
m 

is in twee proeven groter dan die van Amanda Plus en Ostinata. In de 
beide voorjaàrsproeven kwamen bok rasverschillen met betrekking tot 
r voor. Na een periode met een lage lichtintensiteit was de r hoog. 
m m 

Rasverschillen voor de huidmondjesweerstand kwamen alléén in de beide 

voorjaàrsproeven voor. De correlatiecoëfficiënt tussen de totale weer

stand van de plant voor het C0„ transport (1/T ) en de som van r en r 
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is, over alle gegevens van de proeven 1 - 6 samen, 0,81. 

Bij kropslarassen wordt het specifiek bladgewicht meer bepaald 

door de opkweekomstandigheden dan door het genotype, hoewel signifi

cante rasverschillen voorkomen. Wanneer de grote verschillen in SLW-

en r -waarden een gevolg zijn van de opkweekomstandigheden, dan zijn 
m 

SLW en r sterk negatief gecorreleerd. De beide bindslarassen, waarvan 
m 

er één geselecteerd is voor de kasteelt en de ander voor de teelt in 

de vollegrond, gaven verschillende resultaten. De twee ijsslatypen waren 

beide geselecteerd voor de kasteelt en gaven ook identieke resultaten 

bij de fotosynthesemetingen. De in proef 4 gebruikte bind- en ijssla

typen leken minder geschikt voor de teelt in de winter in Nederland. 

Bij de parameters, die het fotosyntheseproces beschrijven, zijn 

er géén gevonden die als duidelijk criterium kunnen dienen bij indirecte 

selectie op een hogere opbrengst. Bij de parameters die het proces van 

grondbedekking beschrijven konden evenmin criteria gevonden worden die 

als zodanig voor indirecte selectie-bruikbaar zouden zijn. Er kunnen 

géén rasverschillen voor de fotosynthesesnelheden op a -basis verwacht 
g 

worden, wanneer de fotosynthese gemeten wordt onder omstandigheden die 

dicht liggen bij die tijdens de opkweek. Méér onderzoek naar de morfo

logie van de slaplant in relatie tot de groei, de lichtopvang en het 

CO transport en de CO diffusie van de omringende lucht naar de car-

boxylatieplaatsen is wenselijk. De introductie en het gebruik van sla-

rassen die niet kroppen zouden de studie van sla vergemakkelijken en 

in de toekomst de teelt van sla in de lichtarme periode vereenvoudi

gen. 
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