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GROWTH OF LETTUCE

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 Huvskss
(1968), for example, found that the difference in growth between the cultivar
‘Rapide’ and the F, 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 1009, growth and production are
directly related to the fraction of light intercepted (SHIBLES and WEBER, 1966).

Meded. Landbouwhogeschool Wageningen 80-7 ( 1980) 1



KaNEMAst 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; KE1ZER, 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 m?, however, decreases at wider spacing, although the number of marketable
heads will increase (e.g. KEUZER, 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 morphotogical 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; HuyskEes, 1968).
‘Amanda Plus’ has become the most popular cultivar since the carly 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
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compact cultivar is that it can be grown in autumn and winter as well as in spring.
“Valentine’, a compact English cultivar, 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 x5 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 3
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 TMTD were
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, OQosterbeek,
The Netherlands. The average top weight of the plants was 1.5-2.5 grams and the
average leaf area was 90—120 cm?2. Plants of “Tornado’ were smaller than those
of the other cultivars,

In each compartment three plant densities, with respective distances of 20, 25
and 35cm, were applied, later in this part indicated as 20-, 25- and 35-treatments.
These densities correspond with 25, 16 and 8.16 plants per m? or an available
ground area per plant of 400, 625 and 1225 cm?. Plants were considered to be
solitary at the 35-spacing. In normal horticultural practice the number of plants
per m? 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 cuitivar (vide Part IT). 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 1ntermed1ate regime
was comparable with that used in normal practice, one regime was higher 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.
O, 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 (IIT) 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 in preliminary experiments at the Department of
Horticulture (MATHUSSEN, 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 (Cickorium 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 ‘Breveo’, 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°C, resp..
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 cm?. The
soil was fertilized in accordance with the advice of the Laboratory of Scil and
Crop Testing, Qosterbeek.

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 IT). 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. CO, was not applied. Watering
was carried out in the same way as in the spring experiment, but less frequent.
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During the first 3 weeks zincb was sprayed; TMTD was applied for 5 weeks.
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 deterrined
according to the dot counting method (Kvirt and MARsSHALL, 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). Inthe 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 socil 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 cm?.

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 densitics 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 planis were obtained by drying during 7 days in a ventilated oven
at 65°C. When the soil cover of the solitary plants became constant or decreased,
the remaining plants at the 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. General view of the set
up for soil cover measure-
ments.

photometer, type TFDL-65-2020, 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
compartmentsand the total short waveirradiance 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, CQ,-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 the total short wave irradiance (per day) in
compartments I, I1 and ITI of the glass-house during the spring (a) and autumn (b) experiments.
Day number 1 in spring is February 24 and in antumn 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:

%:r.s. [1—(§max)p}and—l<p<m (1)
where t is the time scale (days from planting), S denotes the soil cover of the plant
(cm?) and S, is the maximal area (in cm?), 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 scil cover, equation
(1) can be approximated by: dS/dt = 1.5, 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
written in the form

S=8_. [1 fpe PIEL) | -1/p (2)
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where t; denotes the number of days between planting and the inflexion point of
the S-curve. Remark that § — 0, only when t — — oc. For purposes of
physiclogical interpretation it can be uscful to introduce three additional
parameters, namely S, which is the amount of soil (in ¢m?), covered at the
inflexion point of the curve, and L,, which is S, as the percentage of S,,,,,. Note
that §,,,,.¢ ! <8, < Spa, when 0 < p < oo, It is obvious that

Si = Smax‘ (1 + p)_ e (3)
and
L =S/S

1

100 = (I + p)~'"*.100 @

The parameter p in fact shows the degree in which the curve is asymmetric,
because we find that 36.8 < L, < 50% as0 < p < 1; L, =50% asp = 1and 50
< L; <« 100% when | < p < o0, The third parameter, R,, is the derivative of the
S-curve in the inflexion point and can be defined as the rate of soil cover (in
cm?d 1) at time ;. This value represents also the maximum rate of soil cover
attained during the period of soil covering.

max*

Sma.x‘ p'r
S dp) TR (5)

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 rate of soil cover
and thus determine t;. 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;. S, is the amount of soil covered at date
t;. A high L, seems favourable. Parameter p itself seems physiologically not
meaningful and therefore L, will be 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
Suay is always 400 cm? at the plant density of 20 x 20 cm and almost 625 cm? at
the density of 25 x 25 cm. It can be expected that S_,, becomes higher than 625
ctn? for solitary plants. In this case S, 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 cover rate will be high. Because of the presence of the parameters S, p
and rin R, R, couid be a valnable characteristic for the description of the whole S-
curve. R; is only an important parameter when the plant has not yet reached the
marketable weight at time t;. The day the maximal scil cover is reached (t,,,,) is
not mentioned in equation (1). Because of the character of the used equation,
theoretically 8 = §,,,, only if t = oo, Therefore t,, is determined from the

max
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observed data. Knowledge of this date is useful because from that date onwards
all the incoming radiation is intercepted by at least one leaf layer of the plant. A
low value of t,,,,, 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 seemns desirable: a highr, a high L, alow t, (combined with a high §,),
a high R; and a low t_,,. The harvest weight (W_,) 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 Smitn (1966, p. 267-270). Initial estimates
of the parameters were made by taking those which gave the ‘best fit’ of the linear
model:

In {1 —(2 )p} = —pr(t—t) (6)

which was calculated for a sufficient amount of values of S,,, and p. The
iterative procedure was terminated when the differences of the parameter
estimates in successive iterations were sufficiently small (0.1 for S, 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 1a shows the parameters t,, S, S ... 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 1e. t,,. which is the number of days from
planting until no visual increase in soil cover ocours, W,,, ., 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’-
TI1-25, “Tornado’-111-35 are given because the soil covering process of the
various plants within one plot varied too much. Data of ‘Valentine’-I11-35 are
absent due to calculating problems. In the autumn experiment data of the
treatments ‘Amanda Plus’-11-35, ‘Tornado’-HI-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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1200~ a Spring b Autyrmn
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Fiis. 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’-I1-25 (Table 1b) 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 (t;, §;) is also shown in the Figures. All curves are asymmetrical (p
#+ 1). The Figures demonstrate that t,,, and S_,, 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, S_,, have
high standard errors.

Time t, and soil cover S, 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 t; in spring is longer than the t; in autumn
because of the lower temperatures at the beginning of the growth period.
Solitary plants show alse 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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TapLes 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, Il and TII represent the temperature regimes. 20, 25 and 35
represent the plant densities of 20 x 20, 25 % 25 and 35 x 35 cm.

Cultivar Treatment
I I 11I
20 25 35 20 25 35 20 25 15

2a. SPRING EXPERIMENT

Amanda Plus 407.4 4706 616.0 4259 480.9 5545 390.0 470.1 5985
Deciminor 4159 466.5 5554 4243 451.6 5244 4350 4808 6342
Meikoningin 3811 4430 5196  393.8 4345 5021 4219 4418 5340
Noran 369.5 4393 4706 429.1 4577 5112 377.8 4453 6037
Proeftuin’s Blackpool 4239 460.1 4980 4345 4516 4864 4356 4955 5772
Rapide 3327 4300 4983 4132 4364 5112 4030 5399 5754
Tornado 5113 5468 636.0 5039 6019 6524 5135 - -

Valentine 407.7 505.1 5324 4658 4952 5206 4315 5106 -

2b. AUTUMN EXPERIMENT

Amanda Plus 2723 3713 4258 2760 3487 - 320.2 3569 400
Dandie 2553 13326 3899 2208 - 3979 2445 3123 3738
Deciso 2624 357.2 4300 2553 3422 390.5 294.0 3486 3704
Ravel 368.9 1399.1 467.6 3200 37L5 4682 3755 394.5 3858
Tornado 3020 4321 5387 3200 4075 4524 3249 3586 -
Brevo 2348 3514 - 3164 3200 4837 273.0 3434 4371

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 is used. Constant
temperature sums until t; 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 t,, correction for higher minimal temperatures will
not result in constant heat sums, also since the sums of treatments with low mean
temperatures and long perieds until t; are also not systematically higher. The
mean day and night temperatures until t; 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 difters stightly 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 §, are given for all treatments in
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Fugs. 4a and 4b. Calculated lingar 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 1I; A temperature regime 111

spring. During spring the linear relationships between t, and S, are not highly
significant,but other, non-linear, regressions gave no consistent higher values of
the correlation coefficients (r?) for all cultivars. Solitary plants exhibit only sell
shadifg. These plants have a higher t, and S, than the plants at narrow spacings.
With higher temperatures the value of t; declines for all plant densities, although
S, can remain the same or declines less than expected. The variation of the data in
Fig. 4a is aresult of these effects. ‘Rapide’ has in general a higher S,-value during
the period untilt, 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
so0il 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 scems 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 t; 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 t; and a high S, in comparison with the other cultivars, whereas
‘Tornado’ combines a low value of t;, with a relatively low S,

We may conclude that no cultivars with a very short t;, combined with a high
S, are present in the experiments. Morcover, with higher temperatures a certain
S, can be obtained in a shorter period.

The parameters S,,,, and r

The maximal soil cover for the spacings of 20 and 25 cm is in the order of 400
and 625 cm?, resp. (vide Tables 1a and 1b). Differences in S_,, occur mainly for
solitary plants. S,,,, tends to be lower at lower temperatures, when the plant
forms a more compact head. The cultivar ‘Valentine’ has a rather low S, ,. 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;, S,)

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

Figures Sa and 5b demonstrate the non-linear relationships of L, with r. The
parameter L, was strongly influenced by plant density and the parameter t 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 L; 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 L;-
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FiGs. 5a and 5b. Calculated quadratic relationships between r and L, for all treatments in spring (a)
and in autumn (b).

Spring: @ ‘Amanda Plus’; O ‘Deciminor’; A “Meikoningin’; & ‘Noran’;] ‘Proeftuin’s Blackpool’;
®‘Rapide’; V ‘Tornado’; and ¥ ‘Valentine’, Autumn: e ‘Amanda Plus’; O ‘Dandie’; A ‘Deciso’; &
‘Ravel’; V ‘Tornado’; and ¥ ‘Brevo’.
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values, whereas ‘“Tornado’ (because of low L;) and ‘Proeftuin’s Blackpool’
{because of low 1) have a less favourable combination of the parameters. In
autumn ‘Amanda Plus’ has an intermediate position between other cuitivars,
like ‘Ravel’ and ‘Dandie’.

The slope R, increases at lower plant densitics 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 auntumn cultivar ‘Tornado’ has a low value of R,. The parameter
R, 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, W,
depends partly on the harvest date, as in spring and avtumn 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 W_, and L, t, and W,,, deserve attention for
breeding reasons. The relationships of t;, and W_,, with W_, also give
information about the relationships between S; and t,,, with W_, The
correlation coefficients (r?) of the linear regressions between L, and W, 4 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 (.13 for those plant densities in autumn. The
correlation coefticients 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 W_,. Lower
temperatures give a lower fresh weight at a certain L, Since the relationship of L
with W_, is not clear and because of the relatively high standard errors of r, also
no significant relation between r and W, can be expected.

Figures 6a and 6b present linear relationships between t, and W, 4. A longer t;,
caused by wider spacing and/or lower temperatures, gives a higher W ;. 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 (r?) of the linear regres-
sions of t, and W__, per temperature regime for the temperature regimes I, IT and
Il wereinspring resp. 0.53.0.72and 0.78 and in autumn resp. 0.41, 0.35and 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 avtumn {(b). e
temperature regime 1; O temperature regime II and A temperature regime XL

The parameter W is only available for the 20 em spacing in spring. From
Table laitis obviousthat W_, gives higher values when W ___ ishigher. Selection
on W___ seems favourable, but. because of the positive relation between t_,,
and W___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
(KLapwLK, 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
cm? 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 rosctte plants, like
endive. Some parameters such as t;, S; and L, 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’-I1-35, ‘Tornado’-11I-35 and ‘Brevo’-1-35). 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 S,,, 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 untilt,,,, islong 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 cxponential 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.

BieruuizeN 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 detcrmine the soil cover process. A problem for the comparison of
the temperature sums until t; is that at date t; the parameter S; can have various
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values. An explanation of the large differences in the sums between spring and
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 t, at the 20 and
25 spacings, compared with the t; 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 t, 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
secms difficult to select a high W, based on t,, especially in autumn. The
correlations between W, , 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 betweent,,,, 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 of that 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.
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SUMMARY

Lettuce (Lactuca sativa L.) is an important glass-house crop under the poor
light condittons during winter in the Netheriands. Despite many experiments
fundamenta! 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 S, ,, the
maximal area which can be covered; t, time in days from planting and p, which
determines the position of the inflexion point (t;, S;). As other parameters L; (=
5./8,..,) and R,, 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 S;-values and a lower r. 8, 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 fora
fast soil covering process. The correlation of some soil cover parameters (t,, S,,
L;, S..,) 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 date in the
experiments.
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