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Bij de analyse van groei en fotosynthese van sla is het door de plant
bedekte grondoppervlék als maat voor de lichtopname te verkigzeq bo~
ven het totale blgdoppervlak van de ﬁlant

Dit proefschrift

II
Ef;zijn geen significante verschillen in fotosynthesesnelheid op ba-
sis van de bruto fotochemische effici#ntie tussen slarassen, wanneer
de miliéuonstandighgden ti jdens opkwéek en meting gelijk zijn-
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III

Selektie op planteigenschappen in een vroeg groei- en ontwikkelings-
gtadium van sin voor het verkrijgen van een hoog kropgewicht tijdens
de oogst is niet gewenst '

Eenink, A.H., en Smeets, L.: Neth. J. agric.‘Scit‘ZG: 81-98, 1978

Iv _
De problemen bij de groeli en morfologie van kropsla zullen met meer’
sukses geélimineerd worden door deskundigen die de consument kunnen

beinvloeden dan door plantenfysiologen

v .
De door het woord salade opgercepen verwachting dat zich hierin ook

glabestanddelen bevinden wordt steeds minder vervuld

V1

‘Vernieuwing van technische uitrusting en personele bgzetting is nood-
zakélijk om impulsen tot nieuw onderzoek in een vakgebied te stimu-
leren '




oL IBUTLE UUE UOURAOCK VerTricni worasen naar net sSLerKk stimuleren van

beurtjaren bij appels en peren.

VIIT
De gébruikswaarde van glasgroenten tendeert steeds sterker naar die

van slergewassen. .

IX
De sterk opkomende teelt van glasgroenten op een kunsimatig medium
magkt de reclameslogan "vers van de grond' in toenemende mate onjulst

voor produkten uit de glastuinbouw.

X
Het woord dienstweigeraar voor '1emandl‘die onoverkomelijke gewetens-— .
bezwaren tegen de persoonlijke vervulling van militaire dienst heeft'
is onjuist, daar een bervep op de wet gewetensbezwaren militaire

1d1enst de wil tot het vervullen van een congtructieve daad tot uiting
brengt, '
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1 General introduction

Lettuce has been cultivated and consumed as a vegetable for human
nufrition for nany centuries. HEDRICK (1919), for'instancé, mentibned
lettuce cultivars (e.g. Lactuca scariola).used by the Persians, Greecks,
Romahs, and also by the Chinese in the fifth éentury. DODONEAUS (1554)
described lettuce types such ag 'tamme Lattouwe' (Laciuca sativa) and
'gecronckelde Lattouwe' (Lactﬁca crispa), which ﬁere gultivated in The
Netherlands during the 16" century. DODONEAUS and UILKENS (1852) al-
réady-reported the-cultivation-of heading lettuce types.'

The butterhead cultivar 'Meikoningin'_(May Queen) was the only
heading lettucércultivar under poor light cppditions in the glasa;house
in The.Netherlﬁnds until the early fifties (GROENEWEGEN, 1960) . During
the last decades neﬁ cultivars for glass-house cultivation appeared,
knowledgé of éultural practices, e.g. Coz;épplication (VAN BERKEL,
1964) increased, technical facilities of the modern glass-house im-
proved and its equipment became more sophisficafed. 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, 1877) . Usually a lettuce crop is
followed by a tomato crop. Sohetimes lettuce is planted ﬁ second timé.
This sgecond planting Eecame possible due to the shoriter growth period.
Butterhead lettuce s ranking the third position after tomato and
cucumber fegarding its importance in vegetabierproduction under
glass (MULDER, 1981). Bata.about_the ﬁroduction of lettuce under

glags during the last 30 years are shown in Table 1.
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Year  Area under glass Production value .._ Main cultivars
) tha) (x f1. - 1000.000) :
1950 - 19.5% Meikoningin B

(outdoor and Dutch
frames 1nc1uded)

1960 13802 . o 58.3% . Proeftuins Blackpool,
© (298 ha Dutch (outdoor and Dutch Regina.l
frames included) frames included)
1970  3592° 124.8° Deéiminor, Deciso,
' {outdoor and Dutch Magiola, Noram,,
frames included) Plenos, Rapide ¥
1975 3105° | 123.9f ' “Amanda Plus, Deci-~

" mineor, Deciso,
" Miranda, Noran J

1980 3285¢ . 167.0 :  Cynthia, Mir, Pallas,
: ‘ . . : o Panvit, Plus, Ravel,
Rendte, Salina

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

. Tﬁe'aréa of butterhead lettuce is now more or less constant, but
the production value 1hcréases'and is suﬁstantial for the total vege-
table production in the poor light period} In 1680 the qféa ofsiceberg
1ettﬁcé under glass was about 20 ha. The =rea of cos-lettuce ﬁpder
glass can he heglected (HAASWINKEL 1981).

-The whole lettuce shoot, i.e., for butterhead lettuce the head, is
harveste@ anq.cdnsumed'for human nutrition. Research on lettuce com-
?risea stud1e§ on head formation (BENSINK, 1971; DULLFOﬁCE, 1963), on
.growth'(LEE, 1574; NICHOLS,'1970) and on photosynthedis'(BROUWER and
HUYSKES, 1968).-1n the winter period light is thg limiting ;actor for_
lettuce production. Due to‘heqd_formation parts of the newly formed
leaves are excluded from light, Between the leaves competition for
light (aelf 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 thia area



by the plant in order to intercept as much irradiance aé possible can
be important. BIERHUIZEN et al. (1973} concluded that a high temperature
in the beginning of the growth period may bs'useful to reach 100%_5611
cover as soon as possible. An interesting'probiem seems-whether a plant
with a high rate of covering has a higher ultimate harvest weight.
Experimentslfor practical purpose of the grorers emphasize the
1m§drtanee 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 leaveszare-difficult because
of bdbbled and curved lesves'and the resette habttus of the plantt With
equipment suitable'for the measurement of photosynthetic rates‘of ‘whole:
plants the photochemical efficiency, paximym photosynthetic rate,
light compensation point and GO compensation cohcentration can be
calculated. Gas exchange data per plant represent ‘the overall accumula-
tion of COZ. but not all_plant.parts contribute equally fo 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, '1859), dry weight or fresh weight (BROUWER and'HUYSKES, 1968,
AéOCK et al,, 1978) or another bhasis (CHARLES-EDWARDS et al.) 1974) . l
For selection on better growth and higher harvest welght photosyn-
thesis data obtained by routine cultivation and measurement methods
may 1mprove the cr1ter1a for selection and can give a better under—
standing of. varietal differences
. Because of the many problems involved:in growth and photosynthesie
of lettuce,'extensive research on tpis topic-WEs carried out, which is
presented in the subsequent.cﬁapters. In chapter 2 the process of s0il
covering is studied and discussed for a number of cultivars grown under
various temperatures in spring andrsutumn. The“quEntitative analysis
of growth (chapter 3) deals with the growth rate in.relation to time,

dry weight‘and soil cover snd with the relatiqnship between leaf area
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ments was not available at the Departmént of Hortic'ult’ure.of the Agri-
cultural University, Wageningen, a closed system was built suitaﬁle
for léttucé plants, which is described in chapter-4.-Photosynthesia
results obtained with this equipment are given :I.ﬁ chapter 5, while
results -from measurements with whole plants in an open system are
presented inlchapter 6. _

The chapters 2, 3, 4, 5 and 6 have already Been ﬁﬁblished as
éeparaté articles. In chapter 7 an overall summary in English is given

and in chéptér 8 this summary 1s presented in Dutch.
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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 exterision. 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 hght interception. can be obtained when the amount of light
absorbing surface pef 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 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 reiated to the {raction of lnght intercepted (SHIBLES and 'WERBER, 1966).

8 - . Meded. Landbouwhogeschoo( Wagening‘en 80-7 { 1980}



KANEMASU and ARKIN (1974) described in a simplified model how the potential
net photosynthesis on a ground area basis is hnearly 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; KEUZER, 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. KEUIZER, 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 physiclogical characteristics of a plantinanearly -

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 terhperatures 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
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Valentme 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
~ thisexperiment because previous experiments were executed with this cultivar at

_ the Department of Horticulture of the Agriculturai 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 S-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 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, QOosterbeek,

. The Netherlands. The average top weight of the plants was 1.5-2,5 grams and the
average leaf area was 90— 120 cm?, 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 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 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 was-higher and -
the other one lower than that in normal practice. They will be indicated as the I1-,
I- and Ill-treatments, respectively. The actual temperatures depended on the
existing weather conditions outside and the heating capacity of the glass-house.
CO, was not applied. Plants were watered by sprinkling. Manual watering was -

10 ‘ ' Meded. Landbouwhogeschool Wageningen 80-7 (1 980




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 plantsin
the compartment (IIT) with the lowest temperatures were harvested. The end
harvestin compartmeént I took place on day 46 and of compartment Il on day 54.
The last harvest of plants of ‘Tornado’ was one week later than the other
harvests. :

Autumn experiment ‘ .

In this experiment the fol]owmg butterhcad 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 (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 (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 endwe 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 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 Soil 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 horticuttural 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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Pmmor was used agamst 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 scil 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 (KVET 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 cameraa
transparent plate, provided with equaily 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 cm?

“In the spring experiment the soil cover was measured on l6or 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 densmes and two plots per density
were measured.

Only at the density of 20 x 20 cm in the spring experiment fresh and dry
weighit of 8 plants per plot were harvested, when the soii cover of 100 9, 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 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- conccrmng 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 TFDIL-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. o

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 IIL. 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. 24 and 2b. The average day temperature and the total short wave irradiance (per day) in
compartments I, H and 111 of the plass-house during the spring (a} and autumn (b) expenmenls
Day number 1 in sprnng is February 24 and.in autumn September 30.

£

preliminary experimcnis with the cultivars *Noran’ and ‘Deciso’ were used to
test various equations. From these tests a four parameter sigmoid curve was
selocted as defined by the differential equation:

as . S \p : '
gt T I — : :
dt r.8 [ (Sm") ]and l<p<oo N | (1)
where tis the time scale (days from planting), S denotes the soil cover of the plant
(em?) and §,,,, is the maximal area (in em?), 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
= — |), the Gompertz (p = 0) and the logistic (== symmetncal sigmoid) growih

_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 (NicuHoLs, 1970). 8 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
(I) can be approximated by: dS/dt = r.8, 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
wtitter in the form

-8 ='8,.. [l +pe. 7p.r (t_ti)] -1/p

14 : Meded. Landbouwhogeschool Wageningen 80-7 { 1980)

\




where t, denotes the number of days between planting and the inflexion point of
the S-curve, Remark that S — 0, only when t -+ - co. For purposes of
physiological interpretation it can be useful to introduce three additional
parameters, namely S,, which is the amount of saqil (in cm?), covered at the
inflexion pomt of the curve, and L, which is 8, as the percentage of 5.,.,. Note

that 8., .€ ! « 8, < S, when 0 < p < o0, It is obvious that _
8 = Spue (1 +p)7'7 . \ 03
and ' '
L= §/5,,..100 = (1 + 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%,a50 <« p < 1L, = 50%asp = 1 and 50
<L, < 100% when1 < p <« oo. 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™!) at time t,. This value represents also the max:mum rate of sml cover
attained during the period of soil covering. ‘

, A% T
R ®
Physiological mterpremt:on of some parameters

The number of days between p]antmg 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 ofa.
young plant seems favourable. At that stage of growth there is no mutual
shading. The value of t will only depend on tetperature and cultivar. Note that
Sias 18 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
cm? for solitary plants. In this case Sm,K varies among cultwars and can also be -
influenced by temperature.

A high R, in the inflexion point suggests that in the period immediately aftert,
the soil cover rate will be high. Because of the presence of the parameters S, p
andrin R, R,could bea valuablecharacteristic for the descriptionof 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 soil cover is reached (t_,,) is
not mentioned in equation (-1). Because of the character of thie used equation,
theoretically S = S, only if t = oc. 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 t,,,,, thus a short period between planting and complete soil cover,
seems favourable,

For 4 rapid covering of the available soil, the following combmauon of
parameters secems desirable: a high r, a high L,, a low t, (combined with & high S)).
4 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 SMITH (1966, p. 267-270). Initial estimates
of the parameters were made by taking those which gave the ‘best fit’ of the linear

- model: ‘ :
78 pl - : _
In {1 _(S ) } = —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 Niiwik. In general
convergence was fast except for some specnf' ¢ treatments, which visually also
showed no clear sigmoid pattern.

RESULTS

The curve fitting procedure : . - _

Tuble 1a shows the parameters t. S, 8 .. t. L;s R, of the S-curve with their
standard errors of all the treatments of the spring experiment. In this table three
other parameiers are presented ie. i,,,. which is the number of days from
planting until no visual increase in soil cover occurs, 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 1a no data of the treatments ‘Tornado’-
. HI-25, ‘Tornado’™-I11-35 are given because the soil covering process of the
various plants within one plot varied too much. Data of ‘Valentine'-II1-35-are
absent due to calculating problems. In the autumn experiment data of the
treatments ‘Amanda Plus*-11-35, ‘Tornado’-I11-35 and ‘Brevo’-1-35 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 plass-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’-11-25 (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 vatues 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 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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TapLes 28 and 2b. Temperature sums (heat units in degree days) of day temperatures for all
treatments and cultivars in spring (a) and in utumn (b) calculated between planting and the
inflexion point of the soil cover curve. I, 11 and 111 represent the temperature regimes. 20, 25 and 35
represent the plant densities of 20 x-20, 23 X 25and 35 x 35cm.

Cultivar . ' Treatment
1 I m

20 25 35 " 20 25 35 20 25 - 35
2a. SPRING EXPERIMENT ’ . ’ ’ '
Amanda Plus 4074 470.6 6160 4259 4809 5545 390.0 470.1 598.5
Deciminor 4159 466.5 5554 -424.3 4516 35244 4350 4808 6342
Meikoningin 39151 4430 5196 3938 4345 5021 4219 4418 5340
Noran 3695 4393 4706 4291 4577 5112 3778 4453 6017
Proeftuin’s Blackpoo! 4239 460.1 4980 4345 4516 4864 4356 4955 5772
Rapide 3327 4300 4983 4132 4364 5112 403.0 5399 5754
Tornado : 5113 5468 6360 5039 6019 6524 5135 - -
Vaientine 407.7 505.1 5324 4658 4952 5206 4315 5106 .

2b. AUTUMN EXPERIMENT

Amanda Plus . 2723 3713 4258 2760 3487 329.2 3569 400

Dandie . 2553 3326 389.9. 2208 - 3979 2445 3(23 3738
‘Deciso 2624 3572 430.0 2558 3422 3905 2940 3486 3704
Ravel ) : 368.9 399.1 467.6 3200 3715 4682 3755 3945 3858
Tornado 302.0 4321 5387 3200 4075 4524 3249 3586 -
Brevo 3348 3514 - 316.4 3200 4837 2730 3434 437)

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; (beat units in degree
days) are presented, in which 0°C as minimal temperature is:used. Constant
temperature sums uniil 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 periods 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 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 ¢over rate. In
Figure 4a the linear regressions of t, and S, are given for all treatments in
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Fias. 4a und 4b. Caleulated linear relationships between time and the soil cover area, reached at the
inflexion point of the soil cover curve, for 1] treatments and cultivars during spring () and autumn
(b).

® temperature regimé 1: O temperature regime 11; 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 (r2) for all cultivars. Solitary plants exhibit only self
shadifig, These plants have a higher t, and S, than the plants at narrow spacings.
With higher temperatures the value of ¢, declines for all plant densities. dlthough
S, can remain the same or declines less than expected. The variation of the data in
Fig. 4ais a result of these effects. ‘Rapide’ has in general a higher S,-value during
the period untilt, than other cultivars. The high t, combined with the relativelylow

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 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 §;,
We may conclude that no cultivars with a very short t,, combined with a high

S, are present in the experiments. Moreover, with higher temperatures a certain
S, can be obtained in a shorter period.

The parameters S,,,, and r

The maxlmal soil cover for the spacings of 20 and 25 cm is in the oyder of 400
and 625 cm?, resp. (vide Tables 1a and 1b). Differences in Sm 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 (¢, S,) -

The standard errors of L; are small. L, is strongly influenced by plant density
(effect of mutual shading) and less by culnvar and temperature. Most values of
L, are higher in spring than in autumn irrespective of cultivar. The large
cnvnronmcntal 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 {; with a high L,, comparable with that of a low t;
with a high S, at the narrow spacings; is not present. And a high value of t; is not
always related to a high value of L;. Thus the best ¢hoice is for a low t;,-
~ Figures 5a and 5b demonstrate the non-linear relationships of L, with r. The
parameter L, was strongly influenced by plant density and the parameter 1 by
temperature dnd 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 i, 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;-






