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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
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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 -+ - 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;-
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values, whereas ‘Tornado’ (because of low L} and ‘Proefiuin’s Blackpool’
(because of low r) have a less favourable combination of the paramieters. 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
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 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. S ‘ -

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 §; and t_,, with W_,. The
correlation coefficients (r?) of the linear regressions between L, and W, 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 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 expecied.

Figures 6a and 6b present linear relationships between t; and W, A longer t,
caused by wider spacing and/or lower temperatutes, 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, I and
111 werein spring resp.0.53,0:72and 0,78 and in autumn resp. 0.41,0.35und 0.25.
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The parameter W__. is only available for the 20 cm spacing in spring. From
Tablé laitis obvious that W, gives higher values when W ___is higher. Selection
on W__ seems favourable. but, because of the positive relation between t .

max

_and W this is misleading.
Discussion

In a Venlo glass-house some environinental 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
{KLAPwiK, 19782, 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 rosette 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’-II-35, ‘Tornado’™I11-35 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 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 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. , ‘

Biernuizen et al. (1973) concluded from glass-house experiments with
‘Noran’ at a plant density of 20 x 20 ¢m 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 NicHoOLS’
experiments it seems also justified to conclude that temperature does not
exclusively determine the soil cover process. A problem for the comparison of
the témperature sums until t; is that at date t; the parameter S; can have various
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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 thjs study was tned 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 wlth 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 sohtary 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 §; at a certain value of t; than lower temperatures do.
Al higher temperatures the effect of mutual shadmg 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 highér
(BENSINK, 1971). Self shading, however, is stronger in that case, as the leaves are
overlapping each other té 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 difficull 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 achievéd 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 eatly 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 1mportant for W _q.
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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. ' : .




Lettuce {Lactuca sativa 1..) is an important glass-house crop undér 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 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, (=
S,/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 1. S,,,,, 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 leituce head was low, especially
between the parameters, which give information about the early stage of growth,
and the final weight. Th1s was partly due to the late harvest date in the
experiments. -
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3 GROWTH OF LETTUCE
I QUANTiTATlVE ANALYSIS OF GROWTH

- INTRODUCTION

Since the cultivation of lettuce (Lactuca sativa 1..) in glass-houses is of great
importance during the winter period, many experiments have been carried ont
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. VAN Esch, 1977;
KrizEK et al., 1974). Sometimes more harvest periods in an earlier stage of
growth were included (BilerHUIZEN and PLOEGMAN, 1966; Van Escn, 1973), but
in general detailed quantitative data 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 (KvET et al., 1971; e.g. for lettuce: DULLFORCE, 1968 ; NICHOLS,
1970). :

Theory of quantitative analysis of growth
BrLackMaN (1919) described the dry matter accumulatlon 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;
. Evansand HuGHEs, 1961 ; Fukatand SiLseURY, 1977; HUGHES and COCKSHULL,
1969; HuGHss and Evans, 1962 ; WATSON, 1952; WiLsoN and COOPER, 1969). In -
- general young plants were used (e.g. Hurp and THORNLEY, 1974; THORNLEY and
Hurp, 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 iricrease of plant material per unit of time i.e. GR =
dW/dr (W = weight). This GR is the most simple growth characteristic. The
relative growth rate (RGR) of a plant at an instant in time (t) is defined as ‘the
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= ( l/W) (dW/dt) The net assnmnla‘uon rate (NAR) of aplant atan instantof time
(t)isdefined as‘the increase of plant material per unit of assimilatory material per

© . upitoftime’ie. NAR = (1/A){dW/dt){A =leafarea). The leaf-area ratio (LAR)

ofaplantataninstantin time (t)isdefined 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 L and the A versus t relationships over the period in question. In the first

place a goed it 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. HuGrHes 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 ln (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 suggestied that this method would be useful for glass-

house and ficld experiments as well. Their method was successfully applied in

experiments with controlled environment (EAGLEs, 1969). The choice of the
degree of the pelynomials which are used in the method of HuGHEs and FREEMAN

(1967) remains somewhat arbitrary. HuGHEes and CocksauLL (1969), for in-

stance, used cubic equations in experiments with Callistephus chinensisin growth

cabinets in which mutual shading was negligible. Fukal and Siussury (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;

. .— ali 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.

36 : Meded. Landbouwhogeschool Wageningen 80-13 ( 1930)



Quantitative growth analysis of lettuce

The classical growth analysis has also been applied for glass-house crops.
CuaLLA (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
‘standard’ 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. HUurp and THORNLEY
(1974) analysed growth of young tomato plants.

In thecase of lettuce, the relations of W-and A versus time (BROUWER and
- HuyskEs, 1968 ; DULLFORCE, 1971 NoGucHi et al., 1978 SMeETS, 1977) or those
of In(W) and In(A) versus time (DENNIS and DULLFORCE, 1974, 1975 . DULLFORCE,
1963, 1968, 1971 ; Leg, 1974) or versus a calculated heat sum (Van Esci, 1973
NricnoLs, 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 (Scarrg, 1973; Brouwer and Huyskes, 1968 LEg, 1974) and to
study the effects of light, temperature. CQ,, fertilizers or plant density. BROUWER
and Huvskes (1968} also included the GR 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; N1choLs, 1970; NogucHi et al., 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).
Scartrt 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 pelynomials, 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 T (VAN HOLSTEUN,
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 1007 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. LAl is, however, misleading for lettuce. Also it is not
correct o use the term ‘closed canopy’, when lettuce plants are overlapping each
other. DULLFORCE (1968) suggested that the LAl underestimates overlapping by
25%. LEE (1974) used the leaf area/ground cover ratio in expériments with
solitary planis without noticing the misleading effect of it.

Heading of lettuce and leaf area ratio

The head formation of butterhead lettuce cultivars is extremely i 1mportant 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 leal morphogenesis. BENSINK studied the arrangement and the
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rejation to head formation and he taok 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 specificleaf 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
d NAR. KvET 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 telatively 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 cm? g~ with the
use of dry weight. No heading at all occurred with LAR-values of 1100cm? g !
or higher. For the above mentioned cultivars DuLLFORCE checked the usefulness
of LAR under various environmental conditions (Denvis and DULLFORCE, 1974,
1975; DULLFORCE, 1963, 1968). Differences in LAR between cultivars were
rather small but in some cases significant (DULLFORCE, 1963). ScaIFg (1973) also
found differences in LAR amonga 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 ai the same fresh weight the cultivar
‘Rapide’ had a low LAR and formed a head, whereas the F, of ‘Rapide - x Ha-
madan’ had a high LAR, grew faster and did not form a head. EVERAARTS
and ¥anN SLOTEN (1974) concluded that the cultivar “Noran’, grown in late
spring, formed a qualitatively good head as soon as LAR decreased below
600cm? g~
Although BeEnsNk (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 anatysed 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
expetience.
Head formatlon 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 culfivars
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 HoLsTeENN, 1980).-Compared with
the practice of the growers rather large plants were planted, which could resultin
a shorter growth period (KLapwurk, 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 welght between plan(s of one plol became except:onally
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
tn Part I (Van HoLsTElN, 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 1. '

F:rtmg procedure of dry weight and leaf area

From the literature survey the conclusion was drawn to use polynomlais
instead of logistic models for an accurate description of the rclatlonshrps 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 of 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 witl the -
lowest F-value was selected. This occurred with the dry- weight fitting for the
treatments I-25 and I11-35 of "Noran’ and 11-35 of ‘Deciso’ and with the leaf area
fitting for the treatments 1-25 and 11-25 of ‘Noran’ and I1-35, 111-20 and 111-35 of
‘Deciso’. A polynomlal 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.

TasbLE |. Results of the curve-ﬁtting_procedure of the relationships of dry weight and leal 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.. L. 1] and 11 represent !helhree temperature regimes. 20, 25 and 35 represent
the plant densities 20 x 20, 25 » 25 and 35 % 35 cm.

Cultivar Treatment- ~ Results
* temperature plant dry weight; leal area number of last
regime density degree degree harvests harvest
' of of on day

polynomial  polynomis}

Noran. 1 20 4 n 9

4
I T28 3 : 4 11 C39
I 35 3 4 12 43
I 20 6 7 13 46
I 25 7 5 17 46
[ 35 8 6 14. 50
m 20 -7 T A 1 48
11 25 8 8 142 53
m 35 8 8 15 .57
Dexiso I 20 4. . 4 12 41
o 25 6 6 12 41
| s : 5 5 13 44
il S 20 . 3 9 140 sl
" 25 7 5 14¢ )
I 15 6 5 15 .51
nm o 20° 5 5 15 51
11 S 25 5 5 144 48
111 5 5

5 16 55
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The relationship of dry weight with time

Figure 1 a-d shows examples of relationships of the dry weight with nme for
‘Noran’ and ‘Deciso’ at the three temperature regimes and the plant density of
25 x 25 ¢m, 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

. a © Moran - 25 _ b Moran - I .

35
i
0 f
I 1
f:
i {0
- s
s I
H £
- 3
§ i
5t - 14
_.r’J
»
i 4
oL L ] L1 -t 1 |
18~ C Decisa - 25 — d Deciso -1

Time, days

F]G 1, Thccakulalcddryu.clghtplottedversusllmefor plantsofcultivar ‘Noran'atthree temperature
regimes and the plant density 25 (a), and at temperature regime II and three plant densities {b). The
caleulated dry weight plotted 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). Symhal
represents the date't; of the inflexion point of the sigmoid curve of the soil cover (Van HoLsTeIN,
1980). 1. 11 and 111 represem the three temperature regimes and 20, 25 and 35 the plant densities
20 % 20.25 x 25 and 35 x 35 cm.
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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 highér temperatures (Fig. 1 a, ¢). At the various
_ plant densities the growth is similar in the begmmng, but becomes slower after
some time for the plants at the more narrow spacings. The différences in dry
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F1G. 2. The h:la,lianships of the relative growth rate with time f or plants of cultivar ‘Noran™ at éhree
temperature regimes and the plant dénsity 25 (a), and at temperature regime 11 and three plant

" densities (b), and the relationships of relative growth rate with time for plants of cultivar ‘Deciso’ at

three temperature regimes and the plant density 25 (c), and at temperature regime 1 and thiee plant )
densities (d). 1, 11 and 111 represent the three temperature regimes and 20, 25 and 35 the plant densmes .

20><20 25x25and 35x35cm, .
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weights between plantsat 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 mﬂexmn point, t,, 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 growtlr 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 1.5and 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 relatmnshtp of growth rate with time .

Although RGR and NAR are commonly used in growth analysis studles, the
absolute growth rate {(GR = dW/dt) will present more direct information about
~ the growth process. RICHARDS {1969) 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 () is also presented

in the Figures. The patterns of the growth ratesin the begmmng and at the end of

the growth period are irregular.

.Except for the GR versus time relationship of the treatment ‘Noran’-1-25, all

- curves show an identical pattern. During the first 4 to-5 weeks the growth rates of
‘Noran” and ‘Deciso’ were higher at higher femperatures. Less plants per m?
resulted in a higher GR per.plant, The GR decreased after a certain period for-
~ both ‘Noran’ and *Deciso’ in various cond_ltlons 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 '
InFigure Sa-f(p. 12)dry weightisused instead of time on the absmssa Thedata




CL 4l I€aumnents o1 ' iNoran anda-LreCiso are presented. In thesefigures poth com-
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 | 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
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F1G. 3. The relationships of relative growth rate with dry weight for plants of cultivar ‘Noran’ at three
teniperature regimes and the plant density 25 (a), and at temperature regime 1I and three plant
densities (b}, and the relationships of the rélative growth rate versus time for plants of cultivar
"*Deciso’ at three temperature regimes and the plant density 25 (c), and at temperature regime 1 and

three plant densities (d). I, I and I1I represent the three temperature regimes and 20, 25 and 35 the
" plant densities 20 x 20, 25 x 25 and 35x 35cm. :
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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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FiG. 4. The relationships of growth rates with time for plants of the cultiva

temperature regimes and the plant density 25 (a), and at temperature regime II and three plant
densities (b), and the relationships of growth rates with time for plants of the cultivar ‘Deciso’ at
three temperature regimes and the plant density 25 (c), and at temperature regime I and three plant
densities (d). Symbol e represents thedatet, of the inflexion point of soil cover curve (VAN HoLsTEuN,
t980). I, 11 and 1l répresent the chree temperature regimes and 20, 25 and 33 the plant densities

20 % 20, 25 x 25 and 35 x 35 cm.
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Flgure 6a-f(p.13) shows the relationshlps of GR with soilcover for all treatments
of ‘Noran’ and ‘Deciso’. The amount of covered soil (S,) at the inflexton 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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Fic. 5. The relat:onshlps of growlh vates with dry weight for lhe plants of all treatments of the
cultivars ‘Noran’ and *Deciso’. 1, 1f and 111 represent the three temperature regimes and20,25and 35
the plant densities 20 x 20, 25 % 25 and 35 x35cm. . .

46 C o Meded. Landbouwhogeschool Wageningen 80-13 (1980)




100~ a Noran - I - d ) Desiso - I

Growth rate, g'll"

900 1200 e 300 600 900 1200
) Soil cover, em?

FiG. 6. The relationships of growth rates with soil cover for plah'ts of all treatments of the cultivars

*Noran® (a-c) and *Decisa’ (d-f), The straight lines represent the linear regressions of the soil cover -

with growth rate. The amount of soil covered in the inflexion point of the soil cover curve is
represented in each curve by symbol e. The data belonging to the period until £07% of the maximum

soil cover has been reached are presented on the left of the small vertical lines’in the curves, The data -

after 807 of the soil cover has been reached are presented on the right of these vertical lines.1, 11 and
. 11 represent the three temperature regim:s and 20, 25 and 35 the plant densities of 20 x 20, 25 % 25
and 35x35cm. - - . s : : : :




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. Ata
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 tover 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 isreached, GR increases more than
linear with the soil cover, The maximal value of GR for the non-solitary plants
occurs whet the maximum soil cover has already been reached. At theend 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 coefTicients of the 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 afl temperature treatments
the best fit of GR, over the above mentioned period until 8074 of the soil cover
was reached, was made with soil cover, except for treatment ‘Noran’-111. For this
reason soil cover was taken as the first independent variable in the multilinear
regression model. The leaf area was taken as the second one. Addition of A
andfor W to the multilinear equation results in slightly highet correlation coef-
ficients for most treatments, but the model is not significantly improved by

TapLE 2. The correlation coefficients of ihe linear repressions of growth rate with resp. soil cover, leaf
area and dry weight, and of the multilinear regression of growth rate with soil cover, leal 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 aretaken over the period until 8074 of the maximum soil
cover has been reached. :

Cultivar Tempe- Correlation coeflicients Correlation Not significant (p < 0.01)
rature (r?) of linear regressions cocfficients is addition of:
regime of growth rate with - r?) of :

. multilinear
regression
soil leaf dry
cover area weight
‘Noran 1 0.97 0.94 095 0.97 Leaf area and dry weight
' : 11 0.80 (.59 0.65 0.87 Dry weight
i 0.75 0.74 0.7 0.79 Leaf area and dry weight
Deciso - 1 09 084 ~ 085 0.97 Leaf area and dry weight
B 11 098 090 0.88 0.99 - Leaf area and dry weight
m 0.89 0.80 0.78 098 Dry weight
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F1G. 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 densitics are taken together per temperature regime. The
symbols @ (= 1}, & (= 1I)'and ¥ (= [11) represent thé 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 densitics are taken together per temperature -
regime. The regressions of [1 and I1I are almost identical. Thesymbols e (= I), A (= 1I)and ¥ (= 111)

’ represent the temperature regimes. The dpen symbols are used for the data in the penod when

more than 80 % of the maximum soi] cover is reached.
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adding these factors except for ‘Noran’-II and ‘Dec;iso’-lll.']n‘fact, the soil cover
in the stage of growth until 807 of the maximum soil cover is reached forms a
good measure for the effective’light absorbing lcaf area ofthe lettuce plant. GR'is
almost linear with the 5011 cover.

The re[anonshtp of dry wetght 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 presénted. The linear regressions, which are calculated with the data . -

of the whole growth pericd, are shown in these figures. The correlation coeffi-
cients of the regressions with the data until 809 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 cuitivars. The value
‘of the slope of the treatment ‘Noran’-1 is significantly lower (p < 0.05) than the
values of the other two treatments of this cuitivar. For ‘Deciso’ the value of ‘De- -
ciso’1 is significantly higher than the values of ‘Deciso’-11 and -1iI. The low tem-

Noran Deciso
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T1G. 8. Relationships between the leararea ratio and dry weight (between 1.5 and 5.5 grams) of plants
of the cultivars ‘Noran™ and ‘Deciso’. Data of all treatments are represented: 1, If and 11 rcprc-
sent the three temperature regimes and 20 25 and 35 the three plant densities.




so’ result in a more efficient in'terc-:eption and/or'use of light. Comparing the
two expériments the plants of ‘Deciso’ intercept or convert the hght more effi-
_ciently than the plants of ‘Noran :

Leaf area ratio and headmg

Heading will begin when the plant has achieved 2 fresh weight of about 35
grams (about 1.5 gram of dry weight). Figure 8 presents the LAR for all treat-
- mentsof ‘Noran’ and ‘Deciso’ between the dry weight of 1.5and 5.5 gram. In this
period plants of ‘Noran’ demonstrate a minimum value of LAR or anincreasing
 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 cm? g~ ! for ‘Noran’
and ‘Deciso’, resp. A poor quality occurs when LAR is > 620and > 760cm?g~"'
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 quahty of the market-
able product.

DiscussioN

. There were problems during the cultivation, since a long period gives difficul-
tiés for an undisturbed and continuous growth. The plants are more liable to get
diseases, tipburn, etc. Differences between replicates on plant weight and leal
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
controlied conditions (e.g: BROUWER and HUYSKES, 1968) or during short experi-
ments {e.g. DULLFORCE, 1956; ScaIFg, 1973) thesé 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 itseif
and as a factor in the relative growth rate and net assimilation rate (RADFORD,

. 1967). The calcutated 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 afe
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 |ong 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, willresult 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. NicHors and
CALDER (1973) explained in their discussion about RGR and NAR that the
usefulness of these growth characieristics depends on the degree of the poly-
nomial used. They sugpested that a gquadratic or higher order of In{W) was
preferable, but they did not emphasize that a 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 NicroLs (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 itlustration. 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 ta be true, Van Escu (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. DEnNS 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. o

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 F, 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’-1-25 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 estimiate for that surface. However, growthisa
-tesult ‘'of photosynthetic activity, for which the light intercepting surface is

- essential, and of respiration, which is more related with the weight of the plant
(Fukal 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 Huvskes (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 curvescan 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 of ‘Noran and ‘Deciso’
should have been due to cultivar differences. -

- The linearity of GR with the soil cover is not in contradlctmn with the results
in the previous publlcatlon (VAN HoLsTEUN, 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
calculatlons until the date when 80/0 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. NicaoLs {1970)
used ‘environmental time scales’, which resulted in a betier fit than the fit of the
~ data with the normal time scale. His *solar radiation scale’ was supetior to the
scale, in which he used the heat sum for the fit of the dry weights. BIERHUIZEN ¢t
- al.(1973) used fresh weights for their analysis and they found a linear relation for
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this weight with the absorbed radlauon : :

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 EveraarTs and Van
SLOTEN (1974) also done with ‘Noran’. They found a good quality when LAR <
600 cm? g ', while some of the plants were grown under controlled conditions
and some were transplanted when heading started. DULLFORCE (1963, 1968)
found other vatues for other cultivars. From the differences between the LAR,
required for optimal heading, the conclusion can be drawn that the LAR can be
used ds 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 1nformatmn with the applled mathematical
approach.

SUMMARY'

While many data are available about the growth of lettuce (Lactuca sativa L)),
" fundamental data about the growth process, especially about growth rate, soil
cover and the relationship between those parameters, are lacking. In this papera
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 adeguate
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 804 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 cm?® g~ ' and 710 cm? g~ ! for ‘Noran’ and ‘Deciso’ résp., the quahty of
the head is good.

Because of the two dlfferent 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 analy51s have been discussed and compared with some data

‘from literature,
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4 A CLOSED SYSTEM FOR MEASUREMENT. OF PHOTOSYN-
THESIS, RESPIRATION. AND CO,-COMPENSATION POINTS

INTRODUCTION

Fundamiental data for the production of glass-house crops in relation to
temperature light and CO,-conc. are greatly needed. Nowadays, advanced
equipment is available to control temperature and CO,-conc. 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, l1ght and CO,
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 CO,-exchange from high external CO,-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 CO,-
applieation. The CO,-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 cqulpment which consnsts 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,~h,). 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,

. . . . ]
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Fig. 1. Diagram of the equipment. All sizes in mm. a,-a, = lamps, ad = fan and motor, b = water
_ bath, bb = cooling coil, ¢ = valve, cc; and cc, = ait-heating clements, d,-d, = metal screens,
e = metal-frame, f,-f, = screw jacks, g = metal trolley, h,-h, = universal wheels, i = copper
duct, 1,-f, = perspex interunits, k = drain cock. 1,-1, = copper flanges, m,-m, = copper
interunits, n,~n, = flexible tubes, o = temperature sensor, p,—P, = perspex flanges, Pl.ch = plant
chamber, q,—q, = places of 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 (f,—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 cc,). A copper cone ris 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 q5
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 m,) by
means of copper flanges (1, and 1,) and bolits and hermetically clothed with
foamed cellrubber. The sloping units are connected with flexible tubes ( @
100 mm) to the inlet (n,} 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 m,; The length of tube n, can be varied
for various heights of the plant chamber. Both tubes (n, and n;) have perspex
flanges (p, and p,) which connect the perspex interunits I, and 1, by means
of bolts and a quad ring (@ 113 x 6 mm). The room temperature can be
varied between 107 and 34°C with an accuracy of + 0.8°C by means of
thermostatlc controlled electnc 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;
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 (2480 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 CO,-concentration (ACQ,) after injection of a known volume (Av) of
. pure CO, into the system accordmg to the equation Av = a'+ bACO,.
In plottmg Av against ACO, a straight line was obtained from which the
volume was calculatéd. When there is no leakage, the symbol a is zero in the
equation.

Cylinder A is provided with perspex tubes (G ,-G,) 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, are filled with perspex stops to”prevent
CO,-pockets in the closed circuit. Air leakage is prevented by use of perspex
stop flanges, bolts and airtight foamed cell rubber. The air inlet (H,) is con-

‘nected to the interunit 1, by a flange and a quad ring (& 113 x 6 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 on 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 (L) W

are perspex supports Pomt Y is the place for a transit of themocouple

wires.

An alrtight seal of the pot chamber with the pot is obtained by means
of a flat disk (M) of 2 segments, an O-ring (& 226 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 irito
a spiral (1 = 225 or 315 cm) and connected to an isolated water bath (N,)
of 10 litres which contains a portable thermoregulator (N;) and a cooling unit .
(Ng). N, and N, are plastic tubes. N,~N, are mentioned in the Appendix. The
difference in temperature between the pot and the water bath depends mamly
on the applied difference in air and soil temperature.

The upper unit C is provided with an air outlet H,, constructéd in the
same way as the air.inlet H,. Opposite to H, a perspex tube {Q,) with a
flange (O;). a perspex stop and an O-ring ( ©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 Appendlx) before or after the COz-exchange
measurements.

H, and H, are connected by perspex flanges (p, and pz) with the mterumts-
{1, and 1,) and flexible tubes (n, and n,). The interunit 1, is provided with pers-
pex tubes 1,1, and 1,1, (both 1 =50 mm); 1,1, and 1,1,. I, is connected
by means of a threeway valve onto a CO,-injector and a CO,-cylinder. In this
way pure CO, can be injected in the circulating airstream with an accuracy
of 5%,. The time needed after injection to achieve a steady mixture is about

- 4 minutes. I;1, 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 darage to the equipment in case of
excessive under Or over pressure. A

Through tube 1,1; a humidity sensor (Q: see Appendix) can be inserted in the
airstream. 1,1, is used for wires. Interunit 1, has similar tubes (I,I,, 1,1,
115, 1,1,) as I,. Tubes I,1, and I,I, are connected via nyloseal tubes to the
in- and outlet of the URAS (R,). The nyloseal tubes are impermeable for CO;.
Nyloseal flareless tube fittings were used for the connections. The circuit is pro- .




cao ymeyy mm-

Appendix). In tube I I, 3 a humldlty sensor (Q) has been mserted
* Transpiration is determined by measufing 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 (S,; 0.5 mm?). The air and leafl temperature is measured by man-
ganin-constantan thermocouples (S,; 0.2 mm?) 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 CO,-exchange measurements the irradiance is
recorded contmuously by photocells (T ) which are fixed on the thin aluminium
bars.

To improve the turbulence in the plant chamber 2 small fans (U, and

U,) are used. Usually the wind-speed is not recorded during CO,-exchange
measurements. The wind-speed in the centre of the interunits is about 4.80 ms ™!,
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~") and 0.50-1.10 m s~ ! with units A, C, D and E.
Wind-speed was measured by a heatball anemometer, constricted 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) ortoa 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 cc;) and the temperature sensor (0).

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-
moter (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 proporuonal]y
The valve hh is used for filling the circuit with glycol.

_ The freon circuit consists of a freon compressor (kk,). an air coeicd con-

densor (kk,); a liquid vessel (kk ), a filter drier (1}), a sight glass (rr), double tubes
evaporator (ii), thermostatic expansion valves (inm, and nn,) with bulb sensors
(mm, and nn,}, a liquid separator (oo) and a filter drier (pp); qq and ss are
- pressure valves, . .
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A high pressure and high temperature exist in compressor kk,. In kk, the
pressure is still high but the temperature becomes lower, due to the cocling by
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.nn,. The pressure difference between the high pressure and low pressure part
(11) is provided by mm . A low pressure and low temperature exist at ll

- 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-
. cireuit, regulated by qq. Expansion valve nn, is necessary to prevent high tem-
" peratures in the short-circuit in a period of protonged low cooling. capacity

atii. Temperature sensor bulb nn, 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 na, in the low
pressure part cools.the short-circuit.

" Since the Toom temperature can be controlled in a rarige 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 achleve more quickly the desired tem-’
perature.

In case the equipment fails, a safety fuse W|ll cut the current in order to
preverit damage

SOME PRELIMINARY RESULTS ON PHOTOSYNTHESIS AND TRANSPIRATION

During preliminary experiments it appeared that the humidity sensors were .
accurate and suffi cnently sensitive. The difficulty of exactly calibrating the sen-
sors at the high air humidity and of the high wmd -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 determmed in a closed
‘'system by measuring the CO,-content of the circulating air by infra-red gas-
analysis. The rate of photosynthesis (Pn) depends on the decline in CO,-con-
centration (ACO,) per unit time (At and the volume (b) of the closed cit-
cuit according to Pn = b.ACQ,/At.c. Symbol ¢ contains a factor for the cali-
bration of the URAS and the density of CO, at the measured temperature.
Analogue to the measurements of HEATH and MEIDNER (1967) with lettuce leaves
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Fig. 4. Decrease of COz-concentrallon 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 CO,-conc. was about
620 mg t~ ' 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 C ina glass-house in Apnl May
1977. The leaf area was 23.3 dm? and the plant had 3 small fruits.

or VERFAILLIE (1972) with rice plants, the CO,-exchange can be measured at
any external CO,-concentration. Fig. 4 shows the decrease in CQ,-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 1! the rate of photosynthesis
declines until a steady condition is achieved and the net CO,-exchange is zero.
The CO,-concentration at the compensation point, which was 62 mg.1™!
this particular case, can be read directly from the chart. Leakage in a short period
is neglectable. If there was some leakage of CO,, the COz-compensathn point
would actually be lower than on the chart.

When knowledge regarding photosynthesis at only one COz-concentratmn
is required,. a calculated amount of CO,.can be injected each time to obtain
the desired CO,-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
ACO, can be measured. The data of Fig. 5a were used to calculate the CO,-
exchange rates, which are ‘presented in Fig. 5b, showmg the photosynthesm-
light response curve.

Ii should be mentioned that the volume of the. p]ant chamber can be varied
depending on the height of the piant With thie smallest volume, plants should
have a leaf area of at least 5 dm? in order to obtain accurate data.
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Fig. Sa Decrease of CO,-concentration in a closed circuit with a lettuce plant cv. Amanda
Plus dunng short penods at various irradiance fevels. The CO,-conc. was between 350 and
250 mg 17 . Plant chamber and pot chamber temperature was 14 +0.5 C during the measure-
ment. The pllant 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 lust two weeks before
"the measurement, 65 W m ~ 2. The fresh weight was 52.4 g and.the leaf area 18.0 dm?.
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" Fig. 5b. CO ,-exchange raté (mg CO, dm~? h- ') of a lettuce plant cv. Armanda Plus a1 various

irradiafice leve]s
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SUMMARY

A closed system for determination of photosynthesis, respiration and CQ,-
_compensation points is described. The internal gaseous volume of the closed cir-
cuit is 180 litres. Tt 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~? (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 CO,-
exchange is determined by an infra-red gas-analyser. Injection of pure CO,

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 controlied environment room but
can be transferred to the field. Since 1976 this closed system has been used
for CO,-exchange measurements with lettuce and sweet pepper plants.
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APPENDIX

Ventilator motor. Kiiba, type EA-24, with’ KiiBa—wings SOOKS

~ 15/12 and stepless revolution regulator, type VRH-502,

bb

cc,andcc,

- dd

fi-f,

gg
ii

© kk,-kk,

1l

‘mm,

T,

00 -

aq

Water bath of aluminium plate (h = 110 mm) with a glass plate
{(d = 10 mm) on the bottom,
Cooling coil Kiiba, type 6 x 7(0.3) B6. Total cooling area is 10 m?.

At a temperature difference of 10°C the capacity with forced cooling . -

is about 5040 kJ h™1, ,

Water bath thcrmostat Danfoss solenoid valve, type EVJ D 15.
Air-heating elements. Kiiba, type HR300. Power 315 W..
Expansion vessel. Flexon, type 2/0.5.

Flexon pressure gauge with a range of 0.1-0.4 g m _2.

~Old screw jacks, used for cars.

Servomotor. Zentra, type VM 13P and a threeway valve Zentra type
DRK-15.

Metal clips. Camloc, type 5IL 7—IBF .

Pump. SMC, Commander 'S’, with a maximal workmg pressure of :
6. 10°Pa.

Double tubes evaporator (condensor). Kiiba, type G3. Capaclty at.

a temperature difference of 10°C is 7350 kJh ™1,

Compressor unit L'unité hermeétique, type TAH4518/AHR ThlS
fan-cooled condensing unit consists out of the freon compressor.
kk,, condensor kk, and cooling unit kk,. Airflow of 23.10° 1 h~1'.
Fllter drier. Danfoss, type DC-0833.

- Thermostatic expansion valve, Danfoss type TF2-0.5 with pressure .

sensor mm,. Capacity max. 6300 kJ h=*.

Flexible tubes Flexofit, type NG2M ( @ 100 mm)

Thermostatic expansion valve, Danfoss, type TF2-0.2 w1th pressure
sensor nn,. Capacity: max. 3780 kJ h~'.

Portable thermoregulator. Braun, type Thermomix II. Capacity:
800 1 h~'. Temperature range 0-40°C. :

Cooling unit. Grant, type CC15. Cooling power of 295 kJ h ! at 0°C
and of 590-kJ h~? at'25°C,

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, and cc¢, simultaneously.

Liquid separator (a suction line accumulator), Vu'glma type
VA32-55.

Lo-side filter drier, Vlrgmla, type AL 24-58V,

Infra-red thermometer, Heimann, type KT with objectivé A. Tem-

perature range 0—60°C.

Capacity regulator/receiver pressure valve Danfoss type CPC-15.




UG v aiddkd LUMBULLY SENSUT Bas oeelr UESCIIDEd DY SUATULA and
ANTSON {1973). The electronical circuit is changed by Hoogendoorn
B.V. 's-Gravenzande, The Netherlands.

Sight glass. Danfoss, type SGI-10S.

Membrane pump. Hartmann und Braun, type 2-Wisa.

~ Flowmeter. Brooks, type E/C, model 1550-V. Capacity: 0-1151h-L

Infra-red gas-analyser, Hartmann und Braun, URAS-2. The URAS

“has a measuring cuvette of 21 cm with an optical H;O-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 mixturés mixed by 2 mixing pumps (R and

R, set in series. Variations in sensivity of the URAS are always

" less than 3%.

R and R, Gas mixing pumps. Wostoff, type SA 27/2a and SA 27f3a

]
S8
T,-T,

U,-U,

72

~ Searle-Bush refrigerators, type SR-240,

Constant pressure valve. Danfoss, type CPP-15.

~ Small selenium cells. Megatron, type B (&7 mm).

The photocells are calibrated with a flat photomcler and the Kipp
solarimeter, mentioned in the text.
Fans. Micronell, type V361 M. Maximal capacity 50. 104 1h—L




5 PHOTOSYNTHESIS OF LETTUCE
I. RESULTS WITH CULTIVAR ‘AMANDA PLUS’

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 opén field in the
spring and summer season. Fundamental data on theé growth of lettuce are
important to obtain an optimal yield. In previous papers results of the growth
analysis (VAN HoLsTeuN, 1980b) and. of the process of soil covering of lettuce
(VAN HoLSTEUN, 1980a) were presented. Data on photosynthesis of lettuce
. plantsin relation with temperature, irradiance and CQ,-concentration are essen-

tial for a good understanding of the growth process. It is kriown, 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 reacied 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 HOLSTEUN, 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 CO,. The effect of irradiance on
photosynthesis of sun and shade plants was studied by c.g. BidrkMaN and HoLM-
GREN (1966), BGHNING and BURNSIDE (1956), CHARLES-EDWARDS et al. (1974),
LoacH (1967) and Locgan and KroTkov (1968). The photosynthesis response ’
of butterhead lettuce on irradiance was studied by Acock and HAND (1974),
BroUWER and HUYSKES (1968), GAASTRA (1966), REINKEN et al. (1973) and
Tarsumi and Hori (1969). SarT1 (1973) presented light response curves of a
-cos lettucecultivar and Van HoLsTeun 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 ; VAN HOLSTEN et al., 1977; LoreNZ and WIEBE,
1980; Tatsumt and Hori, 1969, 1970 and WiksE and Lorenz, 1977), Since most
plants and crops grow in plant communities or in more or less closed canopies the
photosynthc51s 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.
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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 plant is difficult.
. Equipment for whole plant measurements is available (e.g. LOUWERSE and VAN
OORSCHOT, 1969; Van HOLSTEIN, 1979).

The photosynthetic and respiratory rates are usually expressed per unit ledf o

area (ACOCK et al., 1978; GAASTRA, 1959, 1966; VAN HOLSTEUN, et al., 1977;
REINKEN et al., 1973) or unit dry or fresh weight (Acock et al., 1979; BROUWER
and HUvYsKES, 1968 ; CHARLES-EDWARDS et ak., 1974 ; SAiLE, 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 (Acock et al., 1978; ALserpA et al,, 1977,
McCree 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.
BIGRKMAN (1968) therefore related the solublé 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 chlorophyli. 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 seml-emplrlcal models have been apphed to describe the re-
lationship between environmental factors and photosynthesis of single leaves
(AKITA et al., 1968; CHARLEs-EDWARDS and LupwiG, 1974; MARSHALL and
BiscoE, 19380; 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; CuarRLES-EDWARDS and Acock, 1977; DUNCAN et al., 1967 ; ENOCH and

" . SACKS, 1978; TOOMING, 1967), of the various physmloglcal processes involved,

and of the data which are still lacking.
TAKAKURA (1975) tested his model for plant growth opnmlsatmn by computer,
" with lettuce plants, and Soriee and CURRY (1973) simulated lcttuce growth in a
plastic greenhouse, but information regarding leaf or plant photosynthesis of
lettuce was and is still lacking and hénce appropriate models are not available.
THORNLEY (1976) described a rectangular hyperbola relating the gross photo-
- synthetic rate of a Ieaf‘ to both irradiance and CO,: . ‘

alzC

P , "
of + C. -
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" in which P, is the gross photosynthetic rate, I the level of irradiance, C the carbon
dioxide concentration, « the initial slope of the P-I-curve i.¢. the photochemicai
efficiency and 1 the initial slope of the P-C-curve i.e: the leaf conductance for
CO, transfer. Maximum gross photosynthesis (P,,, .} is tC (I = co}oral (C = ).
The net photosynthetic rate (P,) is obtained as the difference between the gross
photosynthetic rate and the dark respiration {R,):

' altC S ' S
P,=P, R,= ;FT- R, @
and the maximum net photosynthesis, P, .. (I =c0)is 1C~R,yand P, , (C = c0)
is ol — R,. 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 1. The photorespiration (R,) is not included as a separate
component in this equation, as is done in almiost similar models used by Acock .
et al. {1976a), CuaRLES-EDWARDS ¢t al. (1974) and CHaRLES-EDWARDS and.
Lupwic (1974). When equation (2) is used in a plant model, the parameter o will
_present the ‘plant photochemical efficiency’ and 1 the ‘overall plant conductance
for CO, transfer’. The photosynthesis-irradiance response curve can be written

as:
a,l P ’
P,=P, +R, = %l Py - :
' Sy Pasi | S
The gross initial slope of the curve is ug (1 ='0)and the net initial slopea (I=1).
I., the light compensatlon point when P, = 0, is. .
Rd Pm i . . R R . B ’ )
o, (Pmsi - d} : ‘ ( )

R, can either be measured and used for the calculatlon of other parametcrs or
estimated from the equation. -
 The photosynthcsls~(30 response curve can be wrltten as:

CP ,
=P, + Ry= f ™ )
,C + P :

The gross initial slope of the CO,-photosynthesis curve'is t, (C = 0) and the net -
initialslope 1, (C = C,). C ,the CO ;compensation concentratnon whenP, = 0,is

Rd Pm.g.c '—" . . .
% (Poge = Ro) - RN S ®

' Note that R inequations 3and 4 represents anothcr valuethaninequations 5and6.

~ In the ideal situation when all the light quanta are absorbed and used for the
reduction of CQ,; a single constant value for the photochemwd} efficiency (¢t,c0,)

could be obtained for at least all C,-plants. RABINOWITCH (1951) and GAASTRA



(190.2) concluded from their analysis ot the photochemical processes that the
maximum light efficiency should be about the same for leaves of different species
and- for Jeaves grown under various environmental tonditions. CHARLES-
EDWARDS et al. (1974) found no significant differences between photochemical
- efficiencies () of six temperate grass varieties. LOUWERSE and VAN DE ZWEERDE
(1977) also obtained similar values of o, of various groups of bean plants. Acock
et al. (1976b). observed similar values of o, between leaves measured under
various circumstances and concluded that their data supported the concept of a
" constant potential photochemical efficiency for the photosynthesis of C;-plants,
However, this potential value (%) is never obtained due to limitations of
external CO,-concentration, conductance for CO, or photorespiration. Measur-
ed differences between the initial slopes of the P-I-curves (e.g. BOHNING and
BURNSIDE, 1956; PEAT, 1970; for lettuce: BROUWER and HUvYSKES, 1968 ; SARTI,
1973) are due to differences in structure and morphology of the leaf, plant or
© canopy. ‘

With 4 correction faclor all measured or estimated values of o, can be made.
-equal to o, ;,. 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 (I ) will be expressed in Waltt per plant (WPl ') and the
corrécted value for the photosynthesis (P,,,) on the basis of the real effective leaf
. area (EL) of the plant. This area, EL (m?Pl '), intercepts and absorbs all light
" quanta with efficiency o, .,,. [n 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 CO, PI™! s~ ‘)
expressed on the basis of effective leaf area, is now descnbed by: F‘,mr =P. EL'

(mg CO, m~% s-') and I, by LEL.
The -efficiency a, .. (mg CO; J7') is defined by:.
\'d(Pch.) . dP — d(P/EL) —_ _l o ' . .
o dl d,) di EL ° )
1=0 =0 =0 |

cur

witho (mg CO m2PI" 1)~ l)calculated from the obtained piant data. The con-
clusmn from (7) is that EL = ot for, (m? P17 1), The photosynthetic rate per
-effective leaf area (P.EL " 1)lsP %y, con” a” ' Theeffective leaf areaisequaltok.A
or k.S, or anothér basis of expressnon for photosynthesis (k and k’ constant).
Aecordmg to GAASTRA (1966) the calculated value of o, for lettuce varies be-
tween 4 and 149 of the o ...
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 photosynthehc rate per
effective leaf area will be equal to Pro ol or Poo .0} with o,
and o, , 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 Wmle can be used. Note that the corrected value of I, will
be I, EL = L0000 on:
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In this paper the analysis of the results of gasexchange measurements is based .
on the above explained theory with the use of the correction factor EL ! for the
photosynthes;s data or EL for the 1rrad1ance dala

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 | included
plants of two sowing dates (1a and [b) 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 [1.5 dm? 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-dm? and between 1.70 and
3.90 g and for age C between 31.0 and 43.5 dm? 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 Hot-
STEUN,. 1980a, 1980b; VAN Horsteun et al., 1977).
On January 17 seeds of the plants of experiment 1a were sown in peat blocks of
5 x 5 x 5cm ina 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

TasLE 1. Data about the 4 treatments of experimcnts' 1a, 1b, and 2 with buiterhead letwuce cultivar
*Amanda Plus’, Day and night temperatures are mean temperatures and the observed levels of
irradiance are also mean levels. NI is natural dayhght -and Al addmonal illumination with HPLR -

lamps. .

Experiment Treatment .T-emberature ) Irradiance (Wm=3).
day  night

Ia 1 © 170 125 NI+ AL66Wm'? 117.5
(age B and C) 1] t7.0 12,5 - 70% of NI Cr 360

e 265 175 NI+ Al69 Wm=2 1240

v 265 17.5 - 70% of NI . 385

ST T . 180 120 NI+ Al66Wm? 1170

 (age Ay noo 18.0 120 70% of NI ;355

o m 270 180 NI + AI 69Wm-2 1235

v : 270 180 0% of NI .~ - : 380

2 1 16.5 120 NI +AlI 66 Wm=2 8435

1 - 165 120 70% of NI . 130

I : 26.0 200 NI+ AI68Wm-? 87.0

v 26.0 200 70%, of NI. : 135
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pots In prellmmary experiments it had been established that growth of * Amanda
"Plus’ and other butterhead. cultivars until a fresh weight of 150 grams was
undisturbed i in these pots. On March 4 (= day 0) the plants were separated in 4
- groups (I, I, 111 and IV) and.different temperatures and irradiance levels were
induced (Table 1}. The HPLR lamyps providing the additional illumination were -
situated 1.2 meter-above plant level. Fertilizers were dpplied according to the
recommendations of the Laboratory for Soil and Crop Testing, Oosterbeek, The
- Neétheflands. Pirette was sprayed twice against diseases. Gas exchange measure-
“ments with plants of the 4 tréatnients of experiment la (age B and C) started on
day 10 and ended on day 27.

Plants of experiment b (age A) were sown on Februdry 22-and transplanted
on March 22. On March 23 (day 19) these plants were also separated in 4 groups
(I, IL, I11 and IV; Table 1). Gas exchange measurements started on day 28 and

finished on day 36. The plants of experiments la and- 1b were used for
photosynthesis-irradiance response measurements.

- On September 30 seeds of Amanda Plus “were sown for experiment 2in which
the same procedure was applied as in experiment 1. The average temperature was
20°C. Afier Sdays theday/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 Qctober 24 and 9 days tater
_ _dastrlbuted between the treatments 1, 11, 11T and 1V (Table 1). During the culti-
- vation period TMTD was sprayed 3 times. Gas exchange measurements for

o photosynthesm-COz response curves were carried out between November 21-and

" December 16. Temperature and irradiance in the glass-house were measured as
in previous experiinents (Van HoLsTEUN, 1980a).

For the photosynthesis measuremetits the closed system as described by VAN

HoLSTEUN (1979) was used. The pot, containing the root system, was airtight
scaled from theupper part of the plant and placed in a cylindrical perspex plant
chamber (height 34 or 44 cm; diameter 44 cm). In the centré of the chamber the
- windspeed was 0.3 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~?) was measured on
plant level with selenium photocells. The CO,-concentration was measured with
an infrared gasanalyser, while the transp:ratlon was not registered at that time.

In experiments 1a and 1b 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 26°C. Sixty minutes
after inserting the plant into the plant chamber the actual measurements started.

" Gasexchange readings were taken in the range between 580 and 500 mg CO, m™*
when a constant response was reached. Plants of similar size or welght were
. always selected for the two repllcates

"In experlment 2 the response series were determmed at 15° and 253°C at the
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irradiance level of 142 Wm*™ 2 (for treatment I and IIf) and at 65 Wm 2 (treat-
ment I and V) in the closed system according to the procedure described by
NiLwik (1980b). The measurements started at a COl-concentratlon of 1400 mg
-m~3 and lasted 2 to 3.5 hours, after which period the CO, compensation
concentration was reached. At least 8 readings per CO,-series were taken with'
three replicates per treatment. Data at 15°C consisted of plants of treatments [, I -
and 1H and at 25°C of treatments I, I and IV.
The data.of fresh weight and leaf area were collected 1mmedlately after the
measurements. The dry weight of the plant was obtained by drying during 7 days
in a ventilated oven at 65°C. 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 o, and
_ a,, the net plant conductance (t,); the maximal gross and net photosynthesm P..
and P_ . the dark respiration (R,), the light compensation point (1)) and the
" CO, compensation concentration (C.) 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 treatmcnts (CARMER and SWAN-
soN, 1973). ‘

. RESULTS

In Figure | an example of a response curve of the net photosynthesis to
irradiance is given of plants of treatments 1, I1, [Tl and IV, measured at 14°C and
an external COz-concentratlon of about 560 mg m~*. The photosynthetic rates
are expressed per plant (a}, unit leaf area (b), unit soil cover (¢) and unit dry
weight (d) The values of the initial slopes, the pliotosynthetic rates and dark

‘respiration thus depend on ihe applied unit. The sequence from high to lower -
levels of| photos;rnthesns between the four treatments is almost the same for figures
la,band c(e.g. 1, 111, 11 and 1V), although the differences between the curves are

-varying. When the photosynthesns is expressed per unit dry welght (1d) the

- -sequence is II, I, IV.and I1I.

InTable 2 various parameters, calculated from measured data of experlments
la and 1b, 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 1_'a comparison of the results, especially those on plant
basis, is difficult. In general however, the values of e, increase and of &; decrease -
with an increase of age. The values of a, and a) of t‘rcatnicnt IV are }ower than
other values when measured at 14°C, whlle those differences disappear when
measured at 26°C. In general, lhe maxlmum gross photosynthesis on leaf area




treatments (1, IT, 1 and I'V) of the groups AB and C of expenmem i. Measurements were carned
out at 14° and 26°C and at an externa) CO,-concentration of about 560 (14°C) and 545 (26°C) ing
.mT andcr; phmochermcaleff ciencies{in = O)expressedperplam(mgCOzmzPl '3~ Y)and per unit
leal'area {mgCO,;J-!); P,  and P} : maximum P, at saturating | expressed per plant {mg CO; P1~!
h~')yand per unit leafarea (mg CO,dm-2h-"); Rd dark respiration per unit leaf weight (mg CO,
-t h~!); 1, light compensation point (Wm~?). Specific leal wenghl (SLW) is expressed ingm 2
T]-ISD Tukey s -Honest Slgmﬁcant Difference (p < 0.01).

_Treatment. Temperature ) o Results
) (°C) 100 g, 10Pe P, P, R, I, SLW
age A T o
1 ] 14 0.406 4,82 179.1- 214 7.3 8.5 19.3
I 0.323 4,37 104.2 13.7 82 7.2 13.2
11 ) 0.536 4.67 196.1  17.2 6.1 6.2 15.8
IV : ‘ < 0296 2.84 1034 9.9 11.9 13.0 10.2
| R 26 0,238 4.54 136.6 26.1 18.2 19.3 17.2
nm . 0.21t 505 . . 9886 236 29.6 25.2 11.4
m o 0.234 4.41 178.6 143 26,1 - 290 14.9
v 0.488 5.33 147.1 16.1 8.7 13.0 11.3
THSD, 0.038 1.23 37.6 ‘I.l‘ 6.5 43 2.8
age B - : ) ' ]
1 ) 14 . 0570 3.06 302.4 16.2 44 7.5 i8.0
11 _ 0.778 305 2543 98 - 52 63 124
Smo- . - 0.662 2.62 285.5 11.5 35 6.1 15.6
v 0.575 203 - 2129 7.5 35 . 64 103
1 . 26 0.326 2.55 520.2 4.1 - 117 22.1 16.6
H 0.571 3.87 236.4 15.9 15.5 16.1 12.5
Inr. ' 0.500 3105 3671 27 11.8 18.1 15.6
v : 0.542 316 2413 14.6 16.1 171 - 106
THSDy ' “0.139 0.79 94.7 7.6 41 - 43 3.7
age C _ ) )
I 14 - 0,782 2.30 320.1 9.4 35 © 99 219
i - : . 1.004 27 517 - 94 41 5.6 12.8
111 ) 0.725 1.85 2749 7.0 3.0 6.8 14.4
v ‘ 0702 169 . 2070 ‘50 0 36 5.6 89
I 26 0.628 1.81 52001 15.0 13 258 208 .
m - 0715 243 ¢ 5311 15.8 9.4 18.6 12.9
1} , ) 0.625 1.60 579.1 15.0 71 19.0 14.3
v . 0.786 207 456.0 1.9 8.1 16.8 9.9
THSD. - 0175 047 818 26 28 - 4.1 5.8
THSD 5 o 0:136 0387 829 62 - 49 42 41

basis decreases with age. Lettuce plants grown at lower temperatures or a higher
level of irradiance showed higher P -values, while a high temperature during
the measurements also resulted in hlgher rates. The calculated results of Ry 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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F1G. 1. Curves through measured data describing the response of net pliotosynthesis to irradiance of
the 4 treatments (1, I1, 11 and IV) of experiment i, age B. The photosynthetic rates (mg CO, 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 CO,-concentration of about 560 mgm-~ 0
= 1; =1II; m=1I o= IV. :

increasing age and lower measurement temperatures. The R,;-values per plant of
age A were in the order of magnitude of 14 % (at 14°C)and 17 %:(at26°C) of P,
per plant, with lower percentages at-increasing age. The I -values depend
strongly on the temperatures during measurements. The values measured at14°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 hlgh level of irradiance
during growth.

The effective leaf area of plant, EL is assumed to be related with one or more
plant characteristics: EL = e 7, = k.A or k.8, etc.. A multilinear regres-
sion hasbeencarried out between . on plant basis with soil cover(S), leafarea (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 o, occurred with soil cover.
The S was taken as the first independent variablé, 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 ratc in a prewous paper’
(VAN HOLSTENN, 1980b) The proﬁle area was hsted after leaf area in the mode]
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basis (o) with the soil cover (5), leaf area (A), profile area (Pa) and lcafdry welghl (W)for all plants of’
experiment. | and for the three separate age-groups

Group . Correlation. coefficients (r} of
linear regressions of a, with _ the. multilinear - model
s A P W
A B, C 0.93 092 091 0.86 0.90
A 0,84 0.87 - 0.88 0.92
B 0.85 - 0.79 - - 077 - - 0.76
C

066 056 . - 044 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 o, with S, A and W decrease with increasing age, while'
thiseffect is more pronounced for the correlation of o, 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-
syntheticrates, net photosynthetic rates atirradiance level of 35and 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, and the
corrected llght compensation points multiplied by this parameter. Instcad of EL
(= o7, only the factor ‘o, has been used, since o . has a constant
value. The valuesof P, ;. and PrI 100 arcchosen 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 o -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 P, ,.-values of th> four treatments. At a high level of irradiance (100
Wm %) the temperature during measurements did not affect the net photosyn-
thetic rates. The corrected light compensation point (I, .. ) is mainly affected by
age and temperature during measurement and not by environmental conditions
-during growth, while I_ is more mﬂuenced by the condmons during growth
_ than by age.
© In Table 5 the calculated results of the COz-senes of experiment 2 are listed.
Tukey’s Honest Significant Difference (CARMER and SwaANsoN, 1973) is calcu-
lated for all treatments together. Values of the P,-C-curves were calculated from
regressions through at least 8 points and the values of the 3 replicates were taken
_ together. The t,- and t}-values of plants of treatment I and III are slightly lower
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concentration for the 4 treatments (L, IL, III and V) of expenment 3. Measurements were carried out

at 15° and 25°C and at 65 (for I and [V) and 142 Wm =2 ( and 1I1). The 1, and t',, are conductances

for CO, {in C = C, ) expressed per plant (m>P1-'5-*).and per unit leafarea (m s~ ); P,nandP} -
. maximum P, at saturating C expressed per plant (mgCO,P1- 'h~ ') and per unit leaf area (mgCQO,

dm-2h~1); C, : CO, compensation concentration (mgCQ,m ~*), Specific leaf weight is expressed in
" gm~* THSD: Tukey's Honest Significant Difference (p < 0.01).

Treatment Temperatuur - Results
°C) ‘ -

10, . 10*%) P, PL. C, SLW
I -5 0.190  0.869 2446 . 112 ' 94.2 19.9
: .25 0.136 0.687 305.9 156 176.1 17.3
It 15 010 0735 148 67 58.8 15
m : 15 0.260  1.234 2125 101 1015 . 153
: 25 0.184 0.906 2709 134 169.1 = 166
v |25 0.088 0.378 1328 - 57 0.2 94
THSD 0013 0214 ~ 634 13 229 4.7

- at an increased temperature during measurements and lower temperatures dur-
ing growth. For plants grown at low irradiance {11 and 1V) a high temperature ‘
during growth (1V) and/or measurement ‘results in low values of 7, -and 1:
Temperature affects maximum P, resulting in higher values for P and P!
higher measurement temperatures (for 1 and III), but lower values when' the
temperature during cultivation is higher (III). The calculated C_-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). C_ depends
strongly on temperature during measurement. ' '

DiSCUSSION

Gas exchange data of whole plants or shoots are more difficult to interprete
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 Jeaves 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 2 comparison
between plants (¢.g. BROUWER and HUYSKES, 1968; VAN HoLsTEUN et al., 1977)is
difficult. Four treatments were g;ven durmg cultwatton in order to obtain
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dlStIﬂCt differences in plant structure and habitus and to analyse the effect of
those differences on photosynthesis.

From actual data as well as from calculated results it became evident that no
saturation of photosynthesis was obtained at 225 Wm~ 2. For single leaves the
level of irradiance saturation has been determined at 42 Wm™2 (REINKEN et al.,
1973) and between 200 and 240 Wm ~? for cos lettuce (SaRTI, 1973). BROUWER
and HuyskEes (1968) and VaN HOLSTEDN et al, (1 977) did not observe saturation
- levels for whole shoots at 209 resp. 154 Wm~

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
Brouwsr and Huyskes (1968). The smali difference between calculated and
_ measured values of R, and the low standard errors for most parameters indicate

that the use of equations (3) and (5) on plant level gives reliable results. Acock et

al. (1976b, 1978) also obtained reliable results with other crops, for which they
‘used a crop model based on a srmllar Ieaf model.

Photochemical efficiency
Although differences between gross (in]l = 0) and net (1n I1=1 )photochem:—
cal efficiencies exist, the conclusions in this paper based on o, are valuable for a,

as well, since the correlation between « - and o -values. was hlgh {r = 0.99). The ’

high correlation betweena, and S and the good ﬁt of the multilinear regression of
o, with 4 plant characterrstlcs justify the outlined theory about the application

ofmg to define a basis of expression for the photosynthetic rates and a corrected

value for I.. The correlation coefficient of o, 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 o,-
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 (NILWIK, 1980a). Moreover, young lettuce
plants have-a more open structure, which can result in a higher photochemical
efficiency as shown by Nu.wu( (1980a) for sweet pepper plants. Typical sun and
* shade-cffects on o] ora) as reported for single leaves by some authors (BJORKMAN
and HOLMGREN, 1966 BOHNING and BURNSIDE, 1956; LOACH, 1967; SARTI,

1973) are not noticeable for all treatments. 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-
EDpwARDS et al., 1974 ; LubLow and WILSON, 1971a) reported no influence of the
" level of irradiance during cultivation on o, OF O, For single plant measurements
contrasting results are also reported. NiLwik (1980a) observed differences in ¢}




ALY CAUNCU DY LIC SpPaLdd SITUCLUre Q1 Lne sweet peppcr piant as a resutt ot
pretreatment and BRouwEeR and Huyskes (1968) found different a,-values on
soil cover basis for two applied treatments, but identical photochemical efficien- -
- cies on plant or canopy level were observed by Acock et al. (1976a) and Lou-
WERSE and VAN DE ZWEERDE (1977). The efficiencies calculated from plant data in
these experiments with lettuce are lower than those from single. léttuce 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; NiLwik, 1980a). :

Dark respiration:
TheP m,g Of the photosynthems-lrradaance response curve depends on the over-
-allplant conductance forCO,(1,)and the CO,-concentration, which is the same
for all measurements in expenmem 1. The P,, , depends also on the estimated
dark respiranon (R,). These estimated R ,-values per plant never exceeded 17 %,
of the P _ per plant but this percentage mcreased at values below P_ . LOGAN
(1970) found similar percentages for birch trees over the whole scason. Thc 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 liglit source. Dark respiration decreases with age (LupLow and WILSON,
1971b) and the lower rates with increasing age for lettuce can be a result of that
effect. McCrEe and TROUGHTON (1966)yand LupwiG et al. (1965) concluded from
~ canopy data that the respiration of the lower and older leaf layers was extremely
low: For lettuce, however, the ‘shade’ leaves consist of a mixture of olid leaves
and newly formed leaves within the head of the plant.

Plant conductance Jor CO;. : A
The plant conductance for COZ (1) determines to'a great extent P, . (=16}
and P, . (= 1,C} in light series. The carboxylation efficiency. is mcorporated n
this ‘overall conductance for CO,’, which represents an average vatue 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 CO, from the external air to the carboxylation sites. On leaf level
~ the total resistance can be divided in the boundary layer resistance (r,), the
stomatal resistance (r,) and the residual resistance (r,,) (BIERHUIZEN and SLATYER,
- 1964; GAASTRA, 1959; LupLow and WiLsoN, 1971a). For lettuce plants the r,,,
i.. the residual resistance, can be considered as the most important factor (Van
HoLsTEUN 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 NiLwik and Ten BOHMER (1981).

On plant and canopy level the transport process is more complicated and other
CO, sources outside the leaf occur. Another resistance, 1, _,; the plant or crop -
resistance determining the transport of CQ, from the atmosphere to the leaves ,
can play a more sngmﬁcam role (GAASTRA 1966). This T, o 18 conS|dered 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 HoLsTEUN et al. (1977) paid no atten- -

- tiontotherole of r, _ intheir experiments,since they used aconstant value on leaf

a.cr

~ basis for r, and calculated r,- and r -values on basis of the leaf area oF all leaves of

the plant. The level of irradiance bclow saturation and the calewlation methods
of r,, according to GAAsTRA (1359) also contributed to an ovcresnmanon ofr,,
(and r,} by Van HoLsTEUN 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 Iettuce leaves, The average total conductance on leaf basis (from P, )
decreases w:th age, which can be caused by the moré complex structure of the
plant, by more self shading, as found by Acock €t al. (1978) with canopy data,
and slightly by the increase of mesophyll and stomatal resistances (L.UDLOW and
~ WILSON, 1971b). A decrease in conductance for CO, means an increasé in total
resistance for the transport of CQ,. :
The higher. conductance at 26° compared to 14°C mdmates that for these
photosynthesis measurements the optimum t-value is. found abdve 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
CO, 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 hifluence of the environmental
factors in these experiments on-r, is expected (JoNEs and MANSFIELD, 1970).
Different t-values therefore are also caused by plant structure, more self shading,
the influence of r, ., and the role of internal factors affecting'r,,. AUGUSTINEet al.
(1976), for instance, concluded that differences in carboxylation efficiencies
between genotypes were determined by anatomical and biocheémical factors,
which are expressed in r,; and BIoRkMAN (1968) observed diffetences in carbo-
xydis'mutase activity of several species grown in strong and weak ligl'}t.

Specific leaf we.!ght 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 HoLsTauN, 1980b), but can be used asindicators for
some morphological properties. Only small differences between SLW-values of
ages A, B and C were observed for treatment I, II, 1T and IV. The differences
between the values of the 4 treatments were significant. Temperature and level of
irradiance during cultivation both affect leaf thickness. The influence of leaf
thicknesson P, m.g I these experiments i is ndt always similar, since the correlation
coefficient (r) between SLW and P, .o ! at 14°i50.73 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 1, and SLW for plants measured at 14° and 26°C are 0.57 and 0.63,



1Especuvely. 1 IIEse CORNICIENTS May Nave Deen Negatvely 1nituenced by the ages
of the plantsin experiment I, since plants of the 3 age groups gave almost similar
SLW-values but different plant conductances for CO,.
The analysis of variance of net photosynthetlc rates on the basis of o, of
irradiance level of 35 and 100 Wm™2 shows no significant differences between
group B and C. The absence of any significant differences between the corrected
P,..3s-values of the 4 treatments 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; Locan 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 leal
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 [_. Lettuce plants secem to adapt well to the applied irradiance
. levelsin 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 1. Moreover, youhg plants have a relatively high

. number of just unfolded leaves, and this results in higher I_-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 MEID-
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 1, since.an
increase of 1°C increases 1, with one Wm~2, a slightly lower value than found by
NILWIK (19803) with sweet pepper plants

Photosynthesis and €O, compensation concentration .

The maximal P, -values of the CO,-series are mainly determined by dlfferenccs
in the estimated photochemncal efﬁmencnes (from P = o,1). The P -values of
treatment I and I1], measured at 142 Wm~2, are influenced by temperature
during cultivation and during the gas exchange measurement {Loacu, 1967;
NILWIK, 1980b). Calculation of P, , on the basis of data over a range between 80
" and 1400 mgCO,m™~? (in experiment 2) can give misleading results, since a
higher CO,-concentration can cause an increase in the stomatal resistance for
lettuce (JoNES and MANSFIELD, 1970) and residual resistance (NILwIK and TeN
BOuMer, 1981; WiTrwer and Ros, 1964). '

The calculated values of C_ are in agreement with the observed data. The C,-
- values, which prov1de an average estimate of the CO,-concentration 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. Bravbo (1971} also observed higher CO, compensation con-
centrations of leaves and stem together ascompared with concentrations of single
leaves. The leaves which intercept direct light have lower C_-valuesthan the young
and old ‘shade’ leaves (NILWIK, 1980b). The shade part of the plant and the stem
contribute more to R, (BRAvDO, 1971) and form an extra CO, source, although the
contribution of the stem for lettuce is low and also R has a low value. A higher
temperature during the measurements causes-a higher C, (HeATH and MEIDNER,
1967; NiLwiK, 1980b), due to an increase in photorespiration in the leaves which
intercept irradiance and to a higher R, of the other plant parts. A significant
influence of the treatment temperature on C, is not éxpected {(NILWIK, 1980b).
With the use of the effective leaf area (EL) for an analysis of the photosynthesis
data the interpretation of the resulis is still complex. More extensive studies of
the morphology of a lettuce plant are essential to solve the problems of light
interception, CO, 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
T, 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 cuitivation in both experiments 4 treatments of different
irradiances and temperatures were applied to obtain plants with different ha-
bitus. In experiment ! 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 CO,-concentration- (C) was measured at 15° and 25°C.

Attention was paid to the basis of expression for the photosynihetic rates,
obtained per plant. The basis, effective leaf area (EL), is equal to soil cover (8),
leaf area (A) and leaf weight (W) and to the gross photochemical efficiency (x,),
since EL = agay ), Witho, ., as the constant value of o;, when all light quanta
are absorbed. A multilinear regression model of o, 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 photochemlcal efficiency per plant (Ct Y and per unit
leaf area (cz‘), the maximal gross and net photosynthesis (P, , and Pm o) per plant
and per unit leaf area (P,, ), the dark respiration (R,) per unit leaf weight and the
light compensation point (L) were caleulated by curve-fitting. In a 3-way ana-
lysis of variance some of these parameters, the net photosynthetic rates on o~
-bas’is at 35 and 100 Wm ™2 and at light saturation, I, and the corrected {_ (=

o0t,) were analysed. The values of ey and P, | decreased with increasing age. “The

-value was not affected by treatment and ‘measurement temperatures. The
photosynthetlc rates on a,-basis gave only lower values for the group of young

plants. The effect of treatment on P, diminished at 35 Wm~2, but increased alt
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corrected P, at 35 Wm~? is higher at 14° than at 26°C. This difference disap-
peared at 100 Wm -2 and at saturating I the P,, , was higher at 26° than at 14°C.
1, is strongly influenced by measurement temperature. Corrected I -values were

'affected by age and not by treatment.

In expenment 2 the net conductance for CO, per plant (t,) and per unit lcaf
area (1), the P, , and P}, . and the CO, compensation concentration (Cc) were

- calculated. An increase¢ in measurement temperatitre decreased 1, and T}, but

affected the maximum photosynthetic rates posmvely C, depends strongly on
temperature during measurement.

Obiserved différences between the parameters are d1scussed 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 CULTIVARS .

. 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 untit 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 tipburn-
(Banga, 1939; Ernnk 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 ratio (DULLFORCE, 1963 ; VAN HOLSTEUN, 1980b), leaf
number (EeNivk 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, of ‘Rapide’ 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 (ApEL and LEHMANN,
1969; DANTUMA, 1973; HEICHEL and MUSGRAVE, 1969), grass. (CARLSON et al.,
1971; CHARLES- EpwARDs £t 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) or a glass-house crop like tomato (AUGUSTINE
etal., 1976; GOSIEWSKI etal., 1981; NiLwik et al., 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., 1965; DEVos, 1977). Thus, selection based on photosyntheticrate or photo-
chemical efficiency of the measured leaves did not always result in a higher yield.
Moreover, most gas exchange méasurements were done on leaflevel (e.g. AUGUS--
TINE et al., 1976; CHARLES-EDWARDs et al., 1974; DANTUMA, 1973; EL-SHAR-
Kawy et al., 1965), whlle 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 (a,) calculated per plant, and the.
light compensation point is multiplied with o,. 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 cuitivars, grown in spring.

_MA‘TER!AL'S AND METHODS

Six expernments were carned out wnth butterhead, cos- and iceberg lettuce
(Lactuca sativi 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 HoLsTEDN, 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 HoLsTENN, 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 ‘Sucring’ and ‘Plucos’ and the
iceberg lettuce genotypes C-5and Y-6 were used. ‘Tornado’ is an upright cultivar
with anotherpattern of growth and another habitus than other butterhead

. cultivars, ‘Sucrine’ is a semi cos-letiuce cultivar and ‘Plucos’ a short-day
glass-house cos-lettuce. The two iceberg lettuce genotypes were selected for

_ spring glass-house conditions (VAN Esch, 1976). .

In ali experiments the seeds were sown and the seedlings selected according to

a procedure as described in prévious 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 planis were -
cultivated in a Venlo glass-house. Plants of experiment | were grown in the

phytotron of the Laboratory of Horticulture, Wageningen (DOORENBOS, 1964)

without cultural problems. In the other experiments plants were cultivated under



1'ovl 6°S1/1°0Z " “ . . -SpTH
" " “ o “ “ i
(A3 CTCIfs0T 0LL/TET gT-gL dung L sung 61 ke st EpUBWY 09
£'68 £81/59 ) * : . apliH.
9'L8 1997 * * - “ - RJEunsO
£'68 £'81/592 OLUTET $T-€T suny L eunyg . 6T AE sa[d EpUBWY 3
ov9 001/L°L1 oo * " g X R
'8¢ 66 /191 " * * L1934 $2
¥Ls 66 /591 * ) “ 61934 soanyd
£'€9 001/£LT . b L3924 suLdng
1'8¢ " b * * « opeuso],
685 &6 1191 w « « . vy
£'€9. ooL/L Ll " * " N sajold
vis 66 /591 o ugIoN
685 66 /L91 26191 -1l udy L1 usely 61934 enuhD Db
[ [ 13 5% 4% (13 u—.—mﬂn”—d> .
" Y [ % R, & - uﬂvnﬁm“
<t .,. " [ [ “* —H.Bﬁm_.hox_uz
" [ " £ 4% 2, .—Oﬂ..—EmUQQ
8¢ 9'6/t°91 " “ * « spI'H
" " ty (1} . €« [ Nﬁﬁd..—ﬂmo
158 96/E91 9'6/€°C1 9777 YoTe 2 '192d 1 uep sn{J PPURDY D¢
£6E 0rL/E 61 B “ - “ 3pIH
toae (11 ““ “w 1) [ “uﬂﬂwﬂmo
1'ov 1PiE 61 LPUOTT L5 "hoN 01 10 61 "udag sn|g epuBLY DT
£ % o [ - @ & Dﬂ.—ﬂm
[ << 11 “w 13 (13 . Wﬂﬂﬂmﬁmo )
I'62 0e/0IT Lrifoze §-€ "AON 01 120 61 dag ST epURLY Hd 91 1
usunEan 1usuIesI) WwsETRAL
Supinp MES [UN.  SIUIMAINSBAUL 118 Buimos
ANIE?C ) :
SouBIpRL] {Do) smmezadng) 1ydra/ied Joaieqg sIeAnmy usuLdx
"UONBADND JOOPING = O ¢ =o_§>z§o om._os wa.m_m 0 Hydy

onoiyd sioy 91 = Hd 91 ‘spotiad vuco_EoE ay) a0 sanjea afeioae yussaidar SOUBIPRLIT JO S[9A3] pur sasnjesadmal 1qSu pue Au(] ‘SIEATHND J0M19|

1901 pue ~500 vmoﬁsﬁg 12 ﬂaoEE.nxu XIS 911 JO SUOTIPUOD _.ﬂnoEzo.EEu PUR 3UNEAI JO 11ElS 21EP Fulmos ‘TeAn|no SuIniaduod meq [ 1AV

Meded. Lbndbouwhogeschadl Wageningen 81-13 ( 1981)

96



http://tH.ll

natural daylight. In allexperiments plants were sprayed twice with TMTD and in
experiments 1 and 2 twice with zineb as well. Fertlllzatlon 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
OoRrscHOT (1969). Four plants of one cultivar were measured simultancously 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 seriés were carried out. The incoming C'Oz-concentration
was kept at 570 mgm ™ 3 and the humidity of the mcommg air was. constant.
Plants of the same size and weight as those of age B in a previous experiment
(VAN HOLSTEDN, 1981) were used, except the plants in experiment 4 which were
larger than the others.rlmmediat_ely 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 profilé area were taken the

evening before the beginning of the rmeasurements. Photosynthesis, transpi- ‘

ration, stomatal and residual resistances were calculated according to the met-
hods described by Louwerse and Van QorscHoT (1969).

Fol]owmg the theory, explained in a previous article (VAN HOLSTEUN, 1981),
regressions were calculated through the photosynthesis data per plant with the -
use of the equatlon P,=P, + 'R.i E-J-P—- By this procedure the gross

utsl +P, :
photochemlca} efficiency («,), the maximal gross and net photosynthe51s (Prg
and P_ ), the dark respiration (R,) and the light compensation point (1) 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 photosynthests-lrradlance 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
The values of the gross photochemical efficiency per unit leaf area (x;) are
inaccurate, since only a part of the leaf area contributes to photosynthesis. The
differences between o’t; are smaller between ‘Amanda Plus’, ‘Ostinata’ and ‘Hilde’
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tivars of experiments [-6. The results of experiment 3 are divided into two groups Measurements’
werecarried outat 22 + 1°C and at an external CO,~concentration of 57(mg m * .t} : photochemical
cfficiency (in 1=0) expressed per unit leaf area (mg CO,J-'); P, and P} P at saturating
expressed per plant (mg CO, PI-' h~ ') and per unit leaf area (mg CO, dm Zhly; Ry dark
respiration per unit leaf weight (mg CO, g~' h~'); 1. : light compensation point (Wm~2}; r,and r,,
stomatal and residuval resistance (s cm ). Specific ]ear weight (SLW) is expressed in g m - ’. Values
represent means of 4 plants. THSD: Tukey’s Honest Significant Difference (p < 0.01), calculated for
theresults of ‘Amanda Plas’, ‘Ostinata’ and-Hilde’ (= THSD ., of experiments 1,2, 3, 5and 6),and
the 2 spring experiments (3 and 4)).

Experiment  Cultivar - . Results
0%} P, PL. R, L 1, r, SLW
1 Amanda Plus . 320 1803 847 444. 61 111 199 148 .
Ostinata - 3.16 , 1844 900 421. 64 98 201 160
Hilde : 236 . 2361 685 400 6.1 128 253 124
2 - Amanda Plus 427 1261 1167 458 - 49 95 157 155
' Ostinata ' 409 1574 1222 506° 53 93 173 144
‘Hilde 315 1001 - 825 551 .62 122 243 119
3 - Amanda Plus 292 2002 1439 463 107 107 98 225
Ostinata - 282 2079 1727 488 107 88 110 211
- Hilde 293 2308 1550 463 107 107 86 225
5 . Amanda Plus 250 2342 149 598 120 112 118 169
: Ostinata 208 2499 1560 573 146 98 151 178
© Hilde ~ 205 3006 1600 572 123 109 125 152
6 Amanda Plus © 174 2855 1923 540 176 1LY . 152 193
- Ostinata - _ 1.87 2578 18.0% 546 175 1L4 . 134 207
.~ Hilde - © LBT 3154 2201 562 161 .109 124 182
THSD oy - 032 245 180 079 L1 51 52 28
3 " Deciminor - 263 1971 1376 364 104 95 121 264
Meikoningin . 274 2166 1770 450 123 89 117 248
Rapide 2.56 199.7 1258 378 101 122 109 230
Valentine ©7210 1813 1138 422 124 121 160 206
THSD, ‘ . 028 243 L9 062 12 29 40 49
4 Cynthia : 212 3207 1105 423 128 139 123 206
: Noran ~ 216 3215 1187 472 129 131 121 196
"Profos - RT3 2612 1123 471 138 132 172 223
Ravel - . 2137 3724 1298 447 151 108 131 234
Tornado . 338 369.0 1532 486 116 91 - 99 260
Sucrine 194 2805 1519 331 178 2.1 137 348
Plucos . 307 3659 1534 456 130 82 100 289
cs - 232 3434 1615 451 166 < 98 118 283
Y6 208 3380 1584 395 174 115 122 303

THSD, S 037 s521 221 069 L9 33 39 56

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 a} of
- ‘Valentine’ is significantly lower than that of the other cultivars in experiment 3.
In experiment 4 “Tornado’ and ‘Plucos’ showed a high a,-value and ‘Profos’ and
‘Sucrine’ a low one, while the a of the other butterhead cultivars and the two

iceberg genotypes demonstrates mtermcdlate values.
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The maximal net photosynthesis per plant (P, ,) was necessary for the analysis
of variance (Table 3), while the maximal net photosynthetlc rate per unit leaf
area (P, n) is usually reported in literature. From the latter parameter (= t} C)
the plant conductance for CO, transfer at the light saturation level (1}) and the
overall plant resistance for COZ per unit leaf area (= 1 /'r‘) can be calculated.
Plants of ‘Amanda Plus’, ‘Ostinata’ and Hilde' cultivated at high irradiance (exp.
3, 5 and 6) show higher values of P_'_than those grown under poor light condi-
tions (exp. 1 and 2). Significant dlffcrences betiween ai- (and P_ 1.) values of
*Amanda Plus’ and ‘Ostinata’ are almost abseni, while *Hilde’ devnates signifi-
cantly from those two cultivars in experiments 1, 2 (and 6). A low P_* -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
butterhead cultivars ‘Cynthia’, ‘Noran‘ ‘Profos’, ‘Ravel’ and ‘Tornado’, the non-
heading cos-lettuce cultivars and the two headmg 1ccberg 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 R;-values of ‘Amanda Piug’, ‘Ostinata’ and ‘Hilde’, of
the cultivars of experiments 3 and 4 and of the treatmentsin 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 R ;-values compared with
the other plants. For all cultivars and treatments the R, as percentage of Pop

both per plant, remained below 8 %, with small differences between the cultivars,

Small but significant differences occur between I -values of ‘Amanda Plus’,
*Ostinata’ and ‘Hilde’ (exp. 2 and 5) and also between the butterhead cultivarsin
experiments 3 and 4. The effect of environmental conditions during cultivation
on I, however, is much more pronounced as shown in the experiments with
‘Amanda Plus’, *Ostinata’ and ‘Hilde'. Plants cultwated ata hlgh level of i irra-
diance showed high 1 -values. .

The stomatal (r,) and residual resistances (i, ) 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 r, were observed between.‘Amanda Plus’, ‘Ostinata’and
‘Hilde’ or between the various experiments of those cultivars (high THSD-
value). Significant differences in r, occurred with ‘Hilde’ {(exp. 1 and 2) and
between the various experiments with the 3 cultivars. A poor light period resulted
in a higher r,. Significant differencesin r, and r,, of the'cultivars in the two spring
experiments {(exp. 3 and 4) existed. In experiment 3 *Valentine’ and in 4 ‘Profosf .
had a high r_. In experiment 4 ‘Plucos’ and Tornado hadalowr andr,,

The calculaled data of the overall plant resistance for CO, transfer at the satur-
ated Ievel of irradiance (1/1‘) were compared with the sum of r,andr_. The value
of 1/t} did not exceed the sum of r_and r . The correlation Coefﬁcmnt (1) between
/<) and the sum of the two resrstanccs for all daia 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 r, were, in the above mentioned sequence, 0.40, 0.42, 0.86
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relation between the overall resistance for CO; transfer and 1, 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 CO, with r_, the opposite situation occurs.

For butterhead cultivars the specific leaf weight (SLW) is mainiy 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 r_ (r = —0.85), when the differences between SL'W are caused
by the environmental conditions during cultivation (experiments 1, 2, 3, 5and 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 photosynthe51s (VAN
HorstEuN, 1981) a multilinear regression between «, per plant and soil cover (8),
leaf area (A) and dry weight (W) was carried out. The results are listed in Table 3.

“Inall cases the correlation coefficient of o, with § is higher than that of &, with A
or W, which is in agreement with earlier results (Van Hotsteun, 1981).
* A two.and one way analysis of variance of the gross photochemical efficien-
ciés; the maximal net photosynthesis and net photosynthetic rates at 30, 50,70, 100
and 150 Wm 2, divided by a,, the maximal net photosynthesis per unit soil cover
area and the hght compcnsanon 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 HoLSTEIIN, 1981) the photosynthetic rates are
divided by o, 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, o, and soil cover (8), 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 dala of experiments 3 and 4.

 Treatment/Cultivar - ' Corrclaﬁon coefficients {r) of
linéar regression of e, with - the multilinear
model
8 A w

" Amanda Plus, Ostinata - . .

and Hilde 089 087 . 0.71 0.81

7 cultivars in experiment 3 : 0.81 0.66 0.61 0.68

9 cultivars in experiment 4 - 077 . 070 054 0.70
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The five levels of irradiance for which the rate of photosynthesis is calculated
correspond with those during cultivation.

~ No significant differénces could be shown between the o -values of the 3
cultivars i 5 experiments and between the net photosynthetic rates in those
experiments, except for small differences for P, ;, (Table 4a). Differences be-
tween net photosynthetic rates are caused by the environmental conditions
during growth, Plants of ‘Amanda Plus’, ‘Ostinata’ and ‘Hilde’, grown uhder
poor light conditions, have a lower P, , and lower other photosynthetic rates {on
o -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 P, , per unit soil area show a similar patternas P_ _ on a'-basm
The low uncorrected I -values are also due to a low irradiance durmg 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 photochemlcal efficiencies and the values

Of Pn 30-

Relatively small, but significant differences occur between the photochemical
efficiencies and maximal photosynthesis on a,-basis of the 7 cultivars of experi- -
ment 3 {Table 4b). Almost no significant differences were obtained between the
" net photosynthetic rates ona,-basis, when the plants of the various cultivars were

measured at the level ofirradiance close to that during cultivation. No significant
differences are shown for the P, , 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 irradiance 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 4¢ 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 nat differ signi-
ficantly from each other. ‘Tornado’ and ‘Plucos’ havelow P, ,-values on o, -basis
and ‘Plucos’ also on S-basis. Cos-lettuce ‘Sucrine” and iceberg lettuce plants.
show high maximal photosynthetic rates and high uncorrected I_-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 caltivation 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. '



AR LY

In a previous article (VAN HOLSTEIN, 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 data per plant represent the overall accumulation
of CO,, while not all plant parts contribute equally to the measured total values.

"The SL.W 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 HoLsTEuN (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 CO, transfer (1), r,r, 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 r_ and r_, on the exact

_effective leaf area basis for both processesis complicated. For theuse of e, per unit
leaf area (ac ) the above mentioned réstrictions must be taken into account too.

The small differences between calculated and measured values of R, and the
low standard errors (used in THSD) indicate that the results of the regressions
are reliable. The results of o), P, ., P\, I, 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 HoLsTenn, 1981). Al-
though irradiance and temperature effects could not be separated as was the case
in the previous experiment with 4 treatments of ‘Amanda Plus’, the influence of
the irradiance scems to be more evident than that of temperature in experiments
1,2,3,5and 6.

Photochemical effi crency
The high correlation between o, and soil cover, both for the various expen-
ments with ‘Amanda Plus’, ‘Ostmata and ‘Hilde’ and for the two spring experi-
ments justifies the use of «, and soil cover as bases of expression asdeveloped ina
previous paper (VAN HOLSTEIJN 1981). The correlation coefficients of o, with §
~ 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 o as was observed in a
~ previous experiment at 26°C, and a higher «f, as reported by some authors
. (B1orRKMAN and HOLMGREN, 1963; LoAcH, 1967; NILWIK, 1980). A lower P |
was observed by BJORKMAN and HoLMGREN (1963), BRoUwER and Huvskes
(1968), SARTI (1973), also when these maximum values are based on a, (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 sliade and sun ecotypes
(BsorkMaN 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, , on o -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; Toxoprus, 1977) or leaf volume basis
(CHARLES-EDWARDS et al.; 1974) have been observed as well. ‘Valentine’ is a -
compact cultivar with a low a;, high I, high r,, and a low SLW. This cultivar has
a low initial and overall soil cover rate and a low maximal coveréd soil area (Van
HorsTeEN, 19803), 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 photosynthetlc capacny, but may .
- 'be due to the larger and thinner leaves.
The differences between the photochemical efficiencies and other pardmeters
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’ hasa
photochemical efficiency and light compensation point deviating from thase of
other butterhead cultivars in this experiment. Although *Tornado’ and ‘Plucos’
showed a high o}, these cultivars are not suitable for winter cultivation as is
known from hortlcultural 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 P for
shade and highcr P for sun plants did not dlsappear for ‘Amanda Plus
*Ostinata’ and Hllde w1th the use of o, as basis of expression, which means that
.some_of the differences in leaf structure and . morpho]ogy have not been
corrected. ‘

Stomatal and résidual resistance

At saturating level of irradiance the CO, transfer from the external air to the
chloroplasts determines the photosynthetic capacity. The overall plant conduct-
ance for CO, transfer in the gaseous and liquid phase (1}) is lower under poor light
conditions (Acock et al., 1978; VaN HoLsTElN, 1981). The residual resistance
(r.,) 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
P_ .. The correlation coefficient (r) between I, of these three cultivars and /1) is
hlgh {0.88) and between r,, and P, o, ! lower {(--0.50), while between r, and 1/t}
and P, a~.' these coefficients are respectively 0.42 and .16, which demon-
strates the larger influence of r on P, than ofr, on P in the experiments’
with ‘Amanda Plus’, ‘Ostinata’ and *Hilde’. Largeeffects of r, on P, havé been
reported by BEARDSHELL et al. (1973), Frastr and BIDWELL (1974), GaasTRA
(1959) and Van HoLsTEUN et al. (1977), although r is probably overestimated
(SINCLAIR et al., 1977).. The various cultivation conditions did not affect r,
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CO -concentratlon also an lmportant environmental condition during culti-
vation, during growth of lettuce on r,. In the calculations of r, an r,, according to
Louwerse and VAN OORSCHOT (1969) the air boundary layer resistance {r,) has
been-assumed to be low and constant, which assumption seems inaccurate for
lettuce plants as discussed previously (VAN HoLSTEUN, 1981). The air boundary
layer resistance for a whole plant, r, ., (GAASTRA, 1966) will be underestimated
and r,, overestimated. The hiabitus of ‘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 r, ., than that for the two other
cultivars,

Maximal net photosynthesis of the butterhead cultivars on o, -basis (exp 3)is
more related with stomatal than with residual resistances (r = —0 72 and -0.22,
resp.). Iligher 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 cxpression for P, , (on o -basis) and in the basis.used for the

- calculations of r,and r_, (per unit leaf area). In contrast with the results of the 3
cultivars in experiments 1, 2, 3, 5 and 6 the correlation of 1/t} with 1, is higher
- than with r,, in experiments 3 and 4. The r, depends more on cultivar (AUGUSTINE
et al., 1976) and the r_, on cultivar and treatment, and, also for lettuce, not
exclusively on the cultivation conditions. The slightly lower r, and r,, do not
result in a higher P,__, on o,- -basis for ‘Tornado’, due to the hlgh o, and maybe
high SLW, ‘Sucrme showed different values from ‘Plucos’; another cos-lettuce
“cultivar, but selected for glass-housecultivation. Thelow R of Sucrine’ indicates
a high tolerance for high temperatures. The P, , on o,-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 greal importance,’
Specific Ieaf weight

SLW-values increase with an increase of irradiance (LOUWERSE and VAN DE
ZWEERDE, 1977; VAN HOLSTEUN, 1981). A positive correlation exists between
SLWandP,, na"of Amanda Plus’, “Ostinata’ and ‘Hilde’ mexperlmemsl 2,3,

~5and 6 (r = 0.51). In previous experiments (VAN HOLSTEUN, 1981) an almost

equal value was found when plants of ‘Amanda Plus’ were measured at 26°C.

The correlation between 1, and SLW is higher (r = 0.70) than that in the

previous experiments with ‘Amanda Plus’ (VAN HoLSTEUN, 1981), since in those

: prevnous experiments the plants of different ages had similar SLW-, but different
tl-values.

- The SLW depends more on expenmcntal condltlons (exp. 1,2, 3 5and 6)than
on cultivar (' Amanda Plus’, ‘Ostinata’ and ‘Hilde’), but the mﬂuence 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- -

I
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~ ences. For the 7 butterhead cultivars in experiment 3 there existed no correlation
between P, a7 '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;
DornNuOFF and SHIBLES, 1970; IRVINE, 1967). A better correlation existed be-
tweenP,, o' and SLW inexperiment 4 (r = 0.59), but selection with the help of -
SLw sccms 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 lowirradiance, the correlation coefficients are

still Jow, and a high SLW does not seem favourable under poor light conditions.
The correlation coefficients (r) between SLW and the overall plant conductanée
for CO, in experiments 3 and 4 are respectively 0.19 and 0.84. The coefticient from
experiment 4 corresponds with results of AUGUSTINE et al. (1979), who observed
a high correlation between leaf thicknessand the carboxylatlon efficiency, one of

© the factors included in 1}

Light campensa.rion poim : .

The large influence of irradiance and the small varietal influence on I in
experiments 1, 2, 3, 5 and-6 with ‘Arhanda Plus’, ‘Ostinata’ and ‘Hilde’ is also
- observed by others (LoacH, 1967), Small but significant differences were re-
ported by NiLwik etal. (1981) for tomato genotypes. A preceding period with a
high level of irradiance seems to be unfavourable for a subseéquent period with
less light, but this negative effect is usually compensated in practice by a 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 1 at that
moment. When the temperature under these cnrcumstances rises, I, will increase
as well (VaNn HoLsTEUN, 1981).

Cultivars with a similar habitus and pattern of growth have similar [ _-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 letiuce
~ 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 «, 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 résults are based on a 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 cuitivation of
lettuce in the poor light petiod will be casier, whcn non- headmg 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 CO,-conc. of 570 mgm ™7,
The butterhead lettuce cultivars “Amanda Plus’, ‘Ostinata’ and ‘Hilde’ were used
in 5 experiments (nrs. 1, 2, 3, 5 and 6). Seven butterhead cuitivars were used in a
spring experiment (nr. 3) and 5 butterhcad, 2 cos- and 2 iceberg lettuce cultivars
in another spring experiment (nr. 4). The gross photochemical efficiency per
plant (x;) and per unit leaf area (e;). the maximal net photosynthems per plant
g and per unit leafarea (P!, ). the dark respiration per unit leaf weight (R,)
and the light compensation point (L) were calculated by curve-fitting. The
stomatal(r,) and residual resistances (r_) and the specific leaf weight (SLW) were
calculated on the basis of total leaf area (A). A multilinear regression of o with
soil cover, leaf area and leaf weight gave a good fit for all experiments and for
each separate plant characteristic the sml cover gave the best correlation w1th o,

In a two way analysis of variance o, o: P at 30,50, 100 and 150 Wm~ 2 and at

- saturating level, expressed on basis of o, Pm ~ per unit soil cover, I and corrected
I, (= l.&,) were dnaiysed for the 3 cultnvars in3 expcnmcnis A one way analysis
for 1he same parameters was carried out for experiments 3 and 4, but only P, at
the level of irradiance during growth (50 and 70 W:nn'2 resp.) and P, , were
analysed. For ‘Amanda Plus’, ‘Ostinata’ and ‘Hilde™ &} is more mﬂuenced by
treatment than LUlthal‘, while in experiments 3 and 4 varletal differences also
appeared. P« ! increased after a higher irradiance during growth. Differences

‘between P, 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
atea,-basis of the cultivars. Results of the analysisof P, , per unii soil cover were
|dentlcal to those of P, per a,. The influence of lrradlancc on I, is more
pronounced than that of cultivar, D1fl‘erences in r,, existed for ‘Hilde’ compared
with “Amanda Plus’ and ‘Ostinata’, and for the cultlvars 'in the other experi- .
ments. A period with low trradiance resulted in a high r,,,. Differences inr, existed
only in experiments 3 and 4. SLW.is mainly influenced by cultivation conditions
(irradiance) and then correlated with r,, while those SLW-differences caused by
cultivar are almost not correlated with r,. The 2 cos-lettuce cultivars gave
different resufts, 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
photosynthe31s is measured at circumstances identical to those clurmg 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 sele:tion criteria for mew cultivars, In this
udy on lettuce eﬁphasis has been gilven to ligﬁt interception in the
or light period, the relationship'of growth-raterand relative growth
te ﬁith time, drj.weight and sdilzcover, and té phoﬁosynthésis proper-

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

The soil area which is covered by a lettuce‘plant determines to
certain extent the light interception and growth of i plant. There- ~
re, the process of soll covering was studied in two experiments, the
rat one in spring with'8 cultivars and the second one in autumn with
lettuce cultiﬁars and one endive cultivar (chapter ). The cultivar
manda Plus"was used in bqth experiments. Three plant densities
Ocm x 20 cm; 25 cm x 25 cm; 35 cm x 35 cm) ahd 3 day/hight tempera-
res were applied. The so0il 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 phe parameters t
ime in days from planting), 8 (amount of soil cover at time t),
ax {maximal covered area) and p fthe pqsifioﬂ of -the inflexioﬁ ppint
. Si) of the curve). Derived parameters_are'r (the initial soil' cover

te), L, (= si/sﬁax) and R, (the so0il coﬁer rate in the inflexion

i i
int). W_ - is the fresh weight of the head &t t (time from transgs-
max . o max )
anting until no visible increasse in soil cover occurred), and Wend
the fresh weight at the end of the experiment. )
Sigmoid curves fitted from the obtalned 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.
At higher temperatures t nax is lower. Mutual shading shortens the

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

i’ i
resulted in higher ti- and Si-values. The soil covering process of

" *Amanda Plus' is more rapid in autumn than in spring. For the 36 cm x
35 cm plaht density Smax tended to decréaée at lower temperatures. Fo
the other two densities the maximum available soil cover was reached
almost all treatments. When tmax is low and the growth period is shor

or the plant density high, L becomes high, Differenees between the

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

ag in autumn..

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

high S or high r with high Li,.ia present for some treatmenté and
fcultivars; but no cultivar showed‘the'optimal combination of all pere

meters (high r, high Li’ low ti combined with a high Si, high Ri and

low tmai) for a fast soil'covering process. The correiations of some
of the soil cover parameters (t., L. or W ) with W
‘ : - B | i max end

end’—apd of ti with wend for a number of culti

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

were low,
especially of Li with W

dates in the experiments High correlations, however, are hot to be

expected and iudirect selection of a high'W based con parameters of

end
-the soil cover curve is doubtful.

In chapter.ﬁ a gquantitative growth analysis for the butterhead
cultivar 'Noran' grown in spring and 'Deciso' in autumn has been des-
. cribed, The rlants were cultivated af s;milar day/night'temperatures
gnd plant densities as those described in chapter 2., For the quantita
tive énalysis a good fit of the growth curves is essenfial.-Polyno;.
‘mials between the third dnd ninth degree were needed for an adequate
‘description of dry-weight (W) and leaf area‘(A) versus time (f).‘The

.

)
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g growth_beriod and thg partly cont:olled conditions of the glass~
18e complicated a good fit of somé data. '

The growth rate {(GR = dW/df), being the derivativg of the poly-

-nial of dry weight with time, was also used fbr the calculation of

er parameters. The relative growth rate'(RGR = dW/dt.1/W) decreases
;ch time as well as with an increase in dry wéight for:all treatmeﬁ;s o
3sented. Plants grown at wider spacings have a highér RGR than plants
narrow spacings. ) ‘

Attention was paid to the relationship of GR with soil cover. These
-8, curves ind;cate fhe gronh stage-during wiéh mutual apd self ‘
wding occur and heading becomeé vigible. When head formation occurs
:tween 2 and 5 gram dry weight) GR reaches a maximuﬁ_value and starts
decreasé. ?lanfs at 35 cm x 35 cm have highér maximal growth‘rates,
ireas the decrease oi‘GR starts at a higher dry weéight. The relation-
.p between GR and S for the gfowth periodluntil 80%.of Smax is aimost
wear. After this period the rise of GR is larger and than followed
a decline of GR at maximal or‘inqreasingis. Except one situation, the
iear relation of GR with S gave higher‘corfelation coefficients thﬁﬁ R
rse with A and W. Multilinear regression showed‘thﬁt mainly S is

ax "’
The plants grown at lower temperatures in spring had a lower GR

.ated to the increase of GR over that peried until 80% of Sm

| reached a certain soil cover-at a later daté in this season than
mts grown at higher temperatures, which resulted in a highef inter-
ition of irradiance and/or better use of the intercepted irradiance.
the autumn-experiﬁent the plants grown at ﬁighef‘temperatures inter;
rted more irradiance than those grown at lower temperatufes, becausé
vigh 8 was reéchéd garlier during that period with a.high level of-
‘adiance and & longer day-length (Fig. 6). The growth rates of the
mnts of the nhrfow sppcingé were lower than thpsé of fhe planté of

: wider spacings. The relationship between agcﬁmulated drf_weight‘

. total irradiance, ihtercepfed-per plant after cdrréction.for the
‘ered area, is almost linear. ‘

- 'The relatlonship between ieaf area ratio (LAR = A/W) and heading
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éﬁzgfl for 'Noran' and 'Deciso' the quality of the head is good.

Since equipmeﬁt for photosynthesis measurements and determinatis
of CO2 cbmpensation concentrations was not available at the Departme
of Horticulture of the Agricultural University of Wageningen, a clos
'9y5tem was built suitable for whole plants of lettuce and of other
crops (sweet pepper, tomato). The sysfem 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 plaht chamber, a copper duct with a built-in fan;.coolihg co
air-heating elements and connecting f;exibie tubes. The internal dia
~ meter of the chamﬁer is 441 mm and the ﬁéight is 340 mm, which can b
eniarged'to 690 mm. A cylindrical perspex pot chamber which hag an
internal diameter of 190 mm and a height of 190 mm ig placed in the
plant chamber.

' Tﬁe'équipmeht is placed on a métal trolley in a roém, in which
temperature can be'regulated hetween 10 ahd 3400 ¢,1°c. The’ temperat
in the planp-chamber can be kept conétant between 5 and 32°C hd 0.5°C
and in the pot chamber between 15 apd 35°C + 0.5%. Temperatures are
measured by thermocouples. The light equipment consists of 5.Phi11p5
high‘meréury vapour lamps (400 W) arranged shove a waterbath with
runhing water, whieh is constructed above the plant chamber. The max
1rradiénce on plant level. iz 215 Wmfz. Irradiﬁnqe 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_l
An infra-red gas-analyser determines the rate of 002 exchange. Injec
tion of pure CO2 or a mixture of air with COz admits continuous moni
toring of this_exchaqge; During the relatively short perlode of -
measurements leakaéé can be neglected._AIl measurementis are recorded

by a 24 channel mﬁ—recorder or a data logger.
Photosynthesis rates of whole lettuce shoots of butterhead
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tivar 'Amanda Plué' were measured with this cloaed'system (chapter
In a first experiment the regponse of photosynthesis (P) to

adiahce (I) was measured for plants of 3 differeﬁt'ages at 14°C
,2600 and in the second experiment the response to CO_-concentration

2

was measured at 1500 and 250C, and the CO compeﬁsation concen-

2
tion.was determined. In botﬁ experiments plants were cultivated

H different levels of irradiance and 2 different day/night temperﬁ-
28, ' '

The photosynthesis data per plant were fitted with the use of a
ﬁangular hyperbola, which related photosynthesis to both irradiance
and COz-concentration ), inrwhigh o representg thg initial siope
he P-I-curve, i.e. the photochemical effiéiency; aﬂd T the initial

2
carboxylation efficiency is included in this conductance. In the

e of the P-C-curve, i.e. the plant'conductahce for CO, trangfer.

tt series 1 determines to a great extent the gross maximal photo-

;hegis (P =1 C).
m, g E -

?

Attention was paid to the basis of expresgion 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_.o {m PL "), with o as the gross photochemical
g Bg,con - g .
.¢ciency per plant and ag con ags the constant value of o _ when all
" . .

1t quanta should be absorbed. For the célculat;ons of the photo-
thesis rates on EL-basis only ag—values have been used.

A multilinear regression model of ag with -8, A and W (in this
ir) gave high correlation coefficients, while addition of the
tht of the plant,ras included in the profile dréa, did not improve
model significantly. The linear relatipn.of'ug with the covered
t by the plant géve higher correlation coefficients than of a
1 leaf area or weight, except for the group of jounger plants,

In expériment 1 the gross-phofochemical efficiency per piant

and pér unit leaf area (m;), the maximal gross photosynthesis

. 1 ‘ .
plant (Pm g) and per unit leaf area.(Pm g), the dark respiration

1 H
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ch;culated and listed; The’ yalues of ag aud ag, the net photosyntheti
rates at 35 and 100 erz and at saturated level of ;rradiance, expres
enrtue basis of ag, the Pi,g' Ic and the corrected light ebmpensation

. pdint(léag were used in a 3 way anelysis of variance,
' 1

The values of_a; and Pm.é decreasedluith ageing, but ul wasg almo
not affected by the temperatures of the treatment and of the measurem
The net photosynthetic rates on ag—basis gave lower values for the 8r
--of young plants and similar values for the other age-groups. At a low
‘1rrad1ancerleve1 (35 Wm .) the effect of the various cultivation trea
ments on net photosynthesis diminished, but'et 100 Wlu'—2 the influence
of‘the treatments on net photosynthesis increased, and this influence
bécamermuch more distinct on the maximal net photosynthetic rates. At
35 Wm 2 the net photosynthesis on'ag-basis i higher at 14°C than at
'ZGOC .At saturdted level of irradiance the opposite gituation occurre
while at 100 Wm -2 thie difference is absent The light'compensation P
is strongly influenced by temperature during mealurements and much le
by treatmeut and age. The corrected Ic was affected by age and measur
ment tempergture‘and‘not by cultivation. The correlation coefficients
(r) between speeific leaf weight (SLW = W/A), as an uuerage of the le
area amd leaf weight of the plant, anu'Pm,n on ug—basis at 14°C is 0.
‘and at 26°C 0.55.

In éxperiment 2 the net conductance for CO transter per plant
(t: ) and per unit 1eaf area (T ), the maximal net photosynthesis per
plant.and per unit leaf area (Pm’Il and Pi,n) and the CO compensation
concentration (C ) were calculated, The values of r and T decreased
and - the P _— increased with a rise in measurement temperature C is
, strongly influenced by temperature dur1ng measurement but not by
temperature during cultivation.

The use of the rectangular hyperbola and of a and T wWas discusse
-in relation with the light 1ntercept10n and CO transport. of whole
lettuce shoots. It was suggested that the boundery‘air-layer resistan

_fem CO, transport of the whole plant, which is considered to be low f
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.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 o as basis ot expression did not completely solve the inter-

‘tation problems of photosynthesis data obtained per plant.

In.chapter 6 six experiments have beén described in which the
‘ponse.of‘photosynthegis tb irradiance of whole lettuce shoots of
‘ious cultivars was ﬁeasured in an open éystem at-22°c. The butter-
d lettuce cultivars ‘Amanda Plus’', ‘dstinata' and 'Hilde' were
tiiated 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 butterheﬁd cultivars were used in the first spring
.eriment (nr. 3). Five butterheﬁd,2 cos- and 2 iceberg cqltivara
e used in the secondrsprihg experiment (hf; 4).

' According to a similai procedure.as‘déscribed in chapter 5 the
88 photdchemical efficiency per plant (mg) and\per un;t‘leaf_area g
:}, the maximallnet ?hotosyntpetic rates per plant (Pm;n) and per
t leaf area (pm,n)’ the dark respiration per unit d?y weight (Rd)
the light compensation point (Ic) were calculated. The SLW,
matal (rs) and residual (rm) resistances were alsoc calculated. The
values werq_used as basis of expression for photosynthetic rates
ording to the,theor¥ outlined 1n‘chapter 5. A multilinear regression
ag with 8, A and W was carried out and_the beét fit of ag was ob- .
ned with S, .
'In a two way analysis of variance ag, a;, the net pﬁotosynthéfic

es at 30, 50, 100 and .150 Wm-z and at saturated ievel of 1rradiahcq

‘1 on basis of ag), the pm,n per unit .8, the I, and corrected Ic

Qaé) were analysed for the 3 cul tivars in the 5'exberiménts1 For the

| nts of experiments 3 and 4 a one way 'ans‘,lysis of variance for the

e parameters except the net photosynthetic ratgs at 30, 100 and

Wn 2 wag carried out. For 'Amanda Plus', 'Ostinata' and 'Hilde'

ig more influenced by treatment (thus-experiments'l, 2, 3, 5 and 6)

: 1 -
n by cultivar. The O of 'Hilde' differs from those of 'Amanda Plus'
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ug anq u;. In experiments 3 ﬁnd 4 vaiietgl differences for u; appeared
t¢o be.higher. Pm'n incrgased after a higher,irradiance'dUringrgrowth.
Differences beiween the values of_Pn (and also other parameters invol-
ved in photosynthesis) increased when differences between the culti-
vars regard*ng habitus, growth and genetical background were more
pronounced (exp. 4) . Results of the analysis of variéﬁce of P n per

unit soil cover were identical to thosé of Pm;n per unit o for 'Amand
Plus', 'Ostinata’ and"Hilde‘. When the photosynthésis measurements ar
carried out at # level of jrradiance close to that during growth, no
significant differencea bgtween the photosynthetic rates of the culti-
vars on ug-basis occu; (exp. 3 and 4).

. For butterhead lettuce the influence of_cultivar aon the light
co.:npenslafion point is less pronounced than that of treatment. In two
egperimeﬁts fhe rm of"Hildef WaS‘largér than those of 'Amanda Plug'
and 'Ostingta’. In the two spring experiments différent-rm-values be~

tweeq'the cﬁ}tivars were also present. A period of 1ow_irradiahce
.resulted in'a high rm for the plant. Qifferences_between the rs-valuee

exisnted only in experiments 3 and 4, The correlation coefficient (r)'
beiween thé tota; plant“resisfance for CO2 transfer (I/Ti) and L + rn
for all data is 0.81.

‘ For buttefhead_cultivarS‘the spepitic leaf weight is mbre in-
flienced ﬁy cultivation conditions than by genetic differences. Howeve
significant differences between cultivars existed. A high negative
gorrelation exlisted between SLW aﬁd rm. when ghe differences were
caused by the wvarious cultivation conditions. The two cos-lettuce
~eultivars, one sélgcted for glass-house cultivation and one for out-

door growing, gave different regults, while the two iceberg genotypes,
"both selectéd as glass-house crops, always'gave similar results. The
used cos- and icepérg lettuce cultivars were ;ess adapted for growth
during the winter season in The Netherlands,
No clear ériteria for indirect selection on higher yield have

been found between the'parameﬁers, which déscribe the photogynthetic
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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 eloge to that during growth, no diftereﬁces between the
photosynthetic rates on ag-basis of the various génotypes can he
expected. It ig felt desirable that more research is carried out on

the morphology of the lettuce plant in relation to growth, light inter-
éeption and boz transport and diffusion from the external air to thé
carboxylation sites. The introduction and use of non-heading cultivars
would'make the study of lettuce easier and fgcilitate cultivation of\

lettuce during the poor light period.
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Eropsla is één van de belangrijkste kasgroenten die in de licht- -
‘arme periode in Nederland worden geteeld Het verkrijgen van fundamen-
tele gegevens over de 1nvloed van de temperatuur, de lichtintensiteit
en het koolzuurgehalte op de groei en fotosynthase van sla is belang- .
rijk om bijvoorbeeld gemakkelijker tot goede selectiecrité?ia voor
nieuwe rassen te komen. In dit conderszoek is de nadruk gelegd op de'
. lichtopvang door iﬁdividuele slaplanten in.de lichtarme .periode, en op
de relatie van de groeignelheid en van de relatieve groe;ﬁnelheid-met
de. tijd, haf‘droaggewicht en de door de plant bedekte hOevéelhéid grond.
Daarnaast is van het kropslaras Amanda Plus en enkele andere slarassen

aan aantal fotosynthesekarakteristieken bepaald

. Omdat de door de jlant'bedekte gfond mede 'dé 11chtopvang.én groei_
bepaalt;uyerd in twee proeven het proce§ van de grondbedekking bekeken,
De eerste proef werd ul tgevoerd 1nrhet voorjaar net 8 slarassén en de
tweede in het najaar met 5 glarussen en 4én. andijvieras (hoofdstuk 2).
Amanda Plus werd geplant Ln beide proeven. De slaplanten werden uitge-~
plant ‘op 3 plantafstanden (20 cm x 20 cni; 25 cm x 25 cm' 35 em x 35 cm)
en geteeld bij 3 combinaties van. dag~ en nachttenperaturen.

De bedekte hoeveelheid grond werd bepaald volgens een methode waar-
bij puntjes op een raster werden geteld. Elk puntje kwam overeen met een
bapaald aantal cmz. De relatie tussen de bedekte grond en de tijd werd
beschreven met eeﬁ sigmolde curve met 4 variabelen; Deze zijn: de tijd
t in asntal dagen vanaf uitplanten; derbédekte grond 8 op tijdstip t;
de maximale hoeveelheid bedekte grond §___; en de positie van het
.buigpugt (ti’si) we;ke weergegeven wordt met de variabele p. Andere,
afgelelde parameters zijn de aanvangsgrondbedekkin*ssnelheid-r; de
variabele L

i (= Si/Smax) en’ de grondbedekkingssnelheid R, in het buig—

i
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punt van de curve. wmax is het'vprsgewicht van de krop op het t1ijd-
stip waarop er geen zichtbare toename vén de grondbgdekking meer

plaats vindt (tpax) ¥ pna 18 het versgewicht van de krop aan het eindei

van de proef, ) ]

Alle bereken&e sigmoide 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 kondeh verwerkt worden'mét‘gebruik van
dezelfde éigmoide curve als hij de sla.Omdaf'de standagrdafwijkingen
van r en p in de ﬁeeste gevailen hoog waren, bleken dezg ﬁarameters,
minder bruikbaar voor een uitgebreide anslyse. Bij hdgere temperaturen
Lworgt het buigpunt eerder bereikt_(ti korter),_efenalé het tijdstip

tmaxf Ook onderlinge beschaduwing vervroegt het afbuigen &ﬁn de curve.. -

Bij lagare_temperétnren wordt t langer.Bij-ruimere plantaiétandenﬁ-

i

4 en S, hoger. Het grondbedekkingsproces van

zijn de waarden van t
Amanda Plus vérlboptlsneller in het najaar dan in het voorjaar. .

smax leek voor planten van de ruimsie plantafstand af te nemen met

lagere temperaturen., Bij de twee nauwere plantafstanden werd de
maximalée hoeveelheid beschikbare grond (400 en 625 cmz) voor bi jna

alle behandelingen bereikt. De L, is hoog als .de periode tot tmax of

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

Rasverschillen voor de diverse parameters van de sigmoIde be-
dakkingscurven kwamen zowél in het voor- als het najaar vopr. Een
. gunstige combinatie van enige van &eze parameters, bijvoorbeeld een
kofte t

‘met een hoge S1 of een hogé'r met een'hpge L kwam voor bij

i 1’ .
enkele rassen en behandelingen. De optimale combinatie van alle para-

meters, dwz. een hoge r, hoge Li;'korte ti samen met een hoge Si,

hoge R, -en eén korte tmax; werd echter bij geen enkel ras gevonden.

1

De correlaties vaan t,, L, en W met W
. : . i i max - end
nd en, bij een aantal ragsen in het voorjaar, tussen ti en:

_Deze'lage correlaties waren deels te wijten aan de lafe pogsté

waren laag, vooral tussen
Li en we
wend' :
‘tijdstippen in de beide proeven. Hoge correlaties ziJ]n echter in

andere gevallen ock niet-altijd te verwachteﬂ. Succes van indirecte
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curve is daarom twijtelﬁchtig.

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 ﬂachttemperatufen en.plantafétanden zijn
gelijk aan die gegeven in hoofdstuk 2, Een goede berekening van de
groeicurven 1slVan wezenlijk belang voor de kwantitatieve groelanalyse.
Gebruik van polynomen van de derde tdt 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 kasklimﬁat werkten
een hoge éraad van de polynomen in de hand.

‘ De groeisﬁelheld {(GR = dW/dt) is de afgeleide van de polynome
groeicurve van het drooggewicht met de tijd. Deze groeisnelheid werd
‘tevens géﬁruikt bij de berekening van andere parameters die de groei
beschri jven, zoals de relatieve groeisnelheid (RGR ='dW/dt.1/W). Deze
RGR neemt zéwél in de tijd als met een toename van het dréoggewicht
van de krop af bij planten van elke behandeling. Bij een ruimere plant-
afotand hebben'planten een gemiddeld grotere RGR dan bij een nauwere
~plantafstand, ’ ) ) "

Aandacht werd besteed aan de relatie tussen de éfoeisnelheid GR
en de bedekte grond §&. Deze GR-S5-grafiek geeft namelijk het groei-
stadium 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-
prodes {tussen 2.en 5 graﬁ drooggewicht)‘en-neemt‘daarna weer af,.
Sla, geplant op 35 cm, bere!kt een grotere haxtmale groeisnelheid

" dan nauw geplante sla en de afname van de GR begint bij de Truim ge-
plante sl# bij een_hbger drooggewicht. Er bestaat-een bijna lineaire
relatie tussen GR en 8 tijdens de periode vanaf het uitplanten tot
'het tijdstip waarcp 80% van Smax is bereikt. Na deze periode is de
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toename van GR eerst Broter geworden gn daarna begint GR af te nemen
bij een nog toenemende of reeds maximale S. Op één geval na waren de

correlatiecodfficiénten van GR met S.hoger dan van GR met W of A. Een
multilineaire regressie van GR met 8, A en W liet zien dat de toename
van GR in de periode vanaf uitplanten tot 80% .van smax hoofdzakeli jk

gerelateerd is aan 5.

-In het voorjaar.hadden de planten bij de lagere temperaturen een
kleinere GR en zi] bereikten een bepaalde grondbedekking later dan de
planten bij hogere temperaturen, Dit resulteerde in een hogere licht-
opvang bij een bepaalde bereikte S enxpf in een beter gebruik van de
opgevangenistraling. In de najaarsproef'daarentegen kregen de planten
die geteeld werden bij hogere temperaturen meer,licht dan de planten
van de lageré 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 beréikt (fig. 6). De groeisnélheid per
plant van de nauw geplante sla was.k}einér dan die van de ruim geplante
sla, De relatie tussen hét totale drooggewicht van de kfop“en_de totale
hoeveelheid opgevangen stréliug 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.krdpvorming is eveneens be-
studeerd, Een goede kwaliteit'slakfop kan voor Noran verkregen worden

wanneer de LAR kleiner is dan 550 cng_1 en voor Deciso wanneer de

. 2 -1
LAR kleiner is dan 710 cm g .

Omdat er geen apparatuur voor fotosyntﬁesemefingen,en het bepalen
van het CO2 compensatiepunt beschikbaar was op de'vakgroep Tuinbouw-
pPlantenteelt van de Lanclbo;_xwhogeschool in ngeningen, werd er een zo-
genaamd 'geslbten systeem' gebouwd dat geschikt is voor fotosfnthesé-
metingen aan intacte planten van sla én van ahdere.gewassen; zoals
paprika en tomaat. Dit gesloten systeem is beschreven- in hoofdatuk 4.
De inhoud van het gesloten circuit is 180 liter. Dit circuit bestaat
uit een cylindervormige plantkamer van pérspex,-een_koperen kanaal

waar een ventilator en de koelings- en verwarmingselementen zijn inge;
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nenzljde van de plantkamer is 441 mm én de hoogte is 340 mm, welke ver-
hoogd kan worden tot 690 mm. Een cyliﬁdervorﬁige potkamer van perspex‘
(diameter 190 mm en hoogte 190 mm) is in de plantkamer geplaatst.
‘ Da apparatuur staat gemonteerd op een metalen wagentje en is in
een aparte ruinte 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‘(3'0,5°C) en die in de potkamer
tussen 15 en 35°C (+ 0 500) De temperatuur wordt geméten'met‘thermo~'
koppels. De lichtbron wordt gevormd door 5 Philips hogedrukkwiklampen
(400 W) die boven een boven de plantkamer gebouwd waterbad met stromend
water hangen. De maximale lichtintensiteit op plantniveau is 215 Wm 2.
De lichtintensiteit wordt gemeten met Behulp van selenium fotocellen.
‘De 1ucht§oghtighé;d wordt. gemeten met Vaisalavoelers. De gemeten wind-
. 1

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

infrarood—gasanalysator wordt de CO -uitwisseling gemeten Injectie met -

2

“zuivere CO of een mengsel van lucht en CO, maskt cont1nue reglstratie

) 2
van de Co2 concerntratie mogelidk. Gedurende de betrekkelijke korte‘meet-
perioden kan de lekkage van €O, in of uit het systéem'verwaarldoéd wor-
den. Alle metingen worden geregistreerd met een 24 punté myV-recorder

of een datalogger.

De f&posynthesesnelhéde# van‘intacte‘slapiaﬁten van.ﬁet.krbpsln-
ras Amanda Plus wérden gemeten in dit-geslotpn systeem (koof&stﬁk 5.
De respons van de fotosynthesesnelheid (P) op de lichtintensiteit (I)
werd in eeﬁ éerste'proef gemeten bij 14° en 26°C bij planten van 3
verachillende leeffijden. In een tweede proef werd de respons van P
op de QOZ concenfratie {O) gemeten'en tevens het-COz_compensatie-
punt bepaald hij'159 en 25°C. Zowel in de eerste als de tweede foto-
syntheseproef werden de planten opgekﬂeekt.bij twee lichtintensitei-
tenen twee coﬁbiuaties van dag- eﬁ nachttemperaturen. ‘

De relatie van de fotosynthesesnelheid P met zowel de lichtin-

tensiteit I als de C02 caoncentratie C werd beschreven met een recht--
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hoekige hyperbool. In de formule van deze hyperbool is o de helling in
het beginpunt van de P-I-curve, d.w.z. de fotochemische efficilntie,
en T 18 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-

efficiéntierﬁehoort eveneens tot T. In7de?fotosyntheae—l1chtaeries
bepaalt T in grote mate de maximgle bruto’ fotosynthesesnelheid (Pm,g= .
IgC). o o ‘ | |

Aan de manier waarcp de fotosynthesesnelheid, gémeten per plant,
wordt uitgedrukt is speciale aandacht besteed,‘pﬁdat de fptosyhthesef
snelheden uitgedrukt per eenheid bladoppervlak, ggwicht.(of, in mindere
mate, bedekte grond) niet nauwkeurig genoeg waren om met andere resul-
‘taten te vergelijken. Daarom is een andére basis, het éffectieve blad-
—1

: lak (E . El = P1” i
oppervlak (EL), gelntroduceerd 1 ug g,con (m ), yaar n.ug

dg bruto fotochemische effici¥ntie per plant is en a de. konstante

waarde van ag in het geval-dap alle lichtguanta zouden worden opge~=

nomen door de plant. Bij de berekenihgen van de‘fotoéyﬁthesesnelheden

op EL-basis is voor EL niet a a -1 " gebruikt, maar alléén o _ omdat de
g B,con g E B
een constante waarde heeft.
g,con

Hultilineaire regressie van de hruto fotochemnische efficiéntie
met de bedekte.grpnd, het-bladoppervlak en het drooggewicht (in deze
volgorde) gaf hoge correlaties tussen ug en deze drie plantkarakterig-

tieken. Uitgezonderd voor de jJongate planten waren de correlatie-

| coéftici&nyen van‘ug pet de bedekte grond hoger dan van_ué met het'
i  bladoppervlak of het gewicht. De toevoeging van de factor hoogte van
~de plant, zoals verwefkt in het profielopperilak, gaf'géén significant l
"betere multilineaire regressie. ' o ' .

De bruto fotochemische erticiéntie per plant (i ) en per eenheid
bladoppervlak (a ), de maximale bruto fotosynthese per plant (P
en per eenheid bladoppervlak (P ). de donkerademhaling per eenﬂeld
drooggewichtA(Rd) en het lichtcompensatiepunt_(Ic) van de planten in
de eerste fotosyntheseprcef werden berekend en in een tabel weerge-
geven. Bovendieﬁ werden voor een variantieanalyse met een indelihg in

- drie klassen de gegevens vgﬁ bovengencemde as en al; de netto foto-
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basis van.u,), de P:,g,‘lc en het gecorrigeef@e lichtcompensatiepunt
Qc u) gebruikt L 1 '

De waardeq van ag en Pm,l nemen af met een toename van de plant-
1eeftijd. De ag werd bljna niet beinvloed.dobr de temperatuur tijdens
de voorbehandeling of de meting. De netto fotosynthesesnelheden op
ag-basis waren hgt laagst bij de groep met de jongste planfen, terwijl
de_planten van de twee andere groepen dezelfde netto fotosynthesesnel-
heden hadden. Bij lage lichtintensiteiten (35 Wmﬂz) verdween het effect
van de verschillende opkﬁeekhehandeiingen‘op de netto fotosynthese, De
invliced van de behandelingen nam weer toe bij 100 ¥Wm -2 en werd ﬁog
duidelijker zichtbaar bij de maximum netto fotosyntheae. Bij- 35 Wm
4 is de netto_fotosynthese op o _-basis hoger bij-de metingen 14° dan
bij die van 26°C. Bi) 100 Wn™“ waren er geen verschilleh meer waarneem—
baar, terwijl bij l;chtverﬁadiging de netto fotqsyntﬁese op de ag—basis
Juist hoger is bi}j 26°C in vergelijking met de metingen bij 14%C. Het
lichtcompenaﬁtigpunt wordt in sterke mate belnvloed door de temperatuur
tijdens de fotosynthesemetingen en veel minder sterk door de temperatuur
tijdens opkweek of de leeftijd. Het gecorrigeerde llchtcompensatiepunt
is afhankelijk van de leeftijd van de plant en de temperatuur tijdens
de‘meting,rmaar niet van de opkweek! De correlatiecééfficiént van het
apecifiék bladgewicht (SLW = W/A), gebasecerd op W en A van &lle bladeren
van de plant, met de maximale netto fotosynthese op ag-basis is 0,73 bi}]
de metingen van 14°C en 0,55 biJ 26°C '

In de tweede fotosyntheséproef werden het netto geleidingsvermogen
voor het CO tranéport per plant (rh) enopgr'eenheid bladoppervlak
(T ), de maximum netto fotosynthese per plant en per eenheid bladopper-
viak (P en P;.n)'en het Co, compensapiepunt'(cc) berekend. De waar-

. den. van LI T;'namen af en die van pm,n namen toe bij een stijging
van de meettemperatuur. Cc wordt sterk belnvloed door de temperatuur
tijdens de meting, maar niet door de temperatuur tijdens opkweek.

De toepassing van de rechthoekige hyperhooi en het géﬁruik van o

en T is .bésproken in betrekking tot de lichtopvang van de plant en het
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1 o : : :
-de o, ag, de netto fotosynthesesnelheden bij 30, 50, 100 en 150 Wm

002 transport in de slaplanten., De suggestie verd gedéan'dat de grens-
laagweerstand van de plant voor_het'CO2 transport, welke weerstand bij
de bléderen van de¢ meeste planten en . gewassen onder Optimaie omstandig-
heden als laag pgezien wdrdt, een belangrijker rol kan spelen bij plan-
ten met een dichte opeenhoping van bladeren, zdals bij slaplantgn. Het
gebruik van de bruto fotochemipche effici¥ntie ug als basis waarop de
fotosynthesesnelheden warden uitgedrukt loste niet volledig de pro-

blemen op die er hestaan omtrent de interpretatie van fotosynthesege—

gevens die per plant verkregen zijn.

In hoofdstuk 6 zijn zes proeven beschreven waarin de resﬁous van
de fotQSynthese op de liéhtintensiteit bij slaplanten van.diverse ragsen
werd gemeten bij 22°C in een 'open éysteem'. In drie proeven (nrs. 2, 3
en 5) werden de kropslarassen Amandé Plus, Ostinata en Hil&e opgekweekt
in de kas, in &én proef (mr. 1):in het fytotron en in een laatste in de
vollegrond (nr. €). In een eerste voorjaarsproef (nr. 3) werden behalve
deze drie rassen nog vier kropslarassen opgekweekt. In de tweede voor-
Jaarsﬁroef {nr. 4) werden 5 kroﬁslarassen,-twee bindslarassen en twee
ijsslaselecties gebruikt.

De- bruto fotochem1sche efficiéntie per plant (o ) en per eenheld
bladoppervlak (a ), de maximale netto fotosynthese per plant (P : ) en.
per eenheid bladoppervlak (P ), de donkerademhaling per eenheia droog-
gewicht (Bd) en het 1ichtcompen5atiepqnt (Ié’ werden op dezelfde wijzé
berekend als in hoofdstuk 5. De SLW, de huidmondjesweerstand (r ) en de
restweerstand (r s mesofylweerstand) werden eveneens berakend Ook bij
deze proeven werden de fotosynthesesnelheden uitgedrukt op basis van
'y | .

De multilinesire regressie van de bruto fotochemische etf;ciéntie
met de bedekte grond, het bladoppervlak en het‘drooggewicht gaf hoge
correlatiecoéffici&nten tussen ug en @e drie'plantkaraktgristieken,
waarbij die van ug met de bedekte grond de hoogste waren.

In een variantieahalyse met een indeling in twee klassen werden
; . -2
13
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het.lichtcompensatiepunt en het gecorrigeerde-lichtcompensatiepunt
(I o ) van Amanda Plug, Ogtinata en Hilde in de § proeven nader be-
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
netto_fotosynthesesnelheden bi] 30, 100 en 150 Wm

De'a;.van Amanda_Plﬁs} Optinata en Hilde wordt in grotere mate
beinvloed dpor de voorbehandeling (dus door de proefomstandigheden
fan de proéven 1, 2, 3,5 enlB)‘dan doo; hef gebruikte ras. De a;
van Hilde verschilt van die van Amanda Plus en Ogtinata., Een lage
liphfintensiteit tijdens opkweek heeft egg hoge ag en u; tot gevolé.
In de beide voorjaarsproeven (nrs. 3 en 4) waren de rasvargchillen
voor ﬁ; groter dan tussen Amanda Plus, bstinata en Hild? in de proeven
1, 2, 3, 5 en 6, Slaplanten hadden een hogere P mn als de lichtintenb

siteit tijdens de opkweek hoger was. De rasverschillen met betrekking

tot Pn (en ook de andere fotosyntheseparameters)'namen toe wanneer de

- - verschillen tussen de rassen wat betreft_habifus, groeiwijze en

genefiSChe afkomst groter waren (proef 4). Voor Amanda Plus, Ostinata
en Hilde waren de resultaten van de variantieanalyses van Pm n'per

’ .
-eenheid bedekte grond gelijk aan die van Pm n per eenheid ug. Er waren

geen signifibante_rasverschillen voor de fp;osyntheseaﬂelheden op ag;
basis, wanneer de. fotosynthege gemeten werd bi} een lichtintensiteit
die dicht lag bij die tijdens_de.opkweék van de planten (proeven 3 en’
1), ' _ ' '

Bij krops;a is de invloed van de fodrbehandeling op het licht-
compensatlepﬁnt sterkér dan de invloed vgn de rassen, Derrm van Hilde
is in twee proeven groter dan die van Amanda Plus en Ostinata, In de
beide voorjaarsprogven'kwamen ook réséerschillen met betrekking tot
r voor. Na een periode met een lage lichtintensiteit was de r# hoog.

" Ragverschillen voor de huidmondjesweergtand kwamen alléén in de beide
-voorjaarasproeven voor, De correlatiecoéfficibnt tussen de totale weer-

stand. van de plant voor het CO transport (1/1 ) en de som van r en rn
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15; ovef ﬁlle gegevens vah de proaven 1. -~ 6 samsn, 0,81,

Bi;‘j kropslarassen wordt het specifiek bladgewicht meer bepaald
door de obkweekomstandigheden dan door het génotype, hoewel signifi-
cante rasverschillen-voorkomén. Wanneer de grote verschillen in SLW-
en rm-waarden een gevolg zijn van de opkweekomstdndigﬁedén, dan zijn
SLW en rm.sterk negatief gecorrelgerd. De beide'bindslarassen, waarvan
er één gepelecteerd is voor de kasteelt en de ander voor de .teelt in
de vollegrond, gaven verschillende resultaten. De fweé ijsslatypen waren
beide geselecteerd voor de kaéteelt en gaven ook identieke resultaten .
bij de fotosynthesemetingen. De in proef 4 gebruikte bind- en ijssla-

typen leken minder geschikf,voor_de teelt in de winter in Nederland.

Bij de-parametérs,-die het fotosyntheseproces beschrijven, zijn
er gbén gevonden die als duidelijk criterium kunﬁen'dienen bilj indirecte
selectie op.een'hogere opbrengst, Bij.de paraméters_die het pfocgs van
grondbedekking beschrijveﬁ konden evenmin criteria gevonden worden die
als zodanig voor indirecte'éeleétie-bruikbaar.éduden zi jn. Er kunnen-
gdén rasyergqhillen voor de fotosynthesesnelhédenlpp.ag-basis verwacht
worden, wahneer de,iotosynthese gemeten wordt onder omstandigheden d;e'
dicht liggen bij die tijdens de opkweek. Méér onderzoek naar de morfo;
logie van de slaplant in feiatie tot de groel, de lichtopvéng en het
002 transport en de C02 diffusie van dg omringende lLucht naar de car-
boxylatieplaatsen is wenselijk. De introductie en het gebruik van sla-
ragsen die niet quppen.iouden dé satudie van sla vergemakkelijken en

in de toekomst de teelt van sla in de lichtarme periode vereenvoudi-

gen.
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