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Table 1. Concentration of elements

in the standard nutrient

solution
Element Concentration
(ppm)
N 260.0
P20s 120.0
K20 345.0
Ca0 230.0
Mg0 75.0
B203 - LS
Fe 2.1
Mn0 1.§
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Table 2. Effect of concentration of nutrient solution on the growth of leaf lettuce

in solution culture.

No. Maximum leaf Stemn Top Root
Conc.* 2L L w o LW 1e(2§3h FW DM rate L DM
e (cm) {cm) (8) (%) (cm) (8)
0.5 i3 15.0 14.0 1.07 1.5 31.1 5.3 31 .29
1.0 14 15.0 13.3 1.13 1.5 34.3 5.2 34 0.30
1.9 15 16.3 15.0 1.09 1.6 47.3 5.0 38 0.39
2.0 15 16.3 14.7 [.11 1.6 45.5 5.5 34 0.40
2.5 13 13.3 13.0 1.02 1.3 25.1 6.7 30 0.26
Average of L2 plants grown in 5 grovth chamber. The condition was 342 uxmol m™2 s™!

(day length, 10 h), 20%0.5°C., and 7T0~85%Rh.
L, length; ¥, widthk; FW, fresh weight; DM, dry matter weight.

8 Magnitude of the standard solution.

"® Leaves that.were ionger than 1 cm.



Table 3. Effect of pH of nutrient solution
on the growth of leaf lettuce in

solution culuture.

No. Top Root
pH X Fw DM DMmte DM
(g) {8). {%) (g

4 8 9.4 0.70 . 7.5 0.12
5 9 15.2 0.9 6.3  0.21
6 9 19.2 .23 6.4 0.25
7- 8 10.6 0.72 7.4 0.24
8 4 0.4 0.01

0.3 0.03 10.

Avérage of 12 plants gro%n in a groﬁth chamber.

©  Thé conidition was 342 uzmol m~2 s™'(day length,

N

10 k), 20+0.5°C, and 70~85%Rh.
F¥, fresh #eight: DM.dry matter weight.
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Table 4. Effect of temperature of nutrient solution on the growth of leaf lettuce

in solution culture.

No Maximum leaf Top - Root
Temp. o L W w FW DM rate L DM
© (cm) (cm) (g) (%) (cm) (&)
10 1 10.0 9.8 1.02 19.4 5.4 45 0.25
15 12 14.0 12.0 1.17 24.8 5.7 31 0.26
20 14 18.0 15.0 1.20 50.1 4.4 38 0.28
25 19 22.0 17.0 1.29 69.0 4.9 40 0.35
30 17 20.0 15.2 1.32 56.9 4.7 31 0.31
35 9 7.2 5.4 1.33 4.4 7.7 5 0.07

Average of 12 plants grown in a growth chamber. The condition was 342 gmol m™2 s7!
(day length, 10 h), 20%0.5°C, and T0~85%Rh.

L.length; ¥.width; F¥, fresh veight: DM, dry matter weight.

? Magnitude of the standard solution.
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Fiig. 1.

Effect of temperature of nutrient

solution on the configuration of leaf
lettuce. Figures show the treated
temperature(°C). Third, sixth, nineth,
twelveth and fifteenth leaf are from

left to right. Right ends are stenms.
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Table 5. Changes of dissolved oxygen concent-
ration in nutrient solution while

leaf lettuces were growing.

Aeration Cone. of 02 {(ppm)

(ml min~!) 02 7 19 22 28

0 8.6 1.5 1.6 1.3 1.0
50 8.7 1.6 6.7 5.9 3.5
500 8.8 8.7 8.2 1.9 6.1

2500 8.7 8.8 8.6 83 T3

7500 8.1 8.7 8.6 8.5 8.0

% Days after planting.
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Table 6. Effect of aeration into the nutrient solution on the

growth of leaf lettuce.

Days Aeration No. of Fresh weight ( g ) Dry weight ( g )

P

after

Planting (ml min™!) 1leaf Leaf Stem Root 'Leaf Stem Root

19 0 .0 5.6 0.2 2.3 0.30 0.01 0.09
50 .3 81 0.3 2.9 0.48 0.03 0.12

500 8.0 110 0.5 2.8 0.58 0.03 0.13

2500 8.1 145 0.7 8.8 0.73 0.05 0.16

7500 8.0 12.7 0.5 37 0.63 0.03 0.14

28 0 1T.5 61§ 3.5 10.2  4.82 0.42 0.53
S50 - IO 59T 2.8 14T 8.83 0.33 0.56
500 - 20.5 8806 5.8 18.5  4.81 0.44 0.62
2500 - 18:5 115.3 115 20.9  4.88 0.60 0.83
15007 185 99.1 10.0 20.2 414 0.55 0.62
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Table 7. Absorption of oxygen by the root of leaf lettuce(20°C).

Days Number Dry weight Rate of 02 Quantity of
after of _— absorption 0z absorption
planting leaf Top{g) Root(mg) (mg gO¥~' h~ ') {(mg plant™' h~!)

2 2 0.02 8 6.9 0.06
6 4 0.11 25 1.2 0.18
12 8 0. 49 119 1.0 0.83
15 10 1.13 241 8.4 2.02
23 18 5.71 826 4T - 3.88
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Aﬁsorption of oxygen (mg gD¥~' h~')

oy

Temperature (°C)

Fig.3. Effect of temperature of nutrient solution on
the absorption of oxygen by the root of leaf

lettuce. -——-, unagrated ; ---, aerated.
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Fig. 4. Model device(Type 1) for
monjtoring fresh weight
of leaf lettuce. L, load

| cell; 0, output; S, stand;
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Hours

Fig. 5. Effect of power source on the output voltage of o
load cell. Left, AC adapter; Center, dry battery: =~

Right, stabilized power source.
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Fig.6. Effect of temperature on the output voltage of

a load cell.
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P

Table 8. Relations between the fresh weights of leaf lettuce

and the readings by a load cell.

Number of Reading by - Fresh weight ( g )
leaves load cell¥(g) Top*! Above Water®2 Whole®®
4 1. 40 1. 30 1.42 1.84
[ 4.97 5.11 5.33 6.22
11 29.0 26.8 27.4 33.9
20 109.§ 108. 3 110.0 121.0

Y=1. 01X1+0. 51, Y=1.00X2+0.36 and Y=0.91X3-0. 85.
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Fig.13. Change in configuration of root of leaf lettuce after
planting in nutrient solution. Numbers indicate days

after planting.
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Table 9. Changes in the top fresh weight and other growth indicators of leaf lettuce.

Fr Dry matter ans- : jection Dry matter
Days® weigetf;.1 b 1—yra.te Nli:;?,zg of I;Il‘;;?tr:gn ]:::af. ‘P;Sé:% ° weir g%lt of root

(&) (%) (ml day™) (cm?) (cm?) (mg)

0 4.4 8.5 3 10 100 10 22

2 6.4 7.2 4 10 146 29 45

5 9.7 6.0 6 5 222 72 77

8 14.4 6.8 8 31 331 118 125

11 27.4 6.6 11 - 87 632 183 294
I3 4.6 6.4 13 79 1029 225 404
17 102.6 5.2 16 97 2337 225 851

8 Days after the start of measurcment.
b TReading of the continuous measurement system,
¢ Plants werc projected from the hight of 1.5 m,
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Fig. 18, Change in transpiration-rate of leaf lettuce.
Measurements vere started from 16 days after

seeding.
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Fig. 23. Change in configuration of leaf lettuce in long dark period. Figures

indicate the number of days in dark.
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Table 10 Water saturation deficit(WSD) of leaf
lettuce in dark and light period.

Position Average fresh ¥SD (%)

of leaf weight®( g ) Dark Light
2 0.27  1.50£0.47 2.48£0.37
3 0.48 1.60+0.24 2.55+0.%9
4 0.81 1.69+0.27 2.50%0.40
5 1. 41 1.75:£0.28 2.10%0. 27
6 1.28 1.8840.44 2.13%0.35
7 0. 46 4.18i0.§5 3.9840.55
8 0.08 1.2041.64.  b6.93+0.83

Data'are shown as the méanﬂ:SB;

® after the soaking in water for 30 minutes.
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Fig. 28. Fluctuation in top fresh weight of leaf lettuce
by the change of air temperature under a constant

relative humidity(77+£8%). Photon flux density

was 388 umol m™2 5”1,

Air temperature(°C)
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Fig. 29. Fluctuation in top fresh weight of leaf lettuce
by the change of air temperature under a constant
con@itiﬁn:pfevapor pressure deficit(0.6 kPa).
Photon flux density was 388 umol m™2 s71,
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Fig. 30. Diagram of measuring system for photisynthesis. Arrows
indicate air flow. A, air bug; B,blower; ¥,water: R,
radiator; H, humidity controller; T, temperature
controller; AC, acrylic chamber; F,fan: IR, infrared gas

analyzer; P.pulley; ML,metalhalide lamp; C,crop.
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Fig.31. Simultanious measurement of top fresh weight,

transpiration rate, leaf temperature and
photosynthesis of leaf lettuce at 25 °C of
air temperature, when the relative humidity

vas changed.
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Fig.32. Fluctuation in top fresh weight of leaf lettuce by the
change of wind velocity under constant air temperature
and VPD{vapor pressure deficit). Figures and arrows

show the wind velocity and its term.
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Table 11. Change in top fresh weight of leaf
lettuce. The air temperature was control-
led stepwise at the indicated level in
every sequent 12-h interval. The light
intensity was constant during the 6-d
experiment. The figures denote the
average fresh weight of 7 plants at 1 and
12 hours after temperature change.

Temperature Fresh weight (g)

¢®) 1h 12 h

5 -— 7.98
10 7.89 8.40
15 832 9.00
20 8.83 10.10
25 10.02 11.54
30 11.38 1290
35 1273 14.35
30 15.03 17.49
25 1808 21.65
20 21.99 25.72
15 26.06 2869
10 _ 28.86 31.24
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Fig. 33, Dependance of the growth rate of top fresh
“weight of leaf lettuce 'during each 12-h
control interval on -the air temperature.
The rate was calculated from Tablell.
Arrows indicate the course of the tempera-

ture change.
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Fig. 34. Relationship between air temperature and
the growth rate of top fresh weight of leaf
lettuce during the last 11-h in each 12-h
control interval. The first 1-h change of
fresh weight was excluded from the results
shown in Fig. 1, since it was affected by
the temporal response of crops after a
sudden temperature change.
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Fig. 35,

Growth rate (¥ 12h71)
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Twelve-hourly mean growth rate of fresh weight
in leaf lettuce as functions of air temperature

and growth stage showed by fresh weight. Air
temperature was changed stepwisely every 12 hours.

"Water vapor deficit was kept within 0.4 kPa. A

and B had low and high career temperature,
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Fig. 36, Effect of air temperature on growth rates of
s fresh weight in leaf lettuce at photon flux

density 236(@),307(A),412(m) and 516(O) ol
22 s7'. The growth rates at each temperature
were measured by stepwisely changing air
temperature every 12-hours. Growth stages are
showed in fresh weight 4~15g(8), 15~50¢(B)
and 50~120g(C).
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Fig. 37. Effect of air temperature on photosynthetic

rate of leaf lettuce at photon flux density 0(@),
32(0), 108(A), 238(A), 411(HD, 705([1),
982(V), 1293(V) and 1726(O) umol m™2 s°t.
Water vapor deficit was kept at 0.6 kPa.
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Table 12. Effect of shading on the growth of leaf iettuce in

solution culture.

Treatment Number of Fresh weight (g) Dry weight (mg)

leaves Leaf Stem Root Leaf Stem Root
Control 20.0 65.8 3.1 16.6 4256 277 992
Shading 20.7 56.97 2.7 18.3 4150 258 775
{-Test NS NS NS NS NS NS NS

NS: Non-significant difference at 5% level.



Table 13. Effect of shading on the configuration of leaf lettuce
in solution culture.

Treatment Al] leaves Naximum leaf Values of Sten

DMR(Z) SLA(cm tg) L(cm) W(cm) L/W green meter L{cm) D(cm)

Control 8.2 320 16.6 15.4 1.08 34.8 3.03 1.48
Shading 6.3 515 20.6 16.8 1.24 30.7 2.53 1.50
t-Test ik o % NS ¥ * NS NS

DMR: Dry matter rate; SLA: Specific leaf area; L: Length; W: Width;

D: Diameter.

NS: Non-significant difference at 5% ievel.

¥ %% kik: significant difference at 5§(s), 1X(%*) and 0,1%(***) lavel.
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Table 14. Effect of Vaporization on the growth of leaf lettuce
in solutien culture.

Treatment No. of leaf Fresh weight (g) Dry weight (mg)

leaves area(cm®) Leaf Stem Root Leaf Stem Root

Cont. 14.0 648 28.8 1.2 5.8 2210 123 402
Vapor. 15.5 1078 56.9 2.6 11.4 3430 183 606
t-Test NS Wik ke kkE Rk wk NS ke

NS: Non-significant difference at 5% level.
¥ %ok %%ok: significant difference at S5%(%*), 1%(*x) and 0.1 (k) level.



Table 15. Effect of vaporization on the configuration of leaf lettuce

in solution culture.

Ireat.

All leaves

Naximum leaf

DMR(%) SLA(c'g) L(cm) W(cm) L/¥ green meter

Values of

Stem

L{cm) D(cm)

Cont. 7.7
Vapor. 6.0
t-TEST %ok

13.7 13.0 1.06
14.6 17.8 0.83

NS

Yok

£

33.7
34.2
NS

2.5 1.15
3.0 1.45
X Kdok

DNR: Dry matter rate; SLA: Specific.leaf area; L: Length; W: Width;

D: Diameter.

NS: Non-significant difference at 5% level.

% %k fokk: significant difference at 5%(%), 1%(%%) and 0.14(¥%%) level.
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Table 16. Effect of vaporization and shading on the growth of

leaf lettuce cultured in potted soil.

Treatment  Number of leaf Fresh weight

leaves area(cm2) Leaf(g) Stem(g)

Dry weight

Leaf(g) Stem(mg)

Cont. 10.5° 325  12.7°  0.33°
Vapor. 12.5° 564 2355 (.75°
Vapor.+Shad. 11.0° 461 ® 16.6* 0.53 ¢

1.24° 49°
1.61° 69 *
1.11* 43°

Values followed by different letters are significantly different at 5%

level.



Table 17. Effect of vaporization and shading on the configeration of
leaf lettuce cultured in potted soil.

Treatmwent All leaves Naximum leaf Values of Stem

DNR(%) SLA(cm'g) L(cm) W(cm) L/W green meter L(cm) D{cm)

Cant. g.20 264° 12.2*= 11.5* 1.08* 29.2= 1.92* 0.67
Humid. 6.8 31° 14.2° 13.4° 1.06=0 26.7** 1.82* 1.02°
Humid.+Sad. 6.7 ®* 417 ° 15.1 % 11.9* 1.29® 25.5°% 1.83* 0.88°

DNR: Dry matter rate; SLA: Specific leaf area; L: Length; W: Width;

- D: Diameter. ‘ C

Values followed by different letters are significantly different at 5%
level.
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Studies on monitoring the fresh weight of leaf lettuce
1988
Masayuki ODA

Summary

This research was. carried out to determine the growth response of

leaf lettuce to the environment through a new method that monitors

fresh weight.

Chapter 1. Development of a device for monitoring fresh weight

First, the optimum conditions of a hydroponic solution for the growth
of leaf lettuce were studied to determine the specifications required
for the monitoring devices. Optimum growth occured when the sclution's
concentration equaled 1.5 to 2.0 times the standard sclution shown in
Table 1, at a pH of about 6 and a temperature of 25 °C. Dissolving oxygen
over 7.3 ppm was required for the optimum growth. This dissolution was
accomplished by supplying air over 2.5 1 min™' into the nutrient solution
(42 1).

Next, a device composed of hydroponics and load cells was developed
for monitoring the fresh weight changes in the lettuce. This device
provided measurements that clarified the growth response to the

environment. The output voltage of the load cell was most stable when
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the load cell was excited by a stabilized electrical power unit. Tempera-
ture's effect and hysterisis on the load were negligible. Output from the
monitoring device positively correlated to fresh weight over the surface
of the solution, so that the value was about 1 % larger than that of top
fresh weight.

Last, The monitoring device was improved to keep the surface level of
the solution and the solution's temperature constant. With this device,

the concentration of dissolving oxygen was kept over 7.3 ppm.

Chapter 2. Evaluation of the monitoring device through long-term
monitoring of fresh weight in leaf lettuce

Fresh weight of leaf lettuce was monitored by using the device
developed in chapter 1.

The fresh weight decreased just after the planting to the hydroponic.
The fresh weight started to increase 0.5, 1 and 2 days after the
planting, respectively at 30, 20 and 10 °C of solution temperature, at
the air temperature of 20 C at the relative humidity of 90+ 5% and at
the photon flux density of 240 x mol m™ s™', At the solution temperature
of 20 °C, white and smooth roots were generated within two days after the
planting. Then, the top/root ratio of fresh weight started to decrease,
and oxygen absorption rate and TTC reduction activity of the root

stopped to inc réase.
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The weight changes were monitored until harvesting time. Then, the
growth rate was calculated. Next, the growth and development of the
plants were analyzed. The weight increased from 4.4 g to 101 g in 17
days. The minimum and maximum rates were found respectively on the fifth
and eleventh day after the measuring. The minimum growth rate corres-
ponded with some wilting and a decrease in the transpiration rate. The
decline in the growth rate after eleventh day, was caused by mutual
excessive shading of leaves.

The growth rate of top fresh weight and the respiration rate began to
decrease 12 hours after dark, while the helght/width of the plant
profile, as an indicator of succulent growth, began to increase 2 days
after darkness. The increment of the top fresh weight within first 12 h
darkness increased depending on the previous light intensity.

Consequently, it Is clear that fresh weight can be monitored in light
and darkness with thg device developed for long-term monitoring and
that the growth rate of fresh weight is useful as an indicator of growth.
Furthermore, the relationshib between fresh weight and the other growth

parameters become clear.
Chapter 3. Fluctuation of fresh weight of leaf lettuce by the change of

ambient conditions

The temporary fluctuation in fresh weight, which was supposed to be
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induced with the changes of ambient conditions, was investigated, and a
correct method for monitoring fresh weight was studied.

Fresh weight temporally decreased after : (1)intensifying the light,
(2)rising the temperature at constant relative-humidity, (3}dropping the
humidity levels, and (4)increasing wind velocity. The fresh weight
increased under the opposite conditions. The fluctuations in the weight
stabilized 30 minutes after the environmental changes. In the change of
light condition from light to dark, transpiration rate and the water
saturation deficit(WSD) of the leaf increased. Fresh weight during the
temperature rise decreased under a constant relative humidity, but was

stable under a constant vapor pressure deficit(VPD).

Chapter 4. Analysis of growth responses to air temperature and light
intensity with the application of monitoring fresh weight in
leaf lettuce |

Rapid determination of the optimum environment for the growth of leaf
lettuce was made. Growth rates of the fresh weight were determined with
stepwise control at several temperature in every sequent 12-h interval.

The growth rates at each temperature were correctly measured by

omitting data for the first one hour after the change of temperatures

under a constant relative humidity. Furthermore, the fluctuation of the

fresh weight during the change of temperature was eliminated in a
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constant VPD.

Effects of temperature and light intensity on the growth rate of fresh
welght were clarified with this method. The optimum temperature for the
growth rate of the top fresh weight and also the photosynthetic rate
ranged from 25 to 30 °C. However, the light saturation point(LSP) of 400
x mol m™® s~! for the growth rate was lower than that of 1300 £ mol m™=
s~! for the photosynthetic rate. This suggested that high light intensity
induced water stress in the plant and depressed the growth.

The actual method for reducing water stress was studied with the
treatment of vaporization and shading. The growth was promoted mainly
by vaporization and some by shading. Under high humidity, however, the
growth was not promoted with shading. This shading decreased the dry

matter rate of leaves, increased leaf area and SLA through the

elongation of leaves.

Conseguently, the method for monitoring the fresh welght was
established. It Is clear that fresh weight is also a superior indicator
for monitoring the growth of leaf vegetables. Moreover, the growth
under an intensive light is promoted especially by vaporization through

eliminating water stress.
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