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Abstract 

An automatically controlled NFT system was developed consisting of a growth unit and a 
measuring and control unit. A preliminary experiment with lettuce (Lactuca sativa, cv. Sito-
nia) was carried out. Unfortunately, the measuring and control system failed, so that manual 
control and dosage was necessary. The percentage dry matter of the heads decreased from 
6.86 (week 1, 20/6/88) to 3.89 (week 6, 25/7/88). The shoot/root ratio increased from 0.50 
(week 1) to 6.47 (week 6). The time courses of dry weight and cumulative uptake of macro-
nutrients were well described by exponential equations. The cumulative uptake determined 
from the loss of nutrients from the nutrient solution exceeded the cumulative uptake deter­
mined from plant analysis. Cumulative uptake against cumulative daily radiation was well 
described by a logistic equation. Some constant plant uptake ratios between micro- and mac-
ronutrients were observed: CI was related to N, K, P or Mg, and B to K. Dry weight as a 
function of transpiration was also well described by a logistic model, with an average dry 
mass production of 3.1 g per liter transpiration. Transpiration as a function of radiation was 
well described by a logistic model, with an average transpiration of 5.8 1 per unit (kJ cm 2 

increase in radiation. 

Keywords: nutrient film technique, NFT, lettuce, Lactuca sativa, nutrient uptake, growth 
and uptake models 

Introduction 

With soilless culture systems, such as nutrient film technique (NFT) or growing 
methods based on rockwool, a better control of crop production (quantity and qual­
ity) may be possible than with soil-based systems. In free drainage systems, nutrient 
losses of 40 to 70 % have been observed (de Willigen & van Noordwijk, 1987). In 
recirculating systems, water and fertilizer use are more efficient, and environmental 
pollution is reduced. With inert artificial substrates, which have a small buffer ca­
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pacity, the composition of the nutrient solution can be easily monitored and adjust­
ed. For this purpose a reliable measuring and control system is required. With such 
a system uptake patterns of a crop can be determined. The composition of the 
nutrient solution may be kept constant, or changed according to the demand of the 
crop. The (long-term) uptake of some nutrients (e.g. N, K) is almost independent 
of the nutrient concentration at the root-solution interface, provided that it is not 
too low and that other growth conditions (e.g. radiation) are not limiting (Pitman, 
1976; Clarkson, 1985; de Jager, 1985; de Willigen & van Noordwijk, 1987). 
However, since other nutrients do not show steady state uptake, and since the inter­
nal regulation system, which accounts for the uptake, may not adapt rapidly to ex­
ternal fluctuations, it is advantageous to keep the concentration of the nutrient solu­
tion constant. Ingestad & Lund (1986) proposed a system in which the addition rate 
of nutrients into the nutrient solution equals the growth and uptake rate of the crop. 
For a constant relative growth rate, i.e. exponential growth, the nutrient content in 
the crop will then remain constant. NFT systems (as described by e.g. Cooper, 1979; 
Graves, 1983; Hall & Wilson, 1986; Wild et al., 1988; Winsor et al., 1979) are suita­
ble to study uptake patterns under commercial conditions, since they have the 
smallest buffering, i.e. changes can be observed rapidly, and mixing is almost com­
plete. 

Water cultures have long been used to determine uptake patterns. A first publica­
tion stems from 1660 (Steiner, 1985). Nowadays, controlled NFT systems are used, 
with a measuring device consisting of ion-selective electrodes (ISE) (e.g. Albery et 
al., 1986a,b; Bailey et al., 1988; Blom-Zandstra & Jupijn, 1987; Clement et al., 
1974, 1978a,b; Glass et al., 1987). ISE measurements are fast, nondestructive, direct 
and cheap. However, there are also some disadvantages, such as dependence upon 
temperature, background concentration, and interfering ions (Cammann, 1973, 
1980). Bailey et al. (1988) investigated ISE performance installed in an NFT system. 
They found a decrease in sensitivity and zero-potential with time. To deal with this 
problem they suggested regular calibrations. The life of a pH glass electrode exceed­
ed 2 years. PVC electrodes for nitrate, potassium and calcium had life spans of 4 
and 2 months and of less than 1 month, respectively, making them unattractive for 
applications on a broad scale. 

The purpose of this study was to develop a recirculating NFT system equipped 
with a reliable measuring and control system, and to use it to study uptake patterns 
of different crops. In this way a general control model for practical use may be ob­
tained. The system was kept simple so as to be of interest to commercial growers. 

A description of the NFT system is presented together with some basic growth and 
uptake models. Results of a preliminary experiment with lettuce are given. 

Materials and methods 

Experimental performance 

During the period of 13/06/88 until 25/07/88, 144 lettuce (Lactuca sativa, cv. Sito-
nia) plants in peat blocks (4x4x4 cm) were grown on recirculating NFT system. 
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Table 1. Set points for the macro- (mmol 1-') and micronutrients (ümol 1-') and pH of the nutrient so­
lution, and the salt concentrations of the stock solutions (mol 1_1); N was supplied as N03 only. 

Macro-element Set point Micro-element Set point Salt Concentration 

N 10.003 Fe 179 Ca(N03)2 0.595 
P 0.667 Mn 6.73 Mg(N03)2 0.149 
K 5.254 B 32.60 KNOJ 0.857 
Ca 2.344 Cu 0.58 HNOJ 0.100 
Mg 0.784 Zn 2.00 KOH 0.100 
S 0.336 Mo 0.41 KH2PO4 0.247 

Cl 166 K2SO4 0.250 
pH 6.0 MgS04 0.580 

CaCl2 0.100 

From a supply tank (capacity 4001), nutrient solution (demineralized water contain­
ing 13 nutrients, Table 1) is pumped into 12 gullies, each being 326.5 cm long, 23.5 
cm wide and 4.0 cm deep. The gullies have a slope of 1:75 facing south. Just before 
each plant position incomplete V-shaped thresholds were put in to force the solution 
to flow to the plants. At the end of the gullies the excess solution is collected in a 
drainage vessel (capacity 53 1) from where it is pumped back into the supply tank. 
The glasshouse temperature was set at 15 °C (ventilating at 17 °C) during the day, 
and at 10 °C during the night. Demineralized water was added daily to the supply 
tank to replenish the amount of transpiration. One hundred plants were used for 
harvest at t = 0. Each week, a number of randomly chosen plants (48, 24, 24, 24, 
12, 12, respectively) were harvested. The random pattern was adjusted such that the 
remaining plants all had identical growing environments. The positions from which 
plants were removed were covered to prevent evaporation. The harvested plants 
were subdivided into heads, roots outside the peat blocks and peat blocks including 
roots. Fresh weight and dry weight (after oven-drying at 70 °C) were determined, 
the separate parts were also analysed for macro- and micronutrients. To determine 
the total root mass the following procedure was used. At t = 0 the dry weight of 
roots washed from several peat blocks was obtained. This gives an estimated initial 
root weight, since it was not possible to wash out all the roots. At the remaining 
harvest times the dry weights of the roots inside the peat blocks were obtained from 
the increase in dry weights of the peat blocks; it was assumed that the dry weight 
of the peat did not change during the experiment. At the harvest times, nutrient so­
lution samples were taken for macro- and micronutrient analysis. Be­
tween harvest times, extra nutrient solution samples were taken to monitor the 
decrease in concentration in more detail and to determine if intermediate nutrient 
supplies were correct. Samples were taken one hour after demineralized water was 
added to the supply tank. 

Control of the composition of the nutrient solution 

The NFT system was equipped with and automatic measuring and control device. 
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However, this system failed so that manual control became necessary. The aim was 
to keep the concentration of the nutrient solution at a constant level. Initially it was 
assumed that the uptake of nutrients occurs at the same ratios as the average content 
ratios observed for lettuce by Roorda van Eysinga & Smilde (1971): 
N:P:S:K:Ca:Mg:Cl is 1.0:0.09:0.025:0.481:0.107:0.069:0.169. Each day the N03 

concentration of the nutrient solution was determined, so that the daily uptake of 
N was known from which the daily uptake of the other nutrients could be calculated 
using the above ratios. Next the amounts of stock solutions (Table 1) to be added 
were calculated using the metering scheme described below. The above-mentioned 
ratios were checked and (if necessary) adjusted on the basis of the biweekly analyses 
of the nutrient solution. 

Metering system 

Firstly, the amounts to be supplied are corrected (arbitrarily) so that an electrically 
neutral solution is obtained. If the sum of anions (SA) is larger than the sum of ca­
tions (SC), the anion concentrations are multiplied by the ratio SC/SA. For the 
other case the cation concentrations are multiplied by the factor SA/SC. Then the 
amounts of salts to be added are calculated (Table 2). The element concentration 
is the amount of element (mmol) to be added to one liter of nutrient solution. The 
salt concentration is the concentration of the stock solution (mol 1 ')• Division of 
these two gives the amount of stock solution (ml) to be added to one liter of nutrient 
solution. Finally, to obtain the volume to be added to the whole system, this amount 
is multiplied by the system volume. The amounts of KH2P04, CaCl2, HN03, KOH 

Table 2. Salt dosing scheme. The salt formula represents the amount of salt solution (ml) to be added 
to 1 1 of nutrient solution. Square brackets represent the concentrations of the elements to be added and 
the salt concentrations of the stock solutions. 

CaCl2 = 0.5 • [Cl]/[CaCl2] 
HNO-, = [H]/[HN03] 
KOH = [OH]/[KOH] 
KH2PO4 = [P]/[KH2 PO4] 
Ca(N03)2 = {[Ca] - 0.5 • [Cl]l/[Ca(N03)2] 

If [N] < {2-[Ca] + 2- [Mg] + [H] - [CI]) then: 

KNO3 = 0 
Mg(N03)2 = 10.5 • [N] + 0.5 • [CI] - [Ca] - 0.5 • [H]]/[Mg(N03) 2] 
MgS04 = {[Mg] + [Ca] + 0.5 • [H] - 0.5 • [Cl] - 0.5 • [N]l/[MgS04] 
K2SO4 = [0.5 [K]-0.5- [P]-0.5 [OH]1/[K2S04] 

Otherwise: 

MgS04 = 0 
Mg(N03)2 = [Mg]/[Mg(N03)2] 
K2SO4 = [S]/[K2S04] 
KNO3 = {[N] — 2• [Ca] — 2• [Mg] - [H] + [C1]}/[KN03] 
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and Ca(N03)2 are determined by the respective amounts of P, Cl, H, OH and Ca 
(minus the amount given through CaCl2) required (Table 2). For the remaining 
four salts, one of the two following calculation schemes is used. 

Scheme 1: if the amount of N03 to be added is smaller than the sum of 
2Ca + 2Mg + H-Cl, no KN03 is added and the amounts of N03, Mg and K to 
be added are complemented by Mg(N03)2, MgS04 and K2S04, respectively (Table 
2). 

Scheme 2: if the condition of Scheme 1 is not met, then no MgS04 is added. All 
Mg and S is added as Mg(N03)2 and K2S04, respectively. Then the amount of N03 

to be added is complemented by KN03 (Table 2). 
There is no unique dosage possible to supply the nine elements. In Scheme 1 the 

true amount of S04 added is not based upon the need for S04, while in Scheme 2 
this is true for K. The metering schemes are valid for certain boundary conditions 
in order to obtain positive additions. Epstein (1972; Table 4-3) presented the average 
composition of a plant. Assuming that the uptake ratios of the nutrients are equal 
to these average ratios of atoms present in a plant, these boundary conditions are 
met. 

Uptake of nutrients by the plant and their decrease in solution 

Due to the uptake of nutrients by the crop, the amount of nutrients increases in the 
plant and decreases in the solution. The total loss from the nutrient solution can be 
expressed as the uptake by the plants and the accumulation in peat blocks in which 
the plants were grown: 

U  =  N  •  ( A ,  -  A , _ i )  ( 1 )  

U (mmol week ') is the total uptake by N plants plus peat blocks during the time 
interval of one week. A, and A, , (mmol) are the nutrient contents of a plant plus 
peat block at the end and at the start of a week, respectively. 

The total uptake is compared with the loss of nutrients from the solution. The 
loss of nutrient from the solution is defined as: 

L = (C,_, - C, + D) • V (2) 

L (mmol week-') is the loss of nutrient from the solution. C, and C, , (mmol l"1) 
are the nutrient concentrations at the end and at the start of a week, respectively. 
D is the amount of nutrient added to the nutrient solution during the week (mmol 
1 ')» and V is the volume of system ( = 300 1). Ideally the nutrient concentration of 
the solution is constant so that C, , = C, and thus L = D• V. 

Modelling growth 

France & Thornley (1984) described several exponential growth curves. In this study 
the dry mass and the cumulative uptake of macronutrients were fitted to the ordi­
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nary logistic (Equation 3), the Gompertz (Equation 4), the general logistic or 
Richards (Equation 5), and a second-order exponential polynome (Equation 6), us­
ing Genstat 5 (Genstat 5 Committee, 1987): 

W = w"'wn (3) 

W „  +  ( W n  -

... ... rjko-d - exp(-k 2 •  I ) )  "I r Wa = Wi2 • exp 1_LL J = Wf2 • exp 

W a - W a  

I W a  +  ( ~  ' e x p (  -  k 2  •  ? ) ]  

•  k 0  •  exp( - k 2 - t )  1 ( 4 )  

2 J L k2 

Wa = — W*iWf3 (5) 

W , 4 = exp ( a  +  b - t  +  c - t 2 )  (6) 

W, represents the mass or cumulative uptake at time t. Subscripts 1 through 4 are 
used to distinguish between the four models. The notation exp(x) represents ex (ap­
proved by the international standards ISO 31/XI, 1978). W{ represents the initial 
weight at t = 0, Wf the final weight for t -> and A: is a proportionality factor 
and a measure of the relative growth rate at the point of inflection (if present). 
Parameter n determines the shape of the curve and should be > - 1 in order to 
achieve a finite growth rate in the limit W -> 0. For n = 0 and 1 the Richards equa­
tion reduces to the Gompertz and logistic equations, respectively. Parameter a 
equals the weight at t = 0, b equals the relative growth rate at t = 0, and c is a 
measure of the difference between the times at which inflection and maximum of 
the second-order exponential polynome occur and a measure of the relative growth 
rate at the point of inflection. 

The logistic and Richards models assume that the growth rate (d W / d t ) is propor­
tional (proportionality factor k) to the plant mass already formed ( W) and to the 
difference (Wf - W). The Gompertz model assumes that the growth rate is 
proportional to W, but the proportionality parameter decreases with time according 
to first-order kinetics, which can be ascribed to ageing or differentiation. The 
second-order exponential polynome does not have a physiological background. 

Results and discussion 

Fresh and dry weights 

The fresh and dry weights and the percentage dry matter of the lettuce heads are 
presented in Table 3, together with the dry weights of the roots out- and inside the 
peat blocks. After the first week a decrease in percentage dry matter with time was 
observed. This is in good agreement with results of Hansen (1976) who obtained dry 
matter percentages between 6.33 and 3.63, and between 6.53 and 3.93 during (early) 
spring growth, with a maximum dry weight of about 11 g per head. Roorda van Ey-
singa & Smilde (1971) observed a (final) percentage dry matter of healthy lettuce 
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Table 3. Fresh and dry weights (g) and percentage dry matter (%DM) of the lettuce heads, and the dry 
weights (g) of the roots outside and inside the peat blocks at seven weekly harvest times per plant. 

Week Head Root dry weight 

fresh dry % DM outside inside 
weight weight 

0 0.94 0.06 6.56 0.001 0.005 
1 7.23 0.48 6.86 0.006 0.960 
2 35.78 1.80 5.07 0.045 1.470 
3 91.38 4.95 5.47 0.144 1.670 
4 253.57 12.33 4.87 0.362 1.870 
5 385.65 15.77 4.11 0.433 2.070 
6 478.23 18.53 3.89 0.593 2.270 

heads grown under glass ranging from 3.5 to 5.5. 
The shoot/root ratios increased from 0.50 in week one to 6.47 at the end of the 

experiment. They are in good agreement with values for 'butterhead' lettuce culti-
vars calculated (assuming 5 % dry matter) from data by Reinink & Eenink (1988), 
Silva & Toop (1986), and Toop et al. (1988): 6.5 - 8.5. The shoot/root ratio at the 
start of the experiment (10) is unrealistically high. This can be explained by the fact 

Time (d) 
Fig. 1. Dry lettuce head weight versus time. Measured data adapted to four growth models: logistic (Eq. 
3), Richards (Eq. 4), Gompertz (Eq. 5), and second-order exponential polynome (Eq. 6). 
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that at t = 0 not all the roots could be washed out of the peat blocks, so that this 
shoot/root ratio is overestimated. 

The head dry weight data (but also the head fresh, and plant fresh and dry weight 
data; not shown here) were well described by the growth models Equations 3-6 
(Figure 1). In the fitting procedure the second-order exponential polynome was 
forced to achieve its maximum at the last harvest time. The Gompertz curve was 
less satisfactory in the beginning, and better at the end. The second-order exponen­
tial polynome fitted closely in the beginning and less so at the end. On average, the 
logistic and the Richards curves described growth well. S-shaped dry matter produc­
tion was also observed with lettuce grown in soils (Slangen et al., 1987). 

Cumulative uptake 

In Table 4 the cumulative uptake of the macronutrients is presented for the plants 
(shoot plus roots), and plants plus peat blocks. These values were obtained from 
Equation 1. The loss from the nutrient solution (using Equation 2) is also presented 
in Table 4, as well as the cumulative uptake of CI and Na and the cumulative loss 
of CI, Na and H. The cumulative loss from the nutrient solution should be com­
pared with the cumulative uptake by the plant plus peat block. Both uptake balances 
showed electrically neutral uptake. It was assumed that the net uptake of H equals 
the net loss from the nutrient solution. The difference between the sum of anions 
and the sum of cations is less than 10 % after week three. However, in general the 
cumulative loss from the nutrient solution exceeded the cumulative uptake by plants 
plus peat blocks for all macronutrients. For example, the ratio loss/uptake for N 
varied between 1.2 (week 4) and 2.0 (week 1), for K (week 1 excluded) between 1.1 
(week 4) and 1.7 (week 2), and for P between 1.0 (week 6) and 1.5 (week 2). Possible 
sources of error are: two different laboratories were involved: one for analysis of 
the solution samples, and one for the plant samples; there has been a small leak in 
the system, so that there was always an extra loss of nutrients (there was, however, 
no unique leakage discharge which can explain the difference); some poor plant 
material had been removed before harvesting, so that nutrients present in this 
material were not measured; immobilization by microorganisms present in peat and 
solution; precipitation of salts; denitrification. Willumsen (1980, 1984) expected 
that due to immobilization and/or precipitation the total consumption, i.e. loss 
from nutrient solution, will not be equal to the uptake. For lettuce he observed no 
great defferences between the two mass balances, but for tomato the difference was 
between about 10 % for N up to a maximum of 35 % for P, with no difference for 
K. 

The cumulative uptake in time by one lettuce plant was well described by the 
models Equations 3-6. Figure 2 shows the results for the logistic model. It presents 
the relative cumulative uptake, i.e. the cumulative uptake divided by the fitted W{ 

value. For comparison the relative dry weight is also presented. The relative cumula­
tive uptake of N, K, B, Zn and CI (and to a lesser extent of Ca, Mg and S) has the 
same shape as the relative growth rate, i.e. the content of these elements in the plant 
remains constant. The uptake of P was relatively smaller as plants grew older, while 
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Table 4. Cumulative uptake by plant and plant plus peat block, and loss from nutrient solution per plant 
for macronutrients N, P, S, K, Ca and Mg, and for Cl, Na and H (mmol per plant) as obtained from 
Equations 1 and 2. 

Week Plant Plant + peat Loss 

N Pi S* N P' S2 N P S 

1 5.91 0.44 0.03 2.55 0.30 0.33 4.99 0.35 -0.22 
2 12.95 0.86 0.09 7.34 0.71 0.15 12.10 1.03 0.28 
3 24.09 1.90 0.24 17.94 1.76 0.25 28.65 2.03 -0.14 
4 53.81 3.94 0.98 47.34 3.80 0.67 58.19 5.28 0.49 
5 70.48 5.52 1.09 64.65 5.38 0.71 81.94 6.41 1.74 
6 77.95 7.28 1.58 71.80 7.14 1.13 129.36 7.16 9.90 

K3 Ca4 Mg4 K3 Ca4 Mg4 K Ca Mg 

1 0.84 0.11 0.05 0.62 0.74 0.09 3.39 1.24 0.07 
2 4.05 0.68 0.29 3.83 1.21 0.27 6.53 1.06 0.07 
3 14.96 1.30 0.56 14.74 2.32 0.55 17.81 3.21 0.90 
4 37.11 2.75 1.25 36.90 4.57 1.29 40.19 5.15 1.53 
5 48.18 3.50 1.74 47.96 5.44 1.58 57.65 10.23 1.94 
6 54.12 4.32 2.04 53.90 6.35 1.91 87.81 15.98 6.61 

CI Na3 CI Na3 CI Na H 

1 0.14 0.02 0.08 -0.01 -1.11 -0.42 0.63 
2 0.32 0.06 0.20 -0.03 1.84 0.63 0.63 
3 0.80 0.21 0.70 0.06 0.00 -1.67 2.71 
4 2.03 0.43 1.90 0.30 1.88 2.50 7.50 
5 2.78 0.38 2.64 0.24 1.25 -2.50 11.25 
6 3.16 0.45 3.03 0.30 2.50 7.50 13.75 

1 No P analysis of root at t = 0 due to small root mass. 
2 No S analysis of shoot at t = 0, and of root / = 0, 1, 2, 3, 4 due to small shoot or root mass. 
3 No K and Na analysis of root at t = 0, 1, 2 due to small root mass. 
4 No Ca and Mg analysis at t = 0, 1 due to small root mass. 

uptake of Fe, Mn and Na was relatively larger. S-shaped uptake of N, P, K, Ca, 
and to a lesser extent also of Mg and CI, was observed in lettuce grown in soils (Slan­
gen et al., 1987). 

The cumulative uptake of macronutrients as a function of cumulative radiation 
was well described by a logistic model (cf Equation 3). In Figure 3 the relative cu­
mulative uptake of N, P and K versus cumulative radiation is presented. For toma­
to, Adams & Massey (1984) found a linear correlation between N as well as K uptake 
and radiation with coefficients of correlation equal to 0.91 and 0.94, respectively. 

During the last four weeks of the experiment, some constant ratios of cumulative 
uptake, loss and content (Table 5) between macro- and micronutrients were obser-
verd. For this purpose an arbitrary difference of 20 % between maximum and mini­
mum ratio was allowed (in relation to their mean). The cumulative uptake by the 
plants grown until a given week (case nr 1) and the matching loss from the nutrient 
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Fig. 2. Relative cumulative uptake of N, P, K, (a), Ca, Mg, S (b), Fe, Mn, B (c), Cu, Zn, Mo (d), and 
Cl, Na (e) by one lettuce head, and relative dry weight as a function of time. Measured data are described 
with the logistic model (Eq. 3). 
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Relative cumulative uptake 

0 10 20 30 40 50 

Cumulative daily radiation (kJ-crrr2) 
Fig. 3. Relative cumulative uptake of N, P, and K by one lettuce head as a function of cumulative daily 
radiation. Measured data are described with the logistic model (Eq. 3). 

solution (case nr 2) do not have any common ratios, except for the ratios between 
N, P and K. The head content (case nr 4) and the plant content or cumulative uptake 
by one plant (case nr 3) have common ratios, which are equal to each other. When 
considering constant uptake ratios between a micro- and a macronutrient, Table 5 
shows that, based upon cumulative uptake by one plant (case nr 3), CI may be added 
in relation to N, K, P or Mg, and B in relation to K. Based upon head content (case 
(case 4), CI may be added in relation to N, K, Ca or Mg, and B in relation to N, 
K, P, Ca or Mg, and Zn in relation to N, Ca or Mg, and Cu in relation to P. The 
cumulative uptake by plant plus peat block gave only four constant ratios (not 
shown here). 

Water use 

The transpiration per plant was calculated from the amounts of demineralized water 
added to the supply tank. The dry weight data as a function of the transpiration 
(both expressed per plant) were well described by a logistic model (cf Equation 3) 
(Figure 4). On average, the dry mass production was 3.1 g per liter transpired. The 
transpiration as a function of daily radiation (both expressed per plant) was well 
described by a logistic model (cf Equation 3) (Figure 5). On average, the transpira­
tion was 5.8 1 per unit increase in radiation. 
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Table 5. Uptake or content ratios between macro- (mmol) and micro- Gumol) nutrients, with less than 
20 % difference between maximum and minimum observed ratios (in relation to their mean) during the 
last four weeks. If the difference was less than 10 % the ratio is printed bold. Four cases are considered: 
case nr 1: weekly cumulative uptake by whole system; case nr 2: weekly cumulative loss from solution 
by whole system; case nr 3: weekly cumulative uptake by one plant week or content of one plant at the 
end of every week; case nr 4: content of one head at the end of every week. 

K P Ca Mg S Fe Mn B Cu Zn Mo Cl Na 

Case nr 1 

N 0.742 0.092 0.030 0.809 0.038 
K 1 0.124 0.040 1.091 0.052 
P 1 0.323 0.222 9.082 
Ca 1 0.241 0.168 
Mg 1 0.695 27.588 
S 1 
Fe 1 0.139 
Mn 1 
B 1 0.048 
Cu 1 0.234 
Zn 1 
Mo 1 
Cl 1 

Case nr 2 

N 0.647 0.079 0.112 0.487 
K 1 0.119 0.742 
P 1 
Ca 1 4.227 
Mg 1 17.678 
S 1 
Fe 1 0.001 
Mn 1 
B 1 
Cu 1 0.991 
Zn 1 
Mo 1 
Cl 1 
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Table 5 continued. 

K P Ca Mg S Fe Mn B Cu Zn Mo Cl Na 

Case nr 3 

N 0.658 
K 1 
P 1 
Ca 
Mg 
S 
Fe 
Mn 
B 
Cu 
Zn 
Mo 
Cl 

Case nr 4 

N 0.714 0.052 0.026 0.830 0.200 0.043 
K 1 0.074 0.036 1.162 0.061 
P 1 10.936 0.543 
Ca 1 0.500 16.144 3.777 0.843 
Mg 1 31.367 7.621 1.681 
S 1 
Fe 1 
Mn 1 
B 1 0.244 0.053 
Cu 1 
Zn 1 0.219 
Mo 1 
Cl 1 

0.053 
0.080 
0.646 
1 

0.025 
0.036 
0.299 
0.464 
1 

0.985 
0.037 
0.0S6 
0.472 

1.539 

0.058 
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Transpiration (I) 

Fig. 4. Dry weight of lettuce as a function of transpiration expressed per plant. Measured data are 
described with the logistic model (Eq. 3). 

Radiation (kJ cm 2) 
Fig. 5. Transpiration as a function of daily radiation expressed per plant. Measured data are described 
with the logistic model (Eq. 3). 
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