
Growth and nutrient uptake 
by lettuce grown on NFT 

M. Heinen 

Rapport 1 DLO-lnstituut voor Agrobiologisch en Bodemvruchtbaarheidsonderzoek 
Oosterweg 92, Postbus 129, 

Haren, januari 1994 9750 AC HAREN 



The DLO Research Institute for Agrobiology and Soil Fertility (AB-DLO) is part of the Dutch 

Agricultural Research Department (DLO-NL) of the Ministry of Agriculture, Nature Management 

and Fisheries. 

The institute was founded on 1 November 1993 by the amalgamation of the Centre for 

Agrobiological Research (CABO-DLO) in Wageningen and the Institute for Soil Fertility Research 

(IB-DLO) in Haren. 

The DLO organization generates new knowledge and develops and maintains the expertise 
needed for implementing government policies, for improving the agro-industry, for the 
planning and management of rural areas and for protecting the environment. 

AB-DLO, with locations in Wageningen and Haren, will carry out research into plant physiology, 
soil science and agro-ecology with the aim of improving the quality of soils and agricultural 
produce and of furthering sustainable plant production systems. 

Addresses: 
Location Wageningen: Location Haren: 
P.O. Box 4, 6700 AA Wageningen P.O. Box 129, 6750 AC Haren 

The Netherlands The Netherlands 

Phone (+)31.8370.75700 Phone (+)31.50.337777 

Fax (+)31.8370.23110 Fax (+)31.50.337291 
e-mail postmaster@ab.agro.nl e-mail postmaster@ab.agro.nl 

mailto:postmaster@ab.agro.nl
mailto:postmaster@ab.agro.nl


Contents 

page 

Abstract 1 

1. Introduction 3 

2. Materials and Methods 5 
2.1 Experimental set-up 5 
2.2 Water supply and system volume 5 
2.3 Crop 6 
2.4 Harvests 6 
2.5 Composition and control of composition of the nutrient solution 6 
2.6 Modeling growth and cumulative nutrient uptake 7 
2.7 Uptake and loss 8 

3. Results and Discussion 9 
3.1 Introduction 9 
3.2 Climatic conditions 9 
3.3 System volume 10 
3.4 Fresh and dry masses 10 
3.5 Nutrients: introduction 10 
3.6 Nutrients: uptake and loss 12 
3.7 Nutrients: logistic cumulative uptake 15 
3.8 Nutrients: constant uptake ratios 17 
3.9 Nitrate content 18 
3.10 Water use 20 
3.11 Automatic pH control 21 
3.12 EC and N03 course in time 23 

3.13 Ion selective electrode behavior 23 

4. Conclusions 29 

Acknowledgements 31 

References 33 

Appendices 35 





Abstract 

A nutrient film technique system equipped with an automatic pH and water level control system 
was used to determine water and nutrient use by lettuce (Lactuca sativa cv Sitonia). The 
composition of the nutrient solution was controlled manually based on daily measured nitrate 
concentrations and known uptake ratios. Uptake by plants and loss from the nutrient solution 
were compared: the cumulative loss of ions exceeded uptake at all times and at the end of the 
growth period this was, for anions and cations together, 12.5% more than uptake. For the 
individual nutrients N, P, K, Ca, and Mg this final difference with uptake was 16.7%, 21.4%, 
13.0%, 28.4%, and 21.4%, respectively. This difference decreased in time until maximum growth 
and uptake rate were reached, and then increased again. A simple simulation model with an 
extra constant daily loss, used for demonstration purposes only, yielded a similar pattern. 
Growth and cumulative uptake of nutrients were well described by a logistic model. Relative 
cumulative uptakes, i.e. cumulative uptakes divided by fitted maximum uptakes, of N, P. K, S, CI, 
B, and Zn and to a lesser extent those of Ca and Mg, showed good agreement with relative dry 
mass increase in time. This means that the contents of these elements in the plant remain 
constant in time, and that mutual constant uptake ratios may exist. Many constant uptake ratios 
between the macronutrients were obtained, but constant uptake ratios between micro- and 
macronutrients were also found, i.e. for B, Cu, Zn, CI and Na, but not for Fe, Mn and Mo. This 
means that the dosage of those micronutrients can be related to that of macronutrients. The 
nitrate content of the lettuce heads fluctuated in time, so that it is not possible to predict the 
final nitrate content based on intermediate measurements. At the end of the growth period, 
June-July 1991, the fresh and dry masses of the heads were 333 and 18.3 g, respectively, with a 
dry shoot/root ratio of 7.4. The average transpiration per plant was 2.86 g-T1, and the average 
transpiration per unit increase in radiation was 3.8 l-cn^-kj'1. Results were compared with those 
of another experiment. The nitrate content of the lettuce crop was determined in time as well. 
At the end the nitrate content of the heads was 2700 mg-kg'1, based on fresh mass. Intermedi­
ate contents fluctuated, so that it seems not possible to predict final nitrate content based on 
early analyses. The automatic water and pH regulation system functioned well. Additionally, 
two membrane N03" and one glass K* ion selective electrodes (ISE) and an EC sensor were used 
to monitor the composition of the nutrient solution continuously. The behavior of the N03 ISE's 
was satisfactory, but not that of the K ISE. 

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



1. 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 quality) may be possible than 
with soil-based systems (Heinen et al., 1990; 1991). In free drainage systems nutrient losses of 40 
to 70% have been observed (De Willigen and 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 capacity, the composition of the nutrient solution 
can be easily monitored and adjusted. With such a system uptake patterns of a crop can be 
determined. Water cultures have long been used to determine uptake patterns, e.g. a first 
publication stems from 1660 (Steiner, 1985). 

Recently, Heinen et al. (1990; 1991) described a partly automatic NFT system. For lettuce grown 
on this system they observed that: 
a. the increase in dry mass of lettuce was well described by a logistic model; 
b. nutrient uptake computed from losses from the nutrient solution exceeded nutrient uptake 

obtained by observed increase in plant nutrient content; 
c. cumulative uptake of all nutrients was well described by a logistic model; 
d. for most nutrients the relative cumulative uptake equalled the relative increase in dry mass 

of the plant; 
e. the relative cumulative uptake of N, P and K per plant as a function of cumulative daily 

radiation was well described by a logistic model; 
f. dry mass as a function of the transpiration per plant was well described by a logistic model, 

with an average dry mass production of 3.1 g per liter transpired; 
g. the transpiration per plant as a function of daily radiation was well described by a logistic 

model, with an average transpiration of 5.8 I per unit increase in radiation; some constant 
uptake ratios between the nutrients could be indicated. 

Heinen et al. (1990; 1991) gave several reasons why uptake and loss were not equal: removal at 
harvest of poor quality plant material and thus nutrients, immobilization by microorganisms 
present in peat and solution, denitrification, precipitation, and the fact that two laboratories 
were involved, one for nutrient solution analysis and one for plant analysis. 

The purpose of this study is to repeat the experiment of Heinen et al. (1990; 1991), without 
peat in the growing system, with automatically controlled water and pH levels in the supply 
tank, and with one laboratory for all analyses. The two experiments will be compared, and to 
avoid continuous reference to the previous publications, the first and second experiments will 
be denoted by their IB-DLO experiment numbers, viz. 5132 and 6705, respectively. 





2. Materials and Methods 

2.1 Experimental setup 

The experimental NFT system as described by Heinen et al. (1990; 1991) was used. Only part of 
the automatic measuring and control system was used, i.e. the pH and water level control 
systems. The pH was kept between 5.5 and 6.5, with set point 6.0. Ion selective electrodes (ISE) 
and an EC sensor were present but only to measure the change in composition of the nutrient 
solution. There were one glass K and two membrane N03 ISE's. No control actions based on ISE 
measurements were carried out due to poor behavior of the electrodes and control system 
(Heinen, 1990a; 1992; Heinen and Harmanny, 1992), but dosage was carried out manually, which 
will be described later. As proposed by Heinen and Harmanny (1992) the ISE's and pH electrode 
were calibrated regularly, viz. at days 1 (pH only), 4, 16, 19. 26, 33, 40, and 51. 

The climate inside the greenhouse was automatically controlled: day temperature was set at 15 
°C with ventilation at 17 °C, and night temperature was set at 10 °C The temperature inside and 
outside the greenhouse and the global radiation outside were monitored every two hours and 
daily averages were computed. 

2.2 Water supply and system volume 

The automatic water supply system of Heinen et al. (1990) was used to keep the water in the 
supply tank at a constant level. The initial volume of nutrient solution was approximately 150 I, 
which is half of the volume used in experiment 5132. It was assumed that no evaporation in the 
total systems occurs, so that all the water added by the automatic water supply system can be 
regarded as transpiration plus increase in water content of the crop assuming that the net daily 
hydration and dehydration processes are zero. However, due to frequent nutrient solution 
sampling as described below, the daily amounts replenished should be diminished by the 
sampling volume of that day in order to obtain plant water uptake. It is also known that due 
to an increase in volume of the root mat in the gullies, the amount of nutrient solution held by 
this root mat increases. This lowers the nutrient solution level in the supply tank, not corre­
sponding to transpiration. The process of water retention by the roots becomes complicated in 
case some plants are harvested during the growth period. Then the volume of water held by 
the roots is reduced, and the level in the supply tank will rise. The transpiration of the next day 
will then be underestimated. Because of this complexity it was decided to ignore this complica­
tion when computing the transpiration rate. 

Initially, the system was rinsed several times with demineralized water and then emptied as 
completely as possible and the supply tank was filled with 153 I nutrient solution. The concen­
tration of the nutrient solution will be diluted due to the presence of remaining rinsing water 
(demineralized water) in the various parts of the NFT system. Samples of the original and 
diluted solutions were taken for macronutrient analysis. From the change in concentration the 
dilution of the nutrient solution can be computed, and thus the initial volume can be obtained: 

K2 - 2 J -£ . , (1) 
2 c2 



where y2 is the initial system volume (I), y is the amount of original nutrient solution (153 I), 
and ç and r are the concentrations of a nutrient in the original and diluted nutrient 
solution, respectively. Eq. (1) can be solved for each of the nutrients, and the average initial 
volume can be computed. 

At the end of the experiment the final system volume was determined by adding two highly 
concentrated KN03 solutions (1 I 0.400 M each). Before and after each addition the nutrient 
solution was sampled in order to determine the change in N03 concentration. After each 
addition 1 h equilibration time was allowed. After each addition the volume can be determined 
and the mean final volume then follows from: 

Yf
 A ~ CV +

 A ~ C y , (2) 

where y is the mean final system volume (I), A 'S the amount of N03 added in each addition 
(mmol), and Çy C.f

 ana" Cv
 a r e t n e initial N03 concentration and the N03 concentrations after 

the first and second addition (mmoM"'), respectively. 

2.3 Crop 

The lettuce plants, Lactuca Sativa cv Sitonia, in this experiment were not placed in peat blocks 
(as was the case in 5132). Seeds were sown on pure sand, and after emergence the plants were 
transferred to styrofoam trays. The roots were flooded with half-strength nutrient solution one 
or two times a day. Three weeks after sowing the plants were transferred to the NFT gullies. 
The plants were placed in small blocks of foam and the roots were surrounded by filter paper. 
The plant roots with filter were located such that the filter paper was in contact with the 
nutrient solution, so that all roots were in contact with the solution. In this way it was prevent­
ed that roots dried out in the early stages of growth and that they were able to take up water 
and nutrients at the required rate. The total growth period was seven weeks, from June 3 to 
July 22, 1991. This period is one week longer than experiment 5132, but it is in the same time of 
the year. 

2.4 Harvests 

Harvests were carried out at times f = 0, 1, 2, 4, 5, 6, and 7 weeks, with the harvest pattern 
described by Heinen et al. (1990). Per harvested plant the fresh masses of shoot and root were 
determined. The harvested shoots and roots were combined to get one shoot and one root 
sample, which were oven-dried (70 °C) and weighed to get the dry masses. The shoot samples of 
each harvest were analyzed for macro- and micronutrient contents and Na and CI, viz. NdeyV N03, 
P, S, K, Ca, Mg, Na, Cl, Fe, Mn, B, Cu, Zn, Mo. Since in the beginning insufficient dry matter was 
available for complete analysis, at least (if possible) N, P and K were analyzed. From week 4 on, 
all elements could be analyzed. The nitrate content of the crop was analyzed to follow the 
change in nitrate content in time, and to determine if the final N03 content based on fresh 
mass was lower than the maximum of 2500 mg-kg'1 legally allowed in the Netherlands. 

2.5 Composition and control of composition of the 
nutrient solution 

The set point concentrations of the macro-nutrients in the nutrient solution were half of those 
used in 5132 (Table 2.1), but for micronutrients the same set points were used. The nutrient 
solution was sampled each day. In each sample the concentrations of the macro-nutrients and 
Na and CI were analyzed, viz. NO* NH* S, P, K, Ca, Mg, Na, CI. Bi-weekly extra samples were 
taken for the micronutrient analysis (except for Mo), viz. Fe, Mn, B. Cu, Zn. 



Table 2.1 Set point concentrations of macro- (mmoH'1) and micronutrients (jimoH"1). 

Macronutrient 

NO, 
P 
K 
Ca 
Mg 
S04 

Set point 

5.000 
0.333 
2.624 
1.172 
0.392 
0.168 

Micronutrient 

Fe 
Mn 
B 
Cu 
Zn 
Mo 
Cl 

Set point 

179 
6.73 

32.6 
0.58 
2.0 
0.41 
0.08 

The metering scheme of Heiner» et al. (1990; 1991) was adapted (Table 2.2) and the same stock 
Solutions were used. The manual dosage procedure was as follows. The concentration of N03 

was measured daily. Based on the decrease of N03 in the nutrient solution, and based on 
observed uptake ratios of the previous days, the amounts of all nutrients to be added were 
known, so that the amounts of stock solutions to be added to the nutrient solution could be 
calculated. These amounts were added manually each day. The uptake ratio was computed and 
if necessary adapted during the experiment based on bi-weekly analysis of the macro-nutrients. 
This analysis was carried out within three days after sampling. The initial uptake ratios were set 
equal to the average uptake ratios observed by Heinen et al. (1990; 1991). The Fortran source 
code listings of the computer programs for dosage and ratio computations are listed in 
Appendices 1 and 2, respectively. In the dosage scheme corrections were made to account for 
any N03 given through the automatic pH regulation. 

The dosage program assumed a constant system volume of 150 I. Thus when the system volume 
is, e.g., larger, the computed amounts supplied to the system would cause a smaller increase in 
concentration. This was accounted for in the loss computations, as described in section 2.7 
'Uptake and loss'. This also implies that the actual concentration of the nutrient solution will be 
lower than the set point concentration. 

To check the behavior of the automatic pH control system and the effect of manual dosage, 
each day the pH and EC in a small sample of the nutrient solution were measured in the 
laboratory with pH and EC electrodes. 

2.6 Modeling growth and cumulative nutrient uptake 

Heinen et al. (1990, 1991) found that lettuce growth and cumulative uptake of nutrients by 
lettuce was well described by a logistic function: 

Table 2.2 Salt dosage scheme (after Heinen et al., 1990; 1991). The salt formula represents the amount 
of salt solution (ml) to be added to 1 I of nutrient solution. Square brackets represent the 
concentrations of the elements to be added or the salt concentrations of the stock solutions 
(mmoN'). 

CaCI, = 0.5-{CI]/[CaCIJ 
KH2P04 = [P]/[KH2POj 
Ca(NO,)2 = ([Ca]-0.5[CI])/[Ca(NO3)2] 
Mg(NOj)2 = [Mg]/[Mg(NO,)2] 
K2S04 = [S]/lK2SOj 
KNO, = MIN {([K]-[P]-2-{S]). ([N]-2-[Ca]-2-[Mg])}/[KN03] 



y{t) yrji O) 
y*+ ( yf - y, ) • exp ( -k • t ) 

where y represents mass (g) or cumulative uptake (mol), t represents time (week), jt (week1) is 
a proportionality factor and a measure for the relative growth rate at the point of inflection 
(Heinen, 1990b), and y and y refer to initial (f - n) and asymptotic final ( t -» «) value of y. 

Data on growth and cumulative uptake can be modeled by Eq. (3) through standard Genstat 
curve fit procedures (Genstat 5 Committee, 1987; Heinen, 1990b). 

2.7 Uptake and loss 

Heinen et al. (1990; 1991) defined two methods to determine uptake of nutrients by a crop. 
Ideally, the loss of nutrients from the nutrient solution is equal to the increase in nutrient 
content of the crop. The uptake by the crop is defined as: 

U-(A,-A,.,)-N, (4) 

where y (mmol-week'1) is the total uptake by jy plants during the time interval of one week. 
A and 4 (mmol) are the nutrient contents of a plant at the end and start of a week, 
respectively. The loss from nutrient solution is defined as: 

I - ( C,., - C, + D) 'V- S , (5) 

where 1 (mmol-week1) is the loss of nutrient from the solution, Q and Q (mmoll') are the 
nutrient concentrations at the end and start of a week, respectively, ß (mmol) is the total 
amount of nutrient added to the supply tank, y (I) is the constant volume of the supply tank, 
and s (mmol-week*1) represents the removal of nutrients due to frequent sampling of the 
nutrient solution. Note that in experiment 5132 the 5 term in Eq. (5) was not included. It was 
not considered to be of importance due to the less frequent sampling of the nutrient solution, 
and a two times larger volume of nutrient solution present in the system. 



3. Results and Discussion 

3.1 Introduction 

Data analysis of transpiration and nutrient loss from the nutrient solution became somewhat 
complicated due to two known electrical failures. This caused a system misfunctioning ending in 
a loss of nutrient solution. This happened on days 23 and 34. The loss of nutrient solution was 
resupplied by fresh nutrient solution, i.e. 32.5 and 28.5 I. respectively. On days 34 and 35 no 
information on transpiration was available. Transpiration on these two days can only be 
estimated on the basis of available radiation data, assuming linear relationship between 
transpiration and radiation as observed in experiment 5132. The loss of nutrients, according to 
Eq. (5). must be corrected for an extra dosage due to the difference in concentration of the 
nutrient solution lost and that of the fresh nutrient solution. This extra dosage can be added to 
the o term in Eq. (5). The exact procedures will be described in the corresponding sections 
below. 

3.2 Climatic conditions 

The mean daily temperatures inside and outside the greenhouse and the daily radiation sum 
outside are given in Figure 3.1. The temperature during the first four weeks was around 15 °C 
and increased after that to temperatures between 20 and 25 °C The temperature during 
experiment 5132 (in the same period of the year and with the same climatic control system) 
always was in the range 15 to 20 °C. During the first weeks the crop in 6705 was exposed to 
lower temperatures and less radiation than the crop in 5132. but during the last weeks the 
opposite is true. This may cause differences in growth of the crops in the two experiments. 

30 

25 

20 

15 -

10 

5 - • 

T(°C) Radiation (kJcm-2) 

0 

Figure 3.1 

T inside 
T outside 

—r-

10 20 30 
Time (d) 

—r -

40 50 

Mean daily temperatures Inside and outside the greenhouse and the daily radiation sum 
during the growth period of lettuce in experiment 6705. 
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3.3 System volume 

The initial volume based on Eq. (1) averaged over all macronutrients was 168.0 I (cv = 1.3%), so 
that initially 15 I demineralized water was already present in the NFT system. The final system 
volume according to Eq. (2) was 176.4 I, which is 8.4 I or 5% more than the initial system 
volume. The increase in nutrient solution is due to the increase in solution remaining in the 
gullies where it is held by the roots. The root mass in the gullies increases with time, but each 
week some plants were harvested, and thus roots were removed. This makes it impossible to 
know the exact amount of nutrient solution present in the system at any t ime. Moreover, since 
the final volume is only 5% more than the initial volume, it was decided to set the system 
volume in the computations equal to the initial volume. This has not much effect on the 
computation of i in Eq. (5). Ideally, ç . c s o t n a t I - DV- Thus, i is the total amount given 
divided by the system volume times the system volume, i.e. x, is independent of y. 

3.4 Fresh and dry masses 

The fresh and dry masses of shoots and roots are listed in Table 3.1. A more detailed table is 
given in Appendix 3. The masses of the crop of 6705 were less than those of 5132. The 
percentages dry matter decreased in t ime and are somewhat higher than those of 5132, but the 
final value of 5.5 is normal according to the range of 3.5 to 5.5 reported by Roorda van Eysinga 
and Smilde (1971). The dry shoot/root ratio increased in time as was also observed in 5132. The 
dry shoot/root ratio of 7.42 at the end of the growth period is in good agreement wi th values 
computed (assuming 5% dry matter) from data by Reinink and Eenink (1988), Silva and Toop 
(1986), and Toop et at. (1988): 6.5 to 8.5. The fresh and dry masses of the shoots and roots were 
well described by the logistic model (Eq. (3); Table 3.2). The increase in dry mass in time lagged 
behind that observed in 5132 (Figure 3.2). However, the initial masses of the plants differed, 
only after 10 d of growth the plants in 6705 had the same mass as the initial mass of experi­
ment 5132. This lag in time was obtained by assuming initial exponential growth. After shifting 
the data 10 d backward, the dry mass increase in time of 6705 was similar to that of 5132 
(Figure 3.2). The deflection in 6705 is less pronounced than that of 5132, so that t ime of 
inflection and final estimated mass in 6705 are larger than for 5132. The larger inflection time 
may be explained by the fact that the climatic conditions for 6705 at the last weeks were 
favorable (see above) for an extended exponential growth. 

3.5 Nutrients: introduction 

As mentioned above, electrical failures caused leakage of nutrient solution wi th concentration 
C (mmoM"1). This leak was in the best possible way replenished by the same volume of fresh 
nutrient solution wi th concentration Q (mmoH'1). Since ç was not equal to ç , there is an 
extra dosage of nutrients during the weeks 4 and 5: if c < C t n i s means a positive dosage, 
else a negative dosage. This dosage should be added to D in Éq. (5). The following procedure 
to estimate the unknown Q was used. The concentration of the nutrient solution at the t ime 
of leakage was the same as the concentration of the latest sample taken from the nutrient 
solution minus the average amount of nutrient taken up during the t ime between sampling and 
leakage: 

C t - Ca - — tM , (6) 
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Table 3.1 Fresh and dry masses of shoots and roots, percentages of dry matter of shoot, root and crop, 
and shoot/root ratios based on dry masses, all per plant. 

Week 

0 
1 
2 
4 
5 
6 
7 

Shoot 
fresh 

(g) 

0.10 
0.43 
1.95 

44.63 
120.18 
220.64 
332.58 

Shoot 
dry 
(g) 

0.007 
0.031 
0.126 
2.203 
6.683 

12.108 
18.300 

Shoot 
d.m. 
(%) 

6.96 
7.25 
6.47 
4.94 
5.56 
5.49 
5.50 

Root 
fresh 

(g) 

0.033 
0.157 
0.568 
7.248 

19.052 
29.773 
39.728 

Root 
dry 
(g) 

0.005 
0.009 
0.033 
0.430 
1.304 
1.863 
2.467 

Root 
d.m. 
(%) 

14.15 
5.96 
5.80 
5.93 
6.85 
6.26 
6.21 

Shoot/ 
root 

(-) 

1.50 
3.36 
3.84 
5.12 
5.12 
6.50 
7.42 

Crop 
d.m. 
(%) 

8.73 
6.91 
6.32 
5.08 
5.74 
5.58 
5.58 

Table 3.2 Estimated parameters of Eq. (3) for fresh and dry masses of shoot and root. 

Parameter 

y. 
y» 
k 
t' 
R2 

Shoot fresh 

0.726 
441.9 

0.1533 
41.82 
99.96 

Shoot dry 

0.033 
23.8 

0.1582 
41.51 
99.93 

Root fresh 

0.097 
45.5 

0.1638 
37.56 
99.92 

Root dry 

0.004 
2.7 
0.1767 

36.27 
99.73 

20 

15 

Dry weight (g) 

10 -

• 6705 a 
A 6705 b 
• 5132 

1 A~~frZZ 

jprr^A"" 
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Figure 3.2 

10 20 
Time (d) 

30 40 50 

Dry mass of lettuce head as a function of time for experiments 5132 and 6705. The solid 
lines (6705 a and 5132) are the modeled logistic curves (Eq. (3)). The dotted curve (6705 b) 
represents the 6705 data when shifted 10 d to the right. 
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where ç (mmoN'1) represents the concentration of a nutrient in the latest taken sample, R 
(mmol-d 1 represents the average daily uptake obtained from plant analysis during the week 
when leakage occurred, y (I) is the system volume, % the number of days (d) between the time 
when the latest sample was taken and leakage, where it is assumed that uptake only occurs 
during 14 hours of the total day, i.e. the average daylight period. For example, if sampling 
occurred at 08:00 and leakage at 10:00 one day later, r = 1 + (10-8)/14 = 1.14 d. Sampling and 
leakage in all cases happened during daylight. The extra dosage now can be computed 
according to: 

D+-^{CP-CL), (7) 

where Q* (mmoH1) is the extra dosage, y (I) is the volume of leakage, p* is a dosage in 
addition to /> in Eq. (5), i.e. Eq. (5) is replaced by: 

L - ( CM - C, + D * D* ) • V - S . <8) 

The loss data are listed in Appendix 3. For example, for N03 D* amounts were 3% and 5% of 
the total NO, dosage at the ends of weeks 4 and 5, respectively. 

3.6 Nutrients: uptake and loss 

Table 3.3 lists the uptake and losses according to Eqs. (4) and (8); see also Appendices 3 and 4. 
It is clear from Table 3.3 that for all elements, except S, CI, Na, Cu and Zn, i exceeds u at all 
times, as was also the case for all nutrients, except Cu and Zn, in experiment 5132. The increase 
of Cu and Zn in the nutrient solution can be explained by Cu and Zn dissolving from metal parts 
and rubber tubing. The amounts of HN03 added to keep the pH at a constant level were used 
to obtain the loss of H* from the nutrient solution. Plant growth on nutrient solution containing 
only N03 as nitrogen source (i.e. no NHJ will cause an increase in pH of this solution due to 
unbalanced anion versus cation uptake. Relatively more anions are taken up, which then causes 
an apparent H* uptake (H* uptake and/or OH' excretion) to make total ion uptake electrically 
neutral (Van Beusichem, 1984). First, the total ionic balances of uptake and loss will be de­
scribed, and second, the uptake and loss data of the separate macronutrients will be discussed. 

For macronutrients the total anion uptake and loss can be compared to the total cation uptake 
and loss, in which case the H* loss is set equal to H* uptake (Figure 3.3). The summated loss of 
nutrients exceeded the summated uptake. Within the two balances the differences between 
sum of anions and sum of cations is small: from week 4 on this difference with respect to sum 
of anions is less than 3%, except for uptake during week 4 (12.5%). In the first two weeks this 
difference is relatively large, but it should be remembered that then the uptake and loss are 
small in an absolute sense, so that small measurement errors cause larger differences. In all 
cases, except during week 7, the sum of anions exceeded the sum of cations, which can be 
explained by the fact that the micronutrients, mostly present as cations, were not included in 
the mass balance computations. The average difference between loss and uptake was 0.07 eq 
during the first two weeks, and at the end this was 0.3 eq. i.e. 12.5% with respect to uptake. 
For comparison, in experiment 5132 the difference between loss and uptake was 54% after 
week 1, decreased to 17% after week 4, but then increased to 87% at the end of week 6. The 
following aspects need some discussion: 
1) not all elements in plant material could be analyzed at weeks 1 and 2 (see Table 3.3); 
2) the small difference between loss and uptake at week 5; 
3) the relatively large difference between sum of anions and sum of cations for the uptake 

data at week 4. 
Re 1) Not having all data means an underestimation of total uptake. However, excluding the 
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data of those elements that were not analyzed in the plant material from the loss balance did 
not show much improvement. This can be explained by the fact that the N and K content in the 
plant material dominates the cumulative uptake balance and also the change in concentration 
of the nutrient solution and thus the summated loss balance. Thus the underestimation of the 
total uptake in the first two weeks can be regarded as small. 
Re 2) At week 4 all elements in the plant material were analyzed, so that the argument under 
1) cannot apply here. The data themselves seem reasonable, so that measurement errors may be 
the cause. 
Re 3) The differences between loss and uptake at weeks 4, 6 and 7 are of comparable magni­
tude: on average 0.26 eq. At week 5 this difference is much smaller, i.e. 0.11 eq. It is recalled 
that two times before this harvest time an electrical failure caused a leakage of nutrient 
solution. In repairing the damage there may be several sources of error: wrong amount fresh 
nutrient solution resupplied, wrong concentration of new solution, uptake rate at day 34 differs 
from average uptake rate of week 5. This may have caused an underestimation of nutrient loss 
from the solution. 

In absolute sense the loss of N and K was the largest and thus determined the differences in 
total ion loss versus uptake as just described. The difference between loss and uptake for all 
macronutrients, except S for which u > L> expressed relative to uptake shows that this differ­
ence decreased in t ime in the beginning, but at the end increased again (Figure 3.4). In the 
beginning this relative difference is high, which is caused by the low values of uptake and 

Table 3.3 Uptake by crop (U) and loss from nutrient solution (L) according to Eqs. (4) and (8) for all 
elements (£) at the harvest times t (week). The amounts are expressed in mmol per plant (N, 
P, K, Ca, Mg, S, Na, Cl, H) or umol per plant (Fe, Mn, B, Cu, Zn, Mo). Notation: -: insufficient 
dry matter available to determine U; nd: not determined. 

E 

N 

P 

K 

Ca 

Mg 

S 

Na 

Cl 

Fe 

Mn 

B 

Cu 

Zn 

Mo 

H 

U,L 

U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
U 
L 
L 

f = 1 

0.13 
0.64 
0.01 
0.04 
0.06 
0.53 
-

-0.00 
-

-0.03 
-

-0.01 
0.00 
0.02 
-
0.002 
-

19.62 
-
0.61 
-
4.53 
-

-0.57 
-

-1.45 
-

nd 
0.01 

t = 2 

0.62 
1.15 
0.05 
0.09 
0.38 
0.91 
0.04 
0.04 
0.02 

-0.02 
-

-0.01 
0.02 
0.02 
0.03 
0.01 
-

38.70 
-
2.36 
-
5.83 
-

-0.87 
-

-3.64 
-

nd 
0.01 

t = 4 

9.84 
12.25 
0.81 
1.09 
5.71 
8.42 
0.56 
1.04 
0.23 
0.34 
0.27 
0.27 
0.06 
0.07 
0.36 
0.40 

26.06 
182.63 

7.05 
9.97 
4.73 

16.16 
3.67 

-147.89 
24.10 

-47.13 
0.07 

nd 
2.80 

t = 5 

22.73 
22.91 

2.01 
2.09 

17.99 
18.01 

1.57 
1.57 
0.58 
0.51 
0.64 
0.51 
0.22 
0.10 
0.80 
0.66 

55.82 
526.68 

16.09 
22.05 
18.33 
18.79 
13.87 

-250.98 
85.99 

-65.29 
0.46 

nd 
4.31 

f = 6 

38.94 
43.61 

3.74 
4.71 

31.61 
34.35 

2.92 
3.86 
1.04 
1.28 
1.22 
1.15 
0.31 
0.11 
1.44 
1.37 

66.17 
587.60 
20.51 
25.37 
34.59 
56.99 
27.72 

-282.70 
186.44 
-35.52 

0.50 
nd 

5.89 

t = 7 

54.22 
63.26 

5.32 
6.46 

44.14 
49.86 

4.68 
6.01 
1.68 
2.04 
1.77 
1.64 
0.34 
0.19 
2.17 
2.20 

75.94 
608.15 

18.76 
25.62 
55.67 
76.41 
53.27 

-373.55 
262.76 
-34.95 

1.57 
nd 
12.76 
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Figure 3.3 Sums of anions and cations (macronutrients and FT) for the total uptake by all plants and the 
total loss from the system as functions of time. 

100*(L-U)/U(%) 

Time (d) 

Figure 3.4 Observed differences between i and if, according to Eqs. (4) and (8), relative to (ƒ as a 
function of time for macronutrients N, P, K, Ca and Mg. 

loss data. It is remarkable that this difference decreased when uptake rates increased and 
became smallest at the t ime when uptake rate was largest. At the end. when uptake rates 
decreased again, this difference increased. For the individual nutrients N, P, K, Ca, and Mg this 
final difference was 16.7%, 21.4%, 13.0%, 28.4%, and 21.4%, respectively. This observed 
pattern implies that other independent processes are involved as well. These may be (Heinen 
et al., 1991; Willumsen, 1980, 1984): immobilization by microorganisms and organic matter, 
precipitation, denitrification. Just as an illustration, a simple simulation was carried out de­
scribing the change in nutrient concentration in the supply tank for given, i.e. observed, logistic 
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uptake (as described below in section 3.7 'Nutrients: logistic cumulative uptake') and a constant 
daily extra loss of each nutrient. The concentration at the beginning of each day was set equal 
to the set point concentrations (Table 2.1), the system volume was kept constant at 168 I, and 
the concentration of the nutrient solution at the end of the day was computed from: 

C,V-UPT-EL () 

where ç is the concentration at the end of the day (mmoM'1), ç is the set point concentra­
t ion (mmoM'1), y is the system volume (I), uPT 's * n e daily uptake of a nutrient (mmol), and 
£/,is the daily extra loss (mmol). The simulation program computed the total uptake and loss 
from the system, and took into consideration the number of plants that were present each 
week. At the end of each week the relative difference between simulated loss from the system 
and uptake by the crop was computed. Simulations were carried out for different values of EL 
to minimize simulated and observed relative differences (Table 3.4). For example, a daily extra 
loss of 7.0 mmol N caused a total loss which is comparable to the observed loss. This is 0.83% of 
the total daily content of N in the nutrient solution. Figure 3.5 shows simulated and observed 
relative difference between loss and uptake for N. The simulated pattern is comparable to that 
of the observed data (cf. Figure 3.4). The simulated concentration at the end of each day is 
presented in Figure 3.6. The extra loss causes only a small decrease in concentration compared 
to the case where no extra loss is involved. The abrupt pattern in the concentration course is 
due to changes in number of plants on the NFT system. For completeness, the concentration 
course in case 144 plants remained on the NFT system is given as well. It should be stressed that 
the simulation wi th an extra constant daily loss is only used for demonstration here, it does not 
imply that there is such a constant extra loss. In general, it will be a combination of several 
processes, as mentioned above, which wil l be dependent on e.g. temperature, oxygen content, 
exudate content etc. in the nutrient solution. 

3.7 Nutrients: logistic cumulative uptake 

The cumulative uptakes of all elements were well described by a logistic model (Appendix 5). 
Relative cumulative uptakes, i.e. cumulative uptakes divided by f i tted maximum cumulative 
uptakes, and relative dry matter production were plotted as a function of time (Figure 3.7). In 
order to judge whether relative cumulative nutrient uptake was similar to relative dry matter 
production, arbitrary criteria for sum of squares (SSQ) differences between f i t ted values were 
used: SSQ < 0.2 good agreement 0.2 < SSQ < 2.0 moderate agreement and SSQ > 2.0 no 
agreement. Relative cumulative uptakes of N, P, K, S, CI, B and Zn, and to a lesser extent those 
of Ca and Mg, showed good agreement wi th relative dry mass. This means that the contents of 
these elements in the plant remain constant. This was also observed in experiment 5132 (not 
judged with SSQ analysis, but by eye): good agreement for N, K, B, Zn, and CI, and to a lesser 
extent for Ca, Mg, and S. In 5132 the uptake of P was relatively smaller as plants grew older, 
which was not the case in 6705. In both 5132 and 6705 the uptake of Fe, Mn, and Na was 
relatively larger as plants grew older, i.e. the uptake curves are to the left of the dry matter 

Table 3.4 Constant daily extra losses, EL (mmol), of macronutrients which minimized the simulated and 
measured losses from the system, also expressed as percentage, P (%), of total daily content 
present in the nutrient solution. 

Macronutrient EL P 

N 7ÜÖ Ö8Ü 
P 0.52 0.93 
K 6.00 1.36 
Ca 0.23 0.12 
Mg 0.055 0.08 



16 

curve. In 6705 uptake of Cu and especially Mo was relatively smaller as plants grew older, which 
was not observed in 5132. It should be noted that if two nutrients show good agreement wi th 
dry matter production, then the uptake ratio of these two nutrients wil l be constant in t ime 
(see also section 3.8 'Nutrients: constant uptake ratios'). Other research workers have related 
relative cumulative uptake to dry matter production. For example, van Itallie (1937) presented 
similar graphs for N, P and K uptake and dry matter production for several agricultural crops. 
For all eight crops considered he observed that uptake of N, P and K was relatively higher as 
plants grew older (see also Figure 3.12 in De Willigen and Van Noordwijk, 1987). 

100*(L-U)/U(%)-
250 

200 

150 -

100 -

Figure 3.5 Simulated difference between loss, computed as given uptake plus a constant extra daily loss, 
and given uptake as a function of time for N for three values of constant daily extra loss. 

Concentration (mmol-1"1 ) 

5 -

('••in f , 

EL = 0 mmol, < 144 crops 

EL = 7 mmol, < 144 crops 

EL = 0 mmol, 144 crops 

—v 
10 

I 

20 30 
I 

40 
-r-
50 60 

Time (d) 

Figure 3.6 Simulated change in N concentration in the supply tank as a function of time for a decreasing 
number of plants in time and with or without a constant daily extra loss, the situation with a 
constant number of plants in time and without extra loss; is also shown. 
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In experiment 5132 the relative cumulative uptake of N, K and P as a function of cumulative 
daily radiation was well described by a logistic curve (cf Eq. (3); Heinen et al. (1991) their 
Figure 3.1). This was also observed in experiment 6705 (Figure 3.8; Appendix 6). 

3.8 Nutrients: constant uptake ratios 

The detailed information on changes in composition of the nutrient solution and the increase in 
element content in the plant makes it possible to determine whether there are constant uptake 
ratios between any of the nutrients. Heinen et al. (1991) showed results for experiment 5132 for 
four cases in their Table 3.3 where constant uptake ratios for the last four weeks of growth 
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Figure 3.7 Relative cumulative uptake of N, P, K (a), Ca, Mg, S (b), Fe, Mn, B (c), Cu, Zn, Mo (d), Na, Cl (e) 
by one lettuce head, and relative dry mass as a function of time (experiment 6705). Measured 
data are described by a logistic model (cf. Eq. (3)). 
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Figure 3.8 Relative cumulative uptake of N, K and P by one lettuce head as a function of cumulative 
daily radiation. Measured data are described with a logistic model (cf. Eq. (3)). 

were presented. In order to compute constant uptake ratios in experiment 6705 and to compare 
these with results of experiment 5132, it was decided to compare results based on more or less 
equal dry matter production. As stated before, the dry matter production of the crop in 6705 
lagged about 10 d behind that of 5132 (Figure 3.2). Therefore, it was decided to present 
constant uptake ratios of the last three weeks of 6705 (Table 3.5; Appendix 7 gives constant 
ratios of last four weeks). In 6705 more constant ratios are observed than in 5132. Any corre­
sponding ratios are of the same magnitude. Note that the uptake ratios differ from the ratios 
of the original solution, thus uptake ratios cannot be used to determine recipes of nutrient 
solutions. 

As mentioned above, constant uptake ratios between nutrients could be expected when nutri­
ent uptakes showed good agreement with dry matter production (see section 3.7 'Nutrients: 
logistic cumulative uptake'). This was the case for nutrients N, P, K, S, CI, B, and Zn, and to a 
lesser extent also for Ca and Mg. Indeed constant uptake ratios between these nutrients were 
observed (Table 3.4), but not for all combinations. For example, N and Ca or N and B uptake by 
a lettuce crop or lettuce head (cases 3 and 4, Table 3.4) did not yield a constant uptake ratio. 

In situ monitoring of the micronutrient concentrations or regular analysis is difficult and 
expensive. Therefore, it is interesting to determine whether or not uptake of micronutrients is 
related to uptake of macronutrients. Then dosage of micronutrients can be based on known 
uptake of a macronutrient. In experiment 5132, based on cumulative uptake by one plant, it 
was observed that CI may be added in relation to N, K, P or Mg, and B in relation to K. In 
experiment 6705 it was observed that CI may be added in relation to N, K, P, Ca, Mg or S, Na in 
relation to N, B in relation to N, K, P, Ca, Mg or S, Cu in relation to P, Ca, Mg or S, and Zn in 
relation to N, K, P, Ca, Mg or S. So, there are no constant uptake ratios for Fe, Mn and Mo with 
any of the macronutrients. 

3.9 Nitrate content 

The N03 content in shoot and root fluctuated in time, but in general the percentage of total N 
present as N03 in the shoot increased with t ime (Table 3.6). The final N03 content in the crop 
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Table 3.5 Uptake or content ratios between macro- (mmol) and micronutrients (u.mol), with less than 
20% difference between maximum and minimum observed ratios (in relation to their mean) 
during the last three weeks. If the difference was less than 10% the ratio is underlined. Four 
cases are considered: case #1: weekly cumulative uptake by whole system; case #2: weekly 
cumulative loss from solution by whole system; case #3: weekly cumulative uptake by one 
plant week or content of one plant at the end of every week; case #4: content of one head at 
the end of every week. 

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

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

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

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

K 

0.763 
1 

0.773 
1 

0.803 
1 

0.836 
1 

P Ca 

0.090 0.071 
0.118 0.092 
1 0.786 

1 

case «1 

0.095 0.076 
0.123 0.099 
1 0.811 

1 

case #2 

0.093 
0.116 0.097 
1 0.830 

1 

case#3 

0.090 
0.107 0.099 
1 0.920 

1 

case #4 

Mg 

0.026 
0.034 
0.288 
0.370 
1 

0.252 
0.310 
1 

0.028 
0.035 
0.297 
0.362 
1 

0.028 
0.034 
0.309 
0.336 
1 

S Fe 

0.029 
0.038 
0.321 
0.410 
1.121 
1 

1 

0.022 
0.029 
0.235 
0.290 
0.939 
1 

1 

0.030 
0.038 
0.326 
0.398 
1.112 
1 

1 

0.027 
0.032 
0.297 
0.327 
0.966 
1 

1 

Mn 

0.287 
1 

0.044 
1 

1 

1 

B 

0.794 
1.040 
8.831 

11.231 
30.403 
27.544 

1 

1.225 
1.586 

12.924 
15.895 
51.184 
55.410 

1 

9.792 
11.773 
32.455 
29.901 

1 

10.551 
11.444 
33.745 
35.187 

1 

Cu 

7.125 
9.049 

24.510 
22.208 

0.805 
1 

1 

1 

0.097 
0.116 
1.093 
1.192 
3.560 
3.676 

0.103 
1 

Zn 

3.836 
5.019 

42.623 
55.287 

149.56 
133.06 

4.941 
6.160 
1 

1 

46.340 
59.285 

163.85 
143.78 

5.041 

1 

2.275 
2.724 

25.309 
28.704 
85.694 
84.891 

2.471 
23.370 

1 

Mo 

1 

1 

1 

0.151 
0.172 

0.508 

0.138 
0.006 
1 

Cl 

0.036 
0.047 
0.400 
0.513 
1.389 
1.254 

0.046 

0.009 

1 

0.030 
0.039 
0.310 
0.392 
1.270 
1.327 

0.024 

1 

0.037 
0.047 
0.396 
0.484 
1.337 
1.213 

0.041 

0.008 

1 

0.042 
0.050 
0.460 
0.510 
1.495 
1.549 

0.045 
0.421 
0.018 

1 

Na 

0.009 

0.004 
0.014 

0.006 
0.008 

0.000 
0.006 

0.004 

0.016 
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was 2702 mg-kg'1, which is more than the maximum permissible content in the Netherlands of 
2500 mg-kg"1. The N03 content fluctuated in t ime, with the highest content halfway during the 
growth period. Thus, in this experiment growing lettuce on NFT without interference yields too 
high N03 contents. Moreover, these results do not show any trend of N03 content per unit fresh 
shoot mass, so that there is no way to predict the final N03 content based on intermediate 
sampling. An irregular pattern of N03 content as a function of t ime for lettuce grown under 
greenhouse conditions was also reported by Hansen (1976), for different times of the year, 
except during a winter period. Ways to lower the N03 content have been described by van der 
Boon et al. (1990) and Steingröver et al. (1993), viz. increasing the NH4:N03 ratio in the nutrient 
solution or adding extra CI in combination with NH4 to the nutrient solution. 

3.10 Water use 

The total amount of water added to the NFT system was 285.14 I and the total amount of 
solution removed for laboratory analysis was 43 I, so that indeed it was necessary to compensate 
the sampling losses in order to obtain water use. The total amount of water uptake used for 
crop growth was 10.65 I, i.e. 4.4% of total water uptake. During the growth period two major 
electrical failures caused a leakage of nutrient solution (as mentioned above). During the second 
period no information on water use by the crop was available. It was decided to compute the 
transpiration for days 34 and 35 based on average transpiration per unit radiation as observed 
for lettuce in experiment 5132: 5.8 km2-kJ'1. Based on measured radiation during these days, 
the transpiration for days 34 and 35 then becomes 14.7 and 14.0 I, respectively. The average 
transpiration per unit increase in radiation was determined: 4.1 l<m2,kJ'1. This is much lower 
than observed in experiment 5132. Iteratively. the transpiration for the two missing days was 
adapted such that it corresponded to the computed average transpiration per unit increase in 
radiation. In this way the transpiration in experiment 6705 was 3.8 I per unit increase in 
radiation (l-crr^-kj'1) (with both variables expressed per plant). This is smaller than observed in 
experiment 5132, where it was 5.8 km'-kj"1 . The weekly transpiration per plant is presented in 
Table 3.7. The average dry mass production per unit water transpired per plant in experiment 
6705 was 2.86 g-T1, which is about 8% smaller than the value obtained in 5132: 3.1 g-l'1. Finally, 
the average dry mass production per unit increase in radiation was 10.9 g-orr'-kJ"1. which is 

Table 3.6 N03 content of shoot and root, percentage N as N03 of total N present in shoot and root, 
and N03 content of shoot and root per unit fresh mass as a function of time. 

Time 

(week) 

N03 

shoot 
(%) 

N03 

root 
(%) 

6.07 
4.20 
4.72 
5.27 

N as N03 

shoot 
(%) 

12.85 
19.45 
27.69 
25.89 
29.34 
30.88 

N as N03 

root 
(%) 

28.98 
22.91 
24.61 
28.61 

N03 

shoot 
(mg-kg-1) 

2236 
3206 
3238 
2525 
2738 
2702 

N03 

root 
(mg-kg1) 

3601 
2875 
2953 
3273 

0 
1 
2 
4 
5 
6 
7 

3.13 
4.97 
6.56 
4.54 
4.99 
4.91 

Table 3.7 Cumulative weekly transpiration per plant, T (I), corrected for water removal by sampling and 
including estimated transpiration for days 34 and 35. 

T 

Week 

1 

0.155 

2 

0.324 

4 

0.972 

5 

2.635 

6 

5.005 

7 

7.374 
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smaller than obtained in experiment 5132: 18.0 g-cm2-kJ'\ Linear relationships between dry 
matter production, transpiration and radiation were given. A slightly better description was 
obtained using a logistic function, except for the relationship between dry matter production 
and transpiration. But since in all cases R2 was larger than 98% for linear or logistic relation­
ships, it was decided to present linear relationships. 

It is stressed here that the data for experiment 5132 were not adjusted for amount of water lost 
due to sampling and amount of water held by the crop. Since less frequent samplings were 
carried out the effect of disregarding water loss due to sampling wil l be small. This causes a 
small overestimation of the transpiration. Disregarding increase in water content of the crop 
also causes an overestimation of the transpiration. There were also unknown amounts of water 
lost at leakages which also causes an overestimation of the transpiration. Thus the dry matter 
production per liter water transpired would have been higher in experiment 5132, and the 
amount of water transpired per unit increase of radiation would have been smaller. 

The amount of water held by the roots in the gullies was not taken into account when 
computing the daily transpiration (see section 2.2 "Water supply and system volume'). The differ­
ence between final and initial system volume was 8.4 I. This is 3.4% of the total amount 
transpired by the system. This small amount will not have a large effect on the miscalculated, 
i.e. overestimated, transpiration. 

3.11 Automatic pH control 

The pH electrode in the automatic pH control system was regularly cleaned and calibrated 
(Appendix 8). According to the constant calibration line in t ime the pH electrode performance 
can be qualified as good. The time course of pH is presented in Figure 3.9. Although measure-

P H 

6.5 
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5 • -• 
10 20 30 

Day 
40 50 

Figure 3.9 The pH of the nutrient solution in experiment 6705 as a function of time (solid line). 
Measurement interval was 15 min. The daily laboratory pH measurements are given as solid 
dots. 
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merits were carried out every 5 minutes, only 15 min t ime interval results are shown in 
Figure 3.9. The laboratory measurements of pH to check the behavior of the automatic pH 
control system follow the same pattern, and were no reason to manually interfere in the control 
system. The pH control system was able to keep the pH between 6.0 and 6.5: the average pH 
was 6.27 (cv 3.9%). The rising and falling pattern, e.g. at days 22 to 30, shows that regular pH 
adjustments were carried o u t in this period 2 to 3 times a day. The sharp drop in pH at day 37 
is caused by an extra dosage of KH2P04 to increase the low concentrations of K and P. The 
addition of P apparently caused pH buffering resulting in a lower pH. At day 47 a low pH of 
4.59 was measured which caused the system to add 0.6 I 0.1 M KOH, the daily maximum 
allowed addition. This resulted in a increase in pH of the nutrient solution up to pH = 7.03 
(Figure 3.9). Next the control system added 0.6 I 0.1 M HN03 resulting in bringing back the pH 
to the range 6.0 to 6.5. Some other mis-measurements of pH can be seen in Figure 3.9, but 
these did not cause pH adjustments. 

It is obvious in Figure 3.9 that the pH of the nutrient solution after a acid dosage never reached 
the expected value of 6.0, but always lowered to an average value of 6.3. There are several 
aspects to be considered, viz.: 
- error in calculation procedure: wrong interpolation in t i tration curve, wrong system volume, 
- wrong concentration of HN03 solution, 
- error in dosage pump, or 
- error in t i tration curve. 
At the beginning of the experiment the original solution was used to determine the t i tration 
curve. These data are then used in a computer program to interpolate between the measured 
and desired pH values. From this the desired amount of HN03 per liter nutrient solution can be 
obtained. This procedure was checked, and judged as correct. The amount of HN03 per liter 
nutrient solution to be added was 94.1 ml in case the pH has to be lowered from 6.5 to 6.0. Due 
to discrete dosage of the dosage pumps (5 ml per pulse), 95 ml was added each time. This is 
slightly more than necessary, so that this is not the cause for the observed pH change. However, 
the computer program used a preset system volume of 150 I. The exact system volume is 
unknown, but was in the range 168 to 176 I. This then causes the pH to drop only to approxi­
mately 6.1, thus not explaining the observed drop in pH. A few weeks after the end of the 
experiment the pH control system was checked. The concentration of the HN03 solution was 
measured and it was correct at 0.1 M. The pH of a new nutrient solution was manually raised 
and the control system was used to calculate the amounts to be dosed, based on a newly 
determined t i tration curve, and to carry out the dosage. The true amount dosed was measured 
by weighing the bottle wi th HN03 solution. The computed and weighed amounts were equal. 
However, during this testing it appeared that every now and then the pulse pump hampered, so 
that not all the pulses were carried out. It is unknown whether this also occurred during 
experiment 6705. It may well be that due to the long time between the end of experiment 6705 
and the test-experiment some dirt deposited on the pump mechanism. Based on the original 
t itration curve this means that each time approximately 47.1 ml HN03 was added, i.e. always the 
pump added half the amount desired, which is unlikely. Finally, the t i tration curve may be in 
error. Due to the change in composition of the nutrient solution, especially for the buffering 
element P, the actual composition differs from time to t ime and is not equal to the composition 
of the original solution. Therefore, the t itration curves of the original solution before and just 
after f i l l ing the NFT system were determined. It was planned to determine also the t i tration 
curve of the nutrient solution after the test, b u t unfortunately, this sample got lost. It can be 
seen that a slight dilution of the original nutrient solution of approximately 8 to 10%, causes a 
different t i tration curve (Figure 3.10). That is, the more diluted the solution the steeper the 
t i tration curve, thus the more acid is needed to achieve a certain pH drop. During the growth 
period the P concentration, as for all elements, was lower than the concentration in the original 
nutrient solution. It is especially the P concentration that determines the pH buffer capacity of 
the nutrient solution. Thus the lower the P concentration the steeper the t i tration curve, so that 
the amount of HN03 to be added was always underestimated. This is most likely the main cause 
of the observed small pH drop after an acid dosage. 
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Figure 3.10 The pH titration curves of a nutrient solution and a 8 to 10% diluted nutrient solution. 

3.12 EC and N03 course in time 

The measured EC is depicted in Figure 3.11. The manual dosages resulted in sharp increases in 
EC. Uptake of nutrients by the crop then resulted in a slow decrease in EC in time. On average 
the EC remained constant between days 8 and 33; for all days the average EC was 0.84 mS-cm'1 

(cv 8.9%). The extra dosage of KH2P04 at day 37 caused in a large increase in EC. After day 44 
the average EC increases in time, which is caused by a decrease in uptake by the crop, which 
was not accounted for in the dosage program. In general, the elaborative manual dosage 
procedure was able to keep the concentration of the nutrient solution at a constant level. This 
can also be seen in the N03 concentrations as a function of time measured daily (Figure 3.12). 
For completeness it is mentioned that these samples were taken at 08:00 h each day and that 
dosages, if necessary, were carried out at 16:00 h. The average N03 concentration was 4.5 
mmoN'' (cv 6.5%). There was a trend of decreasing concentration in time between days 7 and 
35, which is due to the increasing uptake rate. After day 35 the concentration increased due to 
decreasing uptake rate. Moreover, the dosage program used a constant system volume which 
was too low, thus the N03 level was always lower than its set point of 5.0 mmoH'. And, due to 
increase in root mat volume, the volume of solution increased step-wise in time, yielding lower 
concentrations. 

3.13 Ion selective electrode behavior 

The ion selective electrodes (ISE) were regularly cleaned and calibrated (Appendix 8). Cleaning 
of the electrodes was suggested by Heinen and Harmanny (1992), and was also necessary in this 
experiment, but they did not become too filthy between the successive calibrations. The 
calibration lines of the N03 ISE's were constant in time, but that of the K ISE fluctuated in time. 
Therefore, the behavior of the N03 ISE's may be judged as good, and some caution is needed 
for the K ISE. Measurements with the ISE's were started on day 18 (Figure 3.13). At all times the 
first N03 ISE yielded higher concentrations than the second one: the average concentrations 
were 4.20 (cv 7.1%) and 3.54 (cv 10.8%), respectively. The K ISE yielded sometimes too high K 
concentrations (Figure 3.13): the average K concentration was 4.39 (cv 26.2%). The temperature 
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Figure 3.11 The EC of the nutrient solution in experiment 6705 as a function of time (solid line). 
Measurement interval: 15 min. 
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Figure 3.12 The N03 concentration of the samples used for dosage computations as a function of time. 
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Figure 3.13 The N03 concentration measured by two ion selective electrodes (a) and the K concentration 
measured by an ion selective electrode (b) as a function of time. Measurement interval: 
15 min. 
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in the measurement device was kept constant at 20 ± 1 °C. This temperature control worked 
well, except for days 33 to 39 (Figure 3.14): the average temperature was 19.8 °C (cv 6.4%). A 
constant temperature is needed for a good behavior of the ISE's (Heinen and Harmanny, 1992), 
but also for the pH and EC electrodes. 

Especially for the N03 ISE's, the measured concentrations followed the same pattern as the EC 
measurements: sharp increase after a dosage, and slow decrease in time due to uptake. Thus 
with the regular cleaning and calibrations the N03 ISE's seem to function well, but this is too 
elaborative for practical use in commercial growth systems. 

It is possible to determine the loss from nutrient solution using ISE measured concentrations. In 
that case the concentration just before harvest times is used in Eq. (8). The same values for j), 
£>• and 5 as in the regular i computations were used. This was done for both N03 ISE's, the K 
ISE and also for the daily measured N03 concentrations (Table 3.8). On average loss based on 
the daily measured N03 concentration and based on the N03 ISE's yielded comparable loss data 
as the regular method. However, the loss based on the K ISE differed from the loss obtained 
through the regular method: sometimes larger and sometimes smaller. The cumulative loss of 
N03 in the last four weeks in the four cases was the same, as was also the case for K. Thus, 
under the given circumstances the weekly loss based on N03 ISE measurements seems possible, 
but this is not the case with the K ISE. 

Figure 3.14 The temperature of the measurement cell with the ISE's, and pH and EC electrodes as a 
function of time. Measurement Interval: 15 min. 
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Table 3.8 Computed loss according to Eq. (8) based on regular samples, daily NO, samples, two N03 

and one K ion-selective electrodes (ISE) (mmol-week'1). 

Week 

1 
2 
3 
4 
5 
6 
7 

N03 

regular 

91.47 
49.28 

236.40 
562.68 
512.01 
496.79 
235.71 

N03 

daily 

92.45 
250.85 
545.88 
531.16 
489.56 
199.43 

N03-1 
ISE 

534.12 
555.18 
474.78 
199.26 

NO3-2 
ISE 

529.08 
482.94 
553.74 
247.98 

K 
regular 

76.58 
36.72 

166.84 
373.79 
464.46 
390.08 
186.05 

K 
ISE 

698.21 
144.78 
535.23 
43.69 
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4. Conclusions 

In 1987 a project entitled "Control of nutrient supply to plants in artificial horticultural sub­
strates" was started at the DLO Institute for Soil Fertility Research (IB-DLO). The goal was to 
study uptake patterns or to steer uptake of crops grown on NFT with controlled composition of 
the nutrient solution. A NFT system was available and a measuring and control system was 
developed based on commercially available ion-selective electrodes. Unfortunately, the 
measuring and control system did not work properly, so that much time was spent to improve 
its functioning (Heinen, 1990a; 1992; Heinen and Harmanny, 1992). This did not lead to a 
reliable system. Thus, experiments were carried out with manual control of the composition of 
the nutrient solution. The results of the first experiment were discussed by Heinen et al. (1990; 
1991), and the results of the second experiment were discussed and compared with those of the 
first experiment in this report. In both experiments only uptake patterns were studied, without 
trying to influence uptake. 

NFT systems are good systems to study uptake patterns. Due to their small buffer capacity 
changes in nutrient concentration of the nutrient solution can be observed over short periods. 
Moreover, this small buffer capacity implies that steering of the uptake through changes in the 
composition of the nutrient solution is possible. However, the disadvantage of a low buffer 
capacity is the vulnerability to electrical failures and following leakages. Experience in this 
report indicates that such leakages cause extra work in determining loss data of nutrient from 
the nutrient solution, and in determining the transpiration. 

With the current NFT system, with its measurement and control device, it was possible to control 
the pH of the nutrient solution, and to determine the transpiration using the volume of water 
added to control the water level in the supply tank. The pH was kept in a small range of 6.3 to 
6.5. When a narrower range is desired it is better not to use the pH control system based on 
titration curves. A better control system is a so-called PID controller: in case the pH rises acid is 
added, if it lowers less or no acid is given, or when it keeps on rising more acid is given etc. As 
suggested by Heinen and Harmanny (1992), it seems possible to measure the N03 content using 
membrane ion-selective electrodes (ISE), in case they are cleaned and calibrated every week. This 
was not the case for the glass K ISE. 

In both experiments uptake of the crop was determined in two ways: by plant analysis and 
analysis of the nutrient solution. Both mass balances ideally should yield the same uptake 
patterns. However, in both experiments the loss from the nutrient solution exceeded the uptake 
determined by the crop. In the second experiment some uncertain factors of the first experi­
ment were eliminated. This resulted in a smaller difference between loss and uptake. However, 
it is reasonable to expect that loss will always be larger than uptake (e.g. Heinen et al., 1991; 
Willumsen, 1980; 1984) due to precipitation, immobilization by microorganisms, organic matter 
and root exudates, denitrification, and possible system leaks. Accumulation of root exudates and 
dead organic matter, i.e. dead roots, in various parts of the system must be considered as well. 
Nutrients may form complexes with this material and thus are lost from the nutrient solution. In 
case the mass balance of sums of anions and cations is used the loss of H+ from the nutrient 
solution has to be incorporated in both the balances of uptake and loss. When less cations than 
anions are obtained, this can be attributed to the content of micronutrients, which will be 
present mainly as cations. 

In case detailed information on plant uptake and transpiration is desired, the loss of water and 
nutrients due to sampling of the nutrient solution is an extra element to be considered. 
Especially, when sampling is regular and the system volume is small. Water uptake is split into 
two parts: increase in water content of the crop and transpiration. In this case it is assumed that 
water retention or release due to hydration or dehydration does not occur. This is only of 
importance for short-term, say on a minute basis, water uptake studies. Moreover, when 
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leakages in the system occur, this will also cause extra losses, which are harder to account for. 
Leakage causes a larger loss of water and nutrients than is really taken up by the crop. 

Due to the increase of root mass in the NFT gullies more and more nutrient solution will be 
held by the root mat. This causes a gradual decrease in water level of the supply tank. With an 
automatic water level control system, this will cause a dilution of the solution: both transpira­
tion and uptake will be overestimated. In case some plants are harvested at regular time 
intervals this will cause an increase in water level of the supply tank, which results in an 
underestimation of transpiration during that day. This increase is due to the fact that part of 
the root mat is removed from the gullies, and thus water is released causing an increase in 
water level of the supply tank. 

The goal of the experiment described in this report was to repeat an earlier experiment 
described by Heinen et al. (1990, 1991). In short, the following results were obtained. In both 
experiments growth and nutrient uptake were well described by a logistic model. S-shaped dry 
matter production and nutrient uptake was also observed for lettuce grown in soils (Slangen et 
al., 1987). Growth in experiments 6705 and 5132 were comparable. In both experiments relative 
cumulative uptake of N, P, K, S, CI, B, and Zn, and to a lesser extent those of Ca and Mg 
followed the same time course as relative growth, i.e. the contents of these elements remained 
constant in time. This implies that constant uptake ratios for these nutrients can be expected. 
This was indeed the case, although not for all combinations. The loss from nutrient solution 
exceeded the increase of nutrients in the plants; the difference in experiment 6705, however, 
was smaller than in experiment 5132. This can be ascribed to the absence of peat in the system 
during the second experiment and a more detailed data analysis. In experiment 6705 the 
relationships between growth and time, growth and radiation, and transpiration and radiation 
were best described by a logistic function, but not the relationship between growth and 
transpiration, for which a linear function was observed. No explanation for this aspect can be 
given. The goodness of fit parameter R2 for linear and logistic relationships for growth and 
radiation, and transpiration and radiation differed only slightly, and, therefore, it was decided 
to present only linear relationships between growth, transpiration and radiation. The average 
dry mass production per liter transpiration was 2.86 gV in 6705 and 3.1 gH'1 in 5132. The tran­
spiration per unit increase in radiation was 3.8 l-cnr^-kj'1 in 6705 and 5.8 l-cm2-kJ'' in 5132. In 
5132 only CI and B showed uptake which could be related to uptake of one or more macronutr-
ients, in 6705 this was true for B, Cu, Zn, CI, and Na. In both experiments there were no 
constant uptake ratios for Fe, Mn and Mo with respect to macronutrients. For detailed uptake 
of Fe, Mn and/or Mo these elements should measured separately. 


