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ABSTRACT

Marcelis, L.F.M., 1989. Simulation of plant-water relations and photosynthesis of greenhouse
crops. Scientia Hortic., 41: 9-18.

An explanatory simulation model was developed to simulate the diurnal course of plant-water
relations and their effects on the photosynthesis of greenhouse crops. The simulated effects of
global radiation on plant-water relationships and photosynthesis are shown. Measurements of
transpiration of a tomato crop (cultivar ‘Turbo’) showed that daily totals as well as the diurnal
course of transpiration on a short-time basis were simulated satisfactorily.
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INTRODUCTION

Existing simulation models for water and carbon relations of plants, like
BACROS and PHOTON (De Wit, 1978), do not consider crops in a green-
house. The model SUCROS (Penning de Vries and van Laar, 1982; Spitters et
al., 1989) does not consider plant-water relations at all. Stanghellini (1987)
developed a descriptive model for transpiration of greenhouse crops, but pho-
tosynthesis, water uptake and water status of the plants were not taken into
account. Therefore a new explanatory simulation model was designed to sim-
ulate the diurnal course of plant-water relations and their effects on the pho-
tosynthesis of greenhouse crops.

The model has been based on the models PHOTON (De Wit, 1978) and
MICROWEATHER (Goudriaan, 1977) for plant-water relationships and ra-
diation climate, but uses a more efficient integration routine (Goudriaan, 1986)
to calculate canopy totals. The transpiration, water uptake, water content and
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water potential of the crop are considered as the main characteristics of the
plant-water relationships. By use of the model, the effects of factors like global
radiation, air humidity, air temperature, heating pipes, temperature of the
greenhouse roof, water potential of the root medium, stomata and leaf area
index on plant-water relationships and photosynthesis can be studied during
a day.

MATERIALS AND METHODS

Experimental set-up. — For the measurement of transpiration, a tomato crop
(Lycopersicon lycopersicum cultivar ‘“Turbo’) was grown on rockwool mats in
a Venlo-type greenhouse at a density of 2 plants per m2. The leaf area index of
the crop was ~ 2 m? leaf per m? ground. The minimum temperature was 15°C
and the maximum 30°C. The water potential of the root medium was —1 bar.
The transpiration of four plants was measured by a lysimeter (Meijer et al.,
1985) which was placed in the centre of the greenhouse.

Every 5 min, transpiration, global radiation inside the greenhouse, vapour
pressure deficit of the air, and the temperatures of the air, of the heating pipes
and of the greenhouse roof were recorded by a datalogger.

Theory

Description of the model. — A simplified relational diagram of the model is pre-
sented in Fig. 1. The water content of the plant increases by water uptake by
the roots and decreases by transpiration. Photosynthesis is assumed to have
no effect on the plant-water relations, which influence photosynthesis via sto-
matal conductance and leaf temperature.

An almost linear relationship between the water content and water potential
of the plant has often been observed (Slatyer, 1967; Burrows and Milthorpe,
1976; Bebhoudian, 1977). Therefore a linear relationship is assumed in the
model

W=—75X(1_0/9max) (1)

where yy=water potential of the plant (bar); §=water content of the plant (g
m~2, integral of water uptake minus transpiration); 0,,,= maximal water
content of the plant (2700 g m~2, based on measurements of the fresh weight
of tomato plants).

Only one water potential and one water content is calculated for the total
plant. To simulate the water potential and water content of different plant
parts (leaves), a greater knowledge of internal hydraulic resistances is neces-
sary. If these resistances are small, the calculation of one water potential and
one water content for the total plant is a good estimate of the plant water
status.
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Fig. 1. A simplified relational diagram of the model.
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Stomatal conductance. — The simulated stomatal conductance is only influ-

enced by the light intensity and water potential of the plant.

Up to a photosynthetically active radiation of 50 W m~2 (or 100 W m~?
global radiation ), the simulated stomatal conductance increases linearly with
the radiation (Fig. 2a), which seems to be in accordance with the results of
Bebhoudian (1977), Hicklenton and Joliffe (1978, 1980) and Stanghellini

(1987).

The stomata of crops grown in a greenhouse are often more sensitive to the

plant water potential (water content) than field-grown crops (Burrows and

Milthorpe, 1976). Following De Wit (1978), a linear relationship between water
potential and stomatal conductance is assumed (Fig. 2b). At any time, the
simulated stomatal conductance is taken to be the minimum of the calcula-

tions based on global radiation and water potential.

The stomatal conductance of many crops decreases with increasing CO, con-
centration (Burrows and Milthorpe, 1976; Raschke, 1979; Jarvis and Morri-
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Fig. 2. Simulated stomatal conductance as a function of (a) photosynthetically active radiation
(PAR) and (b) water potential of the plant.

son, 1981). However, the stomata of greenhouse crops, which are grown with
an ample supply of water, seem to be less responsive to the CO, concentration
(Raschke, 1974; De Wit, 1978; Stanghellini, 1987). Therefore no effect of the
CO, concentration on stomatal conductance is incorporated in the model.

In the model, the leaf temperature and vapour pressure deficit of the air have
no direct effect on the stomatal conductance. However, by affecting transpir-
ation, which influences the plant water potential, they can indirectly influence
stomatal conductance.

Water uptake by the roots. — The calculation of water uptake is mainly based
on the model of Fiscus et al. (1983). Water uptake is primarily governed by
the difference between the water potential of the plant and the root medium,
but uptake is also enhanced by the osmotic potential of the xylem sap. The
water uptake rate is calculated as follows

where J,=water uptake rate (g m—2 s™'); Ay =difference between the water
potential of the plant and the root medium (bar); L=hydraulic plant conduc-
tance (0.006 gbar~! m~2s~!, estimated from the data of Barrs, 1973).

Wn=_RXTXJs/JV (3)

where w,=osmotic potential of the xylem sap (bar); R=gas constant (8.314
J mol~* K~1'); T'=absolute temperature (K);J,= solute uptake rate (2.510°
molm~2s~, estimated from data on solute uptake per root fresh weight (Veen,
1989) times the measured root fresh weight of tomato plants).

These formulae show that at a high rate of water uptake the effect of the
osmotic potential of the xylem sap is negligible. However, at low rates this
osmotic potential can have a great effect on water uptake and can be considered
as the root pressure. Knowledge of the hydraulic resistance of (greenhouse)
crops is minimal, but it can have a strong effect on water uptake.
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Transpiration. — Leaf transpiration is calculated at three depths in the canopy
for sunlit and shaded leaves. Using the Gaussian integration method (Goud-
riaan, 1986 ), the transpiration of the total canopy is obtained. The calculation
of leaf transpiration is based on the Penman-Monteith equation. For this cal-
culation, the following climate data are needed: visible; near infra red and ther-
mal (from and to heating pipes, greenhouse roof and soil) radiation; vapour
pressure deficit of the air; air temperature. Moreover, values of the stomatal
and boundary layer conductance of the leaf are required. Leaf temperature is
simultaneously calculated.

Photosynthesis. — According to the SUCROS model (Spitters et al., 1989),
photosynthesis is simulated at the leaf level and subsequently integrated to
photosynthesis of the canopy (like transpiration). As transpiration influences
the leaf temperature and water potential affects the stomatal conductance,
photosynthesis is influenced by the plant-water relations.

RESULTS AND DISCUSSION

Sensitivity analysis - simulated effects of global radiation. — The model showed
that global radiation is one of the main factors controlling plant-water rela-
tions and photosynthesis. Transpiration increased non-linearly with increas-
ing global radiation (Fig. 3a) because of light-induced opening of the stomata
(Fig. 3b). At higher radiation levels, the effect of radiation on transpiration
was reduced because of some stomatal closure. The shape of the transpiration—
radiation curve corresponds to the results on tomato of Drews (1984), Na-
gaoka et al. (1984) and Stanghellini (1987). In accordance with our simula-
tion, Bebhoudian (1977) measured an increase in stomatal resistance at high
radiation levels for cucumber and sweet pepper. For tomato, however, this was
not found, perhaps because the experiment on this species was not as extended
as for cucumber and sweet pepper, and because it concerned only measure-
ments in the morning. At high radiation levels, the simulated water potential
of the plants decreased as a result of high transpiration rates (Fig. 3c), which
agrees with measurements of Smart and Barrs (1973), Reicosky et al. (1975)
and Bebhoudian (1977) on peaches, prunes, citrus, grapes, maize and tomato.
At a low radiation level the leaves were colder than the air, since the absorbed
radiation was less than the energy loss by transpiration (latent heat) (Fig. 3d
and e). At higher radiation levels the absorbed radiation exceeded the latent
heat, resulting in an increased leaf temperature, which is in accordance with
the results of Stanghellini (1987). From Fig. 3e it can be deduced that the
latent heat, as a percentage of global radiation energy, decreased with increas-
ing radiation.

At low radiation levels gross photosynthesis was strongly enhanced by an
increment in radiation (Fig. 3f). With increasing radiation this effect dimin-
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Fig. 3. Simulated influence of global radiation inside a greenhouse on (a) transpiration, (b) sto-
matal resistance, (c) water potential of the plant, (d) leaf temperature, (e) absorbed global ra-
diation and latent heat, (f) gross photosynthesis.

ished. At high radiation levels gross photosynthesis even declined, because of
an increased stomatal resistance. A decrease in the photosynthesis of green-
house crops, grown with an ample supply of water, at high radiation levels was
also observed by Bebhoudian (1977) for cucumber and sweet pepper, but not
for tomato.
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Validation of the simulated transpiration. — Simulated transpiration was com-
pared with actual measurements on a tomato crop during 9 days. Input data
for the simulation model were the measured global radiation inside the green-
house, vapour pressure deficit of the air and the temperature of the air, of the
heating pipes and of the greenhouse roof. On most days, the simulation of daily
totals corresponded well to the measurements (Table 1). Daily totals as well
as the diurnal course of transpiration on a short-term basis were simulated
well (Fig. 4).

Some discrepancies between simulation and measurement could be the re-
sult of a bad simulation of stomatal resistance. Late in the afternoon transpir-
ation was often overestimated by the model (Fig. 4b), especially on days with
high transpiration rates. When the transpiration rate was high, simulated sto-
matal resistance increased during the day because of a declining water poten-
tial of the plant. Late in the afternoon transpiration decreased and the simu-
lated water potential increased again. As a result the simulated stomatal
resistance diminished. Possibly the simulated effect of increasing water poten-
tial on stomatal resistance should have been delayed by 0.5-2 h. This time lag
might be proportional to the minimal water potential reached during the day,
as indicated by Hsiao (1973).

On those days when late in the afternoon transpiration was overestimated
by the model, the vapour pressure deficit was still quite high while simulated
stomatal resistance decreased. A high vapour pressure deficit can increase sto-
matal resistance (Burrows and Milthorpe, 1976; Raschke, 1979; Stanghellini,
1987). In the model, vapour pressure deficit has only an indirect effect on
stomatal resistance, by affecting transpiration and water potential. A direct
effect on stomatal resistance might improve the simulation of transpiration.

TABLE 1

Daily totals of measured and simulated transpiration of a tomato crop

Day Measurement Simulation Difference
(gm™?) (gm™?) (%)

26 April 1109 900 -19

27 April 1217 1038 —-15

30 April 1816 1941 +7

1 May 1933 2234 +16

2 May 2251 2568 +14

3 May 2111 2103 0

12 May 2039 1996 -2

13 May 1770 1798 +2

14 May 1792 1934 +8
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Fig. 4. Measured and simulated transpiration of a tomato crop. (a) 14 May and (b) average of 9
days.

CONCLUSIONS

The simulation model provides a useful tool to investigate the effects of cli-
mate factors like global radiation on plant-water relations. Also, the effects of
the plant-water relations on photosynthesis can be studied. The model gives
a good prediction of the diurnal course of transpiration of a tomato crop.
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