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Stellingen 

Recent gepubliceerde onderzoeksresultaten, gebaseerd op in het verleden 
blootgestelde populaties, laten geen eenduidig antwoord toe op de vraag 
hoe groot het risico op CARA is voor de tegenwoordig beroepsmatig aan 
luchtverontreiniging blootgestelde populatie in Nederland. 
(Dit proefschrift) 

De uitspraak dat effecten van een beroepsmatige stofblootstelling op de 
luchtwegen zich vooral bij rokers manifesteren is een grove generalisa­
tie en niet in overeenstemming met onderzoeksresultaten. 
(Jacobsen H. Smoking and disability in miners. Lancet 1980; ii: 740) 

Preventieve maatregelen met het doel CARA ten gevolge van een beroepsma­
tige blootstelling aan luchtverontreiniging te voorkomen zijn nu al 
mogelijk op basis van recent verzamelde blootstellingsgegevens en 
bestaande grenswaarden voor luchtverontreiniging op de arbeidsplaats. 

Een MAC-waarde voor endotoxinen, gebaseerd op acute longfunctieverande­
ringen, moet op korte termijn worden overwogen gezien de consistentie in 
de onderzoeksresultaten. 
(Palchak RB et al. Airborne endotoxin associated with industrial scale production of protein 
products in gram-negative bacteria. Am Ind Hyg Assoc J 1988; 49:420-421) 

Voordat men in de epidemiologische onderzoekzoekspraktijk overgaat op 
de door K.R. Popper voorgestelde procedures om hypothesen te toetsen 
moet meer aandacht aan de critici van Popper, waaronder P. Feyerabend, 
worden gegeven. 
(P. Feyerabend. Science in a free society. Schocken Books, Mew York, 1978) 

De slechte karakterisering van een beroepsmatige blootstelling in veel 
epidemiologische studies is het gevolg van een verwaarloosbaar kleine 
inbreng van arbeidshygiënische principes. 
(Checkoway H, JH Dement, DP Fowler, RL Harris, SA Lamm S TJ Smith. Industrial hygiene involvement in 
occupational epidemiology. Am Ind Hyg Assoc J 1987; 48:515-523) 

Indien de verzameling en beoordeling van longfunctiegegevens in de 
bedrijfsgezondheidszorg niet op een gestandaardiseerde wijze plaatsvin­
den, kunnen deze tienduizenden metingen per jaar beter achterwege 
blijven. 

Smith karakteriseert epidemiologisch en toxicologisch onderzoek respec­
tievelijk als 'exposure poor, species right', 'exposure satisfactory, 
species wrong'. Het waardeoordeel 'the score poor plus right wins over 
satisfactory plus wrong' geeft de plaats van de epidemiologie ten 
behoeve van risicoanalyses duidelijk aan. 
(Smith AH. Epidemiologie input to environmental risk assessment. Arch Env Health 1988; 43: 125-127) 
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De uitspraak van Kroes "Casuïstisch en epidemiologisch onderzoek hebben 
in verband met het opstellen van advieswaarden relatief weinig beteke­
nis" is volstrekt onjuist gezien de veelvuldige toepassing van epidemio­
logische gegevens bij de onderbouwing van milieu- en arbeidshygiënische 
grenswaarden. 
(Kroes R. normstelling voor chemische verbindingen. In: Stunpel ARJ, R van den Doel. Medische 
milieukunde. Botin, Scheltema S Holkema. Utrecht /Antiterpen 1989, p.171) 

De bevinding dat een grote opzichtige postzegel op een antwoordenvelop 
van een postenquête tot een statistisch significant verhoogde respons 
leidt, kan een nieuwe impuls geven aan het werk van de ontwerpafdeling 
van de PTT. 
(Choi, BCK, AHP Pak, JT Purdham. Effects of mailing strategies on the response rate and time in a 
questionnaire among nurses. Seventh International Symposium on Epidemiology in Occupational Health, 
Tokyo, 1989) 

Autouitlaatgassen zijn milieuhygiënisch gezien pas schoon als ze aange­
wend kunnen worden voor de interieurventilatie van de auto. 

Stellingen behorend bij het proefschrift: 
Epidemiological studies of the relationship between occupational expo­
sures and chronic non-specific lung disease. Dick Heederik 
18 april 1990 



Abstract 
Bakker, J.C. (1991). Analysis of humidity effects on growth and production of glasshouse fruit 
vegetables. Dissertation, Agricultural University, Wageningen, The Netherlands; 155pp; 27 
figs.; 63 tables; English and Dutch summaries. 

Air humidity is a climate factor that can modify final yield and quality of crops 
through its impact on processes with a short as well as with a long response 
time. This thesis primarily deals with the long term responses of growth and 
production of glasshouse cucumber, tomato, sweet pepper and eggplant to 
humidity in the range of 0.3 to 0.9 kPa Vapour Pressure Deficit. Knowledge of 
these responses is essential to optimize environmental control for glasshouse 
crop production. 

The influence of humidity on leaf photosynthesis was estimated from its 
effect on stomatal conductance. Within the range investigated, humidity had 
limited effects on stomatal density (morphological component) and this did not 
significantly influence leaf conductance. The relative response of leaf 
conductance to vapour pressure deficit (dynamic component) was equal for the 
four species. From simulation it was concluded that the effect of humidity on 
leaf photosynthesis under normal growing conditions in moderate climates is 
limited to about 10% which was of the order of actual observations with young 
tomato plants. 

Long term exposure to high humidity significantly increased the leaf area of 
cucumber through a higher rate of leaf formation whilst with tomato leaf area 
was reduced due to severe calcium deficiency. 
Humidity had no significant effect on dry matter distribution between leaves, 
stem and fruits but a marginal gain in shoot/root dry weight ratio was 
observed at high humidity. Dry matter content of leaves and fruits was 
unaffected by humidity. 

Flowering was unaffected by humidity and only limited effects on fruit set 
were observed. Seed set of tomato was lower at high humidity and closely 
related to the effects of humidity on pollen dehiscence and adhesion to the 
stigma. Fruit maturation rate was not influenced by humidity. 
Final yield of cucumber was higher at high humidity by day whilst yield of 
tomato was lower at continuously high humidity. Yield of sweet pepper was 
unaffected, yield of eggplant was slightly lower at high humidity. Keeping 
quality was generally lower at high humidity. For each crop practical 
guidelines for humidity control in glasshouses are presented. 

It is concluded that the major effect of high humidity on yield is mediated 
through its impact on light interception resulting from either the enlargement 
(through number of leaves and leaf expansion) or the decrease of the LAI 
(through calcium deficiency) and the (marginal) effect on photosynthesis as 
such. The results are discussed in the view of current humidity control and the 
development of environmental control strategies. 

Key words: air humidity, Vapour Pressure Deficit, glasshouse climate, 
cucumber, tomato, sweet pepper, eggplant, Cucumis sativus, Lycopersicon 
esculentum, Capsicum annuum, Solanum melongena, stomata, dry matter 
production, dry matter distribution, growth, flowering, pollination, fruit 
growth, production, quality. 
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de sectie kasklimaat van het PTG. Vooral de opbouwende kritiek van Ad de 
Koning en Elly Nederhoff heb ik zeer gewaardeerd. Pieter van de Sanden van 
het CABO dank ik voor zijn bijdrage aan de uitvoering en dataverwerking van 
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1. General introduction 

The greenhouse environment differs considerably from the environment 
outside. In general, radiation and C02 (without control) levels are lower, while 
humidity and air temperature are increased. Each of these changes has its own 
impact on growth, production and quality of the greenhouse crop, some of them 
being detrimental (Heggestad et al., 1986). 

It has been known for a long time that humidity affects plant growth and 
development. However, in early controlled environment studies humidity 
received little attention (Went, 1957), most probably this was due to the 
limited possibilities for humidity control in controlled environment facilities. 
This situation lasted for several decades until about 1970. It was then clearly 
shown that growth and yield of crops could differ because of humidity effects 
(e.g. Hoffman, 1979). Among glasshouse growers, humidity continued to receive 
little attention, except for its effects on fungal diseases (e.g.: Winspear et al., 
1970). 

After the oil crisis the need for energy saving increased rapidly. One of the 
major consequences of the energy saving measures such as lower temperature 
setpoints, reduced air leakage and natural ventilation, double cladding and 
thermal screens, was an increase of glasshouse air humidity. Growers were 
facing the challenge of growing crops under entirely different environmental 
conditions, and humidity as an environmental factor gained interest, 
stimulating research in this field during the early eighties. At the same time, 
the development of automatic climate control systems enabled more accurate 
modification of the environment. 

Originally the climate control of greenhouses was primitive: only extreme 
conditions were avoided and the actuators (heating, ventilation and later on 
thermal screens, C02 enrichment and artificial lighting) were operated 
manually. Later advances in electronics led to the development of more refined 
control procedures which were primarily based on the common practice of 
climate control by "good" growers (Strijbosch and van de Vooren, 1975). With 
the introduction of digital computers the greater flexibility allowed other 
control procedures to be implemented easily, without changing the hardware. 
A number of objectives, e.g. efficient use of energy, high yield and quality, 
avoidance of diseases and disorders, play a role in relation to climate control. 
But the ultimate goal is the optimal use of inputs in relation to the (economic) 
output. 

The main problem with climate control is that there is no simple relation 
between actuators, environmental factors inside the greenhouse, short term 
response and long term results (Figure 1.1). 



Actuators Factors Short-term 
crop response 

Long-term 
crop response 

radiation 
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CO, supply-

»-photosynthesis 

crop development 

transpiration 

->-C02 pressure 

Figure 1.1 
Some important relations between actuators, factors and short- and long-term crop response 
(v.p.d. = vapour pressure deficit of the greenhouse air). From Challa, 1990. 

Optimization of greenhouse climate management may be achieved by defining 
a hierarchical set of three subsystems, where each subsystem is optimized 
within the limits dictated by the higher levels (Challa, 1985). At the highest 
level (referred to as level 2), crop responses with a long (> 24 h) relaxation 
time are considered. At this level processes that play a role include the 
distribution of assimilates, morphogenesis, growth, flowering, fruiting, 
production and quality. Combining this with information from the grower (crop 
status, price expectations) enabled long term average optimal (blueprint) 
climate control strategies to be formulated (Krug and Thiel, 1984; Liebig, 
1985). 

At the intermediate level (level 1) crop responses with a short relaxation 
time (hours, minutes), such as crop photosynthesis, transpiration or pollination, 
are considered. Here the required microclimate is defined. 
These two highest levels can also be characterized by the term: 'control 
strategy', that is the required sequence of set points based on the influence of 
environmental factors during each day as well as during the total growth and 
production period. 

At the lowest level (level 0) the actuation of the climate set-points is dealt 
with, taking into account the performance of the greenhouse in response to the 
weather and control actions. At this level the technical facilities for the control 
of single factors are available, thanks to research already performed in the 
field of climate control and greenhouse climate simulation (e.g. Tantau, 1989; 
Bot, 1989). However, the knowledge of crop responses, and especially humidity 
effects, is still insufficient to optimize the utilization of the techniques and the 
long term return for the grower (Challa, 1985). 



This work attempts to contribute to the knowledge required in both levels 1 
and 2 with respect to humidity responses but it is also intended to provide 
information valuable for commercial horticultural practice. Recent observations 
show that commercial tomato growers ventilate up for to 75% of the time. A 
major part of this is attributed to minimum ventilation, used frequently to 
overcome 'expected adverse effects of high humidity on plant development', 
and it is questionable whether this is necessary in all cases. A better 
understanding of humidity responses may therefore not only contribute to a 
better control of the production process and of the quality, but also to the 
reduction of energy consumption and as a result, of global environmental 
pollution. 

1.1 Terminology 

The humidity of the air can be measured in different ways: as the mass of 
water in unit volume, or in unit mass of air, or as the partial pressure of 
water vapour in the air. At any temperature, there is a maximum or saturated 
water vapour pressure (eg, in kPa) which is a function of temperature. The 
difference between saturation value and the actual vapour pressure (e) is the 
Vapour Pressure Deficit (= es - e, abbreviation: VPD), expressed in Pascal. In 
the temperature range used in glasshouses (10 to 30 °C), the VPD normally 
varies within the range 0 to 2.5 kPa, most of the time being below 1.0 kPa. 

For calculating fluxes of water into and out of the glasshouse (e.g. Bakker, 
1986) the use of mass units (kg m"3 or kg kg^ ' 1 ) to express humidity is 
required. However, when considering plant responses to humidity, VPD is the 
most useful of the various humidity measures because of its relation with 
transpiration (Cockshull, 1988). 

The actual humidity of the air can also be expressed as a proportion of the 
saturation value measured in the same units. This proportion is the relative 
humidity (RH) and it is usually expressed as a percentage (RH - e/es x 100%). 
Relative humidity is widely used in commercial horticultural practice. 
However, its value is of limited importance because it is not directly related to 
the drying power of the air. Besides this, an additional advantage of the 
Vapour Pressure Deficit is that it is a more sensitive indicator of the water 
vapour conditions and varies over a wider range with temperature change than 
relative humidity. 

1.2 Vapour balance and humidity control in glasshouses 

In glasshouse cultivation the main source for water vapour is crop 
transpiration. Evaporation from the soil may also contribute, but when the 
crops are grown in substrates with the soil surface covered, this source can be 



neglected. The transpiration of the crop is primarily determined by the 
intercepted shortwave radiation, the air temperature and the air humidity 
(Stanghellini, 1987). The water loss of leaves is governed by the vapour 
pressure gradient from the leaf to the surrounding air and this mainly depends 
on the VPD of the air. Humidity in the glasshouse therefore not only results 
from transpiration, but it also affects transpiration, being the output as well as 
the input signal in a feed back system. The water vapour leaves the glasshouse 
through (leakage) ventilation and condensation, both mass fluxes being 
dependent on the glasshouse air humidity. At an equilibrium humidity level, 
crop transpiration equals vapour transport by ventilation and condensation 
(Bakker, 1986). 

All measures or variations in ambient conditions, that affect either the 
amount of radiation, ventilation or condensation, thereby affect transpiration 
and the humidity level achieved in the glasshouse. As condensation cannot be 
controlled directly and de-humidifiers are seldom used, lowering humidity is 
based on the principle of manipulation of the vapour transport by ventilation. 
Although the commonly used procedure (simultaneous heating and ventilation) 
does not always lead to a permanent decrease of the vapour content of the air, 
because of the resulting higher transpiration rates (Stanghellini, 1987), it is 
still the most widespread technique of lowering humidity in glasshouses. 

To increase the humidity, especially in floriculture, humidification systems 
are used (De Bakker, 1988). However, during periods when one might want to 
increase the humidity level (i.e. spring and summer conditions) the effects of 
these systems are limited due to the generally high ventilation rates during 
these periods (Bakker, 1990). 

1.3 Previous humidity research with glasshouse crops 

Studying the literature on humidity in protected crop production reveals that 
in this field the majority of the research has been conducted in growth chamber 
experiments. 

Increasing stomatal conductance at high humidity has been observed with 
many species (cf. Lösch and Tenhunen, 1981) showing effects on both 
transpiration and photosynthesis (e.g.: Jarvis and Morison, 1981). There are 
various examples in which a decrease of VPD results in an increase of 
photosynthesis rate (Acock, et al., 1976; Bunce, 1984; Hall and Milthorpe, 
1978) which is ascribed to the higher stomatal conductance at low VPD. The 
most pronounced effects of humidity on stomatal aperture and leaf conductance 
are supposed to occur at high VPD levels (Lösch and Tenhunen, 1981), which 
are above the levels to which glasshouse crops are generally exposed (0.1-1.0 
kPa). Although in this range the influence of low VPD on carbon assimilation 
is supposed to be small the effects are beneficial. 

Depending on the humidity range, most reported responses of vegetative 



growth (expressed as length, leaf area, fresh and dry weight) of various crops 
indicate enhanced growth at high humidity (Hoffman, 1979; Papenhagen, 
1986). However, the majority of these results have been obtained with young 
plants in short term (of the order of 4 to 5 weeks) growth chamber experiments. 

In the field of reproductive development research has concentrated on pollen 
germination and pollination (Van Koot and Van Ravestijn, 1963; Picken, 
1984), flowering (Papenhagen 1986; Gislerad and Nelson, 1989), fruit set and 
seed set (Baer and Smeets, 1978). The available information indicates that the 
influence of humidity on the process of pollination and fruit set seems to be of 
primary importance and that high humidity may have detrimental effects. 

In contrast to growth chamber experiments almost no glasshouse 
experiments covering a long growth and production period have been described. 
Among the few exceptions are the studies of Lipton (1970), Swalls and O'Leary, 
(1976) and, very recently, that of Holder and Cockshull (1990), all considering 
tomatoes. It is striking that both Swalls and O'Leary and Holder and 
Cockshull report responses to high humidity (i.e. reduced growth and 
production) opposite to those obtained in growth chamber experiments (Swalls 
and O'Leary, 1975; Hoffman, 1979). 

Long term suppression of transpiration rate by high humidity may lead to 
local calcium deficiency of plant tissues (Bakker, 1985). Conversely reduced 
transpiration at night promotes root pressure (Bradfield and Guttridge, 1984) 
which improves calcium transport into fruits. This may on the one hand reduce 
the risk of calcium deficiency in fruits but on the other hand lead to excess of 
calcium causing other quality disorders (Roorda van Eijsinga et al., 1973; 
Janse, 1988). In general, most of these symptoms require relatively long 
periods of exposure to various environmental conditions before becoming 
visible. 

Besides the aspects of external quality of the marketable product, keeping 
quality should be mentioned. Information on this aspect was and still is 
extremely limited as in the few glasshouse experiments this aspect was not 
investigated. 

Apart from the effects of humidity on growth, production and quality, 
humidity is a major environmental factor in the incidence and development of 
fungal diseases (e.g. Winspear et al., 1970; Van Steekelenburg, 1986). 
Compared to the responses of growth and production in relation to humidity, in 
this area much more information is available. High humidity promotes the 
germination of most of the fungi but in many cases free water is necessary 
(Fölster, 1986). Avoidance of condensation on the leaves and high humidity is 
therefore the key to preventing these diseases, and several techniques of 
heating and ventilation have proven to be effective (Van Steekelenburg, 1986). 



1.4 Aim and outline of the present study 

From the preceding review the majority of the work on humidity appears to 
confine itself to growth chamber experiments. Consequently it is restricted to 
short term processes and growth of seedlings. Generally growth was improved 
by higher humidity but the few exceptions where the plants were grown under 
glasshouse conditions for longer periods of time showed different effects. In 
addition, in contrast to temperature research, effects of humidity by day are 
rarely separated from effects of humidity by night (the only exception noticed 
being the work of Bradfield and Guttridge, 1984), which is another major 
deficiency in the available information on the effects of humidity. 

This work primarily aims to contribute to the knowledge of long term 
responses of growth, production and quality and most information is therefore 
obtained from large scale glasshouse experiments. Glasshouse environmental 
research is extremely costly due to both the large scale and the time period of 
the experiments. By way of illustration: the work described here includes 
almost four years continuous use of eight glasshouse compartments each of 200 
m . Under the research capacity and financial restrictions imposed, this could 
only be justified by a combination with practical research. As a consequence of 
this the data-sets obtained are not entirely consistent which may modify the 
final analysis. However, this had to be accepted beforehand. 

In glasshouse horticulture a wide range of crops are cultivated. This work 
confines itself to the four major Dutch fruit vegetable crops, tomato 
(Lycopersicon esculentum Mill.), cucumber (Cucumis sativus L.), sweet pepper 
(Capsicum annuum L.) and eggplant (Solanum melongena L.). Analyzing 
several crops improves the possibilities of extrapolating the results to other 
crops and secondly, it produces information valuable for a large group of 
growers, which was another major objective of this study. 

Crop production may be considered as an integrated system of both short 
term and long term responding processes. The essence of a plant production 
system with indeterminately growing crops as used in this study is presented 
in the relational diagram in Figure 1.2. 
From the available literature it can be deduced that humidity as an external 
variable can modify transpiration, photosynthesis (both through leaf 
conductance), growth, the rate of fruit formation and thereby possibly the 
partitioning of biomass within the crop. The influence on transpiration was not 
included in this study but is added in Figure 1.2 because of its relationship to 
humidity. 

Although this work is primarily aimed at the long term responses of growth 
and production, two processes with short relaxation times, stomatal behaviour 
and pollination, were also investigated as information in the literature 
indicates these are important in determining the final yield. 
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Figure 1.2 
Simplified relational diagram of a production system of an intermediately growing crop 

After this general introduction, the humidity effects on the stomatal response 
(Chapter 2) and pollination (Chapter 4), both expected to be essential short 
term responding processes in the determination of final production, are 
described. The long term processes dealt with are adaptation (stomatal density, 
Chapter 2), growth, dry matter production and distribution (Chapter 3), 
flowering, fruit set, seed set and fruit growth (Chapter 4), and production and 
quality aspects (Chapter 5). In Chapter 5 additional information is presented 
on the interaction effects of humidity and mineral nutrition on the occurrence 
of calcium deficiency in leaves. Finally a general discussion is given in Chapter 
6. 
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2. Stomatal density and leaf conductance 

2.1 Introduction 

In Chapter 1 the relations between air humidity and crop production were 
analysed qualitatively (Figure 1.2 Chapter 1). The influence of humidity on 
photosynthesis through its effect on stomatal conductance is one of the 
potential points of action. A relational diagram of this subsystem is presented 
in Figure 2.1. The stomatal conductance to gas exchange is determined by a 
slowly changing morphological component (adaptation of stomatal density, 
form and size; Tichâ, 1982) and a dynamic component reacting directly to 
environmental conditions. 

HUMIDITY 

-*r 

Figure 2.1 
Relational diagram of humidity effects on photosynthesis through its effect on total pore area 
and momentary response of stomatal conductance. 

The effects of humidity on adaptation of the total pore area to long term 
elevated humidity and its influence on leaf conductance were investigated 
under controlled environment and glasshouse conditions (section 2.2). The 
momentary response of leaf conductance of all four crops to environmental 
humidity is dealt with in section 2.3. 
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To provide an order of magnitude of the potential influence of humidity on 
growth, the effects on leaf and crop photosynthesis were estimated from the 
observed responses of leaf conductance. Although the relation between 
photosynthesis and crop growth is not a straightforward one, in this way it 
may be deduced to which extent humidity may potentially affect yield of the 
different crops (section 2.4). 

2.2 Effects of humidity on stomatal density and its relation to leaf 
conductance. 

Scientia Horticulturae, in press. 

Abstract. The effect of air humidity in the range of 0.2 to 1.6 kPa vapour pressure deficit on 
stomatal density was investigated with glasshouse cucumber (Cucumis sativus L.), tomato 
(Lycopersicon esculentum Mill.), sweet pepper (Capsicum annuum L.) and eggplant (Solanum 
melongena L.). Stomatal density of tomato, eggplant and sweet pepper was higher at high 
humidity. The length of the pore increased at high humidity with cucumber, tomato and sweet 
pepper, the width was only affected with sweet pepper. 

No significant differences in leaf conductances were observed between plants grown under 
different humidity pre-treatments. It is concluded that stomatal density and size as affected by 
humidity in the range investigated do not significantly influence leaf conductance. 

2.2.1 Introduction 

Stomatal density on leaves varies widely with species and environmental 
conditions, ranging from 60 to 1000 mm'2 (Kramer, 1983). Data of stomatal 
density of the four crops used in this study have been presented by Gay and 
Hurd (1975) for tomato, Schoch (1972) for sweet pepper, Daunay et al. (1986) 
for eggplant and Bressan et al. (1978) for cucumber. For mature leaves abaxial 
densities of these species are in the range of 100 to 500 per mm . Tichâ (1982) 
presented a comprehensive review of the changes in stomatal density and sizes 
as induced by external and internal factors. In general stomatal density varies 
chiefly due to differences in the growth of epidermal cells, that is, to 
differences in the spacing of stomata rather than to differences in the 
proportion of stomata developed. The stomatal index (SI: number of 
stomata/[number of stomata+number of epidermis cells]) is relatively constant 
(Tichâ, 1982). The more arid the conditions of plant growth, the higher the 
stomatal density usually is. On the other hand, at more humid conditions the 
stomatal density tends to be lower, while stomatal size usually changes in an 
opposite way. However, these statements (Tichâ, 1982) are based on results 
with variations in soil moisture and water stress rather than on results with 
different air humidities. Recent results with variations in air humidity under 
controlled temperature and C02 conditions indicate a higher stomatal density 
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and an increase in size at high humidity (Gisler<J>d and Nelson, 1989). 
Stomatal densities and sizes are frequently used to estimate stomatal 

resistance (Tichâ, 1982). However, although a higher density and larger sizes 
lead to a higher pore area per unit leaf area, this does not necessarily imply a 
higher leaf conductance (Prisco and O'Leary, 1973), transpiration (Rajapakse et 
al., 1988) nor a higher rate of photosynthesis. For example, Woodward and 
Bazzaz (1988) found that, for a range of species of trees, shrubs and herbs, 
photosynthesis remained almost constant despite an increase in stomatal 
density from 200 to 900 mm'2. 

To estimate the effects of long term elevated humidity on stomatal density 
and leaf conductance of glasshouse grown crops, measurements were done on 
plants grown in glasshouses and under controlled environments. 

First, data were collected to investigate the effect of humidity in the range 
obtained in glasshouses under natural light conditions. Based on the results of 
this survey, this was followed by an experiment under controlled light and 
temperature conditions. Finally leaf conductance was measured on the plants 
which received these two different humidity pre-treatments. The objective was 
to check whether leaf conductance is determined primarily by prevailing 
humidity conditions or if pretreatment with different humidities results in 
after effects caused by differences in stomatal density. 

2.2.2 Materials and methods 

Measurement of stomatal density and size 

Stomatal density and size were determined with the "replicate technique" 
(Sampson, 1961). Impressions of the abaxial leaf epidermis were made with 
silicone rubber (Xanthopren L Blue and Elastomer activator, Bayer). Replicas 
of the rubber impressions were made with polystyrene and mounted on a 
microscope slide. 

Cell number and number of stomata were counted with three replications on 
each leaf impression, in an area of 0.032 or 0.1875 mm using a Zeiss 
microscope with a 40 x (for cucumber and stomatal size) or 16 x (for eggplant, 
sweet pepper and tomato) objective lens. The microscopic view was displayed 
on a Sony colour video monitor (PMV-9000ME) using a Panasonic colour CCTV 
camera (type WV-CD 130 L/G). The overall magnification on the video display 
was 800 or 320 x, for the 40 and 16 x objective lens, respectively. 

As stomata are initiated from leaf unfolding and cell division and expansion 
continues leaf until the leaf reaches 10 to 60% of its final size, impressions 
were made only on mature leaves to avoid differences in stomatal density 
influenced by differences in leaf age. Furthermore the impressions were made 
at the same location on each leaf to prevent differences due to heterogeneity of 
stomata on the leaf blade. 
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Glasshouse experiments 

In autumn 1984, spring 1989 and autumn 1989 leaf impressions were made of 
leaves of cucumber (cv. 'Lucinde'), tomato (cv. 'Spectra') and eggplant (cv. 
'Dobrix'). The plants were grown on rockwool (salinity level: 2.5-3.0 dS m'1) 
with a density of 2.5 plants m . Four different day/night humidity treatments 
were replicated in separate glasshouse compartments. Humidity could be 
increased by a humidification system of water baths and closing a polythene 
thermal screen. To reduce humidity the humidification system was switched off 
and the polythene screen was opened for 15%. Screened and aspirated 
psychrometers were used to measure temperature and calculate vapour 
pressure deficit (VPD) with a sample time of one minute. A high or low 
relative humidity by day was combined with either a high or a low humidity 
by night. Treatment symbols are h/h and 1/1 for the continuously high or low 
humidities and h/1 and 1/h for the alternating high and low humidities. 
The 24-h average humidity in these experiments ranged from about 0.3 to 0.9 
kPa VPD, respectively, for the h/h and 1/1 treatment. In general the treatments 
were applied in the period from planting until after the start of harvest. More 
details of the exact periods of treatment and growing conditions for cucumber 
are presented by Bakker et al. (1987), for tomato by Bakker (1990a) and for 
eggplant by Bakker (1990b). 

With cucumber leaf impressions were made of the 20th leaf at the centre of 
the leaf near the main vein. Impressions of tomato leaves were made at the 
centre of the second basal leaflet of the first leaf above the third and fifth 
truss. The impressions of eggplant leaves were made at 2 cm from the leaf 
edge in the middle of mature leaves. With all crops impressions were made on 
20 mature leaves per humidity treatment. 

Stomatal size of tomato (total length and width of the guard cells) was 
measured for 80 stomata from the 5th truss leaf from the continuously high or 
low humidity treatment. 

Controlled environment experiment 

Seeds of cucumber (cv. 'Corona'), sweet pepper (cv. 'Evident') and tomato (cv. 
'Calypso') were sown in perlite and propagated in rockwool under standard 
conditions (day/night temperature 20/20 °C, nutrient solution: EC 2.5 dS m ). 
At the third leaf stage 5 selected plants of each species were transferred to two 
controlled environment cabinets (Karl Weiss ZK 2200E/+4JU-P-S), dimensions: 
lxwxh=1.2xl.2xl.5m, lamps: 90% Philips number 33 fluorescent lamps and 
10% Philips Philinea linear lamps. The position of the growing point was 
labelled to discriminate leaves developed during propagation from those 
developed in the growth cabinets. The plants were grown for four weeks at 20 
°C (day/night), a radiation level of 150 /*mol m"2 s'1 (PAR), a day length of 12 h 
and a VPD of 0.2 kPa and 1.0 kPa, respectively. 
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At the end of the four weeks in the controlled environment cabinets the 
plants from both humidity treatments were transferred to a single growth 
chamber (dimensions lxwxh= 7x4.25x2.1 m, lamps: SON-T), to investigate the 
pretreatment effects on leaf conductance. Leaf conductance was measured with 
a steady state diffusion porometer (Li-Cor 1600C) on the first leaf which 
developed entirely under the different humidity pretreatments. The measuring 
conditions were: darkness at 20 °C and 0.2 kPa or 1.0 kPa; and 150 /«mol m^s1 

(PAR), 22 °C and 0.8 kPa or 1.6 kPa VPD. The plants were allowed to adjust to 
the new environmental conditions for at least 4 hours before leaf conductance 
was measured. Immediately after these measurements leaf impressions were 
made on the same leaves. 

2.2.3 Results and discussion 

Stomatal density of eggplant and the first leaf above the fifth truss of tomato 
was significantly higher at the continuously high humidity. (Table 2.1). With 
tomato, the stomatal index also differed significantly between the treatments 
with a high or low humidity by day. With cucumber, stomatal density did not 
differ significantly among the treatments neither in the glasshouse (Table 2.1) 
nor in the controlled environment experiment (Table 2.2). Also the stomatal 
density of the first leaf above the third truss of tomato did not significantly 
respond to humidity (Table 2.1), but the tendency observed, a higher density at 
low VPD, is similar to those found in tomato and sweet pepper (Table 2.2), and 
eggplant (Table 2.1). 

Table 2.1 
Stomatal density (SD, number per mm ) and stomatal index (SI, stomata/ [stomata + 
epidermis cells]) of cucumber, tomato and sweet pepper grown under different humidity 
treatments in glasshouses. (h=high humidity, l=low humidity). LSD values from Students' T-
test; p=0.05. 

day/night 
treatment 

h/h 
1/h 
h/1 

1/1 
LSD 5% 

Cucumber 

SD 

460 
437 
402 
425 
n.s. 

3rd 

SD 

105 
91 

103 
90 

n.s. 

Tomato 
truss 

SI 

0.177 
0.168 
0.177 
0.163 

n.s. 

5th 

SD 

153 
113 
128 
103 

15 

truss 

SI 

0.215 
0.175 
0.204 
0.174 
0.018 

Eggplant 

SD 

182 
136 
171 
137 

42 

SI 

0.196 
0.182 
0.202 
0.212 

n.s. 
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Table 2.2 
Stomatal density (SD, number per mm^) and stomatal index (SI, stomata/ [stomata + 
epidermis cells]) of cucumber, tomato and sweet pepper grown at two different humidity levels 
under controlled environments. LSD values from Students' T-test; p=0.05. 

treatment 

0.2 kPa VPD 
1.0 kPa VPD 

LSD 5% 

Cucumber 

SD 

552 
523 
n.s. 

SI 

0.196 
0.210 

n. s. 

Tomato 

SD 

208 
144 

33 

SI 

0.238 
0.225 

n.s. 

Sweet 

SD 

262 
168 

36 

pepper 

SI 

0.207 
0.215 

n.s. 

Stomatal density generally increases with leaf number (Gay and Hurd, 1975), 
and the sensitivity to environmental factors, especially those related to the 
water content of the leaf, is greater for leaves higher on the shoot (Tichâ, 
1982). Furthermore in the glasshouse experiment with tomato the differences 
in humidity between the different humidity treatments (Bakker, 1990a) were 
less pronounced than in the growth chamber experiment. This may possibly 
explain why in the glasshouse no significant difference in stomatal density was 
found on the lower leaf in contrast to the response of the upper leaf. 

The stomatal index was not affected except for the upper leaf of tomato 
(Tables 2.1 and 2.2). As the replicas were made on mature leaves it is unlikely 
that this is the result of differences in leaf ontogeny. The leaves above the 5th 
truss, however, were suffering from calcium deficiency (Bakker, 1990a). In the 
cucumber experiments stomatal index also tended to be higher on leaves 
showing calcium deficiency induced by enveloping leaves with transparent 
plastic bags (Bakker, 1985). As variations in stomatal index are due to internal 
factors (Tichâ, 1982), this may be the cause of the observed significant effect of 
humidity on stomatal index of tomato, especially as in the growth chamber 
experiment no calcium deficiency nor an effect on stomatal index was observed. 

Stomatal length of tomato in the glasshouse experiment was slightly 
increased by high humidity (26 /*m compared to 23 /*m at low humidity; LSD 
5%: 1.8), but stomatal width and length x width did not differ significantly. In 
the growth chamber experiment the stomatal length of all three species 
investigated was increased by low VPD, width was only significantly affected 
by humidity for sweet pepper. For all species investigated the length x width 
was higher at high humidity (Table 2.3). The observed effect of humidity on 
stomatal size concurs with the results of Gislerad and Nelson (1989). The 
response of width is less pronounced than that of length while stomatal size of 
tomato is least affected. 

16 



Table 2.3 
Stomatal length (1, /un), width (w, /un) and length x width of cucumber, tomato and sweet 
pepper grown at two different humidity levels in controlled environments. LSD values from 
Students' T-test; p=0.05. 

treatment Cucumber Tomato Sweet pepper 

0.2 kPa VPD 
1.0 kPa VPD 

LSD 5% 

1 

16.1 
13.9 

1.4 

w 

10.0 
9.5 

n.s. 

lxw 

162 
135 

22 

1 

24.5 
20.1 

2.6 

w 

14.0 
13.3 
n.s. 

lxw 

351 
267 
n.s. 

1 

24.3 
20.4 

1.8 

w 

16.8 
14.6 

1.5 

lxw 

409 
299 

53 

The overall effect of humidity on stomatal density and size with all crops is a 
higher total pore area per unit leaf area at higher humidity. However, despite 
this effect, no significant differences in leaf conductance were found between 
the high or low VPD pre-treatment (Table 2.4). Differences in stomatal density 
and size in this range therefore seems unimportant in the determination of leaf 
conductance and consequently for water and C02 exchange. From this it is 
suggested that the observed effects of humidity on yield and quality of the 
various crops (e.g. Bakker et al., 1987 for cucumber; Bakker, 1990a, for tomato 
and Bakker, 1990 , for eggplant) are not influenced by differences in stomatal 
density. 

Table 2.4 
Influence of high or low humidity pre-treatment (VPD 0.2 or 1.0 kPa) on leaf conductance 
(cm s ) of cucumber, tomato and sweet pepper at four radiation/humidity treatments. Each 
value presented is the mean of 15-20 measurements (significance at Students' T-test; p=0.05). 

VPD: 

Cucumber Tomato Sweet pepper 

0.2 
mean se 

1.2 0.2 1.2 0.2 1.2 
mean se mean se mean se mean se mean se 

darkness 
0.2 kPa 0.335 .030 0.409 .029 0.407 .029 0.439 .023 0 .191 .019 0.165 .006 
1.0 kPa 0.193 .012 0.224 .014 0.359 .035 0.264 .035 0.130 .010 0.108 .008 

150 iimol m"2 s"1 

0.8 kPa 0.359 .009 0.317 .008 0.448 .022 0.512 .023 0.451 .026 0.350 .025 
1.6 kPa 0.206 .007 0.200 .009 0.347 .021 0.406 .024 0.170 .008 0.175 .008 

mean 0.270 0.276 
significance n.s. 

0.390 0.408 0.237 0.206 
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Stomatal density has not only been investigated in relation to gas exchange, 
but also in relation to plant diseases. A higher stomatal density may cause a 
higher incidence of diseases caused by pathogens which penetrate through the 
pore such as bacteria (Ramos and Volin, 1987) and some fungi as downy 
mildew (Royle and Thomas, 1971) and Cladosporium fulvum (Rich, 1963). 
However, most fungi can penetrate the outer barriers of the intact leaf (Rich, 
1963) and the increase of most fungal diseases under high humidity conditions 
is attributed primarily to the more favourable conditions for germination of 
spores (Grange and Hand, 1987). A high humidity does not generally 
predispose leaves to infection, e.g. infection of Didymella bryoniae did not differ 
between cucumber leaves grown under high or low humidity (van 
Steekelenburg, 1986). However, the increase in stomatal density at high 
humidity may possibly be one of the underlying processes responsible for the 
observation in commercial practice that plants grown under high humidity are 
"weak", i.e. less resistant to some diseases (de Jong, 1987). 

2.3 Leaf conductance of four glasshouse vegetable crops as affected by 
air humidity. 

Agricultural and Forest Meteorology, 55: 23-36. 

Abstract. Porometer measurements were conducted on eggplant, cucumber, sweet pepper and 
tomato in a glasshouse during day and night conditions at different levels of air vapour 
pressure deficit. 

The response of leaf conductance was described as an empirical non-linear function of 
vapour pressure deficit at leaf surface (DQ) and solar radiation. 

Leaf conductance at night clearly responded to D . Highest conductance was observed with 
tomato and cucumber. It is argued that effects of humidity on cuticular conductance may 
contribute to the increased leaf conductance at low D but also that stomata respond to DQ at 
night. 

If both day and night measurements are combined into one model, relative response of leaf 
conductance to vapour pressure deficits is equal for the four species. 

2.3.1 Introduction 

Stomata are the major pathways for the efflux of water from the mesophyll of 
leaves into the atmosphere and for the influx of C02 . During diurnal cycles, 
stomatal conductance varies in response to light, humidity and temperature, 
thus affecting the processes of transpiration and C02 assimilation (Schulze and 
Hall, 1982). In glasshouse cultivation, plants are exposed to a range of 
temperature and humidity conditions which, in general, is small compared to 
ambient conditions because of accurate environmental control. Under these 
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conditions, the dynamic responses of stomata may be expected to be 
substantially reversible (Schulze and Hall, 1982). 

In natural environments the stomata strongly respond to vapour pressure 
deficit and temperature, but when the effects of temperature and humidity are 
separated, leaf conductance increases with temperature at a level above the 
optimum for photosynthesis (Hall, et al., 1976). As a result stomatal responses 
to temperature per se have often be confused with responses to vapour pressure 
deficit. Stomatal responses to humidity have been observed with most species 
that have been examined (eg. Kaufmann, 1982; Schulze, 1986; El-Sharkawy 
and Cock, 1986; Munro, 1989) and their importance in controlling the rate of 
photosynthesis has been demonstrated with various crops, eg. tomatoes (Acock, 
et al., 1976) and peppers (Hall and Milthorpe, 1978). In models of water 
relations and photosynthesis of glasshouse vegetable crops, incorporation of the 
effects of humidity on stomatal behaviour may improve simulation (Marcelis, 
1989) and provide information to explain long term humidity effects on growth 
and yield of glasshouse vegetable crops (Bakker et al., 1987; Bakker, 1990a). 
The major objective of this study was to examine the response of leaf 
conductance to vapour pressure deficit of four glasshouse vegetable crops under 
natural winter light conditions and normal temperature regimes. 

2.3.2 Materials and methods 

Plant materials and glasshouse facilities 

Four different species were used in this study: eggplant (Solanum melongena 
L., cv. 'Dobrix'), cucumber (Cucumis sativus L., cv. 'Lucinde'), sweet pepper 
(Capsicum annuum L., cv. 'Delphin') and tomato (Lycopersicon esculentum 
Mill., cv. 'Spectra'). Plants were grown on rockwool in a recirculation system at 
a salinity level of 2.5-3.0 dS m"1 (equivalent to a water potential of the root 
environment of -0.1 MPa). 

All data were collected in 1989 in eight glasshouse compartments 
(dimensions 15 x 12.8 m) of a multispan Venlo type glasshouse covered with 
double glass and equipped with a polythene thermal screen and a 
humidification system (water baths with an area of 7 m ; Bakker et al., 1987). 
Environmental conditions (temperature, humidity and C02 concentration) were 
measured once a minute and were controlled by a distributed computer system 
(Bakker et al., 1988). Different humidity levels (day and night) were obtained 
in the separate compartments by using the thermal screen and the 
humidification system. To increase the humidity, the screen was kept closed 
and the humidification system turned on. To reduce humidity, the screen was 
partly opened and the humidification system set off. In manipulating the 
screen in this way, light differences between the various humidity treatments 
were restricted to less than 2% of measured overall light transmission (Bakker, 
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1990a). Temperature differences between the treatments were minimized by 
adjusting (every minute) the setpoint for heating in the compartments with low 
humidity treatment to the temperature achieved in the compartment with the 
high humidity treatment (i.e. the compartment with the highest temperature 
because of the extra heat gain from the humidification system). The glasshouse 
atmosphere was enriched with pure C02 and controlled at a level of 450 cm3 

m . Leaf temperatures and the irradiance at leaf surface were only measured 
in combination with the porometer observations. 

Conductance measurements 

Leaf conductance (cm s ) was measured with a steady-state diffusion porometer 
(Li-Cor 1600C, Li-Cor, Inc., Lincoln, NE, USA) on the underside of selected and 
marked leaves of 12 mature plants of eggplant and tomato, 12 seedlings of 
cucumber (5 weeks) and sweet pepper (8 weeks) in each glasshouse 
compartment. The plants were located around the sensors for the measurement 
and control of the glasshouse temperature, humidity and C02 concentration. 
Leaf conductance was measured on leaves at sensor level within a crop layer, 
20 cm high. Measurements were made for several days and nights on one crop, 
followed by a similar cycle on the next crop in the sequence: tomato, eggplant, 
cucumber and finally sweet pepper. The measuring routine consisted of 12 
readings in a compartment with a high humidity, alternated with 12 readings 
in a compartment with a low humidity. A complete measuring cycle including 
the eight compartments took about 1.5 h. Radiation (PAR) at leaf level was 
measured with a quantum sensor (LI-190S-1, Li-Cor, Inc., Lincoln, NE, USA) 
attached to the porometer sensor head. Final data analysis was performed with 
a Genstat-5 program package on a VAX-3600 computer system. 

Dataprocessing and fitting routines 

In general, leaf conductance is affected by the following environmental 
variables: radiation, temperature, humidity and C02. However, the influence 
of temperature in the range obtained here (20 - 27 °C) is considered to be of 
minor importance (Takakura et al., 1975; Hall et al., 1976; Avissar et al., 
1985; Stanghellini, 1987). The effect of the small differences in glasshouse 
ambient C02 (400 - 500 cm3 m"3) on leaf conductance was assumed to be 
negligible. This assumption is based on the results of Stanghellini (1987) who 
was unable to demonstrate any significant effect of C02 on leaf conductance of 
tomato up to 700 cm m ; thus confirming the statement of Raschke (1975) 
that stomata of plants grown in a well-watered environment are not sensitive 
to C02 concentration. 

As the major objective of this study was to examine the response of leaf 
conductance to vapour pressure deficit (VPD), this response has been described 
as an empirical function of PAR and VPD, assuming that these are the two 
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major variables (Thorpe et al., 1980; Jarvis et al., 1981; Kaufmann, 1982). The 
sensitivity of leaf conductance to leaf to air water vapour pressure difference 
(e leaf - e ^ ; Dj) depends on the leaf boundary layer conductance (Bunce, 1985). 
Therefore the response of leaf conductance to humidity should most 
appropriately be described as a function of vapour pressure deficit at the 
surface of the leaf (D0), rather than as a function of the leaf to air vapour 
pressure difference (Meinzer and Grantz, 1989). Assuming that the leaf is 
isothermal, D0 (e leaf - eg^^g) can be calculated by: 

D ^ f r ^ + r ^ K e ^ - e ^ ) (2.1) 

where rj is the stomatal and cuticular diffusive resistance, rbl is the boundary 
layer resistance, e leaf is the water vapour partial pressure in the stomatal 
pores and e ^ is the water vapour partial pressure of air outside the boundary 
layer. 

In glasshouse vegetable crops such as tomato, under conditions with natural 
ventilation, mean air velocity within the canopy is about 0.1 m s with 
minimal variations (Bot, 1983) and consequently the boundary layer 
conductance is almost constant for a given crop (Stanghellini, 1988). The 
boundary layer resistances for the four crops used in this study were calculated 
using the equation derived by Stanghellini (1987) for glasshouse conditions: 

rbl = 587 l°-5/( 1 |Tt - Ta |+ 207 u2)0-25 (s m"1) (2.2) 

where 1 is the characteristic dimension of the leaf (m), Tj and Ta are 
temperatures of leaf and air, and u is the wind velocity (which was taken as 
0.1 m s"1). The characteristic leaf dimensions for the four crops used in this 
study were: tomato, 0.05 m; pepper, 0.06 m; cucumber, 0.10 m; eggplant, 0.12 
m. 

The influence of the VPD on leaf conductance has been described by linear 
(Thorpe et al., 1980; Munro, 1989), exponential and hyperbolic functions 
(Kaufmann, 1982; Schulze, 1986; El-Sharkawy and Cock, 1986). In the fitting 
routines three regression models for the response of leaf conductance (gp to D0 

were compared: 
gj = G exp (a D0) (2.3) 
g l = G + a D0 (2.4) 
g l = G / (a + D0) (2.5) 

where G is the maximum conductance and a is a parameter. The relationship 
between PAR and leaf conductance was considered a negative exponential 
function (Burrows and Milthorpe, 1976): 

g l = G' [1 - b exp (-c Qp)] (2.6) 
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