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Stellingen 

1. Lange-termijn effecten van SO2 op planten worden voor een belangrijk deel bepaald 
door de samenstelling en verwerking van de door de planten opgenomen voedings­
stoffen. 

H.-J. Jäger & H. Klein (1976). Eur. J. For. Path. 6: 347-354. 
Dit proefschrift 

2. In de door Laisk et al. ontwikkelde modellen voor de opname van SO2 door bladeren 
en de invloed daarvan op de pH van subcellulaire oplossingen wordt de rol van 
metabolische pH-regulatiemechanismen ten onrechte verwaarloosd. 

A. Laisk et al. (1988). Planta 173: 230-240; 241-252. 
Dit proefschrift 

3. Het vaststellen van de effecten van luchtverontreiniging op de translocatiesnelheid van 
assimilaten, geeft alleen dan inzicht in het belang van deze effecten voor de groei en 
productie van gewassen, als de effecten op het dagelijkse verloop van de translocatie­
snelheid worden geanalyseerd. 

4. Het werkelijke voordeel van gemengde teelt kan niet worden gekarakteriseerd met 
behulp van de LER (Land Equivalent Ratio), die is afgeleid uit de resultaten van 
additieve experimenten, waarin de dichtheden van de afzonderlijke soorten niet zijn 
gevarieerd. 

CJ.T. Spitters (1983). Neth. J. Agric. Sei. 31: 1-11; 143-155. 
W.C.H. van Hoof (1987). Proefschrift Landbouwuniversiteit Wageningen. 

5. Het aantal onkruiden per soort en per eenheid van oppervlak is geen goede indikator 
voor het verlies in gewasopbrengst dat deze onkruiden kunnen veroorzaken. 

6. De algemeen heersende opvatting, dat onkruidbestrijdingsmaatregelen slechts effectief 
zijn als de onkruiden volledig afsterven, staat de ontwikkeling van milieuvriendelijker 
alternatieven in de weg. 



7. Het is slechts zinvol om software voor Computer Ondersteund Onderwijs te ontwik­
kelen voor het hoger agrarisch onderwijs, als daarmee onderwijsdoelstellingen kunnen 
worden gerealiseerd, die met de bestaande hulpmiddelen niet of nauwelijks te 
realiseren zijn. 

8. De productie van bio-ethanol uit tarwe in de EG is pas concurrerend met vergelijkbare 
producten uit fossiele brandstoffen, als de tarweprijs in de EG met een factor acht zou 
dalen en zal vanwege de geringe netto energieopbrengst ook bij stijgende energie­
prijzen geen oplossing zijn voor de problemen rond de graanoverschotten in de EG. 

R. Rabbinge (1982). Landbouwkundig tijdschrift 94: 25-30. 
Landbouwschap (1988). Interne notitie, 23 September. 
G. van der Bijl (1989). Spil 79-80: 21-27. 

9. Milieu-onderzoekers maken zich ongeloofwaardig, wanneer zij denken aan de 
behoefte van beleidsmakers tegemoet te komen door eenduidige antwoorden te geven 
zonder de onzekerheden helder te presenteren. 

10. Zowel vanuit landbouwkundig als milieukundig oogpunt is het noodzakelijk, dat het 
aardappelras Bintje haar - zichzelf instandhoudende - monopoliepositie verliest. 

11. Gezien het rijgedrag van automobilisten in Nederland, is het bij opbod verkopen van 
de bevoegdheid om automobilisten te bekeuren bij overschrijding van de maximum 
snelheid een effectieve en winstgevende milieumaatregel. 

Stellingen behorende bij het proefschrift van Martin Kropff: 
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production. 
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Abstract 

S02 may cause damage on crops and vegetation. This thesis aimes to explain the impact of 
S02 on plant growth and crop production on basis of a quantitative analysis of S02 effects 
on physiological processes. Photosynthesis of leaves was found to be depressed at high 
radiation levels, by competition between S02 and C02 for the carboxylating enzyme. A 
model for the flux of S02 into the leaf and effects of its metabolites on photosynthesis was 
developed and used to estimate values for model parameters at the biochemical level from 
data on the effect of S02 on photosynthesis. Differences in sensitivity between species 
and cultivars appeared to be largely based on variation in the rate of sulphite oxidation. 
The model was used to analyse the mechanism behind temperature effects on photo-
synthetic sensitivity to S02. The submodel for S02 effects at the leaf level was coupled to 
a model for photosynthesis for leaf canopies. The effects of S02 on canopy photosyn­
thesis were simulated accurately. 

S0 2 effects on growth and production of broad bean (Vicia faba L.) crops were 
studied using an open-air exposure system. Yield was depressed by 9-17% at S02 con­
centrations ranging from 74-165 jug S02 irr

3. Chronic injury, leaf damage in the older 
leaves after long exposures, caused substantial reductions in leaf area at the end of the 
growing period. 

The mechanism behind the observed depression in crop yield was analysed by 
mechanistic simulation models for crop growth, extended with the submodels for S0 2 

effects on leaf photosynthesis. Direct effects of S02 on photosynthesis explained about 
10% of the observed yield reduction. An increased rate of maintenance respiration, ob­
served in field exposed leaves, explained an extra 10% of the observed yield reduction. 
The major part was explained by chronic leaf injury at the end of the growing period. 

Because chronic injury may be related to a disturbance of intracellular pH regulation, 
a conceptual model was proposed for regulation of intracellular pH in relation to uptake 
and assimilation of nutrients and uptake of N and S containing air pollutants by the shoots 
of plants. 

The results of this study are discussed in view of the development of mechanistic 
models for estimation of the impact of air pollutants on crops, forests and (semi-) natural 
vegetation. 

additional index words: photosynthesis, respiration, stomata, sulphite, model, 
chronic injury, Vicia faba L., intracellular pH, yield reduction, open-air exposure. 
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Chapter 1 

General introduction 

Effects of air pollutants were already recognized in the nineteenth century, when plants 
growing near emission sources showed severe injurious symptoms. The devastation of 
landscapes in the vicinity of these sources intrigued scientists who questioned the eco­
logical impact of air-pollutants and economical implications for agricultural crops. Since 
the end of the nineteenth century many studies have been undertaken to analyse the effects 
of air pollutants on plants. 

Sulphur dioxide, which is a common byproduct of fossil fuel consumption, is one of 
the major air pollutants that can damage vegetation. The effects of SO2 on plants range 
from severe macroscopic damage to leaf foliage as a result of (short) exposures to high 
S02 concentrations, to growth reductions without visible damage at low concentrations 
(see reviews by Unsworth & Ormrod, 1982; Winner, Mooney & Goldstein, 1985). Be­
sides these harmful effects, S02 stimulates growth of plants growing on soils with in­
sufficient sulphur to meet the sulphur requirements for plant growth (Thomas et al., 1943; 
Thomas, Hendricks & Hill, 1944; Olsen, 1957; Faller, Herwig & Kuhn, 1970). 

Three categories of S02 injury on plants may be distinguished: acute, chronic and 
subtle injury (Linzon, 1978). Acute injury results from short exposures (less than one day) 
to high S02 concentrations, generally in the ppm range1) and appears as irreversible 
visible damage in leaf foliage (necrosis). Initially, the young fully unfolded leaves show 
grayish-green spots between the veins. Acute injury is assumed to be caused by the rapid 
accumulation of bisulphite and sulphite. Chronic injury (chlorotic or necrotic damage) is 
the result of long term exposure (days to years) to variable concentrations of S02. Chronic 
effects are assumed to be related to the accumulation of excess sulphur in the plant. 
Generally, the older leaves are damaged, followed by early abscission. Subtle effects are 
defined as changes in physiological and biochemical processes, causing growth reductions 
(or stimulation) without visible injury. Because no relationship was found between the 
sensitivity of plants to the different types of injury, the biochemical backgrounds are 
assumed to be different for these types of injury (Bell, 1985; Garsed, 1985). 

Most early studies concentrated on visible symptoms produced by high S02 con­
centrations, associated with emissions from point sources that affected surrounding ve-

1) 1 ppm equals about 2700 /zg S02 nr3 
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getation (Posthumus, 1981). As a result of emission standards and limits, high pollutant 
concentrations causing acute injury have been strongly diminished in Western Europe and 
North America during the past decades. The increase of tall stacks on power plants and 
smelters built to reduce the concentrations in the immediate surrounding of the sources, 
resulted in long distance transport causing elevated S02 concentrations in extended areas in 
industrialized countries. Such elevated concentrations may cause chronic and subtle injury 
which may go unrecognized in the field, because there is no reference to plants growing in 
clean air. In the 1970's, sophisticated experimental equipment was developed in which 
plants could be fumigated artificially (e.g. open top chambers, Heagle, Body & Neely, 
1974). This led to experiments which showed that air pollutants cause changes in plant 
growth and crop production without causing visible injury. Widespread concern that 
agricultural crops and vegetation was affected by S02 at sublethal concentrations was 
based upon evidence that plant growth may be reduced by S02 concentrations as low as 
40 ßg m-3, without causing visible injury (Bell, Rutter & Relton, 1979). This resulted in 
a gradual transition of research efforts from studies on acute injury to studies on S02 

effects on plant growth and the biochemical and physiological backgrounds of these 
reductions. Research of S02 effects on physiological processes like photosynthesis and 
respiration started prior to 1950 by Thomas and co-workers (Thomas, 1951) and was 
intensified in the past two decades (Winner et al., 1985). It is well recognized now that 
severe damage on agricultural crops and vegetation may occur during long-term exposures 
to the low concentrations of S02 and has been observed in large areas of Western Europe 
and North America without causing acute injury symptoms. 

Atmospheric S02 levels and S02 deposition 

Emission of S02 into the atmosphere may result from natural and man-made sources. 
Background levels of S02 in the atmosphere, caused by natural emissions (microbial 
activity, volcanoes, sulphur springs, sea-spray and weathering processes), are about 
3 pg nr3 (Kellog et al., 1972). The contribution of man-made sulphur to the total 
sulphur inputs into the atmosphere is considerable. Natural worldwide emissions amount 
to about 128 Mt of sulphur per year, whereas in the mid-1970's (when sulphur emissions 
were highest) man-made emissions were about 77 Mt of sulphur per year (Wellburn, 
1988). More than 90% of these man-made emissions arise from the urban and in­
dustrialized areas in Europe, North America, India and the Far East (Wellburn, 1988). The 
burning of coal is by far the largest source of man-made emissions. 

In heavily industrialized areas in Western Europe like the Ruhr area in the Federal 
Republic of Germany and the industrial Midlands and North of England, the annual mean 
S02 concentration may exceed 100 fig nr3 (Fowler & Cape, 1982). They estimated that 
1% of the total area in Western Europe was exposed to mean S02 concentrations ex­
ceeding 100 //g nr3 and 5% to concentrations between 50-100 /ig nr3. Yearly mean S02 
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concentrations in 1986 in the Netherlands ranged from 8-43 /ig nr3 (Anon., 1988). 
Although S02 emissions have been reduced in the past decade, yearly mean S02 

concentrations in Western Europe may locally range from 5 to over 100 /tg nr3, with 
even higher concentrations during short episodes. The EC limit is 120 fig nr3 for annual 
median daily concentrations and the EC guide value for annual mean S02 concentrations is 
40-60/ig m 3 (Saunders, 1985). 

The behaviour of smoke plumes from stacks depends upon the prevailing weather 
conditions, depositing them nearby within a few days or carrying them away for hundreds 
of kilometers. The rate of dry deposition depends on properties of the receiving surfaces. 
The flux of S02 into the plant through the stomata may be a considerable part of the total 
dry deposition of S02 onto vegetation (Unsworth, Biscoe & Black, 1976). Cowling & 
Koziol (1982) estimated an annual sulphur deposition onto crops (deposition to both the 
leaf canopy and the soil) of 38 kg S ha1 yr -1, at a concentration of 30 //g S02 nr3, 
whereas the sulphur demands of grass and wheat amount to 12-23 kg S ha1 y r 1 . The 
sulphur demand of non-fertilized, slowly growing vegetation will be much lower, because 
sulphur metabolism is strictly coupled to nitrogen metabolism (Dijkshoorn & van Wijk, 
1967). The annual deposition of sulphur in the Netherlands was estimated at 22 
kg ha1 yr_1 in 1986 (Anon., 1988). These data indicate that crops and vegetation are 
exposed to excess sulphur in large parts of Western Europe. However, excess sulphur can 
only be related to effects on plant growth, when deposition to soil and plant surfaces are 
separated from the flux of S02 into the leaf interior. 

SO2 effects on plant growth 

Effects of S02 at all levels of biological organization have been reported (see reviews by 
Unsworth & Ormrod, 1982; Koziol & Whatley, 1984; Winner et al, 1985; Schulte-
Hostede et al., 1988). Studies of S02 effects on crop production were mainly directed 
towards the quantification of yield losses, by description of data from fumigation 
experiments with dose-response relationships. An example is the relationship between the 
logarithm of dose (S02 concentration x exposure time) and yield loss. However, 
responses strongly vary between species, cultivars and exposure systems (Roberts, 1984; 
Bell, 1985; McLaughlin & Taylor, 1985). In most experiments in which the effects of air 
pollution on plant growth are studied, some form of enclosure is used in controlling the 
pollutant, ranging from indoor growth cabinets to open-top chambers in the field. The 
extrapolation of the effects observed in these studies to the field situation may lead to over 
or underestimation of the effects, because the environmental conditions differ from the 
field situation (Olszyk et al., 1986) and because the growth of isolated plants, or poorly 
bordered plots strongly differs from the growth of crops in closed canopies (de Wit, 
1968). 

Open-air studies, in the absence of any form of plant enclosure have also been 
performed for many years. The exposure methodology in these studies ranged from 
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placing plants at different distances from point sources (like smelters), to gas-dispersing 
tubes, constructed in experimental field plots (McLeod, Fackrell & Alexander, 1985). 
Recently, the technique for open-air exposure has been strongly improved by the develop­
ment of circular or square line sources in which a field crop of up to 100 m2 can be 
exposed to reasonably uniform S02 concentrations by means of computer-controlled gas 
release. Although fluctuations occur within short time spans due to changes in windspeed, 
high concentration peaks are avoided. (Greenwood et al., 1982; McLeod et al., 1985; 
Mooi & van der Zalm, 1986). 

Studies at the physiological (e.g. photosynthesis, transpiration and respiration) and 
biochemical level (e.g. membrane functioning, photosynthetic electron transport, car-
boxylation) have been mainly directed towards the explanation of subtle injury. The rate of 
photosynthesis at light saturation appears to be negatively correlated with the rate of uptake 
of S02 by the leaf (Black, 1982; Carlson, 1983; Winner & Mooney, 1980a, b). Quantum 
yield is not influenced by S02 (Black, 1982; Hâllgren, 1984). Because the stomata are the 
primary sites where S02 enters the leaves, much research has concerned the effect of S02 

on stomatal resistance. Both opening and closure of stomata has been observed at low 
concentrations of S02 . At high S02 concentrations only stomatal closure has been 
observed (Black, 1982). Both stimulation and inhibition of dark respiration have been 
observed at low S02 concentrations (Black, 1984). In most studies the effect of S02 on a 
single process is analysed, making it difficult to determine the relative importance of the 
reported effects with respect to growth reductions. 

The magnitude of S02 induced effects on plants is strongly influenced by plant and 
environmental factors, like plant species and cultivar, plant age, nutritional status, pollutant 
concentration, duration of the exposure and microclimatic factors as light intensity, relative 
humidity and temperature. In the field the situation becomes even more complex, because 
environmental factors are variable throughout the growing period and the effect of S02 

may also be influenced by stress factors like drought or other air pollutants (see reviews in 
Unsworth & Ormrod, 1982; Koziol & Whatley, 1984; Winner et al., 1985; Schulte-
Hostede etal., 1988). 

Mechanistic understanding ofS02 effects on plant growth 

In spite of much research effort at various levels of integration (ranging from the 
biochemical level to the system level) in the past decades, an integrated understanding of 
plant responses to S02 has not been achieved yet. Quantitative explanation of the links 
between effects observed at the different levels of integration received minor attention. 
Mechanistic models may provide a useful tool to bridge the gaps in knowledge and may 
help to explain air pollutant effects at the system level, on the basis of phenomena 
observed at the biochemical and process level. Especially for prediction of long-term air 
pollutant effects on forests and vegetation this approach may be helpful to integrate effects 
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which are observed at the process level to estimate the impact at the system level, because 
experimentation at the system level is not feasible. These models may be used to estimate 
environmental benefits from proposed measures to reduce emission of air pollutants. 

In the past decades, models for growth and development of crops and forests have 
been developed on current insight in physiological processes (de Wit et al., 1978; 
Penning de Vries & van Laar, 1982; Mohren, 1987). Such models can be extended with 
submodels for S02 uptake by the canopy, the sulphur balance in the plant and the effects 
of sulphur metabolites on plant functioning. The number of processes included in the 
model depends on the production situation. For a crop growing at a potential production 
situation (optimal supply of water and nutrients and free of pests, diseases and weeds), 
effects of S02 metabolites on photosynthesis, respiration, dry matter partitioning and 
morphological development have to be quantified in submodels. However, when the 
approach is used to evaluate air-pollutant effects on systems growing at suboptimal 
conditions, processes related to the water and/or nutrient balance of the soil-plant system 
have to be included in the model. The interference of S02 with growth processes becomes 
far more complex, and such models require much more insight in S02 effects at the 
process level. Crop growth models for different production situations are available, 
although the models for the more complex production situations still have a preliminary 
status (Penning de Vries & van Laar, 1982; Rabbinge, Ward & van Laar, 1989). 

The relatively few models that have been developed for analysis or prediction of S02 

effects on plant growth and crop production have not been evaluated with independent 
experimental data sets, nor were they used for a detailed analysis of the mechanisms 
behind effects observed at the system level (Kercher & King, 1985; Krupa & Kickert, 
1987; Luxmoore, 1988). 

Objectives and approach 

The central objective of this study was to quantitatively explain the effects of S02 on 
growth and production of crops based on insight in foliar S02 uptake, S02 metabolism in 
the plant, and the impact of S02 metabolites on physiological processes. This led to a 
combination of experimental and theoretical research at different levels of integration. To 
permit the quantitative analysis of the relations between phenomena observed at the 
different levels of integration, all experiments were conducted with broad beans (Vicia 
faba L., cv. Minica) cultivated at potential growing conditions. This species was found 
to be relatively sensitive for S02 with respect to subde injury (Black & Unsworth, 1979b). 

Because direct effects of S02 on physiological processes like photosynthesis are 
assumed to be responsible for subtle S02 effects on crop growth, a large part of this study 
was directed towards the development, parameterization and evaluation of mechanistic 
submodels for foliar S02 uptake, S02 metabolism in the plant, and the effects of S02 

metabolites on physiological processes. The second part of the study deals with effects of 
S02 on growth and production of broad bean crops in newly developed equipment for the 
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exposure of field crops. The backgrounds of these effects were analysed with mechanistic 
crop growth models, extended with submodels developed in the first part of the study. A 
conceptual model was developed for the mechanistic understanding of chronic S02 effects 
in relation to regulation of intracellular pH and nutrient supply and uptake. This conceptual 
model may be used as a framework for the development of models for more complex 
production situations. The work presented in this thesis may provide a basis for the de­
velopment of models for the effects of air pollutants on crops, forests and vegetation 
growing at more complex production situations. 

Outline of the thesis 

The structure of this thesis is illustrated in Fig. 1.1. Experimental and theoretical work on 
effects of S02 on physiological processes is presented in Chapters 2 - 6 . The short-term 
effects of S02 on photosynthesis, stomatal behaviour'and respiration are discussed in 
Chapter 2. Data from gas exchange measurements are interpreted in biochemical terms. On 
the basis of the findings presented in Chapter 2 and analysis of literature data from studies 
at the biochemical and physiological level, a simulation model for the uptake and short-
term effects of S02 on leaf photosynthesis was developed. This model, described in 
Chapter 3, explains effects of S02 on photosynthesis on the basis of processes at the 
underlying biochemical level. Because parameterization of the model was hampered by the 
lack of suitable literature data, the model was used to determine parameter values for 
biochemical characteristics from data on photosynthetic responses to S02 in Chapter 4. In 
Chapter 5, the model was used to determine the role of temperature and humidity in 
photosynthetic reductions during S02 exposure. Data from gas exchange measurements, 
in which temperature and humidity were varied, were interpreted in biochemical terms by 
the model. The results were evaluated by experimental evaluation at the (bio)chemical 
level. The submodel for S02 effects on leaves was included in a model for canopy 
photosynthesis in order to determine S02 effects on photosynthesis of whole canopies in 
Chapter 6. Model performance was evaluated with experimental data from fumigation 
experiments with enclosed leaf canopies. 

The experimental analysis of S02 effects at the system level is described in Chapters 
7 and 8. In a newly developed open-air exposure system, broad bean crops were exposed 
to elevated S02 concentrations in three years. S02 effects were studied by analysis of 
growth, morphological development and elemental composition. The analysis of the 
mechanisms behind effects of S02 on crop growth and production using mechanistic 
simulation models is described in Chapter 9. A quantitative analysis of various damage 
components was performed with a mechanistic simulation model for crop growth, 
extended with the physiological models developed in first part of the study. Simulation of 
S02 uptake of by the plants as a part of the dry deposition to the crop, was evaluated using 
experimental data on sulphur uptake by the crops. 
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Because chronic effects played a major role in long-term effects of S02 on crop 
growth, a conceptual model for mechanisms of chronic effects from effects of S0 2 on 
intracellular pH regulation is presented in Chapter 10. 

physiology 
biochemistry 

quantification of 
physiological 
effects of S02 

Chapters 2-6 Q 
quantitative analysis of the 
backgrounds of effects on 

crop growth 

Chapter 9 

analysis of the 
mechanism behind 

chronic effects 

Chapter 10 

crop growth 
and 

production 

experimental assessment 
of SO2 effects on crop 

growth 

Chapters 7-8 

Fig 1.1 Outline of the thesis. 
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Chapter 2 

S0 2 effects on photosynthesis and stomatal 
behaviour of Vicia faba L. 

Abstract The effect of short-term S02 fumigation on photosynthesis and transpiration 
of Vicia faba L. was measured at different irradiances and S02 concentrations. At high 
irradiances photosynthetic rates were reduced when leaves were exposed to S02, and the 
magnitude of the reduction was linearly related to the rate of S02 uptake through the 
stomata. Photosynthetic rates stabilized within two hours after the start of fumigation. 

The effect of S02 on photosynthesis was measured at different C02 concentrations 
to analyse the contribution of stomatal and non-stomatal factors to photosynthetic 
inhibition. Mesophyll resistance to C02 diffusion increased as a result of S02 exposure 
and caused a rapid reduction in photosynthesis after the start of fumigation. Stomatal 
resistance was not affected directly by S02 fumigation, but indirectly as a result of a 
feedback loop between net photosynthesis and internal C02 concentration. 

Analysis of gas-exchange measurements in biochemical terms indicated that 
photosynthetic inhibition during S02 exposure can be explained by a stronger reduction in 
the affinity of RBP carboxylase/oxygenase for C02 than for 02 . 

2.1 Introduction 

Sulphur dioxide is one of the major gaseous air pollutants that cause damage to agri­
cultural crops and natural vegetation. Exposure of plants to high concentrations of S02 

can cause chlorosis and necrosis of leaf tissue which lead to reductions in growth. 
Reduced plant growth in the absence of visible injury has also been observed at relatively 
low ambient S02 concentrations (Lockyer, Cowling & Jones, 1976; Ashenden & 
Mansfield, 1977; Spriigel et al., 1980). The magnitude of S02-induced effects on plant 
growth depends not only on pollutant concentration but also on plant status (physiological 
status dependent on plant age, growing conditions like nutrient availability, water supply, 
irradiance and temperature) and microclimatic factors (Black, 1982). 

The rate of photosynthesis at light saturation appears to be negatively correlated with 
the rate of uptake of S02 through the stomata (Black, 1982; Black & Unsworth, 1979b; 
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Carlson, 1983; Winner & Mooney, 1980a, b). Photosynthetic light use efficiency is not 
influenced by S02 (Black & Unsworth, 1979b; Hâllgren & Gezelius, 1982). Because the 
stomata are the primary sites where S02 enters the leaf tissue, much research has 
concerned the effect of S02 on stomatal resistance. Both stomatal opening and closure has 
been observed at low concentrations of S02. At high S02 concentrations only stomatal 
closure has been observed (Black, 1982). 

Environmental factors such as windspeed, humidity and light intensity have a strong 
effect on stomatal responses to S02 (Black & Unsworth, 1979a). In recent studies 
attempts have been made to separate S02-induced effects on photosynthesis into stomatal 
and non-stomatal components. Non-stomatal factors (e.g. an increase in mesophyll 
resistance) appear to be primarily responsible for the reduction in photosynthesis (Barton, 
McLaughlin & McConathy, 1980; Winner & Mooney, 1980b). No consistent effects of 
S02 on dark respiration rates have been found. Both stimulation and inhibition of dark 
respiration have been observed at low S02 concentrations (Black, 1984). Ziegler (1975) 
concluded on the basis of in vitro studies that the biochemical mechanism of inhibition of 
net photosynthesis by S02 is competition between S02 and C02 for binding sites on the 
carboxylating enzyme RBP carboxylase/oxygenase. Gezelius & Hâllgren (1980), how­
ever, suggested a non-competitive or a mixed effect from in vitro measurements with pine 
chloroplasts. 

In the present study the short-term effects of S02 on photosynthetic characteristics of 
Vicia f aba leaves are analysed quantitatively. The effect of S02 on stomatal regulation 
was analysed by making a time-dependent distinction between stomatal and non-stomatal 
components of photosynthetic changes. The results of the C02 gas exchange measure­
ments are also interpreted in biochemical terms in an effort to relate these results to 
published results of in vitro measurements. 

2.2 Materials and methods 

Plant material and experimental system 

Plants of Vicia faba L.(cv. Minica) were grown in 11 cm diameter plastic pots filled 
with a commercial potting mixture in a greenhouse at an average temperature of 16 °C and 
about 50% relative humidity. Supplementary illumination provided a photoperiod of 16 
hours. The soil-moisture level was maintained at field capacity. C0 2 assimilation 
measurements were started when the plants were flowering and had about 14 leaves. The 
sulphur content of the leaves was 7.7 ± 0.6 mg S g 1 dry matter. 

Rates of C02 assimilation, respiration and transpiration of the youngest fully 
unfolded leaf were measured with equipment for routine measurements of photosynthesis 
comparable to the type described by Louwerse & van Oorschot (1969). S02 was supplied 
from a cylinder (1000 ppm S02 in N2) through a flowmeter and was injected into the air 
supply of the leaf chamber. Gas samples from the air lines leaving the chambers were 
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drawn continuously through teflon tubing and analysed with a Philips S02 gas analyser 
(type PW 9700). Relative humidity in the leaf chamber was about 40-50% and air tem­
perature was 23 °C. The incoming S02 flow was continuously adjusted to prevent large 
changes in S02 concentration in the leaf chamber. 

Calculations and experimental procedure 

Data on differences in C02 concentration and water vapour content of the air stream 
entering and leaving the leaf chambers, temperature, irradiance and air humidity were 
recorded every 5 minutes by a microcomputer. S02 concentration was monitored as well. 
Measurements were performed during a prefumigation period of 2 hours to obtain stable 
rates, during a subsequent S02 fumigation period of 2 hours, and finally during a dark 
period of 1 hour. Rates of net photosynthesis and transpiration, stomatal resistance and 
internal C02 concentration were calculated following the procedure of Goudriaan & van 
Laar (1978), in which stomatal resistance to C02 is calculated from the transpiration rate, 
corrected for differences in diffusion coefficients between C02 and H2O. Internal C02 

concentration (Q ) is computed with the resistance model for C02 diffusion through the 
stomata from the rate of photosynthesis (P), external C02 concentration (Ca ), stomatal 
resistance (rs) and the experimentally determined boundary layer resistance (r^): 
Cj = Ca - P (rs + rj,). The flux of S02 into the leaf interior was calculated by dividing 
the S02 concentration in the leaf chamber by the sum of the calculated stomatal resistance 
and an experimentally determined boundary layer resistance (about 7 s irr1) for S02. The 
S02 concentration at internal leaf surfaces was assumed to be zero. This is a reasonable 
assumption because the resistance for S02 going into solution at the wet surface of the 
stomatal cavity is very low during short exposures (Unsworth et al., 1976; Black & 
Unsworth, 1979a; Carlson, 1983). Since the cuticular resistance for S02 is extremely 
high compared to stomatal resistance, the flux of S02 through the cuticle is negligible 
(Unsworth et al., 1976). 

Three series of measurements were performed. In series 1 the effect of fumigation 
with 400 /ig S02 nr3 on photosynthesis was measured at irradiances (visible 400-700 
nm) ranging from 0-300 J nr2 s 1 at a constant ambient C02 concentration of 340 ppm to 
analyse the effect of S02 on the photosynthesis-light-response characteristics of leaves. 
The C02 assimilation-light-response curve for individual leaves can be described by a 
negative exponential function (Goudriaan, 1982): 

with: 
P = net C02 assimilation rate (/ig C02 nr2 s1) 
^max = net CC^ assimilation rate at light saturation (/ig C02 nr2 s1) 
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/f(j = dark respiration rate (/ig C02 m
2 s_1) 

£ = initial light use efficiency (/ig C02 J"
1) 

I = absorbed radiation (J nr2 s_1) 

The parameters Pmia, R^ and e were determined by using an optimization program. In 
the second series of measurements the effect of S02 concentrations ranging from 0-800 
/ig S0 2 nr3 on photosynthesis was measured at light saturation (300 J nr2 s_1) and a 
C02 concentration of 340 ppm. In the third series of measurements the effect of a single 
concentration of S02 (800 /ig m-3) on photosynthesis was measured at light saturation 
(300 J nr2 s1) and C02 concentrations ranging from 30-850 ppm C02. The confounding 
effect of differences in stomatal resistance was eliminated by relating the C02 assimilation 
rate to internal C02 concentration. This relationship can be described mathematically by 
(J. Goudriaan, pers. comm.): 

P = * W {1 - exp I ^ ( C i - F ) )} (2.2) 
\ \ *max,c 

with 
P = net C02 assimilation rate (/ig C02 nr2 s_1) 
fmax>c = net C02 assimilation rate at C02 saturation (/tg C02 nr2 s4) 
C[ = internal C02 concentration (/ig C02 nr3) 

r = C02 compensation point (/ig C02 nr3) 
gm = mesophyll conductance (m s1) 
The mesophyll resistance to C02 is the inverse of the mesophyll conductance gm 

(rm = l/gm; dimension s m1). 

Separation of stomatal and non-stomatal effects 

The effect of S02 on the mesophyll resistance to C02 can be analysed by fitting Equation 
2.2 to data on net photosynthesis at different C02 concentrations. Equation 2.2 cannot be 
used to analyse the effect of S02 on stomatal resistance because it relates photosynthesis 
to the internal C02 concentration. Several methods have been developed to quantify the 
relative importance of mesophyll and stomatal components to a change in photosynthetic 
rate during stress situations (Jones, 1985; Rabbinge, Jorritsma & Schans, 1985). Winner 
& Mooney (1980b) showed that both components contribute to a reduction in 
photosynthetic rates after fumigation, but did not analyse their relative contributions 
during the fumigation period. When both components are responsible for changes in 
photosynthesis their relative effects are 'path dependent' (Jones, 1985), which makes it 
necessary to analyse the time course of photosynthesis and C; during fumigation. This is 
illustrated in Fig. 2.1. If the stomatal resistance increases, the internal C02 concentration 
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Internal CO2concentration, Ci 

Fig. 2.1 Partitioning of stomatal and non-stomatal contributions to a change in net photosynthesis. 
When stomata change first, the trajectory will be A-A2-A3; when the mesophyll resistance changes first 
the trajectory will be A-A1-A3, The dotted lines represent the supply functions (C;=Ca-/

,(''s+rb) 
(where rs and rj, are the stomatal and boundary layer resistance, resp.), with a slope of -l/(rs+rb). Solid 
Unes represent the response of photosynthesis to varying internal CO2 concentrations for control plants 
(1) and for stressed plants (2). After Jones (1985). 

will drop, so that the photosynthetic rate will be reduced according to the photosynthesis­
es curve (trajectory A-A2). If the mesophyll resistance to C02 increases and stomatal 
resistance remains unchanged, C\ will increase according to the dotted line (trajectory A-
Ai), representing the so-called 'supply function': a linear resistance model for CO2 
diffusion into the stomatal cavities. If both the stomatal and mesophyll resistance increase 
(A-A3), the trajectory will be A-A2-A3 when stomata close first (relative contribution of 
the stomatal component is (A-A2)/(A-A3), and A-A1-A3 when the mesophyll resistance 
increases first (relative contribution of the stomatal component is (A j-A3)/(A-A3)). 

If a stress factor induces an increase in mesophyll resistance first, stomatal closure 
may subsequently occur as the result of the feedback loop between photosynthesis and 
stomatal resistance. This feedback loop results in a constant ratio between Cx and Ca (the 
ambient C0 2 concentration) which is about 0.7 for C3 plants (Goudriaan & van Laar, 
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1978; Bell, 1982; Farquhar & Sharkey, 1982). This constant ratio can be used to describe 
stomatal behaviour in simulation models for crop growth. Stomatal resistance can then be 
calculated from the rate of photosynthesis using the resistance model for C02 diffusion 
through the stomata: 

^ ^ - ' b (2-3) 

where r^ is the boundary layer resistance to CO2, and rs is the stomatal resistance. This 
procedure can be used for the calculation of canopy transpiration (Goudriaan, 1977,1982; 
de Wit et al., 1978) and can be used for the calculation of S02 uptake, when S02 does 
not alter stomatal behaviour. Any influence of S02 on stomatal behaviour will be reflected 
in the Cj/Ca ratio. 

Biochemical interpretation of gas exchange measurements 

The hyperbolic Michaelis-Menten equation can be used to analyse the biochemical 
mechanism of S02 inhibition of net photosynthesis with in vivo data on leaf photo­
synthesis at varying C02 concentrations (Edwards & Walker, 1983): 

v_ Vc(Cj-r ) 

C;+KA\+-9-] 
v c ' - • K, 

(2.4) 

where V is the net photosynthetic rate, Vc is the photosynthetic rate at high C02 

concentrations, F is the C02 compensation point, Kc is the Michaelis-Menten constant 
for binding of C02 to RBP carboxylase/oxygenase, K0 is the inhibition constant due to 
0 2 competition and O is the oxygen concentration in the leaf. An expression for the 
mesophyll resistance (the inverse of the initial slope at the C02 compensation point) can be 
derived from this equation: 

The CQj compensation point also can be interpreted in biochemical terms by means of the 
Michaelis Menten equations for carboxylation and oxygenation (Laing, Ogren & 
Hageman, 1974): 

r = tV° Kc° (2.6) 

VCK0 

where t is the fraction of glycolate carbon released (0.5) and V0 the maximum rate of 
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oxygenation. If the mechanism of inhibition of net photosynthesis by SO2 is competition 

between S0 2 , C 0 2 and 0 2 for the binding sites of the RBP carboxylase/oxygenase, as 

suggested by Ziegler (1975), then the mesophyll resistance should increase as a result of 

S0 2 fumigation: 

rm = -
r+Kc i+o_+s_ 

K0 K 
(2.7) 

where S is the concentration of sulphur metabolites in the cells and Ks is the inhibition 

constant. The C 0 2 compensation point, however, should remain unchanged. 

2.3 Results and discussion 

Inhibition of net photosynthesis in plants exposed to high concentrations of S 0 2 has been 

reported by many researchers, but the effect of lower, more realistic concentrations (< 0.1 

ppm) has seldom been analysed (Black, 1982). 

A typical time response curve of net photosynthesis of fumigated and control plants 

at light saturation is shown in Fig. 2.2. A strong decrease in net photosynthesis of the 

fumigated plants occurred within the first 20 minutes of exposure to S 0 2 and stable rates 

were obtained within 2 hours. This pattern is in agreement with the results of Black & 
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Fig. 2.2 Typical time course of net photosynthesis of Vicia faba leaves after the start of fumigation 

with 800 ng SC^ nr3 for control plants ( • ) and fumigated plants (A) at light saturation (mean values 

of 5 plants; SE did not exceed 4.9% of the mean in fumigated plants and 3.2% for control plants). 
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Unsworth, 1979b; Barton et al, 1980; Sisson, Booth & Throneberry, 1981; Sij & 
Swanson, 1974; and Darrall, 1986. Because steady photosynthetic rates were obtained 
after a short fumigation period, it can be concluded that the concentration of toxic 
intermediate oxidation metabolites (sulphite, bisulphite) also reached stable values. These 
values depend upon the rate of uptake of S02 and the rates of oxidation of dissolved S02 

to sulphate and the subsequent metabolites (Black & Unsworth, 1979b). 
The CO2 assimilation light-response curve was significantly affected by S02 

fumigation. The fit of Equation 2.1 to the data is presented graphically in Fig. 2.3 and the 
estimated parameter values for photosynthetic rate at light saturation (Pmax)> dark 
respiration (/?d) and initial light use efficiency (e) are given in Table 2.1. The estimated 
value of Pmax decreased by 15% as a result of 2 hours of fumigation with 400 
ßg S02 nr3 (P < 0.1). Estimated dark respiration (Äd) increased as a result of fumi­
gation with S02 but not significantly. The initial light use efficiency (e) was not affected 
by S02 fumigation. The effect of S02 on the photosynthesis light-response curve of 
individual leaves (Fig. 2.3) was similar to that found for whole plants of Vicia faba 
(Black & Unsworth, 1979b). However, Black & Unsworth (1979b), found a much 
stronger effect of S02 on dark respiration rates. The difference may be explained by 
increased respiration in organs other than leaves. Contradictory reports on the effect of 
S02 on dark respiration in a number of studies (reviewed by Black, 1984) indicate the 
need for more detailed research. The absence of an effect of S02 on initial light use 
efficiency has also been observed by Hâllgren & Gezelius (1982) for pine seedlings. 
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Fig. 2.3 Fitted net C02 assimilation light response curves for Vicia faba leaves before ( • ) and after 
(A) a 2 hours fumigation period with 400 V% S02 nv3. Markers do not indicate measured data. 
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Table 2.1 Estimated parameter values ± SE of C02 assimilation at light saturation (fmax), the initial 
light use efficiency (e) and dark respiration (Äj) before and after a fumigation period of 2 hours with 
400 /ig S02 m-3 (n = 49). 

before after 

p 
' max 

£ 

(/ig C0 2 m-2 s-i) 

(^gco2J-1) 
(/igC02m-2s-i) 

724.0 + 21.0 
13.9 ± 1.4 
40.5 ± 11.8 

615.0 ± 15.0 
14.0 ± 1.3 
48.8 ± 10.2 

The effect of S02 on photosynthesis at light saturation was analysed in relation to the 
calculated flux of S02 into the leaf interior at the end of the fumigation period instead of 
the external S02 concentration. The rate of C02 assimilation after 2 hours of fumigation, 
relative to prefumigation rates, decreased linearly as the rate of S02 uptake increased from 
0 to 3 /ig nr2 s 1 (Fig. 2.4). This relation is similar to that reported by Black & Unsworth 
(1979c) over the range of rates employed here, but they found no further reduction in 
photosynthesis at rates of S02 uptake exceeding 1.5 /ig nr2 s1 . The reduction appeared 
to be reversible since prefumigation rates of photosynthesis were obtained when plants 
which had been fumigated with 800 /ig nr3 S02 were measured after a 2 hour recovery 
period without fumigation. 

The ratio of C02 assimilation to transpiration was not significantly affected by S02 

fumigation (Table 2.2). The simultaneous reduction of C02 assimilation and transpiration 
may have been caused either directly by an increase in stomatal resistance or indirectly by 
an increase in mesophyll resistance. 

Table 2.2 Ratio of rates of Photosynthesis and Transpiration (P/T) before and after a 2 hour fumigation 

period with SC^ (n is number of replicates). 

n 

4 
4 

14 
6 

so2 
(/ig m-3) 

100 
200 
400 
800 

before 

7.37 ± 0.79 
8.97 ± 0.47 
9.88 ± 0.37 
9.02 + 1.01 

P/T 

after 

7.05 + 0.70 
8.48 ± 0.56 
8.94 ± 0.27 
8.06 ± 1.44 
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Fig. 2.4 Rates of CO2 assimilation after a fumigation period of 2 hours relative to control rates before 
fumigation of Vicia f aba leaves in relation to SO2 uptake rates (F in /ig SO2 irr2 s-1). 
Pn (% of control)=100 -16.2 F (r2=0.37, «=32). 

The effect of fumigation with 800 /ig S02 nr3 on C0 2 assimilation at light 
saturation and varying C02 concentrations is shown in Fig. 2.5. The estimated parameter 
values for the photosynthetic rate at high C02 concentrations (Pmsa.tC)'tne mesophyll 
resistance (gm) and the C0 2 compensation point ( r ) of plants fumigated with 800 
fig S02 nr3 and of control plants are given in Table 2.3. The parameter values of the 
control plants did not change during the two hour period. At low concentrations of C02, 
the C0 2 assimilation rate was reduced by fumigation with S02 , but at high C02 

concentrations no effect of S02 fumigation could be detected (Fig. 2.5). Both the 
estimated C02 compensation point and the mesophyll resistance to C02 increased as a 
result of S02 exposure (Table 2.3). The lack of inhibition of C02 assimilation by S02 at 
high C02 concentrations was also reported by Carlson (1983) for soybean leaves. Black 
(1982) demonstrated that the suppression of the effects of S02 at high C02 concentrations 
was not caused by stomatal closure due to enhanced C0 2 concentrations by relating 
relative photosynthesis to the rate of S02 uptake. 
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Fig. 2.5 Net C02 assimilation rate of Vicia faba leaves in relation to calculated internal C02 

concentration (C;) before ( • ), and after 2 hours (A) fumigation with 800 ßg S02 nr3 fitted with 
Equation 2.2. Markers do not indicate measured data. Dotted lines represent the C02 supply functions 
before 03) and after fumigation (B1) of plants measured at an ambient C02 concentration of 340 ppm C02 

(average value of five plants). The measured time course of the change in C02 assimilation and C; of 
these plants is enlarged in the inset. The numbers give time in minutes after the start of fumigation. 

Table 2.3 Values of C02 assimilation at high irradiance and high C02 concentration (?maXtC). 

mesophyll conductance of C02 (gm) and the CO2 compensation point ( r ) before and after a 2 hour 

fumigation period with 800 ßg S02 nr3 (n= 22). 

Fumigated 

Control 

before 
after 

before 
after 

^max.c 
(/igC02m-2s-i) 

761 ±55 
830 ±102 

791 ± 34 
766 ±38 

8m 
( mm s_1) 

2.1 ± 0.4 
1.5 ± 0.3 

3.3 ± 0.5 
3.3 ± 0.6 

r 
( mg C02 m-3) 

75 ± 9 (41 ± 5 ppm) 
98 ± 23 (53 ± 12 ppm) 

87+10 (48 ± 6 ppm) 
85 ±12 (46 ± 7 ppm) 
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The role of stomatal resistance in the observed reduction of the rate of C02 uptake was 
analysed by plotting the time course of leaf net photosynthesis versus C; at an ambient 
C02 concentration of 340 ppm (Fig. 2.5 inset). A strong reduction in net photosynthesis 
occurred during the first 10 minutes of fumigation, with a trajectory that closely followed 
the C02 supply function (dotted lines), indicating that the reduction was entirely due to an 
increasing mesophyll resistance. An increase in stomatal resistance occurred later, as can 
be observed by following the trajectory of the photosynthesis-C; curve in time. These 
results suggest that S02 induces an increase in mesophyll resistance which results in 
lowered photosynthetic rates. Stomata close later as a result of a feedback loop between 
net photosynthesis, internal C02 concentration and stomatal resistance. The constant ratio 
between internal C02 concentration and ambient C02 concentration both before and after 
fumigation (Table 2.4) support the conclusion that stomatal behaviour is not influenced by 
S02. Further analysis of Carlson's data (1983) showed that S02 did not affect the CJC& 
ratio in soybeans either, supporting the conclusion that stomatal behaviour is not altered 
by S02. 

Table 2.4 The ratio between internal C02 concentration (C;) and external C02 concentration (Ca) 

before and after a 2 hour fumigation period at high irradiances (300 J m"2 s"1) 

n 

4 
3 

14 
7 
6 

(ppm) 

340 
340 
340 
340 
850 

so2 
(/zg m-3) 

100 
200 
400 
800 
800 

before 

0.79 ± 0.02 
0.75 ±0.01 
0.72 ±0.01 
0.74 ± 0.02 
0.76 ± 0.04 

Q/ca 

after 

0.79 + 0.02 
0.76 ± 0.02 
0.70 ± 0.03 
0.70 ± 0.04 
0.75 ±0.01 

Several workers also found stomatal closure in Vicia f aba plants and other species 
exposed to low concentrations of S02 at low relative humidity, but stomatal opening at 
high relative humidity (Majernik & Mansfield, 1971; Black & Unsworth, 1980). Black & 
Unsworth (1980) observed stomatal opening at both low and high relative humidity in 
Phaseolus vulgaris, while Temple, Cao Hong & Taylor (1985) observed stomatal closure 
in this species. Other workers reported no change or a slight reduction in stomatal 
conductance (Barton et al., 1980) at low concentrations of S02 or reductions in stomatal 
conductance (cf. Müller, Miller & Sprügel, 1979; Olszyk & Tibbitts, 1981). The 
contradictory results of many studies were discussed by Black (1982) and Mansfield & 
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Freer-Smith (1984). The mechanism behind stomatal opening in response to S02 was 
analysed by Black & Black (1979) who observed damage in the epidermal cells of Vicia 
faba leaves surrounding the intact guard cells. Stomatal responses to light were 
unchanged. A possible explanation for the absence of such an effect in other studies could 
be a different physiological status of the plants used. In most studies, the effect of S02 on 
stomatal behaviour and photosynthesis are analysed separately. The method of analysis 
presented in this paper may help to obtain more insight into the interaction between 
various physiological reactions of plants during exposure to air pollutants. 

From in vitro gas exchange measurements it appears that the effects of S02 are 
reversible and suppressed at high CO2 concentrations (Fig. 2.5; Black, 1982; Carlson, 
1983), which supports the competitive mechanism of S02 inhibition suggested by Ziegler 
(1975). From Table 2.3 it appears that both the C0 2 compensation point and the 
mesophyll resistance increased after S0 2 fumigation. An increase in the C02 

compensation point was also reported by Furukawa, Natori & Totsuka (1980) and 
Jensen & Noble (1984). This increase in r indicates that the effect of S0 2 on C02 

assimilation cannot be explained by an equal competitive effect of sulphur metabolites with 
respect to C0 2 and 02 . The observed increase in the C0 2 compensation point and 
mesophyll resistance can only be explained by a stronger effect of sulphur compounds on 
the affinity of the enzyme for C02 (Kc) than on its affinity for 0 2 (K0). These effects 
can be quantified in gas exchange measurements at a range of C02 concentrations at both 
normal and low oxygen concentrations to separate S02 effects on carboxylation and 
oxygenation of RBP carboxylase/oxygenase. 
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Symbols used in Chapter 2 

Ca ambient C02 concentration (/ig C02 nr3) 
C\ internal C02 concentration (/ig C0 2 nr3) 

e initial light use efficiency of leaf photosynthesis (/ig C02 J
1) 

gm mesophyll conductance (m s1) 

r C02 compensation point (/ig C02 nr3) 
ƒ absorbed radiation (J nr2 s1) 
Kc Michaelis-Menten constant for binding of C02 to 

RBP carboxylase/oxygenase (/ig C02 nr3) 
K0 inhibition constant for C02 binding by 0 2 competition (/ig 0 2 nr3) 
Ks inhibition constant for C02 binding by S02 competition (/ig S02 nr3) 
O oxygen concentration in the leaf (/ig 0 2 m-3) 
P net C02 assimilation rate (/ig C02 nr2 s1) 
P m a K net CC^ assimilation rate at light saturation (/ig C02 m

-2 s1) 
fmaxc net CC^ assimilation rate at C02 saturation (/ig C02 m

-2 s_1) 
Äd dark respiration rate (/ig C02 m

2 s1) 
rj, boundary layer resistance to C02 ( sm1) 
rs stomatal resistance to C02 ( sm1) 
rm mesophyll resistance to C02 (s m1) 
5 concentration of sulphur metabolites in the cells (/ig S02 nr3) 
t fraction of glycolate carbon released after oxygenation (-) 
V net rate of carboxylation (/ig C02 nr2 s1) 
Vc rate of carboxylation at high C02 concentrations (/ig C02 nr2 s1) 
V0 maximum rate of oxygenation (/ig 0 2 nr2 s_1) 
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Chapter 3 

Modelling the flux of SO2 into leaves and effects 
on leaf photosynthesis 

Abstract A model for the flux of atmospheric S02 into leaves and the effects of S02 

metabolites (S(IV) compounds) on leaf photosynthesis and stomatal resistance is 
presented. The S(IV) balance in the leaf is determined by the rate of S02 uptake and S(IV) 
removal by oxidation to sulphate. Toxic S(IV) compounds reduce the rate of 
photosynthesis and induce stomatal closure as a result of feedback control of stomatal 
resistance by photosynthesis. Other proposed mechanisms, like effects through a pH 
reduction, are not likely to play a role in short-term effects of realistic S02 concentrations. 
The model contains two key parameters which describe biochemical characteristics: a time 
coefficient for S (IV) oxidation and a parameter describing the sensitivity of photosynthesis 
for S(IV). 

Simulation results demonstrate the potential of plants to avoid extremely toxic 
concentrations of S(IV) in the leaf by three mechanisms: (i) rapid oxidation of S(IV) to 
less toxic sulphate, (») relatively high resistance to S02 uptake and (Hi) feedback control 
between photosynthesis and stomatal resistance. S(IV) concentrations in the leaf and S02 

concentrations in the stomatal cavities in stable situations are less than 1% of 
concentrations which build up without these mechanisms. Leaf thickness appeared to be 
an important factor determining the susceptibility of plants to air pollutants. Thin leaves 
will be more sensitive than thicker leaves. It is concluded that effects of S02 on 
photosynthesis should be related to the uptake per unit of leaf volume instead of the 
commonly used flux per unit leaf area. The model accurately described the time course of 
photosynthetic reduction during a short fumigation period and subsequent recovery 
period. 

3.1 Introduction 

The effects of S02 on plants, studied extensively in the past decades, indicate generally 
depressing effects at different organization levels (cell, organ, plant, crop) (see reviews: 
Ziegler, 1975; Hâllgren, 1978; Unsworth & Ormrod, 1982; Winner et al., 1985). 
However, it is still impossible to predict the effects of specific S02 concentrations on plant 
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