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STELLINGEN

De bestaande modellen voor de gasuitwisseling van bladeren met de aangren-
zende atmosfeer zijn ontoereikend voor het berekenen van NH; en SO, opname

door bladeren.
Dit proefschrift

Bij planten die onder optimale condities opgroeien, veroorzaken de gemid-
delde NH; en S50, concentraties welke in Nederland in de atmosfeer worden
gemeten, geen direkt waarneembaar effekt op de fotosynthese en stomataire
geleiding.

Dit proefschrift

De aanwezigheid van 'water' op het bladoppervlak, in de vorm van een water-
film en/of gebonden aan de polaire groepen in de cuticula, speelt een

cruciale rol bij de adsorptie van NH; en 50, aan het hladoppervlak.

Dit proefschrift.

De stikstof verliezen van een gewas ten gevolge NH, emissie door de bladeren

zijn te verwaarlozen.
Dit proefschrift

De conclusie van Ivens et al. dat uit concentratie-metingen van NH,‘+ en SO4L
in *doorvalwater® een goede schatting van de droge depositie van NH; en 350,

op een vegetatie-oppervlak kan worden gemaakt, is onjuist.

Ivens, W.P.M.F., Draaijers, G.P.J., Bos, M.M. and Bleuten, W. 1988. Dutch
forests as air pollutant sinks in agricultural areas. Dutch Priority
Programme on Acidification, Report 37-09, RIVM Bilthoven.

Dit proefschrift

De door Genty et al. geintroduceerde procedure voor het non-destructief
meten van de fotosynthese aan bladeren van pianten met behulp van chlorefyl
fluorescentie munt uvit door eenvoud en snelheid en is derhalve bij uitstek
geschikt voor toepassing binnen ecofysiologisch onderzoek.

Genty, B., Briantais, J.M. and Baker, N.R. 1989. The relationship between
the gquantum yield of photosynthetic electron transport and quenching of
chlorophyll fluorescence. Biochimica et Biophysica Acta 990: 87-92.

De economische groeifilosofie welke het Naticnaal Milieubeleidsplan hanteert
om het milieu te redden, leidt niet tot een serieuze terugdringing van de

uitstoot van gassen verantwoordelijk voor het broeikaseffect.

RIVM-rapport "Zorgen voor morgen, nationale milieuverkenning 1985-2010".
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Het ieven in dichtbevolkte, goed georganiseerde steden is uit een oogpunt
van energiebesparing en milieubehoud meer verantwoord dan het leven op het

platteland.

Paehlke R.C. 1989. Environmentalism and the future of pregressive pelitics.
Yale University Press.

Het verdient aanbeveling om in economische beschouwingen over het tropische
regenwoud meer de nadruk te leggen op de commerciéle waarde van het regen-

woud als leverancier van niet-hout produkten.

Peter, C.M., GQCentry, A.H. and Mendelsohn, R.,0. 1989. Valuation of an
Amazonian rainforest. Nature 339: 655-656.

De plantenveredeling in de laatste decennia heeft onbedoeld geleid tot

cultuurrassen met een grotere tolerantie tegen luchtverontreiniging.

Gould, R.P. and Mansfield, T.A.. 1989. The sensitivity of early 20th century
cultivars of wheat to air pollution. Environmental Pollution 56: 31-37.

De resultaten van Terashima et al. tonen duidelijk aan, dat uit de relatie
tussen de interne CO0,-concentratie en CO,-assimilatie een onjuiste conclusie
kan worden getrokken ten aanzien van niet-stomataire of stomataire remming
van de fotosynthese ten gevolge van b.v. 'stress' door droogte, indien de
opening van de stomata van het blad ongelijk is.

Terashima, I., Wong, §5.-C., Osmond, C.B, and Farguhar, G.D. (1988).
Characterisation of non-uniform photosynthesis induced by abscisic acid in

leaves having different mesophyll anatomies. Plant Cell Physiology 29:
385-304,

Gezien de moeilijkheid om stikstofoxiden (NO+NOZ) uit de lucht m.b.v. kool-
stoffilters te verwijderen, moet het waarschijnlijk worden geacht, dat veel
in de literatuur beschreven langdurige begassingen met ozon, zwaveldioxide

of ammoniak in feite mengbegassingen met stikstofoxiden zijn geweest.

Dit proefschrift.

Gezien de traagheid waarmee veranderingen tot behoud van het milieu worden
gerealiseerd, wvormt de milieuproblematiek nog een schier onuitputtelijke

bron van stellingen voor toekomstige generaties promovendi.

Stellingen behorende hij het preoefschrift: “The mechanism of NH; and 50,
uptake by leaves and its physiological effects", van L.,W.A. van Hove.

Wageningen, 18 oktober 1989.
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VOORWOORD
Het in dit proefschrift beschreven onderzoek werd in de periode van begin 1984
tot begin 1989 uitgevoerd. Het onderzoek geheurde in een samenwerkingsverband
tussen de vakgroep Luchthygiéne en -verontreiniging en de vakgroep
Plantenfysiologisch Onderzoek van de Landbouwuniversiteit te Wageningen.
Aanvankelijk werd het onderzoek gefinancierd door het Ministerie van
Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer (VROM) (afd.
Bestuurszaken, sectie externe veiligheid). Sinds juni 1986 maakt het onderzoek
deel wuwit wvan het Nationaal Programma Verzuringsonderzoek, dat wordt
gecodrdineerd door het Rijks Instituut voor Volksgezondheid en Milieuhygiéne
(RIVM) te Bilthoven. In de pericde van medic 1988 tot mei 1990 wordt in een
vervolgprojekt (projekt 110} eenzelfde scort onderzoek gedaan bij de Douglas
spar {Pseudotsugas menziesii).

Graag wil ik de vertegenwoordigers van VROM en het Nationaal Programma
Verzuringsonderzoek bedanken voor hun {financiéle ondersteuning van het

onderzoek.

Echter, "geld alleen maakt niet gelukkig'. Het onderzoek zou niet tot
stand zijn gekomen zonder de inzet van velen. Graag wil ik van de gelegenheid
gebruik maken om hen hiervoor te bedanken.

In de eerste plaats gaat mijn dank uit naar mijn beide promotoren, prof.
dr. E.H. Adema en prof. W.J. Vredenberg, voor hun steun en raad tijdens het
verloop van het onderzoek en het kritisch bekijken van de manuscripten. In dit
verband ben 1k ook dr. G.A. Pieters (PFO} erkenmtelijk. Veel dank ben ik ook
verschuldigd aan Olaf van Kooten. COlaf was voer mij de "goeroe” op het gebied
van de chlorofyl fluorescentie. Samen deden we wvanaf 1986 "zure regen”-
onderzoek onder de paraplu van het Nationaal Programma Verzuringsonderzoek,
hetgeen zijn neerslag vond in gezamenlijke publikaties op dit gebied.

Het onderzoek vereiste een omvangrijke proefopstelling. De inzet van Wim
Tonk is wvan onschatbare waarde voor de ontwikkeling hiervan geweest. Als
belangrijkste “"wapenfeiten" dienen genoemd te worden: het ontwerp van de
bladkamer of bladcuvette, en de begassingskamers waarin planten gedurende een
lange tijd kunnen worden blootgesteld aan verschillende gassen. Zijn inven-
tiviteit, deskundigheid, inspanning en het "durfen nemen van risico's" hebben
er mede toe bijgedragen dat ideeén werkelijkheid zijn geworden. In dit verband
ben ik ook de medewerkers van de Stichting Technische Fysische Dienst voor de

Landbouw (TFDL) erkentelijk.



Met name gaat mijn dank uit naar Rinus van Ginkel, degene die uiteindelijk de
bladcuvette heeft gemaakt.

De medewerkers van de vakgroep Plantenfysiclogisch Onderzoek wil ik
bedanken voor de geboden gastvrijheid, de prettige werksfeer en de medewerking
op allerlei terreinen. Zeer belangrijk was de steun gegeven door het technisch
personeel: Jan van Kreel, Teun van Rinssum, Rienk Bouma en Michaél Hegeman.
Zij hebben een ommisbare rol gespeeld in het draaiende houden van de meet-
opstelling. Daarnaast gaat mijn hijzondere dank ook uit naar het tuin- en
fytotron-personeel: Leen Peterse en Henk Melissen.

Tevens wil ik de grote groep medewerkers van de vakgroep Luchthygiéne en -
verontreiniging bedanken. De assistentie gegeven door Wim Braun, Pieter
Versloot, Joop Willems, Hillion Wegh, Jan van Tongeren, Eric Mclenaar en Paul
Heeres is van groot belang geweest bij de uitvoering van het onderzoek.

Mijn dank gaat ook uit naar de medewerkers en medewerksters van de service
afdeling, de electro/electronica afdeling, de tekenkamer, de afdeling
fotografie, het apparaten- en het chemisch magazijn van het Biotechnion.

Veel dank ben ik ook verschuldigd aan Rob Scholtens, Andries Koops, Gerald
Laheij, Klaas Jan van Wijk, Dani&l Veenhuysen en Martin Stempher. In het kader
van hun doctoraalstudie of afstudeeropdracht hebben =zij een waardevolle
bijdrage aan het onderzoek geleverd.

Erkentelijk ben ik ock voor de adviezen en steun gegeven door medewerkers
van het Instituut voor Plantenziektenkundig Onderzoek (IP0), werkzaam op het
gebied van de effekten van luchtverontreiniging op planten.

Vermeld dient ook de inzet wvan Manon Mensink te worden. Na haar aan-
stelling in februari 1989 heeft zij zich in korte tijd het onderzoek eigen
gemaakt, hetgeen een grote prestatie gencemd kan worden. Hierdoor kon ik mij
*onbekommerd" aan het schrijven van het manuscript wijden.

Verder wil ik Andrea Velthuyzen van Zanten uit mijn geboortedorp Hillegom
bedanken voor het ontwerp van de omslag van het proefschrift.

Mijn ouders hebben mij gestimuleerd en de mogelijkheden geboden om te gaan

studeren. Ik ben hen daar zeer dankbaar voor.
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ABSTRACT

The relation between uptake of atmospheric ammonia (NHy) and sulphur dioxide
(80,) by individual leaves, photosynthesis and stomatal conductance was exami-
ned. The experiments were carried out with bean plants (Phaseolus vulgaris L.}
and poplar shoots (Populus euramericana L.). The method of analysis was deri-
ved from methods used in photosynthetic research. The uptake of NH, or 50, was
experimentally determined by using a leaf chamber specially developed for this
research. Simultaneously, transpiration and carbondioxide (C0,} assimilation
of leaves were measured.

The adsorption of NH, and 50, strongly increased with increasing air
humidity, indicating a major role of water in the adsorption process. A de-
scriptive model for the adsorption in the cuticle-water-system is proposed.
The affinity of 50, for the leaf surface was found to be approximately twice
that of NH;. A mixture of these gases in the air mutually stimulated their
adsorption on the leaf surface. No significant desorption or transpert of
these gases through the cuticle could be detected.

The uptake of NH; into leaves appeared to be dependent on the Ileaf boundary
layer and stomatal resistance and NH; concentration at the leaf surface. In
contrast, a less clear relation between 50, uptake and stomatal resistance was
found, in particular at a low vapor pressure deficit (VPD). The measured flux
was larger than can be calculated from the boundary layer and stomatal
resistance for H,0, suggesting a lower resistance of the diffusion pathway.
The same was observed for NH; at a low temperature and VPD. It is postulated
that this discrepancy is due to a difference in path length.

Under the conditions of the present research the physiological effects
caused by a prolonged exposure to NH; or 50, became notable at concentrations

of about 100 pg.m™.

The NH, exposure had a positive effect on photosynthésis,
stomatal conductance and NH; uptake, whereas a small irreversible imhibition
of photosynthesis and stomatal conductance was induced by the 50, exposure.

The relations assessed in this study can be used to construct a descrip-
tive model for NH, and 50, transfer into leaves as a function of wind velocity,

light intensity, air temperature and humidity.

Key word index: Air pollution, NH;-uptake, S$0,-uptake, photosynthesis, stomatal

conductance, Phaseclus vulgaris L., Populus euramericapna L,, leaves,

xi



CHAFTER 1
GENERAL INTRODUCTION

Emission and deposition of acidifying substances in the Netherlands

Atmospheric deposition of acidifying substances in the Netherlands differs
markedly from that in other northern and western European countries. In
addition to deposition of sulphur dioxide (50,)} and nitrogen oxides (NO,) also

a large deposition of ammonia/ammonium (NHS/NH‘+) oceurs (table 1.1).

Table 1.1. The deposition of acidifying substances in The Netherlands
(in eq. H*.ha’'.year™),

1980 1986

wet dry total wet dry total
sulphur oxides 740 2100 2840 560 1400 1960
nitrogen oxides 4Q0 1250 1650 330 1240 1570
ammonia/ammonium 630 720 1350 620 760 1380
total acid 1770 4070 5840 1510 3400 4910

(Schneider and Bresser 1987)

About one third of the total deposition of acidifying substances is by wet
deposition; lggghdggggigiggwmggrt” ocecurs in gaseous form. as so called dry
deposition. The deposition of §0, and KO, originates to & large extent from
emissions in neighbouring countries. Important antrophogenic sources are
industry and road traffic. The large decrease of SD, deposition in the peried
from 1980-1986 is mainly a result of a reduced emission in these countries.
The S0, emission in the Netherlands in this periocd has been reduced with about
40%. In contrast no reduction of NO, emission has taken place. The largest
part (about 80%) of the locally emitted $0, and NO_ is transported abroad
(Erisman et al. 1989).

The annual mean S0, concentration in the Netherlands is about 25 pg.m3,
Occasionally maximum hourly-mean concentrations up to 100 pg.m'3 have been
measured {Anonymous 1986; Vermetten 1989).

By comparison the annual mean concentration in urbanized and industrialized
areas in the United States and Western Europe may exceed 100 pg.m® (Fowler and
Cape 1982; Krause 1988).



The annual NO, concentration in the Netherlands is in the same order of
magnitude as the 50, concentrations (Anonymous 1986). However, maximum hourly-
mean concentrations far above 100 pg.md may be reached.

The relatively high deposition of NH; originates almost entirely from
emission sources in The Netherlands itself. The emissions in the peried from
1950-1980 have doubled (table 1.2}, while for Europe as a whole the NH,
emissions have increased with 50Z (ApSimon et al. 1987). The dominant emission
of NH; {about 90%Z) arises from agricultural sources, mainly livestock wastes.
The total N]-Is emission in the Netherlands amounts to 240 x 10° tons per year,
of which a large part (50-60%) is emitted in areas where intensive livestock
breeding is concentrated (LEI-report, in prep.). Maximum monthly-mean NH,
concentrations of 35 pg.m'* have been measured in these areas (Erisman et al.
1987). In particular when manure is spread out on the fields, hourly-mean NH,
concentrations can reach a maximum of 60 pg.m> (Vermetten 1989). These
concentrations are far above the concentrations measured in other parts of the
country (<5 pg.md). A large part of the emitted NH; is also deposited in the
emission areas, as a result of which the total amount deposited nitrogem. in
these areas may be 10-20 times the natural nitrogen deposition of 5-10
kg.ha'.y! (Anonymous 1987).

Effects on vegetation

In 1983 a first national survey about the health condition of the Dutch
forests was carried out by the Dutch National Forest service. This survey
showed a ‘'critical' condition of many forest stands (SBB 1983). In the period
1983-1987 the percentage non vital or sick increased from 9.5 to 21% (SBB
1987). The most striking symptoms are premature loss and yellowing of needles
or leaves. Serious forest decline is found in areas where intensive livestock
breeding is concentrated. In these areas more than 50% of all trees has heen
classified as less vigorous. Another obvious phenomenon during the last
decades is the change of heathlands into grasslands. In particular grass
species as Molinia caerulea (L.) and Moench and Deschampsia flexuosa (L.)
Trin. have strongly expanded at the expense of Calluna vulgaris (L.) and other
heathland species (Heil and Diemont, 1983; Roelofs et al. 1984; Roelofs 1986).



Table 1.2. Trends in emissions of NH, from livestock (1950-1980)

area emission (x10° t) y4 Emissions 1980

Country (x10° km?) 1950 1960 1970 1980 change (t.km2)
Austria 83 49 53 56 61 24 0.73
Belgium 30.5 40 57 67 75 88 2.46
Bulgaria 110 - 55 54 74 (34) 0.67
Czechoslovakia 128 - 101 98 119 (18) 0.93
Denmark 42.5 68 83 79 84 24 1.98
Finland 333 40 39 39 37 -7 0.11
France 544 337 409 449 527 56 0.97
F.R.G. 250 243 286 333 57 47 1.43
G.D.R. 108 78 115 131 148 90 1.37
Greece 129 32 47 40 43 34 0.33
Hungary 92 60 59 82 69 15 0.75
Ireland 68 91 105 129 146 60 2.14
Italy 298 199 215 232 218 9 0.73
Netherlands 41 54 77 100 127 135 3.10
Norway 324 29 28 25 26 -10 0.08
Poland 313 159 213 256 310 95 0.99
Spain 499 - 148 153 160 (8) 0.32
Sweden 444 55 54 44 46 -16 0.10
Switzerland 41 32 38 42 46 43 1.12
U.K, 244 236 321 336 366 55 1.49
Yugoslavia 253 140 149 137 132 -6 0.52
Total 2360 2850 3110 3450 46

(ApSimon et al. 1987)

Numerous reports have shown that the high deposition of NH,; is to a large
extent responsible for the observed effects {(Van Breemen et al. 1982; Den Boer
and Van den Tweel 1985; Roelofs et al. 1985 and 1987; Van Dijk and Roelofs
1988; Boxman et al. 1987; Draaijers et al. 1987; Ivens et al. 1987; Heil et
al. 1987; Van der Eerden 1982; Roelofs 1986). The effects are mainly
attributed to effects of the NHy deposition on the soil. Most forests in the
Netherlands are located on nutrient poor soils with a limited buffering

capacity,



Throughfall measurements indicate that vegetation may act as an important
sink for atmospheric NH;. Moreover these measurements indicate that S0, may
play an important role in this deposition and consequently may be responsible
for the observed effects as well. It was shown that both gases mutually
stimulate their deposition on the vegetation which can be attributed to the
formation of ammonium sulphate on the canopy surface (Van Breemen et al. 1982,
Roelofs et al. 1985, Heil et al. 1987 and 1988, Ivens et al. 1088). In
nitrifying soils the ammonium sulphate reaching the soil after leaching by
rainwater oxidizes rapidly to nitric and sulfuric acid, causing acidification
in non-calcareous soils, As a result of this acidification large amounts of
aluminum may be released from the soil complex (Van Grinsven 1988). Also
needles and leaves show an excess in nitrogen content and a relative shortage
of other nutrient elements such as potassium, phosphorus and magnesium. This
may be a result of disturbed nutrient balance in the soil due to high inputs
of acids or nitrogen compounds, as well as of uptake of atmospheric nitrogen
compounds by the needles or leaves (Van Dijk and Roelofs 1988). In addition,
these needles or leaves show an accumulation of amino acids such as argini;e,
glutamine or asparagine, which may be an indication of a severe nitrogen

overload.

Objectives and approach
In the present research the uptake of NH; and S50, by leaves and the relation
between uptake, photosynthesis and stomatal conductance has been examined. The
research project started in 1984. Since june 1986 it is carried out as part of
the Dutch Acidification Program.
The objective was to get a better understanding of:
1. the relative importance of leaf surface adsorption and transfer of
these gases through the cuticle and stomata into leaves,
2. the relationship between concentration, transport resistances and flux
densities,
3. the influence of climatic variables (wind velocity, air humidity and
temperature) and plant properties on the uptake of these gases by leaves,
4. the influence of 50, on the uptake of NH, by leaves,
the relationship between uptake of these gases into leaves, stomatal
conductance and photosynthesis at a short term exposure and after a long

term exposure to low and moderate concentrations of these gases.




The results contribute to a better understanding of the (dry) deposition
of NH; and 50, on vegetation and physiological processes induced by these
gases. Data on the actual amount of uptake may, for instance, be used in dose-
response relationships for the assessment of threshold levels for these gases.
The results can also be used for the development of physiologically based
simulation models which are a valuable tool to cbtain understanding of
vegetation responses to air pollutants.

The uptake of NH; and 50, by leaves was experimentally determined in the
laboratory. The method of analysis is similar te that commonly used in
photosynthetic research where the gas exchange of leaves is analyzed by using
electrical resistance analogues, with the total resistance to transfer being
partioned into gas-phase and liquid-phase components (Jarvis, 1971; Sharkey
1985). The uptake of NH; and 50, by leaves was experimentally determined by
using a leaf chamber, specially developed to meet our requirements.

The wuptake was measured simultaneously with transpiration and
photosynthesis of the leaf. In this way the uptake of NH; and 50, could be
directly related to stomatal behaviour and photosynthesis of leaves.

The measurements were performed with bean plants (Phaseolus vulgaris L.)

and poplar shoots (Populus euramericana L.).

Outline of the thesis

Sofar only a limited number of leaf chambers have been designed for measuring
photosynthetic responses and transpiration of leaves during fumigation with a
pollutant gas. Moreover, these designs were less suited for analyzing the
uptake of low concentrations of pollutant gases at different environmental
conditions. Therefore, a leaf chamber was developed to meet our requirements.
Chapter 2 reports on the performance and properties of the newly developed
leaf chamber.

The research first concentrated on the uptake of NH; by leaves. Chapter 3
presents the results of a study in which the relation between concentration
and uptake of NH; into leaves during a short term exposure has been studied.

A continuous measuring method for NH, was modified and applied. This method is
now used in other projects of the Acidification Program. The NH; uptake was
analysed using a resistance analogue presented in this chapter.

Relatively little was known about the quantities of NH; and S0, that are
adsorbed on the external leaf surface, as compared to the quantities

transported into leaves.



Therefore, the adsorpticn of these gases has been extensively examined. The
results are presented in chapter 4.

Only a limited number of papers deals with the physiological effects of
atmospheric NH; taken up by the leaves. Papers on this subject mainly report
on visible effects, for example as result of the release of high NH;
concentrations at accidents. Chapter 5 reports on a study in which the effects
of a long term exposure to low NH, concentrations on the relationship between
NH, uptake, stomatal conductance and photosynthesis was examined. The
experiments were carried out with poplar shoots. Also chlorophyll fluorescence
measurements were performed to obtain more information about the effects of
this NH, exposure on the photosynthesis process at the chloroplast level. It
was examined whether the fluorescence method and analysis can be used for the
diagnosis of plant stress induced by air pollutants.

Despite the extensive literature on the effects of S0, many uncertainties
still exist with respect to the physiological effects caused by a long term
exposure to low concentrations of this gas. Chapter 6 reports on a study in
which the effects of a long term exposure to low S0, concentrations on the
relationship between S0, uptake, stomatal conductance and photosythesis was
examined. Furthermore, the effects of a long term exposure to a combination of
50, and NH; was studied. Also in this study poplar shoots have been used.
Chapter 7 presents the results of a study in which the influence of wind
velocity, air humidity and temperature on the uptake of these gases into

leaves was examined.




CHAPTER 2

A leaf chamber for measuring the uptake of pollutant gases at low

concentrations by leaves, transpiration and carbon dioxide assimilation

L.W.A. van Hove, W.J.M. Tonk, G.A. Pieters, E.H. Adema and
W.J. Vredenberg
{published in Atmospheric Enviromment Vol, 22, No 11, pp. 2515-2523, 1988)

Abstract

A leaf chamber has been developed for analyzing the uptake of pollutant gases
(NO, NO,, 0. SO,, NH;), in ambient concentrations, into leaves and the effects
there of on steomatal behaviour and photosynthesis,

Performance studies showed a negligible permanent reaction of these pollutant
gases with the internal surfaces. With S0, and NH,, however, a considerable
time was necessary until the desired concentration within the leaf chamber was
reached. This adsorption of NH; and 50, might be related to the presence of a
thin waterfilm on the internmal surfaces of the leaf chamber. A wide range of
air temperatures and humidities can be applied in the leaf chamber. The wind
velocity across both leaf surfaces is homogenuous and can be varied, up to a

maximum of about 3 m.s™'.

Consequently, the relation between the boundary layer
resistance and uptake of a pollutant gas can be studied properly. Measurements
with a thermovision camera have shown that the control of leaf temperature
distribution at the leaf surface is improved. This enables a higher accuracy

in the determination of the stomatal resistance.



Introduction

The responses of plants to pollutant gases vary with pollutant concentration
and exposure time, with climatic and scil variables and with biological
variables. Due to the large number of variables it is hard to assess the share
of the pellutant gases in the observed effects and to predict the responses of
plant to specific exposures.

Valuable tools to obtain understanding of the effects of air pollutants on
vegetation are physiologically based simulation models. These models are based
on existing crop ecological models, which already contain environmental
variables and their effects on photosynthesis and other physiological
processes, e.g. stomatal opening. In modelling plant responses to air pollu-
tants a better understanding of the uptake of pollutant gases by leaves is
essential. Data on the actual amount of uptake may, for instance, be used in
dose response relationships for the assessment of threshold levels for
different pollutant gases. The results may also contribute to a better
understanding of the (dry) deposition of pollutant gases on vegetations and
physiclogical processes induced by pollutant gases.

The uptake of pollutant gases by leaves includes surface adsorption,
cuticular absorption, and transfer via the stomata. Understanding of the
uptake process requires knowledge about the relationships between stomatal
opening, photosynthesis, rates and extents of uptake, as well as the biotic
and abiotic factors affecting these rates.

These relations can only be assessed and studied in detail under defined
steady-state environmental! conditions. Hence measurements in a controlled
environment are required. Once the different relations have been assessed and
integrated in a mechanistic model, field measurements are necessary for
verification.

The wuptake of a pollutant gas can be experimentally determined and
analyzed in the laboratory according to methods used in photosynthetic
research (Unsworth et al., 1976). The C0, assimilation of a leaf is analyzed
by using electrical resistance analogues, with the total resistance to CO,
uptake being partitioned into gas-phase and liquid-phase components (Jarvis,
1971; Sharkey, 1985},

For assessing these resistances at different environmental conditions leaf
chambers have been developed, which allow precise control of leaf environment
and continuous monitoring of €O, and H,0 fluxes (Jarvis et al., 1971; Schulze,
1972; ; Field, Berry and Mooney, 1982).



Only a limited number of leaf chambers have been designed for
measuring photosynthetic responses and transpiration of leaves during
fumigation with a pollutant gas {Legge et al. 1979, Black and Unsworth, 1979;
Noble and Jensen, 1983; Atkinson et al., 1986). These designs are however less
suited for analyzing the uptake of low concentrations of pollutant gases at
different environmental conditions (air temperature, humidity and wind
velocity). In general, the main difficulty is, that materials have been used
with which the pollutant gases may react. In addition, the control of some
critical environmental factors within the leaf chamber, such as wind velocity,
can only be varied in a limited range.

This paper reports on the properties and performance of a new leaf
chamber, which has been developed to meet our requirements. The leaf chamber

is part of a gas exchange fumigation system described in chapter 3.

Method, design and performance

Criteria

A leaf chamber was required for processing low concentrations of pollutant
gases, applied individually or in combination., A first requirement to be met
was therefore the prevention of pollutant gases being adsorbed on or reacting
at the internal surfaces of the leaf chamber,

Another important requirement is a precise control of air temperature
within the leaf chamber for studying the influence of different air tempera-
tures. It is necessary to avoid large fluctuations in temperature of the
cooling or heating element to minimize fluctuations in the concentrations of
pollutant gases and in relative air humidity. In addition, condensation of
water vapour on internal surfaces, in which the pollutant gases may
dissolve, should be prevented,

The leaf chamber is part of an open system (Jarvis and Catsky, 1971},
where uptake of a pollutant gas, transpiration and C0,-assimilation of a leaf
is determined by measuring the difference between inlet and outlet
concentration of the leaf chamber. However, differences between inlet and
outlet concentration are only detectable, if flow rates of air passing the
leaf chamber are small (5 to 6 l.min''). As a consequence mechanical mixing
within the leaf chamber is necessary in order to prevent space variability of
gas concentrations. However, mixing of the chamber air is also important with
regard to the boundary layer resistance of the leaf (r,). The value of r,

which determines the heat and mass exchange between the leaf and the



surrounding air, is closely related to wind speed across the leaf surface.

In the absence of mechanical mixing, r, may exceed the stomatal resistance of
a leaf. Consequently, rates of photosynthesis, transpiration and uptake of a
pollutant gas are primarily determined by this physical resistance and less
affected by physiclogical changes. The project reported was an attempt to
develop a leaf chamber with a homogeneous wind speed across both leaf

surfaces, which could be varied up to a maximum of at least 1 ms’l.

In this
way the influence of r, on the gas exchange between the leaf and the sur-
rounding air can be studied properly. In addition, this may improve the deter-
mination of r, and control of leaf temperature, which is of primary importance
for the calculation of the stomatal resistance of a leaf (Pieters 1972).

Because of the small flow rates of the air passing the leaf chamber, the
internal volume of the leaf chamber has to be as small as possible for fast
detection of changes in gas exchange. Furthermore, it was desirable that the
leaf chamber has transparent windows on both sides, This offers the
opportunity to control the irradiation on the abaxial side of the leaf and to
perform other types of measurements, such as fluorescence measurements,
simultaneously with the gas exchange measurements.

Further requirements of the design were: airtight, convenient operation,

ready access to the leaf studied and an easy cleaning,

Construction
Glass and teflon have been used for all internal construction parts. In
comparison with other materials such as plexiglass, these materials have a
small absorptive capacity for pollutant gases and are not affected by e.g.
O;. A block of PTFE (polytetrafluorethylene} teflon (dimensions 450 x 300 x 50
mm) has been used as starting material (figure 2.1).

Spaces for the leaf, the recirculating ducting and two centrifugal fans
have been made in this block. The total internal air volume is 2.6 1, giving a
residence time of 25 to 30 s at an air flow rate passing the leaf chamber of 5

1. To aveid deformation the teflon block has been sandwiched between

to 6 l.min"
two aluminum plates. Because no contact with the pollutant gases is allowed,
teflon sheets (3 mm thick), alkali etched on one side, have been glued on the
inner side of these plates. The leaf space (dimensions 200 x 250 x 21 mm) is
closed at the upper and lower side with an identical window of double,

tempered glass.
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Figure 2.1. A side view of the gas-exchange cuvette or leaf chamber
showing the teflonblock, the upper window and the leaf space. A slot
in the end wall of the cuvette provides for stem or petiole entry
into the chamber. The leaf is held in the middle of the leaf chamber
by thin teflon wiring.




The upper window is removed routinely to enclose the leaf of the plant. A
petiole can be inserted into a slot in one end wall of the leaf chamber. When
the petiole is inside, a small teflon block with an opening for the stem is
pushed into place, and the opening around the stem is sealed with a silicone
based precision impression material (Xantopren, Bayer Dental). This material
was found to have no effect on the plant. The leaf is held in the middle of
the leaf chamber by thin teflon wiring.

To prevent dilution of the chamber air with room air the leaf chamber has
a small overpressure of 98 Pa (10 mm water column).

Air is continuously kept recirculating inside the leaf chamber by two
fans, made of PVDF (polyvinylidene fluoride). To gain a maximum of pressure
the fans are placed in series, with the second fan rotating about 6% faster
than the first one. The motor and drive mechanism of both fans are situated
outside, under the leaf chamber. The motor is a DC motor-tache-combination
(Mattke). Rotation speed of the motor can be set precisely with a maximum of
10,000 r.p.m.. Leakage at the bearings was prevented by the use of teflon
seals, which have a low friction with the driving shaft. A detailed drawing of
a fan bearing is shown in figure 2.2. Wind velocities across the leaf surface

' can be obtained using the fans. The distribution of wind

of up to 3 m.s’
velocity across the leaf surface can be adjusted by vanes situated in the
supply channel of the recirculating ducting.

The low thermal conductivity of the teflon material provided the operation
of the leaf chamber to be independent of temperature variations of the room,
in which the leaf chamber is used. Particularly when the leaf chamber is
operated in a room with unsufficient possibilities of regulating the air
temperature, this is an important advantage. The possibility of using peltier
modules or heating and ecooling fins within the leaf chamber had to be
rejected, because mechanical obstructions lowered the maximum wind velocity to
be obtained. In addition, internal heating and cooling elements introduce
materials with which pollutant gases may react. Therefore, both glass win-
dows of the leaf chamber, which have a relatively large surface, are used as
heat exchanger. Between the double glass of the windows water is recircula-
ting, of which temperature is controlled - with feed back control - by a
modified thermostatic waterbath. The recirculating water is not connected
directly to the thermostatic waterbath, but by means of a heat exchanger in
order to reduce contamination between the double glass and the risk of

breaking of the glass by varying water pressures.
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The leaf chamber is mounted on a support consisting of 4 spindles, which
can be used to adjust the distance between the leaf chamber and the lights.

For cleaning purposes the leaf chamber can be taken apart.
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Figure 2.2, Fan bearings. 1. 51 ST aluminum plate (10 mm) with
teflon sheet (3 mm). 2. PTFE-teflon block. 3. recirculating ducting.
arrows=wind direction. 4. compartment with a set of stainless-steel
chromium angular contact bearings. 5. pulley (convex). 6. seal1ng
compartment; stainless-steel shaft coated with chromium dioxide (0.2
micron}; PTFE seal with aluminum pressure ring.
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Performance

Air temperature and humidity

Under moderate light conditions {(up to 80 W.m'? PAR) temperature control was
sufficient to keep the air in the leaf chamber at a constant temperature
regardless of heat loading from the light sources. However, at a high light
intensity (290 W.m? PAR) air temperature within the leaf chamber was seve-

ral degrees above the preselected value. Although air temperatures from 10 to
40 °C can be obtained, measurements are usually performed at a temperature
between 20 and 25 *C, When equilibrium was reached at a preselected value,
temperature did not deviate more than 0.2 °C. Temperature differences between
windows and chamber air are small under moderate environmental conditions. As
a result relative humidities of up to %0% can be maintained without bulk

condensation on the windows and internal surfaces taking place.

Wind velocity
The distribution of wind velocity in the leaf chamber was measured using a hot
wire anemometer. The handle of the anemometer could be moved through the slot
for the petiole of the leaf chamber. The sensorhead was held sheer at the wind
direction. Wind velocity was measured every 2 cm along the imaginary middle
line of the leaf space.

Figure 2.3 shows that there were only small differences in wind velocity,

in particular in the area where the leaf is situated (0-16 ecm).

Air mixing and ventilation resistance

It can be calculated that e.g. at a wind velocity of 1 m.s™! the amount of
recirculated air within the leaf chamber is about 5.25 1.5"'. So, the time
needed for mixing the leaf chamber air is far less than the average residence
time of the flow passing the leaf chamber. As a consequence concentration
gradients within the leaf chamber cannot exist long enough to influence
measurably the rate of process under study. Due to the uniform mixing the gas
concentrations within the leaf chamber can be obtained by measuring the
).

In our gas fumigation system the concentration of the ingoing air (C,)).

concentrations in the outgoing air of the leaf chamber (C_,

and not that of the leaf chamber air is kept constant.
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Figure 2.3, Distribution of wind velocity within the leaf chamber,
measured every 2 cm along the imaginary middle line connecting the
shortest sides of the leaf space.

According to Unsworth (1982) C, and the concentration of the leaf chamber air
(=C,,.) are related by the equation (2.1):

c.=¢

out in

- Fx{A/f) 2.1

where A is leaf area (m%), f the air flow through the leaf chamber (m*.s"") and
F the flux density of a gas towards or away from the leaf. In this equation
the ratio A/f is defined the leaf ventilation resistance (r,) in the chamber.
The value of A/f ranges between 50 and 150 s.m'. If r_ is large (low

ventilation rates), uptake of a pollutant gas by the leaf results in a

substantial depletion of its concentration in the leaf chamber,

The boundary layer resistance

The relation between wind velocity in the leaf chamber and the boundary layer
resistance (r,) was assessed for leaves with different widths.

ry, was determined by measuring the evaporation rate (E in g.m*.s”) from &

model leaf consisting of a water saturated double layer of filter paper.
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Two methods of calculating r, for water vapour (r, ,) were compared:

1. a direct method which uses the 'leaf' temperature (Jarvis, 1971),

2. an indirect method in which r, is determined by using the energy balance
of the model leaf (Monteith 1973; Parkinson, 1985},

Besides these experimental methods there are quantitative approximations
derived from theoretical considerations for determining r, (Coudriaan, 1977;
Grace, 198l). An example is equation (2.2), describing the relation between
the boundary layer resistance for heat (rhh) for a leaf surface, wind velocity
(u in m s') and length of the leaf parallel to the wind
speed (w):

r,p = 0.5 x 1.8 x 10? x (w/w)?? (2.2)

The multiplication factor 0.5 accounts for the resistance of the two sides of
a leaf being connected in parallel. Equation (2.2) is derived from

expressions describing fpoh for 1sothermal surfaces, such as metal plates
(Goudriaan 1977). From r,, the boundary layer for water vapour can be
calculated by multiplying r, , with (D\,/DN)'Z’3 (D is diffusion coefficient).
Figure 2.4 shows the results of the experimentally determined values of r, |
(for one side of the leaf) and of the calculated wvalues applying equation
(2.2). r,, decreases exponentially with wind velocity and approaches its

1

minimal value at a wind velocity of 2 m.s'. This means that a further increase

in wind velseity in the leaf chamber hardly has any influence on heat and mass

exchange of the leaf. Except for wind velocities below 0.3 m.s7!

it appears,
that for a 1leaf with a flat, smooth surface equation (2.2) gives a good
approximation of r,.
Leaf remperature

An accurate determination of the stomatal resistance of a leaf (r)) is of
crucial importance for analyzing the transport resistances determining the
uptake of a pollutant gas into the leaf. Apart from the transpiration rate the
leaf temperature is a critical parameter in the determination of r, (Jarvis
1971, Pieters 1972, Monteith 1973, Goudriaan 1977). So, to get an impression
of the reliability of r, determined with the leaf chamber it is necessary to
determine the actual temperature of a leaf in the leaf chamber under a variety

of experimental conditions,
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Figure 2.4, Boundary layer resistance for one side of the leaf,

as a function of wind velocity and leaf width, Open symbols:
conventional method, Closed symbols: energy balance method. Dashed
lines: calculated values according to Goudriaan (1977).

o & = leaf width 6 cm. A 4 = leaf width 10 cm.

For this purpose the temperature of a bean leaf (Phaseolus vulgaris L.)
enclosed in the leaf chamber was determined with an infrared thermovision
camera (AGA thermovision 782), situated under the leaf chamber. To accommodate
infrared thermometry the double glass in the lower window had to be replaced
by a frame closed with polyethylene film. Because this may modify the heat
balance of the leaf, the measurements were carried out in a controlled
environment room kept at the same temperature as that of the cooling water in
the upper window {(i.e. 19.5 °C).

The measurements were carried out at different light intensities and wind
velocities, Simultaneously, leaf temperature was measured with three
thermocouples (copper-constantan) pressed against the abaxial surface of the
leaf, while air temperature within the leaf chamber was measured with a
thermolinear resistor (Pt 100 element). The thermovision pictures (in black
and white) could be stored on a videotape and processed by a computer (AGA TC
800) to obtain (colour) pictures of the temperature distribution across the

leaf surface, the average temperature and standard deviation.
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In figure 2.5 the influence of light intensity and wind speed on leaf
temperature distribution is shown. The figure was obtained by overdrawing the
thermovision (colour) pictures of the leaf. Particularly at a low wind speed
and high light intensity there were large temperature differences across the

leaf surface.
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Figure 2.5, The influence of wind wvelocity (u) and light intensity
on temperature distribution of a leaf enclosed in the leaf chamber.
arrows = wind direction. A: u = 0.25 m.s"%, 290 W.m™? (PAR);

B: u=2.5ms", 290 W.m? (PAR); C: u = 0.25 m.5™', 84 W.m? (PAR);
D: u=1ms", 84 W.m? (PAR).
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Table 2.1. Leaf temperatures measured with an infrared
themmovision camera and with thermocouples.

PAR u
W2 ms! Ta IR std TC std
290 0.25 24.4 30.9 1.1 30.3 0.8
.50 24.0 28.0 0.9 28.2 C.7
1.00 23.2 27.2 0.6 26.9 0.4
1.50 23.4 27.0 0.7 26.8 0.6
2.00 24.7 27.1 0.6 27.2 0.5
2.50 28,2 30.3 0.5 30.0 0.2
84 0.25 22.6 23.7 0.3 23.4 0.2
0.50 22.0 22.9 0.2 23.0 0.2
1.00 21.9 2.8 0.2 22.6 0.3
1.50 22.0 22.8 0.2 23.0 0.2
2.00 23.1 23.8 0.2 23.9 0.2
2.50 26.4 27.5 0.2 27.2 0.2
DARK D.25 22.0 22.0 0.3 21.9 G.0
Q.50 21.9 22.3 0.2 21.9 0.0
1.00 21.8 22.6 0.2 22.7 0.1

PAR= photosynthetically active radiation; u=wind velocity;
Ty, IR, TC = leaf chamber air temperature, infrared thermo-
vision temperature and thermocouple temperature (°C),
respectively; std=standard deviation.

Table 2.1 shows that at a high light intensity the average leaf tempe-
rature decreased rapidly with increasing wind wvelocity. Also temperature
gradients across the leaf surface decreased rapidly, as is shown by the
standard deviation., A wind velocity larger than 2 m/s had however no longer an
influence on leaf temperature distribution. These results confirm the results
of the boundary layer measurements showing that r, is no longer influenced by
a further increase in wind velocity.

At a higher wind velocity air temperature within the leaf chamber
increased considerably which is probably due to friction of the recirculating
air. Although temperature differences across the leaf surface decreased
rapidly with increasing wind speed, they still remained significant. In
addition, the average leaf temperature was significantly higher than the
average air temperature. In the dark or at a moderate light intensity a
homogeneous temperature across the leaf surface was attained at a wind
velocity of about 1 m/s. There were only small differences between actual leaf
temperatures and leaf temperatures measured with thermocouples. Also
differences between average leaf temperatures and chamber air temperatures

were small under these conditions,
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Reaction with NO, NO,, Oy, S0, and N,

The adsorption or reaction of NO, NO,, O;, SO, and NH; at the internal surfaces
of the leaf chamber was assessed for different gas cencentrations and at
different air humidities.

NO and NO, were supplied by a permeation tube system (Verhees and Adema,
1985), and the concentrations were monitored with a chemiluminescence analyzer
(Monitor Lahs 8840)}. NH; and $0, were supplied from a cylinder containing a
calibrated mixture of the gas of 1000 ppm in nitrogen. NH, was measured with a
NO, analyzer, equipped with a catalytic converter to oxidize NH; to NO (Aneja
et al, 1978). The S0, concentration measurements were carried out with a UV
pulsed fluorescent analyzer (Monitor Labs B8850). O, was generated by passing
pure oxygen or purified air through a quartz tube beneath an ultra violet
lamp. The concentration was measured with a gas phase chemiluminescence
analyzer (Bendix 8002).

After the whole system had been equilibrated at a specific air humidity
for 3 hours, a pollutant gas was injected into the flow of conditioned air
passing the leaf chamber. The outlet concentration was then recorded until a
steady state concentration was attained. Subsequently, the gas injection was
terminated and desorption of the leaf chamber to a =zero concentration was
measured. The experiment was repeated for the system without leaf chamber in
order to correct for a contribution of the in- and outlet tubings of the leaf
chamber,

Because mixing of the leaf chamber air is uniform, the accumulation of the
internal concentration of the pollutant gas after starting of the gas
injection can be measured by measuring the outlet concentration of the leaf
chamber (C c
(2.3):

follows a exponential time course according to equation

out) - out

- e t/T

G = C, x(1-e7tT) (2.3)
The curve is characterized by the time constant t© {relaxation time).

In absence of adsorption or absorption on the internal surfaces t is the same

as the residence time, i.e., the ratic between leaf chamber volume and flow

rate (V/f). 1t increases with the adsorptive capacity of the internal surfaces

for a pollutant gas. The steady state concentration, C in equation (2.3)

ss’
equals C;,» When no permanent reaction of the pollutant gas at the internal

surfaces takes place,
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When C  differs from C
calculated according te equation (2.4) (Verhees, 1986):

in+ @ rate constant (k, in s-1) for this reaction can be

k, =((C;, - Gy, Ixf/V3/C (2.4)

The curve for C,,, after termination of the gas injection can, in principle, be

described by the expression:
=C_ x e T (2.5)

The NO and NO, concentrations at the inlet of the leaf chamber were 50 and
70 ppb. Both gases had no adsorption on or a permanent reaction at the
internal surfaces of the leaf chamber, neither in dry air nor in humid air
(R.H. 90%). z was found to be equal the residence time. This also indicates
that mixing within the leaf chamber is uniform (ideal).

A similar result was obtained, when 50, was injected into dry air (R.H.;
0-20%) passing the leaf chamber. However, in humid air t was found to increase
considerably depending on relative humidity of the air (figure 2.6). t also
increased slightly with the chamber air temperature and decreased with
increasing C, (figure 2.7). After termination of the 50, injection there was a

rapid decrease in C,,, initially, after which it took 2 to 3 hours before the

t
concentration was completely zero. The calculated t values for this last part
of the recorded curve were slightly dependent on relative air humidity.

NH, also showed a strong adsorption on the internal surfaces of the leaf
chamber in presence of water vapour and a tailing of the recorded ¢, after
termination of the NH; injection. However, in comparison with S0, the
calculated t values showed a less clear relation with air humidity (figure
2.8). There were two other differences as compared to 50,: First, 1 decreased
strongly with increasing G, and second, there was also NH; adsorption in dry
air (t was 6.25 x 10 s).

The inlet concentrations of 0; were 40 and 80 ppb. In the first experi-
ments O; showed a strong permanent reaction with the internal surfaces of the
leaf chamber. The steady state concentration was about 20% less than C, . The

average value for k, in these experiments was 8 x 1073 s,

Probably this loss
was due to O; scavenging impurities on the internal surfaces of the leaf

chamber {Grosjean, 1985).
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In order to react away these impurities the leaf chamber was treated with
a high Oy concentration (1 - 2 ppm) for 72 h. After this treatment k, had been

reduced to an average value of 1.29 x 16°3 ¢!

. This walue is larger than those
mentioned for teflon and glass by Grosjean (1985) and Verhees (1986). However,
at the flow rates used in our experiments these loss rates give only small
differences between inlet and outlet 0O; concentration (£ 3%). Nevertheless, a
correction for this less rate have to be made, when the uptake of 0; by a leaf

is measured.
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Figure 2.6. The time constant (t in x10% 5) for the adsorption of S0,
on the internal surfaces of the leaf chamber, as a function of
relative air humidity and temperature in the leaf chamber.

O=14.5 °C; o = 20 °C; A = 24.5 *C. The points are averages of two
or tt;ree measurements, at a concentration in the range of 30 te 100
dg.m™.
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Figure 2.7. The time constant (Tt in 10 s) for the adsorption of 80,
on the internal surfaces of the leal chamber as a function of the
inlet concentration (C;,) and relative air humidity in the leaf
chamber (at 20 °C), x = £20% R.H,; * = 50% R.H.; D = 60% R.H.;
A=70% R.H.; o= B0%Z R.H.; =907 R.H.
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Figure 2.8. The time comstant (t in x10% s) for the adsorption of N,
on the internal surfaces of the leaf chamber, as a function of the
inlet concentration (C, ) and relative air humidity in the leaf
chamber (at 20 °C). x = 0% R.H.; * = 50Z R.H.; O = 60%Z R.H.;

A=70% RH.; o=80Z RH.; = 90Z R.H..
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Discussion
Due to the low permanent reaction of the pollutant gases with the internal
surfaces and the precise control of environmental variables the present leaf
chamber has the capability of accurately analyzing the transfer of pollutant
gases into leaves. Because the uptake of (0, and transpiration of a leaf can
be measured simultaneously, this transfer can be related directly to physio-
logical processes such as photosynthesis and stomatal behaviour. Preliminary
results for NH, have been published in a previcus paper (Van Hove et al.,
1987).

The present leaf chamber has a homogeneous wind velocity across both leaf

surfaces, which can be varied up to 3 m.s'.

In this way, not only the relation
between wind velocity, r, and the transfer of a pollutant gas into the leaf
can be studied oproperly, but also the heat balance and with that leaf
temperature can be influenced. With 1r,, the leaf temperature is critical
parameter in the calculation of r,. Measurements with the infrared
thermovision camera showed, that under moderate light intensities a wind

velocity above 1 m.s"'

causes only small temperature gradients across the leaf
surface. Also differences between the actual leaf temperature and the 1leaf
temperature measured with thermocouples are small. Hence a <correct
determination of leaf temperature is possible and consequently the calculation
of r, from the water vapour deficit between the substomatal cavity and the
surrounding atmosphere of the leaf is much more accurate (Jarvis et al. 1971,
Pieters 1972). However, at a high light intensity this method of determining
r, is less accurate, because temperature gradients across the leaf surface
appeared to be too large, even at a relatively high wind velocity of 2.5 m.s™'.
These temperature gradients are more likely the result of differences in
transpiration, due to differences in aperture of the stomata of the leaf, than
a result of toc a low a wind velocity (Hashimoto et al., i981). So, a further

increase in wind velocity above 2.5 m.s"!

will probably not result in a
decrease of the temperature gradients at this light inten-sity. The energy
balance approach gives a hbetter approximation of 1, under these conditions
{Monteith 1973, Goudriaan 1977).

Rather surprising was the considerable adsorption of 50, and NH, on the
internal surfaces in humid air, despite the fact that inert materials for the
internal construction parts have been used. On the other hand no adsorption
with NO, NO, and O, occurred, which is consistent with literature data

(Grosjean, 1985, Verhees, 1986).
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§0, and NH,; are more soluble in water than NO, NO, and O;. This suggests
that adsorption of $0, and NH; is a result of a reaction of these gases with
water, rather than a direct reaction with teflon or glass. The absence of 50,
adsorption in relatively 'dry' leaf chamber air (S 20% R.H.) supports this
conclusion. As no visible condensation had taken place, it is assumed that
this 'water' is present as a thin waterlayer or waterfilm on the internal
surfaces of the leaf chamber. In this waterfilm aqueous S0, may react with H,0
producing sulphite, that subsequently can be oxidized to sulphate (Cox and
Penkett, 1983; Adema et al. 1986). Indications that these reactions may indeed
have taken place, are: i) the large 50, adsorption as compared to NH; despite
the fact that 50, is less soluble in water than NH,, and i1) the fact that 50,
adsorption slightly inereased at a higher temperature instead of decreasing as
would be expected according to Henry's law for the dissolving of gases in
solutions.

More difficult to explain is the loss of NHy in the leaf chamber at a zero
internal relative humidity., Presumably this is caused by, either specific
surface adsorption, or a relatively high permeability of PTFE-teflon
for NH,.

The slow accumulation of the NH, and S0, concentration in the empty leaf
chamber was found to be reproducible at a set air temperature and humidity.
Consequently, the adsorption of these gases on the leaf surface can be
determined from the difference between the accumulation curves of these gases
in the empty leaf chamber and in the leaf chamber containing a leaf.

However, fast kinetic measurements with varying inlet concentrations of
NH, or S0, are not easily possible at humidities in the physiological range.
This would require a further reduction of the adsorption of these and other
soluble gases on the internal surfaces of the leaf chamber. The presence of a

waterfilm sets a limit to this reduction.
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CHAPTER 3

Analysis of the uptake of atmospheric ammonia

by leaves of Phaseolus vulgaris L.

L.W.A., van Hove, A.J. Koops, E.H. Adema,
W.J. Vredenberg and G.A, Pieters
{published in Atmospheric¢ Environment Vol.21, No.8, pp.l1759-1763, 1987).

Abstract

Individual leaves of Phaseolus vulgaris L. were exposed for 9 h in a leaf
chamber to different NH, concentrations at different light intensities. The
rates of NH;-uptake, transpiration and photosynthesis were measured simulta-
neously. The flux density of NH, increased linearly with concentration in the
range of 4-400 pg m™>. Flux densities also increased with light intensity.
Resistance analysis indicated that NH,; transport into the leaf is via the
stomata: transport via the cuticle is negligible under the experimental
conditions. There is no internal resistance against NH; transport. The NH; flux

was found not to influence the photosynthesis.

27



Introduction

Intensive livestock breeding in the Netherlands is concentrated in areas with
predominantly sandy soils. The emission of ammonia (NH;) in these areas,
caused by NH, volatilization of animal manure, amounts to 76 x 10% tons NH, per
year or 53% of the total NH; emission in the Netherlands (Buijsman et al.,
1985). In particular when manure is spread out on the fields the monthly
average concentrations of NH, can reach up to 35 ug m3 (Vermetten et al.,
1985). There is increasing evidence that this high NH, emission contributes
significantly to the serious dieback of forests and to the strong decline of
plant species in these areas (den Boer and Bastiaens, 1984; Roelofs et al.,
1984, 1985),

This impact of NH, may be a result of soil acidification. It is postulated
that NH, interacts with S0, (from fossil fuels) on the surfaces of the
vegetation. The resultant ammonium sulfate is washed off by rainwater. In the
soil ammonium sulfate oxidizes rapidly to nitric acid by nitrification and
sulfuric acid, giving rise to extremely low pH values in the range between 2.8
and 3.5 (Van Breemen et al., 1982).

The deposition of NH; may also lead to a change in the composition of a
vegetation in favour of nitrophylic plant species. An example of this pheno-
menon is the substantial increase of grass species such as Molinia caerulea
(L.) and Deschampsia flexuosa (L.) in heathlands. Another effect of the extra
input of nitrogen to the wvegetation may be an increased susceptibility of

plants to other pollutants and secondary stress factors such as frost or

; phytopathogens. Furthermore the absorption of NH; by leaves may lead to an

increased leaching of essential mineral nutrients such as K and Mg out off the
leaves causing deficiency symptoms (Nihlgdrd, 1985; Roelofs et al.1984,1985).

Besides indirect effects NH; may also have direct toxic effects on leaf
tissue. A comprehensive evaluation of the toxicity of NH; for a great number
of plant species is given by Van der Eerden (1982). So far only visible
effects on growth have been reported, whereas physiological effects of NH,,
for example on photosynthesis, have not been studied yet.

It is estimated that about two-third of the total depesition of NH; (and
other gaseous pollutants} in the Netherlands is via dry deposition (van Aalst,
1984). Many aspects of the dry deposition of NH; on vegetation are not well
understood. In particular there is a lack of information about the deposition
of NH, to vegetation surfaces and the quantities sorbed under different

environmental conditions.
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This information is required for a better understanding of the mechanisms and
effects of NH, deposition on vegetation.

In this context the process of NH; uptake from the air by leaves was
studied, that is: the capture of NHy; at the external surface of the leaf and
transport into the leaf interior. It has already been established that leaves
can be an important sink for atmospheric NH, (Porter et al., 1972; Hutchinson
et al., 1972; Faller, 1972; Meyer, 1973; Rogers and Aneja, 1980). The
objective of this study was to get a better understanding of: (i) the rela-
tionship between concentration, transport resistances and filux densities, and
(ii) the influence of environmental factors and plant properties on this
relationship.

The method of analysis is similar to -that commonly used in the analysis of
H,0 and €0, fluxes. These fluxes are known to be linearly related to
concentration differences and conductances (i.e. inverse of resistances)
(Jarvis, 1971).

This paper reports on studies in which leaves of Phaseolus vulgaris L.
were exposed for a short time to different concentrations of NH, using a leaf
chamber. The rates of NH; uptake, transpiration and photosynthesis were

measured simultaneously.

Materials and Methods

Plant material

Plants of Phaseolus vulgaris L. cv. ‘witte zonder draad’ were grown in 12 cm
pots containing a mixture of sterilized peat and sand (2:3)}, to which lime was
added. The plants were grown in a controlled environment room at a temperature
of 20°C (24 h), a relative humidity of 60-70% and a light period of 14 h at an
intensity of 80 W.m'2 (PAR, Philips fluorescent tubes TIMF 140 W/33 RS). Plant

age at time of exposure was 3 weeks,

Experimental procedure

The top leaf of the first trifoliate leaf attached to the plant was enclosed
in a leaf chamber and, after a recovery period in the dark of 9 h

exposed for about 9 h to NH; in the light. The temperature was 23-25°C and
relative humidity 60% (= 5%).

1

A continuous flow of purified air at a rate of 5-6 l.min™ containing known

amounts of NH,, CO, and H,0, was led through the leaf chamber. Air within the

leaf chamber was changed by this flow at a rate of about 4 min’t,
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At the inlet and outlet of the chamber the concentrations of NHg, H,0 and
€0, were measured. The rates of NH, uptake, transpiration and photosynthesis
were calculated from the difference between inlet and outlet concentration.

After the beginning of the experiment it took 1-2 h before the NH;, H)0,
and CO, concentrations in the leaf chamber were at a stationary level., The
flux densities were calculated from data obtained after the steady-state
situation was reached. The flux densities of NH; to the leaf were obtained
after correction for the NH,-sorption by the internal walls of the leaf
chamber. This was determined by measuring the uptake of the empty chamber at
each NH,; concentration, During these adsorption measurements the humidity was

adjusted to that during the measurements of the leaves.

Leaf chamber
Both the plant and the leaf chamber were housed in a controlled environment
room and illuminated by two high pressure iodine vapour lights (Philips HPLI
400 W). A water bath containing running water was placed between the lights
and the chamber to reduce heating of the chamber interior.

Air within the leaf chamber was continuously kept recirculating in order
to reduce space variability of gas concentrations and to reduce the boundary

layer resistance of the leaf.

Air supply systenm'

Purified air free from CO, and ambient contaminants was obtained by passing
ambient air through a series of filters containing soda lime, molecular sieve
5a, granular charcoal, hopcalite and molecular sieve 5a, respectively, and a
dust filter.

The humidity and temperature were controlled by passing the air through
three water filled glass vessels in series. The first vessel was placed in a
thermostatic water bath set at 30°C for moistening the air, the two others
were placed in a second thermostatic water bath set at a lower temperature to
ensure saturation of the air. Finally the temperature of the air was adjusted
by passing it through copper coils immersed in a third thermostatic water
bath. The conditioned air was mixed with €0, and NH; using thermal mass flow

controllers (Brooks instruments). NH; was supplied to the system from a

' a schematic representation is given in the appendix of this chapter
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