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FOREWORD 

The term global change covers a number of changes in the physical, 
chemica! and biologica! processes which regulate the total Earth system, the 
world environment interacting with the whole biosphere, and the manner in 
which these processes are influenced by human activities. 

Increase in the carbon dioxide level of the atmosphere, depletion of the 
ozone layer of the stratosphere, eutrophication, acid rain and toxification of 
the biosphere are examples of such changes. Their predicted effects are very 
diverse: changed radiation balance (the greenhouse effect), rise in the sea 
level, modification of the precipitation patterns, etc. Various secondary 
consequences are also possible, e.g. shifts in vegetation zones, threats to 
some communities, like coral reefs, mangroves and salt-marshes, loss of 
biodiversity, changes in the geographical distribution of plants and animals, 
including pathogens and herbivorous insects, shifts in the competitive 
balance of the C3 and C4 plants, modifications of erop yields, forest decline, 
fish k:ills, etc. Some consequences of global change could even affect human 
health, e.g. by increasing the risks of skin cancer or heavy metal poisoning. 
Biologica! changes, even occurring in a given geographical area, can reflect 
global change and, from this viewpoint, may have a predictive value. 

Therefore, under the auspices of the Belgian National Committee of 
Biologica! Sciences, a Symposium on Biologica! Indicators of Global 
Change was organized by the Belgian Royal Societies of Botany, of 
Entomology and of Zoology, and the Royal Academy of Overseas Sciences. 

Grateful acknowledgements are expressed to Prof. 0. Vanderborght, 
President of the Belgian National Committee International Geosphere -
Biosphere - Programme - Global Change, to Prof. Ph. Bourdeau, President 
of the Belgian National Committee SCOPE (Scientific Committee on 
Problems of the Environment), and to Dr. D. Cahen, Director of the Belgian 
Royal Institute of Natura! Sciences, and his collaborators, Dr. A. Quintart 
and Dr. J. Van Goethem, for their invaluable co-operation. 

Financial support from the National Fund of Scientific Research is also 
thankfully acknowledged. 

J.-J. SYMOENS, 
President of the Belgian National Committee 

of Biologica! Sciences, 
Permanent Executive Secretary 

of the Royal Academy of Overseas Sciences. 



AVANT-PROPOS 

Par changements globaux, on entend un certain nombre de modi
fications des processus physiques, chimiques et biologiques qui gouvernent 
Ie système Terre dans sa totalité, l'environnement planétaire en interaction 
avec !'ensemble de la biosphère, ainsi que la manière dont ces processus 
sont influencés par les activités humaines. L'élévation de la teneur de 
l'atmosphère en dioxyde de carbone, la réduction de la couche d'ozone de la 
stratosphère, l'eutrophisation, les pluies acides et la toxification de la 
biosphère sont des exemples de tels processus. Les effets prévisibles de ces 
changements sont très divers: modification du bilan radiatif (l'effet de serre), 
élévation du niveau des mers, changement des régimes de précipitations, etc. 
On peut également en prévoir des conséquences secondaires très variées: 
déplacements des zones de végétation, menaces touchant certaines commu
nautés, tels les récifs coralliens, les mangroves et les prés salés, pertes de 
biodiversité, modifications de la distribution géographique d'espèces 
végétales et animales, y compris des pathogènes et des insectes herbivores, 
déplacements de l'équilibre concurrentie! des plantes en C3 et C4, 
modifications des rendements des cultures, dépérissement des forêts, morta
lités massives de poissons, etc. Certaines de ces conséquences des change
ments globaux peuvent même affecter Ia santé humaine, par exemple en 
accroissant les risques de cancers cutanés ou d'empoisonnement par les 
métaux lourds. Des modifications biologiques se manifestant dans une zone 
géographique donnée peuvent refléter des changements globaux et, de ce 
point de vue, avoir une certaine valeur prédictive. 

Dans ce contexte, un Symposium sur les Indicateurs biologiques des 
Changements globaux a été organisé, sous les auspices du Comité national 
beige des Sciences biologiques, par les Sociétés royales belges de 
Botanique, d'Entomologie et de Zoologie et l' Académie royale des Sciences 
d'Outre-Mer. 

Nos vifs remerciements s'adressent au professeur 0. Vanderborght, 
président du Comité national beige "International Geosphere - Biosphere -
Programme - Global Change", au professeur Ph. Bourdeau, président du 
Comité national beige SCOPE ("Scientific Committee on Problems of the 
Environment"), ainsi qu'au Dr D. Cahen, directeur de l'lnstitut royal des 
Sciences naturelles de Belgique, et à ses collaborateurs, Le Dr A. Quintart et 
Le Dr J .  Van Goethem, pour leur précieuse coopération. 

Nous remercions également Le Fonds national pour la Recherche 
scientifique de son appui financier au Symposium. 

1.-J. SYMOENS, 
Président du Comité national beige 

des Sciences biologiques, 
Secrétaire perpétuel de l' Académie royale 

des Sciences d'Outre-Mer. 



WOORD VOORAF 

Onder de term "global change" verstaat men een aantal veranderingen 
in de fysische, chemische en biologische processen die het systeem Aarde in 
zijn geheel beheersen, het wereldmilieu in zijn wisselwerking met de 
biosfeer, en de manier waarop deze processen beïnvloed worden door de 
menselijke activiteiten. De verhoging in de atmosfeer van het gehalte aan 
koolstofdioxyde, de verdunning van de ozonlaag in de stratosfeer, de 
eutrofiëring, de zure regens en de vergifting van de biosfeer zijn voorbeelden 
van dit soort processen. De voorzienbare gevolgen van deze veranderingen 
zijn zeer uiteenlopend: verandering in de stralingsbalans (het broeikaseffect), 
verhoging van het zeeniveau, veranderingen in de neerslagverdeling, enz. 
Men kan ook onderling zeer verschillende secundaire gevolgen ervan 
voorzien: verplaatsing van de vegetatiezones, bedreiging van sommige 
gemeenschappen zoals de koraalriffen, de mangroven en de kwelders, 
verlies van biodiversiteit, veranderingen in de geografische verspreiding van 
plant- en diersoorten met inbegrip van pathogenen en plantenetende 
insekten, verstoringen van het concurrentieel evenwicht van C3 en C4 
planten, veranderingen in de opbrengst van de teelten, wegkwijnen van de 
bossen, grootschalige sterfte van vissen, enz. Sommige veranderingen 
kunnen zelfs de menselijke gezondheid aantasten, bijvoorbeeld door het 
risico van huidkanker of vergifting door zware metalen te vergroten. 
Biologische veranderingen, zelfs binnen een welbepaald geografisch gebied, 
kunnen globale veranderingen weerspiegelen en vanuit dit oogpunt een 
voorspelbare waarde bezitten. 

Om deze redenen werd een Symposium over Biologische Indicatoren 
van "Global Change" georganiseerd onder de auspiciën van het Nationaal 
Belgisch Comité voor Biologische Wetenschappen door de Koninklijke 
Belgische Verenigingen voor Dierkunde, Entomologie en Plantkunde en de 
Koninklijke Academie voor Overzeese Wetenschappen. 

Voor hun waardevolle medewerking danken wij van harte Prof. Dr. 0. 
Vanderborght, voorzitter van het Belgisch Nationaal Comité "International 
Geosphere - Biosphere - Programme - Global Change", Prof. Dr. Ph. 
Bourdeau, voorzitter van het Belgisch Nationaal SCOPE - Comité (Scientific 
Committee on Problems of the Environment"), alsook Dr. D. Cahen, directeur 
van het Koninklijk Belgisch Instituut voor Natuurwetenschappen, en zijn 
medewerkers, Dr. A. Quintart en Dr. J. Van Goethem. 

Wij danken ook het Nationaal Fonds voor Wetenschappelijk Onderzoek 
voor zijn financiële steun aan het Symposium. 

J.-J. SYMOENS, 
Voorzitter van het Belgisch Nationaal Comité 

voor Biologische Wetenschappen, 
Vast Secretaris van de Koninklijke Academie 

voor Overzeese Wetenschappen 
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BIOTIC DIVERSITY AND ENERGY FLOW. 
FORCING FROM MAN AND NATURE * 

B Y  

Ramón MARGALEF * * 

SUMMARY. - Biotic diversity (species richness) is understood and 
measured as if it were a statie property and it is apparently accepted that the 
major problems concern statistics (diversity indices). Actually, diversity is an 
expression of dynamics, being the expression of the combined results of two 
feedback loops that operate, respectively, on the total biomass or number of 
individuals, and on the genetic differentiation of the whole biomass. 
Diversification can increase with stable and even shrinking biomass, but not if 
the system is subjected to repeated disturbances or increased turnover (increased 
production/biomass ratio). Examples of the opposite situations are: 1) a 
chemostat or flow culture, and 2) the fictitious but meaningful examples of a 
museum display case or of Noah's  ark. Mankind accelerates turnover in all the 
rest of the biosphere, through exploitation, transportation and energy forcing, 
and the only reasonable prediction is unfortunately that the present loss of 
natura! diversity shall continue. 

* 

* * 

* Definitive text received on 1 3  August 1 992. 
** Departament d'Ecologia, Facultat de B iologia, Universitat de Barcelona, Avgda. 

Diagonal 645, E-08028 Barcelona (Spain). 



1 0  R .  MARGALEF 

Diversity is used here as an expression of the richness of species in 
the biosphere or in any segment of it. In practice, numbers refer to the 
representatives of limited taxonomie groups and express in a synthetic 
way how their individuals in a sample are distributed into biological 
species. Some constant regularities are taken for granted: if in the whole 
set the number of species is small, the representatives of one or of a few 
of the species usually outnumber widely those of the other species. 

The quantification of diversity can be associated with the length of 
any adequate and consistent description of the situation, presented in a 
standardized language. This possibility would emphasize the relation 
between diversity and information, which I discussed many years ago 
(MARGALEF 1 957). Generation of diversity is associated with 
mechanisms operating in ecological succession: work being done now in 
biologica] production is, in part, recovered later and recognizable as an 
increase of the information bome by the system, and an important aspect 
of it is diversity. Diversity characterizes some properties of a bridge 
extended over biologica] time. Fluctuating ecosystems show regular 
changes in diversity, and the way diversity increases during the 
appropriate segments of time is slower and more regular than the sudden 
drops of diversity that follow any disturbance. 

Diversity can be formalized as an abridged expression of the relative 
proportions among the different components of the system: how a set is 
distributed into subsets. The number of individuals (N 1) or their 
biomasses are usual references. Diversity might be associated with a 
weighted mean of all or most of the meaningful ratios that can be 
constructed over the whole set (N/N3) .  The assumption of some law or 
regularity is usually justified ranking the abundances of the present 
species from the most common to the less common. Such sort of graphs, 
if uncritically viewed, could be misleading. Diversity, in general, appears 
to be a rnbust property, since it is reflected at different levels of the 
ecosystem, that generally show similar pattems: a few components -
usually the most dynamic - with a large representation followed by a 
more or less long series of components in decreasing numbers. Chemica! 
diversities, diversity in tumover times and ordinary biotic diversity are 
quite often well correlated with each other. 
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The wish to quantify diversity required to propose indices, not 
excessively sensitive to local stochastic effects in the distributions. As 
the number of species (S) changes in a different degree than the biomass 
or numbers of individuals (N = L, NJ, an almost unavoidable suggestion 
was to relate the number of species with the logarithm of the total 
biomass or of the total number of individuals, as in (S/log N) or 
( [S - 1 ]/log N). More sophisticated approaches are possible. It seems to me 
that diversity has been considered, too much and too often, as a statie 
property, which would allow a standard statistica] approach [see, for 
instance, GRASSLE & MACIOLEK ( 1 992) and many references there, 
concerning, among others, the assumptions l inked with the use of the 
"rarefaction" method] . Although conscious statisticians have never been 
satisfied with such approaches, measurements of diversity and the variety 
of proposed indices have often been contemplated as ordinary statistica] 
problems, with persistent worries about the difficulties encountered in 
the attempts to stabilize the variances. Diversity must be expressed 
spectrally, as a function of the extension of the sampled space and of the 
time over which the sampling has extended. 

Characteristic statistical problems appear when dealing with large 
collections of samples from an extended frame in space and time, which 
is a common situation in the study of plankton (POWELL 1 989). In such 
sets variance commonly increases as the square of the mean, as we are 
facing an "open universe". The same problems accumulate when 
concerning diversity. Enlarging the analyzed space, new species enter, 
proportions between the numbers of individuals in the different species 
shift, and diversity changes until it becomes functionally meaningless, 
and may increase indefinitely. In the distribution of the diversity of 
plankton, a significant role is played by the structuration of space, under, 
among other causes, the action of wind and steady water currents 
combined with the rotation of the earth. This results in discontinuous 
cyclonic eddies, with low diversity, interspersed over a reticulated pattern 
of coalescing anticyclonic eddies with populations less dense and more 
diverse, as well as more stratified. 

Continental ecosystems are easily perceived as bidimensional and 
subjected to the organizing capacity of macrophytes. In them and in 
ecosystems under an intensive exploitation from outside, variances might 
be more manageable and more standard statistical approaches appear to 
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be suitable. Compare the conclusions of LEVIN ( 1 989) - concerning in 
part simulated ecosystems - with those concerning plankton. The subject 
deserves a closer analysis, and appropriate sealing may reveal similarities 
in the basic properties of the distributions. 

Now it is perhaps time to down-play the interest for indices as such 
and try to find in the changes of diversity an external expression of the 
dynamics of historical systems. They are potentially apt to recover as 
information or structure one relevant fraction of the equivalent of the 
increase of entropy that is a result of physico-chemical processes going on 
in the systems. If this were acceptable, it would emphasize the meaning of 
the changes in diversity over the statie signification of diversity. Diversity 
appears immediately as the result of a kind of trade-off between dynamics 
of biomass growth (or of the total number of individuals) and dynamics of 
genetic differentiation expressed in the rearrangements of the abundances 
of the different species (MARGALEF 1 989). Ecological or natural 
succession increases local diversification and general diversity. Strong 
environmental fluctuations, mixing the components, or forcing the growth 
of a few genotypes, could reverse the usual trend. Equivalent 
considerations could be made and applied to cultural diversity in man, 
that is actually biotic diversity and should be treated as such. 

The suggested approach can be made quantitative and operational. It 
can start relating diversity with immediately past history and with the 
precedent behaviour of the productivity ratio (P/B, primary 
production/biomass). Continental ecosystems, in which a large part of the 
plant biomass consists in a durable and relatively passive system of 
support and transport, would probably require to adopt a scale of time 
different from the appropriate one for plankton, at least for part of the 
ecosystem. Comparable problems will be present in the appreciation of 
cultural diversity, since mankind has developed large and durable 
exosomatic structures. 

Any increase of productivity immediately raises the numbers of 
individuals in a limited set of species, and diversity should drop temporarily. 
A sustained or decreasing productivity encourages more complex food
webs and competition, followed by an increased contribution to diversity by 
species or genotypes which use scarce or alternative resources. Or at least 
this is an often accepted explanation of some of the changes of diversity. 



B IOTIC DIVERSITY AND ENERGY FLOW 1 3  

Such an interpretation might be discussed with reference to a couple 
of examples, that 1 choose here with obvious exaggeration, just to show 
the l imits of the expected range of possibilities. A river or a flow culture, 
or chemostat, with strong mixing and continued loss of individuals, leads 
to relatively simplified assemblages, theoretically to a single species 
ecosystem. The maximum of the biotic diversity of a river is in the 
banks, which contain the seeds of many potential dwellers of the water. 
The boundary between the tlowing water and the banks is tense. Flow 
cultures are a choice procedure to simplify mixtures of genotypes. They 
also show the selective advantage of stocks apt to attach to the walls. 

A convenient opposite situation, exemplifying maximum diversity, 
may be extreme and artificial . Suppose a museum display case, managed 
by a collector always ready to trade a duplicate for a specimen of a 
species not yet in the collection . It is easy to translate such activity into 
more significant ecological terms with reference to natural ecosystems. 

The different segments of the biosphere fall between both extreme 
situations. The biosphere contains also all sorts of transitions between the 
kinds of associated boundaries .  One end of the range in the dynamic 
properties of the boundaries may be exemplified by the mentioned bank 
of a river, and in the opposite end finds a place the irregular, relatively 
passive and often barely recognizable boundaries that criss-cross any 
forest. 

Keeping in mind the relative importance of the changes in time, 
dS/dt and dN/dt, and the meaning of the relation between them, another 
index of diversity (k) suggests itself: log S/logN=k, or Sk=N, where 
0 > k > 1 .  Too many indices of diversity have already been proposed to 
encumber their cemetery with another. An excuse may be that k is 
presented only as an ephemeral aid to explore how diversity is  the result 
of the interaction between two feed-back loops, one that regulates the 
number of species [and this is substantially MACARTHUR & WILSON's 
expression ( 1 967)], and the other that controls the total number of 
individuals (or their biomass), being an analogue of Verhulst's 
expression, although with the acceptance of fractionary powers. 
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Start (MARGALEF 1 989) with 

dN/dt = a Nh- b Nh' 

dS/dt = c Sm - d sm' 

and assuming unrealistically stationary states (dN/dt = 0, dS/dt = 0) 

k = log S/log N = B (h' - h) / (m' - m) 

The index k is a ratio that compares the essential properties of two 
regulatory mechanisms, one of which describes how total biomass 
behaves, the other the process of its (genetic) diversification. If it is 
easier to increase biomass, diversity drops; if it is easier to proceed with 
genetic enrichment, diversity increases. A warning: even if k could be 
estimated globally, it would not provide a safe way to anticipate the total 
number of extant species. 

Consider the consequences of human act1v1ty. Man exploits 
ecosystems, accelerating its turnover and the flow of materials; also for 
other reasons, including the use and control of external energy, 
transportation of materials, and uniformization of the conditions of life, it 
is expected to drive diversity down. It is not only the result of savage 
exploitation. The same actions and their effects are materialized in the 
way a "nice" lawn is kept, an excellent case for students of ecology to 
consider. 

It is hard to imagine how the genera! trend could be reversed. 
Directed selection could change it locally, as in botanica! gardens and 
zoos (as new versions of Noah's ark) or as it happens with organisms 
bred for fancy (dogs), in contrast with those bred for exploitation 
(cereals). Actually, in the so-called symbioses, the exploited member of 
the dual system shows a much lower degree of genetic differentiation, 
and a lower contribution to diversity than the exploiter. Witness the 
corals and l ichens. Slowing down turnover in its own species, mankind 
may favour its own cultural diversity. Disturbances, rapid changes, 
always pump out diversity [in the expression of V ALENTINE ( 1 968)), and 
this is wel! expressed in the fossil record, as wel! as in recent history. 
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The last considerations are intended to express the strong persuasion 
that diversity may be not more, but not less, than one expression of the 
temporary equilibrium between two complementary processes in life: 
augmentation and differentiation. Their relative importance may be 
expressed at any level .  Now we worry especially, and with reason, about 
the results of the intensification that our species is imposing on several 
natural processes. B iotic diversity shall go down, unfortunately. 
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COASTAL EUTROPHICATION IN A 
GLOBAL PERSPECTIVE 

BY 

Gilles B ILLEN * 

Introduction 

The problem of coastal eutrophication, at first look, might appear to 
be located at the exact opposite of the global change problematics. 
Coastal eutrophication is very local by nature: it generally only affects a 
narrow band of the sea, along the coast or in the plume of major rivers. 
lts most obvious manifestations are often quite different from site to site :  
massive fish or shellfish poisoning in  some places, l ike off Norwegian 
coasts in 1 988 or off Brittany; accumulation of foam or other gelatinous 
material, like along Belgian, Dutch and German North Sea beaches or in 
the Northern Adriatic ;  severe oxygen depletion in bottom water, like in 
coastal Danish waters in 1 985- 1 987. 

Also, marine eutrophication appears as a recent phenomenon. 
Although lake eutrophication is recognized as a major problem since the 
early sixties, coastal eutrophication has only become a matter of concern 
for politicians and the public in Europe since the late eighties. 

* Groupe de Microbiologie des Mil ieux aquatiques, Université Libre de Bruxelles, 
Campus de la Plaine CP 22 1 ,  Boulevard du Triomphe, 1 050 Bruxelles (Belgium). 
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The question thus arises: is i t  a serious problem? Is it a global or a 
local one? Which relationship does i t  bear with the overall changes 
undergone by the global ecosystem under human impact? The purpose of 
this paper is to demonstrate that the problematics of coastal eutro
phication is at the core of some major global change issues, and as such 
is a clear indicator of global change. For this, three successive view 
points will be adopted: 
1 .  A global biogeochemical perspective: what is the global significance 

of the process of nutrient enrichment at the continent-ocean interface; 
2. A basic ecological perspective: what is the basic nature of the coastal 

eutrophication process underly ing the anecdotical character of its 
particular manifestations in various local situations; 

3. A historical perspective: the history of man-made coastal eutro
phication: how recent is it? 

Nutrient transfer from land to sea: 
A global biogeochemical perspective 

Among the most important changes induced by human activity on 
the functioning of the global ecosystem are those involving carbon and 
nitrogen circulation. 

The carbon cycle in tetTestrial systems is naturally controlled by the 
equil ibrium between primary production and heterotrophic metabolisms 
(Fig. 1 ) . Living biomass and atmospheric C02 have a residence time of 
only a few years, in contrast with the pool of humic soil organic carbon .  
Atmospheric C02, which i s  so  important i n  climate regulation, i s  
therefore highly sensitive to any perturbation i n  production and 
consumption processes. Fossil fuel combustion presently represents 
nearly 1 0% of the natura! respiration process. A significant increase in 
atmospheric C02 results, with well known climatic consequences. This 
increase is however Iess than it should be, because of an increasing 
uptake by surface ocean water. The fate of this uptake is presently not 
well known:  increase in bicarbonate concentration of sea-water, organic 
sediment accumulation in coastal or in deep water areas ? The accurate 
evaluation of the respective role of these different sinks is still difficult; it 
requires the detailed understanding of the factors controlling oceamc 
primary production. 

Primary production in the sea is mainly controlled by the 
availability of nitrogen and other nutrients in the upper layer of the water 
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column. These might be produced there by the rapid recycling of freshly 
produced organic material, sustaining what is called "regenerated 
production". This cannot contribute to the build-up of a significant 
carbon pool. Only "new production", sustained by sources of nitrogen 
external from the photic layer of the ocean, can help in taking up the 
excess of atmospheric C02. External sources of nitrogen sustaining new 
production are either the upwell ing of bottom water enriched by the 
decomposition of organic matter in the deeper layers of the water 
column, or import from the continents through river runoff. 

ATMOSPHERE 

primary 
product ion 

deforestation 

respiration and decay 
soil orgC 

CONTINENTS 

rossil fuel buming 

-::::::===:::::j 5 

rocks 

GLOBAL CAllBON CIRCULATION (1000 lO"gC(/yr)) 

netCOl 
2.5 uptake 

burial 

Fig. 1.- Global carbon circulation between continents, oceans and atmosphere 
(from figures proposed by MACKENZIE et al. 1993) (BILLEN 1991 ). 

Nitrogen transfer from land to sea therefore plays a key role in the 
overall functioning of the global ecosystem. Global nitrogen circulation 
(Fig. 2) is characterized by the presence of a huge pool of atmospheric 
nitrogen which is only very difficultly util ized by l iving organisms. High 
sulfate concentration present in seawater prevents the availability of 
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molybdate, a micronutrient required for enzymatic nitrogen fixation, 
explaining a very low rate of nitrogen fixation in the sea. In the 
continents, biologica! nitrogen fixation is much higher. lndustrial fixation 
(mainly for fertilizers production) and unintentional fixation l inked to 
high temperature combustion also contribute to this flux. Denitrification, 
a process by which nitrates are used as electron acceptors and converted 
into molecular nitrogen by anaerobic micro-organisms, counterbalances 
the effect of nitrogen fixation. In the ocean, it is much higher than 
nitrogen fixation: the ocean is thus loosing nitrogen (and fertility), not 
only because of the burying of organic matter in the sediments, but also 
because of excessive denitrification. On the continents, on the other 
hand, nitrogen fixation, increased by human action, is higher than deni
trification which has resulted in a genera] enrichment of surface water, 
hence an increased transfer of nitrogen from land to sea. 

ATMOSPHERE 

� '""" 8 
0 

N2fixation 
biologou.I 125 
•r>dll!tn.al 50 

GLOBAL NITROGEN CIRCULATION (10" gN (/yr)) 

atmoopheric N (mostl y N2) 

4109 

l ivingN 

8 
non l ivingorgN 

OCEANS 

Fig. 2. - Global nitrogen circulation bet ween continents, oceans and atmosphere 
(from figures proposed by MACKENZIE er al. 1993) (BILLEN 1991 ). 
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This context of an overall decrease of nitrogen availability in the 
global ocean and of general enrichment on the continent should be kept 
in mind when approaching the problematics of river transport of nutrients 
from continent to ocean. 

Coastal eutrophication: An ecological perspective 

In order to understand the response of a coastal marine system to 
enrichment by exogenous nutrients, some general knowledge on the 
ecological functioning of marine systems is required. 

In an isolated system, like an offshore marine zone, under temperate 
climatic conditions, the seasonal cycle generally involves two successive 
phases, namely a first phase of new primary production, rapidly exhaust
ing the pool of nutrients accumulated, during the winter, fol lowed by a 
phase of regenerated production, characteristic of summer conditions, 
where phytoplankton production can only occur at the rate of recycling 
processes. Diatoms generally dominate during the first phase. As silica is 
much more slowly regenerated than phosphorus or nitrogen, flagellates, 
which do not require this nutrient, take over during the second phase 
(Fig . 3a). This scheme holds true for the North Atlantic marine systems. 
In areas where wintering zooplankton species exist, the spring bioom 
might be much less pronounced, and the two phases overlap each other 
somewhat. 

Exogenous nutrient inputs affect both phases. When the composition 
of these inputs is well balanced with respect to algal requirements (as in 
the case of upwelling inputs), i t  mostly promotes the diatom component. 
River inputs, however, are often strongly deficient in silica with respect 
to nitrogen and phosphorus. They therefore mostly stimulate the 
"regenerative" component of the algal community, and those systems are 
characterized by an unusually high growth of non-diatom phytoplankton, 
although sustained by new sources of nutrients. 

This is well i l lustrated by data from the North Sea. In the Fladden 
Ground area, the spring bioom is made of diatoms, which exhaust silica 
and nitrogen simultaneously. The summer phytoplankton is much scarcer 
and is dominated by flagellates (Fig. 3a). In coastal zones, after the first 
bioom of diatoms has exhausted silica, nitrogen is left over, so that a 
second bioom of flagellates occurs (Fig .  3b). Also, riverine inputs sustain 
high erop of flagellates during summer. A clear gradient of increasing 
summer phytoplankton is observed from SW to NE, along the residual 
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Fig. 3. - Comparison of N/Si uptake and diatoms/llagellates development during the 
spring bioom (a) in an offshore shelf area (Fladden Ground, North Sea) and (b) in a 
nutrient enriched coastal area (Southern Bight of the North Sea). 
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circulation of the water masses, submitted to the cumulative inputs of the 
large rivers draining one of the most populated and industrialized areas 
of the world (LANCELOT et al. 1 985). 

In the North Sea, the dominant flagellate species is Phaeocystis 

globosa. This alga exists either in the form of motile single cells, or in a 
colonial form, possibly made of thousand cells embedded in a mucus 
matrix.  This mucus might constitute up to 90 % of the total phytoplankton 
biomass. In this form, the algae are not grazed by copepods and the rather 
refractory nature of the mucus led to i ts accumulation in the water, or on 
the beaches, in the form of bad smelling foam. The physiology and 
ecology of colonial Phaeocystis is typically that of a new production 

flagellate: as shown recently by RIEGMAN et al. ( 1 99 1 ), its colonial form is 
induced under conditions where nitrate (rather than ammonium) is the 
dominant nitrogen source; it is particularly adapted to thrive on external 
sources of nutrients instead of depending on rapid regenerative processes, 
which, on the contrary, it escapes, being not easily grazed by zooplankton 
or decomposed by bacteria. 

Most manifestations of coastal eutrophication, including their obvious 
nuisances, result from the proliferation of new production flagellates. 

Coastal eutrophication and nutrient river transfer: 
A historical perspective 

Evidence for tracing back the past trends of coastal eutrophication is 
unfortunately rather scarce. Por the North Sea, however, some 
indications exist. 

The longest series of quantitative data available is that collected 
since 1 962 at Helgoland (RADACH et al. 1 990). These data show a 
continuous increase in winter nitrate (but not silica) concentration, and a 
corresponding trend of increasing phytoplankton biomass, mostly 
explained by flagel lates (not diatoms) increase. 

CADÉE & HEGEMANN ( 1 99 1 )  have recorded the seasonal variations 
of phytoplankton successions in the Marsdiep area (Texel) since 1 97 1 .  

Their data show a genera) trend of increasing development of 
Phaeocystis during the summer. The same trend has been observed, with 
a significant delay in the Belgian coastal zone (LANCELOT & BILLEN 

1 992) (Fig. 4). 

CADÉE also exhumed data on Phaeocystis occurrence dating back to 
the end of the XIXth century. These data show a development of 
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Phaeocystis quite similar to the present one (Fig. 5).  Also, the qualitative 
data from the Continuous Plankton Recorder Program, running since 60 

years, show that the development of Phaeocystis in the Southern B ight of 
the North Sea has been important in a former past and that there has been 
an "eclipse" in the years 50-60, before the ongoing increasing trend 
(ÜWENS et al. 1 989) (Fig. 6). This is also consistent with the work of 
GROSSEL ( 1 985): he carefully looked at oral traditions and colloquia! 
terms in use by the fishermen in the Pas-de-Calais district. These clearly 
showed that coastal blooms of Phaeocystis, clogging the nets and making 
the water bad smelling, were common long before the recent increase 
recorded by CADÉE. 

A r e a  4 

Fig. 6. - Presence of Phaeocystis in the Southern Bight of the North Sea as observed 
since 1 946 from the data of the Continuous Plankton Recorder Survey 
(reproduced from ÜWENS et al. 1 989). 

This suggests that there might have been a wave of eutrophication 
before the one presently observed. Some authors concluded from this 
that other factors than nutrient enrichment are primarily  responsible for 
the observed trends (ÜWENS et al. 1 989), as i t  seems difficult to them to 
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figure out how nutrient delivery by rivers could have been higher in the 
beginning than in the middle of the century, before reincreasing again by 
the end of the century, while most indicators of human activity display a 
rather regular increasing trend for the last hundred years. 

The mistake in this reasoning l ies in the fact that it considers rivers 
like a simple pipe directly discharging waste from continental sources 
into the sea. Before reaching the sea, continental material has to transit 
through a complex system made of the whole drainage network of rivers, 
including streams, lakes, estuaries . . .  These are very active zones where 
intense physico-chemical and biologica! processes occur, leading to 
transformation, immobilization or elimination of nutrients before they 
reach the ocean. They act therefore as a series of very effective and 
selective filters between the anthropic inputs and the sea. 

Por calculating these filtering processes and their influence on 
nutrient delivery, a model was conceived, the Riverstrahler Model, 
resulting from the coupling of an idealized hydrological submodel, 
describing the flow of water from the watershed in the whole drainage 
network, with an ecological submodel, describing the various biologica! 
and physico-chemical processes affecting organic matter and nutrients 
during their downward tra vel . 

The hydrological model is based on the concept of streamorder, 
introduced by geomorphologists: the complex network of tributaries is 
represented by a regular scheme of confluence of rivers of increasing 
stream order. Morphological characteristics, Iike watershed area, length, 
width and slope, are related to streamorder. Using classica! formulation 
of rain-discharge relationship, it makes possible to calculate discharge, 
flow velocity and depth in each streamorder. 

The ecological submodel is represented in Fig. 7. It provides a rather 
detailed description of primary production, bacterial activity, zoo
plankton development and benthic processes. 

As an example of application, the model has been used to calculate 
the trends of nitrogen delivery by the river Seine during the last hundred 
years in response to land use and urbanization development in its 
watershed. 

It has first been shown that the model, once correctly calibrated, is  
able to reproduce the presently observed seasonal and longitudinal 
variations of water quality in the lower river Seine (BILLEN et al. 1 993). 

The model can then be run for calculating water quality in response 
to past anthropic constraints. The variations of total and urban population 
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Qj'd'· @' V e x o. 
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a. 

Fig. 7. - The Riverstrahler Model of river system functioning (BILLEN et al. 1 992). 
a. Ecological processes taken into account. 
b. Coupling with a simplified hydrological model based on geomorphological 

analysis by stream order. 

in the basin is represented in Fig. 8. Waste water purification plants do 
only treat a significant portion of urban waste since the end of the 
seventies. Data are also available conceming the nitrate concentration in 
water draining agricultural soils since the end of the XIXth century. 
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Measurements are indeed available at the water intake of lvry, in the 
Seine upstream from Paris (NAVES 1 99 1 )  (Fig. 9). As more than 70% of 
the domestic and industrial discharge into the river occurs below that 
point, we can approximately consider these concentrations as indicative 
of the agricultural contribution to nitrogen laad of the Seine. The data 
show a first increase around 1 900, and then a second one corresponding 
to the generalization of the use of fertilizers. 

15 

5 

1850 

total population 

urban population 

1900 1950 

waste water 
treatment 
capacity 

2000 

Fig. 8. - Trends i n  total and urban populations in  the Seine River watershed. 

Using these data as forcing variables in the Riverstrahler Model, i t  
was possible to calculate the seasonal variations of phytoplankton, 
oxygen, nitrate, ammonium and phosphate since 1 850, assuming 
constant hydrological conditions. 

A major change occurred in the morphology of the lower Seine river 
around 1 860. For the needs of the navigation sluice locks were 
established, maintaining the depth around 5 metres whatever the 
discharge. These works gave the Seine its present look of a quiet and 
majestic large river, in contrast to the aspect it had by low water, when 
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only a thin trickle of water was flowing through Paris in the middle of an 
half empty bed. These works also had a major effect on the ecological 
functioning of the ecosystem. Increasing the depth increases the 
residence time, decreases the photosynthesis ,  and decreases the re
aeration. Together with the increasing discharge of waste water, it 
changed the lower river Seine into an heterotrophic ecosystem. Rapidly, 
anaerobic conditions downstream from Paris were established during 
summer. Denitrification then occurred, eventually reducing all agri
cultural nitrates coming from upstream. Data available concerning the 
Seine water quality below Paris by the turn of the XIXth century show 
this phenomenon very well (KAYSER 1 9 1 0) .  Organic pollution in the 
lower reaches of the river system thus protected in some way the coastal 
zones from nitrate pollution originating in headwaters. 
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By the late seventies, waste water purification was installed on a 
large scale. This efficiently eliminated organic matter from the urban 
effluents. It did not, however, reduce significantly the nitrogen load. 
Good oxygen conditions were restored: the health of the lower reach was 
recovered. But denitrification was eliminated. Nitrate from upstream is  
now freely transferred to the sea, leading to a rapid increase in the 
amount of nitrogen discharged as nitrate into the coastal zones. 

This sequence of events explains the fact that nitrogen delivery by 
large rivers has not been uniformly increasing during this century 
(Fig. 1 0) .  It might well explain the two waves of coastal eutrophication 
suggested by the retrospective data available (BILLEN 1 992). 
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Fig. 10. - Total nitrogen and nitrate delivery by the River Seine during summer, 
calculated by the Riverstrahler Model from the data shown in Figs. 8 and 9 for a 
constant hydrological regime. 
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This analysis also shows the importance of the retention processes 
occurring within river systems and the impact human management might 
have on these processes. A retrospective look at the way river systems 
were working in the past can help understanding the problems we are 
facing now. Retention capacity of aquatic systems has been destroyed, 
not only by waste water purification, but also by hydraulic management. 
With the purpose of extending arable land area, wetlands were drained, 
rivers were channelized, strongly reducing both the residence time of 
water and the areas with high nutrient retention capacities. Rectification 
of the "Wild Rhine" between 1 8 1 8 and 1 880 is a nice example of 
historica} hydraulic management leading to reduction of the retention 
capacity of the system (Fig. 1 1 ) .  

Rectification du Rhin ( 1840-1880) 

0 
Mainz 

0 Mainz 

Strasbourg 

Rhin sauvage (1820) 

Fri.;,.:.urg 
0 

Rhin cor.rigé (1860) 

Fig. 1 1 . - Regulation of the course of the River Rhine, between Mainz and Koblentz. 

Conversely, this indicates a possible strategy for reducing coastal 
eutrophication problems. Rehabilitation of wetlands, restoration of the 
wild course of rivers, plantation of riparian forests are all measures 
which can lead to increased retention of nitrogen and phosphorus by 
river systems. Such measures are already planned in some countries 
(Fig. 1 2) .  Such measures, or more direct forms of tertiary treatment, 
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Fig. 1 2. - Danish project of wetlands and ponds restauration for the purpose of 
controlling coastal eutrophication. 
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should accompany the extension of waste water treatment if the trend 
towards increasing coastal eutrophication problems is to be stopped. 

Conclusion 

In spite of the variability of its local manifestations, in spite of its 
apparently recent occurrence, coastal eutrophication is an important 
indicator of global change. Changes observed in the coastal environment 
reveal changes occurring in both terrestrial, freshwater and marine 
systems. 

Beyond the anecdotical character of its particular manifestations in 
various local situations, coastal eutrophication results from the imbalance 
in riverine nutrient transport from land to sea which itself has a global 
significance . It reflects in a very complex way the severe changes which 
occurred in land use and urbanization of terrestrial systems during the 
last two centuries. lts more recent manifestations are in part the 
paradoxical consequence of hydraulic management of river systems and 
of the general ization of classica! waste water purification techniques 
which privileged the mineralization of organic matter with respect to the 
elimination of nitrogen and phosphorus load. 
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CONCEPTS AND PERSPECTIVES * 

BY 

Jean-Paul MALINGREAU** 

1 .  Introduction 

Issues related to human and climatic impacts upon the earth 
environment have increasingly drawn the attention of scientists and the 
public alike. Processes which could lead to large-scale changes in the 
environment, have received particular attention. While "change" per se is 
at the very nature of civilisation, a feeling, and sometimes incipient 
proof, has emerged that the outcome of human activities could lead to 
severe and irreversible damage to the earth system. The list of such 
issues is by now well known and includes, among others, global 
warming, changes in atmospheric chemistry, loss of biodiversity, 
degradation of land and water resources l inked to the processes of 
agricultural intensification, deforestation, desertification, savannisation 
etc. While the debate is still open on the existence of l imits to such 
human-induced transformations or on the applicability of sustainable 
development practices, a host of research activities has endeavoured to 
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systematically examine the extent of those phenomena and to elucidate 
the characteristics of the mechanisms at play. Those topics are 
increasingly investigated at scales hitherto l i ttle explored, using 
methodologies which call for closer l inkages between traditionally well 
separated disciplines. In this perspective, the development of new 
investigation tools such as advanced modelling and observations from 
space has been intensively pursued. 

Human activities over land include processes (deforestation, land 
clearing, burning, fertil isation, etc.) which if irreversible and generalised 
over large areas could influence the long-term evolution of ecosystems. 
Such processes are, in turn, taking place in possible cl imate change 
situations which could further control or exacerbate degradation. 
Characterizing those changes at the surface of the earth is, therefore, an 
important component of global change studies. How will land use evolve 
under rising pressure of human demand for food, fibre and shel ter and 
what will be the consequences of those trends upon the status and 
functioning of the biosphere are all pertinent, if relatively l i ttle examined, 
questions in the global change analysis. The present paper focuses upon 
the use of space observations for detecting, identifying and measuring 
changes in the biosphere with particular reference to i ts vegetation cover. 
Vegetation is  the source of primary productivity and represents, as such, 
the usual focus of human intervention on land. Being attuned to its 
physical environment (natura) or man-made), vegetation represents a 
useful indicator of ongoing climate or anthropogenic pressures. 

2. Change detection using remote sensing data 

The detection of globally significant changes at the surface of the 
earth, using space based observation techniques, is based upon a series of 
assumptions. Several of them still represent the focus of research. 

- Climate or anthropogenic impacts at the surface of the earth are 
physically measurable; variables can be identified and their rates of 
change are within measurement capabilities. 

- Those physical changes must influence radiative properties of the 
canopy, as only these can be measured by remote sensing instruments. 
For example, change in species composition must influence the canopy 
reflectance. 

- Models exist to translate or interpret radiative flux measurements 
into a physical variable and the physical variable into a biophysical one 



DETECTION AND MEASUREMENT OF B .I.G.C. B Y  REMOTE SENSING 37 

related to vegetation distribution, conditions and functioning. Por 
example, canopy radiances are converted into absorbed photosyn
thetically active radiation (APAR) and, in turn, APAR serves in the 
calculation of primary productivity. 

- Through indicators or by statistica! means, the data must lead to 
an unambiguous identification of the existence, amplitude and direction 
of change. Por example, time series of data should be long enough to 
unambiguously identify a long-term trend in the cyclical "greenness" 
signal from a normal interannual variability. 

There are many links still missing in this chain of prerequisites which 
could lead to the use of space observations for a strict measurement of 
global change in terrestrial ecosystems. Modelling of biophysical 
processes using radiative properties of the canopy remains a difficult task 
which is further complicated by the intervening influence of atmospheric 
processes (absorption, scattering). The availability of long-term time 
series of properly calibrated and corrected satellite data sets is another 
impediment in the search for trends which could be associated with global 
change. Currently, there is no more than a decade of systematic global 
measurements of earth surface characteristics; this is hardly compatible 
with a climatic change time frame. Locally, more than 20 years of satellite 
data have been sucessfully analyzed (GRAETZ et al. 1 992). 

Nevertheless, change detection, a well established technique in  
image analysis, can proceed without waiting for the resolution of  all the 
problems evoked above and provide useful indications of transformations 
taking place at the surface of the earth. The analysis of relative changes 
in a vegetation canopy radiative response can also provide useful 
g limpses into dynamic features which could be watched in priority in a 
search for global change indicators. 

3. Remote sensing data for global change studies 

It is important to note at the outset that remote sensing 
measurements are limited to those surface variables which affect the 
physical transfer of radiation through the environment. While an 
extensive body of research is dedicated to refining the measurements of 
those variables, the l imits of the technique must be clearly recognized. A 
type of vegetation or land cover wil l  essentially be detected if i t  
differentially affects the path of radiation measured by the sensor. An 
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individual species shift which does not significantly affect that path will 
not be recognised. Similarly, only the processes in the plant canopy 
which affect the radiative properties of the surface will be measured. 
Biogeochemical cycles, primary productivity and seasonality (phenology, 
life cycles) are thus candidates to remote sensing observations. On the 
other hand, remote sensing perspectives are unique in identifying 
mosaics and patterns of land cover and changes therein, all observations 
which are difficult on the ground. 

Global monitoring of the earth surface using remote sensing requires 
a compromise between the fol lowing factors: 
- The ground resolution of observation; 
- The globality of coverage; 
- The frequency of coverage; 
- The spectra! characteristic and accuracy of the instrument; 
- The capability on the ground to manage the necessary amount of data; 
- The availability of correction and interpretation models in the selected 

spectra! range. 

While a frequent revisit frequency is a must in vegetation monitoring 
(a minimum of 10-day frequency of usable measurements is often 
required), the question of ground resolution is more complex. Indeed, at 
low resolution the question arises whether the information remains 
pertinent with respect to vegetation characteristics. Extrapolation from a 
local scale knowledge to a more generalized one (in a counter-reductionist 
approach) may suffer from discontinuities in the hierarchy of processes. 
Inferring details from coarse views of a landscape will lead to partial 
answers only. Remote sensing techniques provide unique and yet 
relatively little exploited material for such exploration. The question of 
resolution of observation is further compounded by difficulties introduced 
by the necessities of atmospheric correction, by the spatial variability of 
natura! scenes and by the geometrie progression of the amount of data as 
one goes to pixels of smaller size (one Meteosat pixel , for example, 
covers the same area on the ground than 250,000 SPOT Pixels). 

The globality of coverage, a prerequisite for global observations, is 
in principle acquired for any polar orbiting satellite;  yet it is difficult to 
achieve at the required frequency. A Landsat 1 6-day repeat cycle will not 
succeed in providing a cloud-free continental terrestrial coverage in 
probably less than several years of observations where the wide swath 
NOAA-AVHRR instrument with its near daily coverage may succeed in 
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a few weeks. The difference is that Landsat operates at 80 m (MSS) or 
30 m (TM) resolution while the AVHRR obtains data at a norninal 1 . 1  
km resolution. I n  this case, the terms of the trade off are clear, yet 
comprornises have to be made by giving more priority to one term (for 
example, frequency of coverage) versus another (in this case, ground 
resolution). A review of the comparative advantages of those two 
instruments for the case of tropical forest monitoring is given in 
MALINGREAU et al. ( 1 992). 

Currently, global monitoring of land surfaces can be performed 
using a single data source, the NOAA-AVHRR (Advanced Very High 
Resolution Instrument) in two data formats (a 4 and 1 km resolution 
product). The NOAA-AVHRR series of instruments has been operating 
since the rnid-seventies and have provided somewhat consistent 
multispectral data sets on land surfaces since the early eighties. The first 
one is the so-called GAC (Global Area Coverage) data set which is a 
subsample at 4 km of the original AVHRR 1 km product. This 5 spectra] 
channel product is assembled by orbit and covers the entire terrestrial 
surface daily since rnid- 198 1 .  This sizeable amount of data which, in a 
sense, represents the history of the earth surface conditions in the last ten 
years requires ad-hoc and heavy processing before it can be analyzed. 
The GAC product also suffers in terms of spatial representativity from 
the sampling method which was used in its preparation (BELWARD 1 992). 

The 1 km AVHRR data, which is a direct output of the instrument 
can only be recorded onboard in lirnited amount (about 3000 km along 
the orbit) but can be received directly by any station on sight. In order to 
assemble a comprehensive global coverage, several stations must be 
tapped and the data "stitched" together. The TREES Project (TREES, 
1 992) has assembled such a data set for the tropical belt using seven 
receiving stations. Recently, a major project initiated under the auspices 
of the IGBP-Data and Information System Project has undertaken to 
assemble a ful l  daily global 1 km coverage of land surface for a period 
between April 1 992 and September 1 993 (IGBP, 1 992). Needless to say, 
the manipulation of such large data sets covering extensive periods of 
time necessitates the setting-up of processing chains which at the same 
time incorporate the best of currently available calibration and correction 
algorithms and maxirnize the flow of data (BELWARD et al. 1 992 and 
JAMES, pers. comm.).  This is particularly relevant at this juncture when 
current satellite data acquisitions are to be added to a 1 0  year "backlog". 
The NASA Pathfinder Activity, the USGS EROS Data Centre and the 
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Joint Research Centre of the CEC have recently invested heavily in such 
activities. 

The importance of properly developing global satellite data 
processing chains and archiving procedures cannot be underestimated in 
the framework of our preparation to future land observation platforms for 
the end of the nineties. By comparison, the AVHRR GAC approach 
delivers 0.785 Gigabytes of data per day while the MOOIS instrument 
(NASA Space Platform 1 998) will deliver 59.4 Gigabytes per day. The 
IGBP Global AVHRR 1 km data set referred to above will contains about 
4 Terabytes of data. 

3. Detecting global change 

Empirica! analyses of time series of satell ite data of the kind 
described previously are showing promising prospects to detect, identify 
and quantify surface processes which could be l inked to global change. 
Three points of entry into this issue are examined here; they relate to the 
analysis of time series of vegetation index data, to the measurement of 
changes in tropical forest cover and to the analysis of biomass burning 
patterns. As already noted, these analyses are based upon empirica! 
models of data and image interpretations and are, at this stage, geared at 
pointing at possible indications of large scale changes at the surface of 
the earth. Rigorous physically-based radiative transfer models and 
improved physical measurements of relevant biophysical variables are 
yet to be made available before a systematic search for changes in land 
surface processes can be undertaken (FLASSE & VERSTRAETE 1 993) . 

3 . 1  TIME SERIES OF VEGETATION INDEX DATA 

The Normalised Difference Vegetation Index which is  the ratio 
between the infrared and red reflectance differences and their sum has 
been classically used in vegetation studies using low resolution satellite 
data (TUCKER & SELLERS 1 986; JUSTICE et al. 1 985; MALINGREAU 1 986). 

It has been designed to maximize the contrast between vegetation and 
background and to be sensitive to biologica! quantities in the canopy 
such as above ground biomass, leaf area index, fractional vegetation 
cover, biomass accumulation, phenological stage, etc. Empirica! relations 
between the NDVI and some of those variables have been demonstrated 
for specific types of vegetation or ecosystems (GOWARD et al. 1985). 
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Like all empirica! relationships, they are not universally  valid, present 
some constraints in terms of saturation at some biologica! value levels 
and do not provide a fundamental understanding of the process at work. 
Furthermore, the vegetation index is affected, like any satellite 
measurement or derivation of it, by external problems related to 
atmospheric conditions (esp. aerosols) and to surface anisotropy. At the 
generalized spatial resolution of the AVHRR instrument, the vegetation 
index can be considered as an integrated response related to the state of 
greenness and the structure of the canopy. In order to reduce the effect of 
cloud contamination on the time series of measurements the highest 
NDVI of a time interval is kept as being the "cleanest" one, using here 
the now well known maximization approach (HOLBEN 1 986). Daily time 
series are thus transformed into a 1 0  day maxima time series. Por tropical 
forest sample points where changes are relatively slow, monthly 
maximum values have been retained to form the time series. 

Two sets of AVHRR vegetation index curves are used to il lustrate 
possible analysis in a global change perspective. 

The tropical rainforest of Zaire (Fig. 1) shows a set of tempora! 
variations which can be summarized as fol lows (see also MALINGREAU & 

ANTONOVSKY 1 993): 
- A clear seasonal signa] which is repeated every year but which can be 

unimodal or bimodal ; 
- An important interannual variability with a clear troph in the average 

NDVI during the dry period of 83-84; 

- A separation between sites which is  more apparent during the drier 
period, thereby reflecting probable variable edaphic conditions. 

The interpretation of such curves is not easy because each data point 
refers to large chunks of the forest canopy ( 1 6  kfn2 through sampling and 
averaging and 64 kfn2 after geometrie rearrangement - remapping). The 
variation in the greenness of such a large area can obviously not rely upon 
what is known about species phenology but calls for an understanding of 
processes of a more generic nature (photosynthetic activity / accumulation 
of green phytomass or evapotranspiration are prime candidate). What is 
remarkable, however, is that the time series identify an unambiguous 
seasonal signa] in a so-called evergreen formation, that the canopy 
appears to respond in radiative terms to drier (82-84) and wetter (85-88) 

periods and that site conditions introduce important differentials in the 
years of more pronounced stress. Given the large amount of green 
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biomass involved, slight variations of the state of the canopy of the kind 
reported for the drier period of 1 984-85 here could have temporary but 
important effects upon carbon and water cycles. 
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Fig. 1. - Time series of monthly maximum vegetation index data for selected sites in the 
tropical rainforest of Centra] Zaire (Congo 1 :  0.96 Lat.N, 2 1 .7 1  Long. E. Congo 2 :  
9 6  Lat. N, 2 1 .94 Long. E . ,  Congo 3 :  1 . 1 5  Lat. S . ,  1 9.69 Long. E . ) .  The data are 
derived from the A VHRR GAC collection. For presentation, the curves have been 
smoothed by running average with n=3. 

Fig. 2 represents a time series of similar NDVI values over two other 
tropical ecosystems; the figure i l lustrates the range of ampl itudes which 
can be observed over seasonal formations as compared to more evergreen 
cover. Again, the large biomass involved in formations such as guinean 
savannas or semi-deciduous forest make important the interpretation of 
such curves in terms of cover conditions (as input for example, in 
circulation models), or in terms of assirnilation - decomposition (as input 
in biogeochemical or hydrological models). The similarity between 
vegetation index curves presented here and Leaf Area Index based models 
of green phytomass evolution under various climatic and C02 scenarios 
(VEROUSTRAETE 1 992) warrants further investigation. Final ly, progressive 
changes from one pattern of NDVI evolution to another could be 
translated in terms of transformation of vegetation (succession, range 
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shift, etc .)  or in terms of degradation (i .e. introduction of enhanced 
seasonality character in evergreen vegetation, MALINGREAU 1 990). 
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Fig. 2. - Time series of monthly maximum vegetation index data for selected sites in the 
seasonal forest formations of Africa. The curves Congo 10 to 1 2 represent 
ecosystems with decreasing seasonal amplitude (from seasonal to more evergreen). 
R.C.A. and Zaire. 

A global change signal can obviously not be detected in such short 
time series of data; yet, an exploratory analysis points at possible 
indicators of change such as trends (in mean, maxima and minima of 
monthly values), change in amplitude, mode of distribution, emergence 
of multi-annual periodicity corresponding to known climatic events, etc. 
Comparative analysis can also lead to useful clues with respect to the 
most susceptible ecosystems in terms of response to environmental 
determinants. More rigorous procedures in the preparation of such 
satellite data sets are in order and new indices can be explored to further 
refine the quantitative aspect of the analysis (PINTY et al. 1 993). Yet, the 
exploration of the existing data set from an ecological perspective can 
already lead to the formulation of simple rules and to the examination of 
a broad range of emerging global change issues. 
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3.2.  TROPICAL DEFORESTATION 

Transformations in the patterns of land cover under rising pressure 
from human demand are considered of major relevance in addressing 
global change questions. lndeed, the use of land resources is the prime 
handle whereby the majority of people influences the conditions of the 
environment. Rapid and extensive changes in tropical areas, in particular, 
have been presented as important in terms of impact upon the climate, 
biodiversity, land and water resources and, above all, in terms of 
prospects towards sustainable development practices. While no part of 
the world should be left out of such analysis (temperate areas have been 
and are still radically transformed by agriculture, urbanisation, 
industrialisation), the tropics, because of their rapid population increase 
and the fragility of the ecosystems are a special cause for concern. 
Deforestation processes can take a multiplicity of forms, follow complex 
dynamic patterns and be controlled by a wide variety of determinants. 
Given the range of scales along which these processes are taking place, 
their study must be supported by a range of appropriate methods and 
techniques. In a global change perspective there is therefore a need for 
observation techniques which can provide the material for assessments at 
those scales. Aggregation of local statistics or sampling approaches have 
been employed to this effect (FA0, 1 99 1 ) ; recently attempts have been 
made to develop comprehensive observation capabilities based upon 
spaceborne sensors. Given the constraints evoked in a previous section, it 
has become apparent that such a coverage could at this stage only be 
obtained using low resolution data sets. The NOAA-AVHRR instrument 
has now provided to the TREES Project (TREES, 1 992; MALINGREAU et 

al. 1 993) a complete coverage of the tropical belt for the years 9 1 -92. 
This very large data set is being intensively analyzed for assessing 

tropical forest cover. The analysis leads to the production of thematic 
maps with a very simplified but uniform legend. Dry season images 
al low the identification of the evergreen and by contrast of the seasonal 
formations (Fig. 3). Levels of degradation and mosaics between forest 
and non-forest forms are identified. Results have now been obtained for 
Asia (ACHARD et al. 1 993;  ESTREGUIL & MALINGREAU 1 993), for Africa 
(JUSTLCE et al. 1 993) and for South America (D' SOUZA & MALINGREAU 

1 993). At the low resolution provided by the AVHRR 1 km resolution 
data, there is a need to validate and calibrate the results. This is done 
using high resolution data sets provided by the Landsat Thematic Mapper 



Fig. 3. - A V HRR derived classification of evergreen and seasonal forests of Southeast 
Asia. The original resolution of the satellite data is 1 km (from ACHARD et al. 
1 993). 
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images at a resolution of 30 meters. A large number of such images have 
been selected around the tropie and used to validate the AVHRR 
interpretation. In highly fractioned areas with complex forest/non forest 
interface there is, indeed, a need to correct the low resolution inter
pretation which, depending upon the spatial pattem, can over- or under
estimate the actual forest cover. 

This type of investigation provides a reference base upon which a 
global monitoring system can then be established. The objective is to 
develop an information system which can keep track of important 
changes in the tropical vegetation cover. Those most dynarnic areas 
would then be the focus of intensive and detailed observations. The vast 
amount of data and information necessary to operate such an observation 
system makes indispensable the setting up of a Tropical Information 
System which can organize the data base and current knowledge in a 
systematic manner. Such system is indispensable for a coherent and 
efficient analysis of the complex spatial and tempora! information 
derived from the exercise (D'SouzA et al. 1 993). 

Another remote sensing approach to global forest cover assessment is 
to assemble a comprehensive high resolution data set of the kind provided 
by the Landsat or Spot satellite. These documents allow a more refined 
analysis of deforestation pattems. Their assemblage is, however, govemed 
by several constraints: the number of images is very large (more than 270 
for the Brazilian Amazon only); the low repeat cycle of acquisition makes 
difficult the acquisition of complete continental coverage with a cycle 
shorter than five years; the amount of spectra! data is large and 
cumbersome in handling; the cost is very high. Despite the advantage of 
the high resolution in terms of measurement accuracy there have not been 
many attempts to cover large forest areas using this approach. Noteworthy 
is the effort taking place for several years now in the Amazon Basin and 
reported in TARDIN (1992) and SKOLE & TUCKER (1993). 

3 .3 .  B IOMASS BURNING 

Biomass buming is an ubiquitous phenomenon in the tropics. 
Savannas have bumed periodically since immemorial times and probably 
more since human pressure has intensified. Burning is also used for 
preparing agricultural land, for clearing fallen woody vegetation in the 
process of deforestation. Fires are common events in seasonal and 
deciduous forests of the tropics and, in specific circumstances fire can 
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also extend to the evergreen rainforest, a biome thought to be essentially 
immune to such disturbance (UHL et al. 1 985). Tropical biomass burning 
has significant local and regional environmental effects through the 
production of greenhouse gases such as carbon dioxide and methane 
(ANDREAE 1 992) and a wide range of chemically reactive gases including 
carbon monoxide, nitric oxide, nitrogen dioxide and ammonia (PRONN 

1 992). Fire is also accompanied by important particulate matter release 
with obvious impact upon atmospheric optica! properties. Being at the 
nexus of climate conditions, human activities and vegetation conditions 
(Fig. 4), fire is thought to be a good indicator of changes in the 
relationships between key environmental parameters . Given the numerous 
possible interactions and possible feedbacks between those elements in 
the environment, the analysis of such an integrating factor is l ikely to 
yield new insights upon change. 

FlRES AND GLOBAL CHANGE IN TROPICS 

1. DEFORESTATION 

2. BURNING 

3. SEASONALITY, FUEL LOADING 

4. SELECTIVE PRESSURE,SAVANIZATION 

5-6. VEGETATION CUMATE INTERACTIONS 

7. CUMATE CHANGE 

6. ATMOSPHERIC LOADING 

POSSIBLE POSJTIVE FEEDBACKS 

4-6-5 
6-7-3 

Fig. 4. - Jnteractions between various components of the environment and biomass 
burn ing. 
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Assessing fire in tropical landscapes has been a favourite topic of 
plant community ecology for decades and many studies on the role of fire 
in savanna have been produced (for reviews see MUELLER-DOMBOIS 1 98 1 ,  
GOLDAMMER 1 990) ) . What is difficult to obtain, however, are accurate 
estimates of the occurrence of these events over large areas and long 
periods of time. While circumstantial evidences and local reports point at 
the increasing impact of fire in some ecosystems such effects are difficult 
to quantify. The case of Madagascar is noteworthy in this respect; fire is 
said to be on the increase on the island and yet national assessments are 
difficult to produce. It may just be that the sensitivity of (mainly) urban 
people and national authorities to environmental concerns gives to the 
phenomenon a significance hitherto not realized. Yet, a global change 
signal in biomass burning pattern can only be identified if a proper base 
line can be established. Such a base line includes information on current 
(or past) burning patterns, upon their variability in space and time, shifts 
in burning calendar, association with climatic events and human land use 
practices. While site or ecosystem specific studies are important they do 
not reveal much in terms of the extension over large territories of what is 
by definition an elusive environmental phenomenon. 

The analysis of fire patterns, calendar, impact and frequency has 
acquired a new dimension through the use of remote sensing techniques. 
lndeed, some orbiting satell ites have been fitted with thermally sensitive 
instruments which can detect burning events at regional to global scales 
on a recurring basis. Again the NOAA-AVHRR instrument is the main 
source of data. lts characteristics most suited for fire and vegetation 
monitoring can be summarized as fol lows: 
- lts 3.8 micron channel is sensitive to elevated heat sources and can 

provide indications about the occmTence of a fire in the field of view 
(MATSON & DozrER 1 98 1 ,  SETZER & PEREIRA 1 99 1 ) ; 

- The high frequency of coverage is suited for a near-daily revisit of 
burning areas; 

- The visible and near infrared channels can provide individually or in 
combination useful indications on the state of the vegetation and on 
burn scars remaining after fire; 

- The original resolution is adequate for regional and global monitoring. 

While the data set issued from that instrument has provided entirely 
new perspectives on the distribution of fire over large areas (Fig. 5) there 
are l imitations which must be taken into account. They relate to the 
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technica! characteristics of the instruments and the particulars of the 
orbit. Since the AVHRR thermal channels have been calibrated to 
saturated at 320°K, hot background surfaces will tend to saturate the 
signa! and make impossible the identification of fires. Algorithms 
combining surface brightness temperature calculation using different 
thermal bands have been developed which can partly cope with the 
situation. The resolution of the instrument also limits the detection of a 
range of smaller fires. Detection threshold is related to the product fire 
fraction - fire temperature. Narrow but long fires in savanna have been 
detected (BELWARD et al. 1 993).  Assessing detection thresholds in 
different ecosystems remains to be done. Another sampling aspect is 
introduced by the time of satellite overpass ( l 4.30 or later for afternoon 
passes). The representativity of this time of passage is related to the 
particular diurnal cycle associated with local buming practices, the state 
of the vegetation and local meteorological conditions (air humidity and 
wind, in particular). This representativity is difficult to quantify but field 
observations show that in most tropical areas, the peak of buming usually 
occurs in the afternoon. An overriding concern with the AVHRR 
approach is the need, therefore, to evaluate and correct for biases related 
to fire size, duration, diurnal distribution and environmental effects. 
Those gaps in current understanding must be fil led by systematic testing. 

Satellite observations have provided a large set of new information 
on burning patterns associated with colonisation and deforestation in the 
Brazilian Amazon (MALINGREAU & TUCKER 1 987;  SETZER & PEREIRA 

1 99 1  ). Given the difficulties associated with the direct measurement of 
deforestation on low resolution AVHRR data, fires are often used as 
indicators of active deforestation. Catastrophic events associated with the 
El-Nino 1 982-1983 episodes in the rainforest of Borneo and Kalimantan 
were comprehensively analyzed using satellite data of such kind. In this 
case, real-time observations were unfortunately not possible because of 
the unavailability of AVHRR receiving station in range. The fire situation 
over Southeast Asia has been l ittle investigated despite a large body of 
literature on the role of fire in the traditional shifting cultivation cycles. 
Fig. 4 shows intensive burning in Northern Laos and Nothwestern 
Vietnam. Burning in Africa, which is likely to represent the bulk of 
biomass burning in the tropical bel t  (ANDREAE 1 992) has been 
intensively studied using remote sensing data during the recent years; a 
satellite based system of monitoring is operational in Senegal ; regional 
perspectives are being constituted through the use of AVHRR 1 km data 



Fig. 5. - Fire distribution as shown in the shifting cultivation area of Northern Laos on 
April 1 2 . 1 99 1  by the NOAA A VHRR sensor. The 3.8 micron thermal channel 
identifies the pixel with an elevated temperature and a high probability of fire (red 
dots; smoke is in blue on the image). 
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at regional level (LANGAAS & MUIRHEAD 1 988, GRÉGOIRE et al. 1 988).  
Continental analyses are being pursued using the AVHRR 4 km GAC 
data set (BELWARD et al. 1 993) and the DSMP - Defense Mapping 
Satellite (CAHOON et al. 1 992). 

The information derived from the above analyses can form the base 
of a global change detection exercise through: 

- Identification of changes over a period of time in the frequency, 
extension and severity of fire due to climate impacts on vegetation 
(variation in drought intensity, shift in vegetation range) or to changes in 
local buming practices. S imilarly, shifts in buming calendars may 
indicate changes in vegetation phenology associated with rainfall and 
temperature pattems;  

- Appearance of fire in ecosystems hitherto immune to i t ;  this is  
especially true for the rainforest where new conjunctions of factors related 
to human occupation and climate events may create fire prone situations. 

4. Conclusions 

Science needs to address issues at scales little explored so far and for 
which appropriate data sets are needed. Remote sensing techniques, 
through an innate versatility in terms of resolution of observation, extent 
of coverage and frequency of measurement can contribute to the 
development of what we could call an "ecology of scale". In order to 
reach such an objective, there is an urgent need for uniform, 
comprehensive, repetitive and well calibrated data sets. Current satellite
sensor systems only partial ly fulfil such requirements. Long time series of 
satellite data are essential for assessing trends and anomalies in 
ecosystems. Furthermore, surprise scenarios such as those associated with 
catastrophic events or rapid surface transformations dictate the 
development of standby comprehensive monitoring systems. 

Current impediments to a ful l  util ization of space observations in the 
context briefly described here relate to a range of factors: limitations in 
current instrument and ground segment capabilities ; limitations in current 
capabil ities to extract well calibrated physical and biophysical quantities 
from a canopy radiative signa! ; lack of scientific expertise to analyse 
ecosystem characteristics along the range of scales and resolutions 
afforded by satellite data. Last, one must also mention the Jack of 
institutional commitment to invest in global monitoring of land surfaces at 
scales compatible with global change issues. The need for global 
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monitoring of the biosphere is likely to grow in the next decade and space 
based observation instruments will assume a growing role in support to 
the associated investigation. Yet, as a rule, the technology is improving 
faster than our capabilities to properly exploit the information it provides. 
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CONSEQUENCES OF DEPLETION OF THE 
OZONE LAYER POR HUMAN HEALTH: 
STUDIES USING THE "COMET" ASSAY 

BY 

M.H.L. GREEN*, J .E. LoWE* , A.P.W. WAUGH*, 

S.A. HARCOURT*, L. ROZA* *  & C.F. ARLETT* 

SUMMARY. - Release of CFCs into the environment is causing depletion 
of the Earth's ozone layer. This is likely to lead to a rise in levels of UV-B in 
sunlight which may in turn cause increases in DNA damage and all types of skin 
cancer. The increases in skin cancer will, however, almost certainly be small in 
comparison to those already known to be occurring as a result of our increased 
exposure to sunlight by choice. The solar spectrum can be divided into UV-A 
(3 1 5-400 nm), UV-B (280-3 1 5  nm) and UV-C (200-280 nm). UV-C has been by 
far the most intensively studied, and the best characterized DNA lesions it forms 
are cyclobutane dimers and (6-4) photoproducts. UV-C, however, is absorbed in 
the earth' s  atmosphere so that it is UV-A and UV-B which are of environmental 
significance. UV -B is more damaging than U V  -A and it is UV-B which is 
attenuated by ozone. UV-B forms the same DNA lesions as UV-C but at a far 
lower yield which is strongly wavelength dependent. UV-B is a complete 
carcinogen, acting as an initiator through DNA damage, and as a promoter by 
suppressing the immune response so that antigenic skin tumours become 
tolerated. In this connection, we have found that circulating Iymphocytes from 
normal human donors are extraordinarily hypersensitive to UV-B irradiation. 
UV-B killing of Iymphocytes is apparently mediated by an excisable lesion 
which is not a pyrimidine dimer or (6-4) photoproduct. We have used the 

* MRC Cell Mutation Unit, University of Sussex, Falmer, Brighton BN 1 9RR 
(United Kingdom). 

** TNO Medica! Biologica) Laboratory, P.O. Box 45, 2280 AA Rijswijk 
(The Netherlands). 
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"Cornet" assay (Single cell gel electrophoresis) to study the excision breaks 
formed during the repair of this lesion. The assay provides a rapid, simple and 
sensitive method for measuring single strand breaks in mammalian cells  and we 
have been able to use it to provide evidence that we are not observing radical 
damage or apoptosis. Exposure of normal lymphocytes in vitro to one minute of 
natura! sunlight is sufficient to produce measurable damage in the assay. 
Experiments to measure damage to lymphocytes in vivo are in hand. Our results 
suggest that direct effects of sunlight on lymphocytes could play a role in 
immunosuppression. The immunosuppressive effects of UV-B may not 
necessari ly be all harmful. The UV-B hypersensitivity of lymphocytes may be 
exploited in the future in transplantation, and auto-immune diseases such as 
juvenile (type I, insulin-dependent) diabetes show an apparent inverse 
correlation with exposure to sunlight. 

Background 

ULTRAVIOLET LIGHT 

The solar UV spectrum is divided for convenience into UV-C (200-
280 nm), UV-B (280-3 1 5  nm) and UV-A (3 1 5-400 nm). Of these UV-C 
is totally blocked by the earth's atmosphere and human exposure is 
largely confined to arc-welders and laboratory workers (see RussELL 
JONES & W!GLEY 1 989, IARC 1 992 for reviews). Quartz halogen lamps 
may also emit some UV-C (DE FLORA & D' AGOSTINI 1 992). UV-B is the 
shortest and most biologically damaging solar wavelength to reach the 
earth's  surface. It is UV-B that is attenuated by the ozone layer, so that 
although ozone depletion may have little effect on total UV levels, it may 
increase human exposure to the most damaging wavelengths. Most 
human exposure to UV-B is from sunlight and will be greatest where the 
path of the light through the atmosphere is shortest, at high altitudes or 
nearer the equator. Unscreened fluorescent l ight tubes also emit some 
UV-B and the practice of removing plastic diffusers in order to improve 
energy conservation may increase human UV-B exposure. UV-B is also 
used in phototherapy, for instance in treatment of psoriasis. UV-A is far 
less damaging but human exposure to these longer wavelengths is so 
much greater that their contribution to overall damage is not trivial. 

Although it is UV-B and UV-A which are relevant to human health, 
most research into the effects of UV has used 254 nm UV-C. The most 
important and best characterized forms of DNA damage induced by 
UV-C [cyclobutane dimers and (6-4) photoproducts] are formed between 
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adjacent pyrimidines on the same DNA strand. Bath types of lesion are 
formed by UV-B, but at a much lower yield which is strongly wavelength 
dependent. Figure 1 shows how the higher energy which makes shorter 
wavelength UV more damaging largely prevents it from reaching us. It 
also shows how different wavelengths of UV-B may have totally 
different biologica! effects. This problem may however be turned to 
advantage by using light sources of different spectra} output to dissect 
biologica! responses.  
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Fig. 1 .  - Relative intensity o f  sunlight and efficiency of pyrimidine dimer and tumour 
formation at different UV wavelengths [Data adapted from RusSELL JONES ( 1 989), 
VAN DER LEUN ( 1 989) and L. HENDERSON (Unilever, Colworth, Bedford, UK), pers. 
comm.] .  
The spectra! output of the Westinghouse FS20 UV-B light source used in these 
studies is also shown (B.L. DIFFEY, pers. comm.). 
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THE OZONE LAYER 

When short wavelength ( <242 nm) UV-C from the sun reaches the 
earth's atmosphere, it can split molecular oxygen. 

Ozone is  generated when atomie oxygen reacts with an oxygen 
molecule in a process of the form 

This process is rapid and does not require light. The reaction is also 
reversed by UV. 

In the presence of a radical such as atomie Cl an alternative set of 
reactions can occur: 

0 + Cl �  OCl 
OCI + 03 � Cl + 202, 

thus the end result is a catalytic removal of ozone from the stratosphere. 
The main source of atomie Cl in the stratosphere is from chloro
fluorocarbons (CFC's). This is because they are volatile, are not washed 
back to the earth's surface by rainfall and are extremely stable, only 
being broken down by UV in the upper atmosphere (See !SAKSEN 1 989 
for a review) . 

Evidence for the destruction of the ozone layer by CFCs is strong, 
but evidence for a corresponding increase in UV-B levels at the earth's 
surface is less certain. This may be due to difficulties in measurement 
and the UV screening effects of different forms of air pollution. 

In practice, any effect of depletion of the ozone layer on human 
health wil! be trivial in comparison to the massive increase in exposure to 
sunlight arising from changes in our lifestyle. Belgians and Britons 
sunbathe far more and take more Mediterranean holidays each year. This 
is already leading to large increases in different forms of skin cancer. The 
incidence of melanoma in Britain, for instance, has doubled between 
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1 964 and 1 984 (ELwooo 1 989) (Fig. 2). Thus a substantial health 
problem exists, but it was present long before concern over the ozone 
lay er. 
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Fig. 2. - New cases of melanoma in the United Kingdom, 1 962- 1 984 
(Data adapted from ELwooo 1 989). 

UV-B AND SKIN CANCER 

The three main types of skin cancer are Basal Cell Carcinoma 
(BCC), Squamous Cell Carcinoma (SCC) and Cutaneous Malignant 
Melanoma (MM) (RusSELL JONES 1 989). 

All are l inked to UV exposure, although the relationship with 
melanoma is complex (ELwooo 1 989). BCC is the commonest but is 
almost entirely treatable. Melanoma, although by far the rarest, causes 
most deaths. SCC, although potentially more dangerous than BCC, is 
still highly curable. Both SCC and BCC are substantially under-reported. 
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A system for studying UV induction of SCC in the mouse has been 
developed by KRIPKE ( 1 990). In this system UV has two separate effects. 
It acts as an initiator, presumably through inducing DNA damage in the 
target cells. It also acts as a promoter by suppressing recognition of the 
antigenic tumour cel ls by the immune system. This was demonstrated by 
inducing skin tumours in mice by means of prolonged UV-B treatment 
and transplanting the tumour to another anima) of the same inbred strain. 
Normally the tumour would be rejected by the second mouse but if the 
area of skin of the recipient first received a relatively low dose of UV-B, 
the tumour would grow. 

Evidence for a similar effect in humans comes from renal transplant 
patients who receive immunosuppressive treatment. Such patients show a 
large increase in frequency of specific types of cancer, especially sec, 
and to a lesser extent Melanoma (RussELL JONES 1 989; LIDDINGTON et al. 

1 989). 
YOSHIKAWA et al. ( 1 990) have studied the effect of UV-B on contact 

hypersensitivity, measured as the ability of individuals to mount an 
allergie response to dinitrochlorobenzene (DNCB). When the DNCB was 
painted on an area of UV-i1Tadiated skin 35% ( 1 2  out of 34) normal 
individuals mounted a defective response, but 11 out of 1 2  patients who 
had previously had skin cancer were deficient. Response to a different 
substance, painted on unirradiated skin, was normal in the defective 
individuals. Thus, in understanding the carcinogenicity of sunlight, we 
need not only to characterize the DNA damage formed in skin cells but 
the way in which the immune response becomes altered. 

Results 

RESPONSE OF HUMAN LYMPHOCYTES TO UV-B 

In recent years techniques have improved to the extent that it is now 
possible to culture human T-lymphocytes from a blood sample so that 
al most all of them will grow to form clones (COLE et al. 1 988, 1 989). It 
has thus become feasible to measure in an in vitro clonogenic assay the 
sensitivity to UV-B of one class of cells of the immune system. We have 
found that T-lymphocytes are quite remarkably and specifically sensitive 
to UV-B irradiation in comparison to skin fibroblasts (Fig. 3a). Although 
T-lymphocytes are more sensitive than fibroblasts to killing by UV-C, 
(ARLETT et al. 1 992) the effect is far smaller (Fig. 3b). We have been able 
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to compare damage from UV-B and UV-C lamps using a monoclonal 
antibody specific for thymine cyclobutane dimers. 

By comparing survival of lymphocytes fol lowing UV-B and UV-C 
irradiation at doses giving the same dimer yield, we find that UV-B 
killing of lymphocytes occurs at doses too low to be accounted for by 
cyclobutane dimer formation. We have obtained a similar result for (6-4) 
photoproduct, the other principal type of UV-C lesion. In contrast both 
UV-B and UV-C do appear to kill skin fibroblasts by cyclobutane dimer 
or (6-4) photoproduct formation. 
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Fig. 3. - Survival of T-lymphocytes and fibroblasts from the same nonna! donor after 
UV-B and UV-C irradiation. Procedures were as described by ARLETT et al. ( 1 992). 
UV-B in-adiation was from a bank of broad spectrum Westinghouse FS20 lamps 
(Peak emission 3 1 2  nm). UV-C irradiation was from a Philips 6WTUV 254 nm 
Germicidal lamp. All data points are the mean of at least 2 independent 
ex peri men ts. 

THE "COMET" ASSAY 

It would therefore appear that UV-B kills human lymphocytes 
through formation of a novel DNA lesion, and to identify this lesion we 
have made use of the "Cornet" assay. The rnethod that we use was 
described by SJNGH et al. ( 1 988) but it was based on earlier work by 
ÜSTLING & JOHANSON ( 1 984) and is in essence a developrnent of the 
nucleoid sedirnentation rnethod of COOK & BRAZELL ( 1975). In effect, 
the method is a rapid, sirnple and sensitive procedure for rneasuring 
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single strand breaks in mammalian cel ls .  Cells are embedded in agar, 
lysed and an electric current applied. All the cell contents, except the 
nucleus and some associated proteins, are dissolved away during lysis. If 
the DNA contains strand breaks, it is dragged out from the nucleus 
towards the anode; if i t  is intact, it does not move. The method can detect 
either strand breaks formed directly in DNA, for instance by 
X-rays, or strand breaks arising during excision of damage from the 
DNA. We have been able to show that lymphocytes are also exquisitely 
sensitive to UV-B in the "Cornet" assay (Fig. 4) and that from the 
kinetics of formation of the breaks the damage seems to be of the 
excisable type . 
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Fig. 4 .  - Cornet formation in lymphocytes and fibroblasts fol lowing UV-8 irradiation of 

the same normal donor as in Fig. 3 .  U V-B irradiation was as for Fig. 3. 
Procedures were as described by GREEN et al. ( 1 992). 
Mean cornet length was determined for 50- l OO cells for each point in each 
experiment. All data points are the mean of at least two independent experiments. 

Patients with the genetic disease xeroderma pigmentosum are 
hypersensitive to both UV-C and solar irradiation and have vastly 
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increased susceptibility to skin cancer. We have found that lymphocytes 
from XP donors are hypersensitive to killing by UV-B and show fewer 
excision breaks, suggesting that they are less able to remove the UV-B 

lymphocyte lesion from their DNA. Although xeroderma pigmentosum 
cells are unable to repair a wide variety of types of damage from their 
DNA, the patients are almost specifically hypersensitive to skin cancer. If 
they are hypersensitive both to the DNA damaging effects of UV-B, and 
through their lymphocytes to its irnmunosuppressive effect, this rnight 
provide an explanation (BRIDGES 1 98 1 ) .  

"COMETS", R ADICAL DAMAGE AND APTOPOSIS 

UV is known to produce a range of other types of DNA damage, the 
best characterized being produced by radical attack. Formation of these 
lesions should be reduced by radical scavengers. Figure SA shows that 
depletion of the endogenous scavenger glutathione with the inhibitor 
buthionine sulphoxirnine does not increase strand breakage. Sirnilarly 
addition of up to 5% v/v of the radical scavenger dimethyl sulphoxide 
has no effect (Figure SB). Thus we have no evidence to support the idea 
that the non-dimer damage by which UV-B kills lymphocytes is induced 
by radical attack. 
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Fig. 5. - Cornet formation in human lymphocytes following UV-B irradiation: a) Cells 
were incubated ovemight prior to irradiation in the presence of buthionine 
sulphoximine at the stated concentration; b) Cells were incubated during and after 
irradiation in the presence of dimethylsulphoxide at the stated concentration. 
Procedures were as described by GREEN et al. ( 1 992). All data points are the mean of 
at least two independent experiments. 



62 M.H.L GREEN et al. 

There is increasing interest in the phenomenon of apoptosis 
(programmed cell death, cell suïcide) (BOWEN & BowEN 1 990). Death 
occurs in a characteristic way, including nucleolytic cleavage of the 
DNA. Lymphocytes are particularly prone to this mode of death which 
occurs as part of the normal development of the immune system and 
UV-B has been shown to induce apoptosis in a leukemia cell line 
(MARTIN & CoTTER 199 1 ) . Apoptosis is known to be Ca++-dependent but 
the strand breakage which we observe after UV-B occurs equally or more 
readily in lymphocytes in Ca++-free medium (Table l ) . In addition the 
strand breakage which we observe is reversible, at least at moderate 
doses of UV-B.  

Table 1 

UV-B dose Post-irradiation treatment 

1 .25 mM Ca++ 0.0 mM Ca++ 0.0 mM Ca++ 

+ I OmM EDTA 

Mean cornet length (µrn) 

0 Jm-2 UV-B 32.6 32. 1 4 1 . 1  

1 8  Jm-2 UV-B 82.9 82. 1 83.6 

Cells were incubated in HEPES buffered saline containing the indicated level of 
Ca++ from 30 minutes before inadiation to 1 h after irradiation. All values are the mean 
of two experiments. 

Rather than reflecting apoptosis the strand breakage we observe 
seems to be related to the low level of nucleoside pools in lymphocytes 
(YEW & JOHNSON 1 979). This delays the rejoining step of excision repair 
so that strand breaks accumulate following UV-B irradiation. Incubation 
of lymphocytes in the presence of IOOµM nucleosides, greatly reduced 
the observed strand breakage. 

The DNA lesion responsible for killing lymphocytes remains a 
matter for conjecture. One possibility is that it may be an adenine 
photoproduct (KUMAR et al. 199 1 )  since these may be formed more 
readily at UV-B wavelengths than pyrimidine photoproducts 
(GALLAGHER et al. 1 989). This is however speculation at present. 



CONSEQUENCES OF DEPLETION OF THE OZONE LA YER FOR HUMAN HEAL TH 63 

Implications 

Is THE UV-B SENSITIVITY OF LYMPHOCYTES RELEVANT? 

Only about 1 % of lymphocytes are in circulation at any one time. 
The remainder are distributed in different tissues including the skin. They 
pass regularly back into the bloodstream and then lodge again in the 
same or another tissue. Thus, although most lymphocytes would not 
receive significant UV-B exposure, a fraction would do so. Whether 
direct killing of lymphocytes has a part in UV-B-induced immuno
suppression remains to be established. UV-B also modulates cytokine 
production and cytokine upregulation of ICAM-1, a cell adhesion 
molecule involved in antigen presentation (KRUTMANN et al. 1 990). 

The paradox exists that although UV-B kills lymphocytes via non
dimer damage, this type of damage does not kill fibroblasts, even those 
from xeroderma pigmentosum patients, which are repair deficient. The 
underlying problem is that we do not know how almost any DNA damaging 
agent kills almost any cell. There is a cotTelation between levels of damage 
or repair and cell death, but the intervening processes are largely unknown. 
In the case of UV-B it is important that we establish the mechanism. 

UV-B AND AUTO-IMMUNITY 

It is worth considering why UV-B rnight exert a specific immuno
suppressive effect. A mechanism for preventing the recognition of 
potential skin tumours would appear at face value to be of no biologica! 
advantage. One possibility is that, potentially, the most serious 
consequence of continued exposure to solar UV-B is not skin cancer, but 
the production of a high frequency of antigenically altered non-cancerous 
cells. If the body were to mount an attack on all these cells, auto-immune 
disease might result. Conceivably, Systemic Lupus Erythematosis is such 
a disease. 

It is also possible that UV-B may affect other diseases. Juvenile 
diabetes is now recognized to be auto-immune in origin. Figure 6 shows 
the incidence of j uvenile diabetes with latitude in Europe (ZIMMET et al. 

1 989). Multiple Sclerosis may show a similar pattern. It may be worth 
considering whether these correlations could also be sunlight-related and 
whether we could use knowledge of the mode of action of UV-B to 
devise more effective treatment for auto-immune disease. 
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Fig. 6 .  - Frequency of juvenile diabetes in various European countries plotted against 
the latitude of the capita! city. (Data adapted from ZIMMET et al. 1 989) 

ABBREVIATIONS 

BCC: Basal Cell Carcinoma 
DNCB:  Dinitrochlorobenzene 
M M :  Malignant Melanoma 
SCC: Squamous Cell Carcinoma 

UV-A : 3 1 5-400 nm ultraviolet light 
UV-B : 280-3 1 5  nm ultraviolet light 
UV-C: 200-280 nm ultraviolet light 
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SUMMARY. - Up to recently, in the ecological literature, attention was 
given to the way populations or communities respond to the major changes in 
clirnate that occur on geological time scales. Many studies also concentrated on 
the influence which short, year-to-year climatic variability can have on the 
dynamics of populations. On the other hand, in the climatological literature, the 
analysis of various proxy records shows that cl imate fluctuations on the century 
time scale are also a widespread phenomenon during the Holocene. More 
particularly, the evidence for a rise in globally averaged temperature over the 
past 1 50 years is indisputable. On the sarne time period, numerous changes have 
been observed in the distribution and abundance of animals and plants in Europe 
and some trends can probably be related to the c limatic change. In a time of 
growing concern about the biologica! consequences of trace-gas-induced 
climatic modification, long-term studies of components of the marine and 
terrestrial ecosystems are of particular relevance and have to be encouraged. 
However, future climates may !ie outside our paleocl imate database. Therefore, 
changes inferred by past changes can only be taken as a first guide to possible 
future changes. Moreover, owing to the difficulties in providing precise, 
regional projections of climatic changes, only plausible scenarios can be 
postulated and used as tests of ecosystem-response models. In view of the 
complexitiy of both climate and ecosystem models, scenario and sensitivity 
analyses may be the only assessment tools conservationists have for the 
foreseeable future. 
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1. Introduction 

Up to recently, there was a tendency in much of the ecological 
l iterature to think of environmental change as taking place either on a 
very short or a very long timescale. Many studies concentrated on the 
influence which short, year to year climatic fluctuations can have on the 
dynamks of populations. Por example, interannual changes in 
populations of several resident birds are often, in our countries, the direct 
result of weather conditions experienced by the birds during the previous 
winter or l inked to the frequency of severe winters over a period of years. 

At the other extreme, attention was given to the way populations, or 
even entire communities, respond to the major changes in climate that 
occur on geological time scales. Viewed over the entire Quaternary, taxa 
have constantly migrated in response to glacial-interglacial cycles, often 
resulting in alternation between widespread populations in favourable 
times, and small ,  fragmented populations during unfavourable periods. 
The forests with which we are familiar to-day are composed of species 
which arrived at different times from various glacial refuges, responding 
independently to changing climatic regimes and biotic interactions. The 
animal fossil record also bas many examples of non-analog assemblages 
of species that have separate ranges today. 

In recent climatological literature, the analysis of various proxy 
records shows that climatic fluctuations on a century timescale (more 
specifically, between 50 and 400 years) are also a widespread 
phenomenon during the past 1 0,000 years, i .e.  the Holocene (see 
STOCKER & MYSAK 1 992, for a review). Although the amplitudes of these 
fluctuations are much smaller than glacial-to-interglacial variations, 
proxy data and historica! documents reveal a strong impact on the extent 
of vegetation and l iving conditions, especially in the northern hemisphere 
(e.g. LAMB 1 977). 

In section 2, we il lustrate such century time scale climatic 
fluctuations by examining the recent global warming over the past 1 00 
years and we mention briefly some impacts on plants and animals which 
have been observed in Europe. In the next section, we discuss in  
perspective the projected man-induced warming over the next century 
and present some implications in the future of natura) ecosystems. 
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2. The last century warming and its impacts 

The evidence for a rise of about 0.5° in global mean surface air 
temperature over the last 1 00 years is indisputable, with a marked period 
of stability between the 1 940s and the mid- l 970s (HouGHTON et 

a/. 1 990). Much of the warming since 1 900 has been concentrated in two 
periods, the first between about 1 9 1 0  and 1 940 and the other since 1 97 5 .  
The 1 980s is the warmest decade on  global record. 

However, the history of the global temperature is not necessarily 
applicable to specific regions or locations, which may show very 
different trends. Warming during the first half of this century occurred in 
most regions around the globe, with the strongest effect to the north of 
60°N. Northern Europe showed a trend towards a more "maritime" 
climate with higher winter temperatures and reduction of the difference 
between summer and winter extremes. The cooling after 1 950 was 
mainly confined to the northern hemisphere and the renewed warming 
began in most regions of the southern hemisphere before 1 970. Renewed 
warming is also present in zona) means in the northern hemisphere after 
the early seventies, including small rises in high latitudes, even if there is 
a marked cooling in the Atlantic/Barents Sea sector in recent decades 
which is not seen elsewhere in high latitudes. 

Although the magnitude of these recent climatic changes as 
expressed in terms of mean annual temperature appears to be small ,  they 
have also been accompanied by changes in the frequency of occurrence 
of climatic extremes which may have greater biologica! significance. 

Recent dendro-ecological studies indicate that the growth rates of 
trees at some high latitude and high altitude sites are increasing (INNES 

1 99 1 ). The date of the onset of increased growth is variable, ranging 
from 1 850 to 1 940, with more recent increases occurring in less 
cl imatically-stressed areas. The growth data are supported by studies of 
tree-line dynamics which indicate that many northern and alpine tree
lines have advanced within the last 1 00 years. Although the causes of the 
growth increases are uncertain, climatic change appears often to be the 
most likely explanation. 

Concerning the striking climatic amelioration during the first part of 
this century, many studies have been published in Finland, Sweden, 
Germany, Denmark and Iceland, where naturalists paid more attention to 
the reactions of flora and fauna, in particular birds, mammals, insects and 
marine animals (see CRISP 1959 and FORD 1 982 for reviews). Numerous 
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changes have been observed in the distribution of animals and plants 
during this time period. In particular, the trend of many bird species to 
shift northward has been correlated with milder climates of northern 
latitudes. However, even if the c limatic influence is acknowledged to 
explain many of the observed biologica! modifications, the detail s  of 
how cl imatic changes affect biologica! processes and the ecological chain 
systems still remain largely an unsolved problem. The climate hypothesis 
is therefore difficult to evaluate and test precisely. 

Moreover, in the last decades, the problem of how cl imatic factors 
influence ecological chains was rendered more and more difficult by the 
increasing role played by human activities and the changing economie 
structure of modern societies. Consequently, the interest of the life 
scientists for the climate hypothesis decreased and they focused rather on 
the human impacts on the ecosystems. Today the cl imate hypothesis is 
receiving again more and more attention in the context of the expected 
man-induced global warming over the next century. We approach this 
problem in the next section. 

3. The future climate and its impacts 

The increases in the atmospheric concentrations of greenhouse gases 
and the projected changes in cl imate (HouGHTON et al. 1 990) pose a 
serious threat to natura! ecosystems (TEGART et al. 1 990). If few or no 
steps are taken to limit greenhouse gas emissions, the average rate of 
increase of global mean temperature during the next century is estimated 
to be about 0.3°C per decade. This will result in a likely range of increase 
in global mean temperature of about 1 °C-2°C above the present value 
around 2050 and 2°C-5°C above to-day's before the end of the next 
century. Such warming would not only be much greater than recent 
changes discussed in the previous section but it would also occur 4 to 1 0  
times faster. 

To evaluate the potential effects of large-scale climate variations on 
ecosystems, a regional projection of climatic changes is needed that can 
be applied to ecosystems locally. The problem is essentially one of 
representation of climatic forcings on two different spatial scales: the 
large scale, defined here as the range of c. l 000 km to global, and the 
mesoscale, defined as the range of a few kilometres to several hundred 
kilometres. Large-scale forcings, for example those due to the Earth 's 
orbital characteristics or the abundance of atmospheric constituents, 
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regulate the genera! circulation of the atmosphere. This in turn 
determines the succession of weather events which characterize the 
cl imate regime of a given region. Mesoscale forcings, for example those 
induced by complex topographical features and surface characteristics, 
modify the structure of the weather events and initiate local mesoscale 
circulations. Embedded in the large-scale atmospheric systems, these 
circulations contribute to regulate the regional distribution of climatic 
variables. 

Scientists estimating future climatic changes have focused on large
scale models of the climate [general circulation models (GCMs)] 
attempting to represent mathematically the complex physical interactions 
among the atmosphere, oceans, ice, biota, and land. As these models 
have evolved, more and more information has become available and 
more comprehensive simulations have been performed. Unfortunately, 
the smallest scale at which GCMs provide credible information is in the 
order of 500 x 500 km. Due to the available computer resources, within 
the foreseeable future, even the highest resolution GCMs for integrations 
over 50 or more years will not have a grid with nodes much less than 
1 00 km apart. GCMs will not, therefore, be able to resolve most local 
biological communities or the important local and mesoscale effects of 
hills, coastlines, lakes, vegetation boundaries, and heterogeneous soils. 

In recent impact studies, one response to the need for regional 
information on projected climatic changes has been the analysis of large, 
paleoclimatic changes. Although such past examples are relevant for 
estimating future climatic sensitivity to large changes in the radiation 
balance that force climate to change, they are unfortunately not precise 
analogies to the rate and character of present greenhouse-gas increases. 
Looking at more recent historical or instrumental cl imatic records - the 
so-called historical analogue method - can provide other insights into 
climatic states and societal vulnerabil ities. These methods, however, are 
also based on climatic cause-and-effect processes which are probably 
different from the future greenhouse gas radiative effects. 

More recently, high resolution mesoscale models have been 
embedded within a few grid squares of a GCM, using as boundary 
conditions for the mesoscale model the wind, temperature, and so forth 
predicted by the GCM at the squares' boundaries. A mesoscale model, 
with grid-square scale typically 50 x 50 km, could then account for 
regional topography, soil type, and vegetation cover and could relate GCM 
forecasts to regional topography (GIORGI & MEARNS 1 99 1 ). For such a 
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method to have any reasonable hope of success, however, the GCM must 
produce accurate climatic statistics for present day and for the special 
l imited grid area. Only then does it make sense to take the next step of 
imposing a scenario of trace gas increase on the GCM to estimate how the 
regional/local scale cl imate might change. Although this  technique has 
shown some promises for midlatitudes, how embedding would work in the 
tropics where thunderstorms (smaller in scale than even the mesoscale grid 
squares) dominate precipitating systems is more uncertain. 

Even more unreliable than regional details, but perhaps more 
important to long-term ecosystem responses, are future estimates for 
such measures of cl imatic variabi l i ty as the frequency and magnitude of 
severe storms, heat waves, temperature or rainfall extremes. Such i ssues 
are just now beginning to be considered and evaluated. 

Despite the difficulties in providing precise, regional projections of 
cl imatic changes, plausible scenarios deduced from GCMs results can be 
postulated and used as tests of ecosystem response models. In view of 
the complexity of both cl imate and ecosystem models, scenario and 
sensitiv ity analyses may be the only assessment tools ecologi sts and 
conservationists have for the foreseeable future, other than observations 
of future possibly dramatic cl imate and ecosystem changes. 

Cl imate change is not necessarily a threat to the viability of all 
cl imate-sensitive species. However, the transient nature of projected 
man-induced significant cl imate change is on a scale of decades white 
the adaptabi l ity of many species is on a timescale of centuries. This 
implies that substantial disequil ibrium within ecosystems could be 
created owing to maladaptions, significant shifts in species ranges, and 
inevitable extinctions. Consequently the only outcome that can be 
predicted with virtual certainty in present state of knowledge is major 
surprises. The only forecast that seems certain is that the more rapidly 
the cl imate changes the higher the probabili ty of substantial disruption 
and surprise within natura! systems. 

4. Conclusions and recommendations 

- In a t ime of growing concern about the biologica! consequences 
of cl imate change, the analysis of tempora! changes revealed by long
term studies of components of the terrestrial and marine ecosystems are 
of particular relevance. The field of projecting multi -component 
ecological responses at a large, continental scale is clearly necessary. 
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But, because most ecological work has been done on a very localized 
scale, new investigation methods must be refined, even if such methods 
may be viewed by many scientists as outside the traditional research 
paradigm of concentrating on basic, small-scale disciplinary work. 

- Even though we do not know what the exact increase in the 
global temperature will be or how regional climates will change, we can 
use plausible scenarios and make projections of the potential biological 
consequences based upon our knowledge of species ecology, behavior, 
evolution, physiology, and the like. These forecasts are necessary to 
provide the guidance needed to help plan for the likely disruptions of 
natural communities around the world. 

- Future climates may be outside not only the existing cl imatic 
domain, but also outside the climate to which existing species are 
evolutionari ly adapted. Therefore, changes inferred by past changes can 
only be taken as a heuristic guide to possible future changes. However, if 
such past changes are used to calibrate and validate models of climate
ecosystems interactions, then such models may provide more credible 
projections of the effects of climate change on species distributions and 
abundances. 

- The inability of species and ecosystems to adapt to rapid changes 
demands pressing study to help the scientific community to determine 
the best strategies for mediating the current and future conservation 
crises. A more direct companion strategy is to slow down the rate of 
climatic forcing, by accelerating the implementation of cost-effective 
activities which also slow down the emissions of greenhouse gases into 
the atmosphere. 
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SUMMARY. - During the XXth century, Ethiopia has experienced several 
periods of dry conditions (droughts) of varying magnitude, duration and spatial 
extent. As a result, several highly populated areas in the drought prone regions 
of Ethiopia have been seriously affected and this, in some cases, resulted in 
widespread famine. Hence, the study of drought characteristics is of tremendous 
importance. Meteorological drought is defined in terms of deficit from a given 
bottom threshold (e.g. 80% of the long-term average of the June-September 
rainfall amounts) .  June-September rainfall amounts at Addis Ababa and Asmara, 
which account for 72% and 78% of annual precipitation amounts respectively, 
are considered. Based on the above meteorological drought definition, the 
number of meteorological drought years in the period 1 903- 1 990 at Asmara is 
found to be 29 while at Addis Ababa it is only 1 4. The approximate mean 
recurrence interval of the meteorological drought is estimated to be 6.3 years at 
Addis Ababa and 3.0 years at Asmara. In the present work the tempora! and 
geographical changes in frequency of meteorological droughts for consecutive 
2 1 -year, 1 1 -year and 5-year periods are successively discussed. It  is found that 
the period with the highest tempora! concentration of meteorological drought 
frequency at Asmara is from the mid-60s to the mid- 70s, while at Addis Ababa 
it is during the 50s. Some l inks between drought and desertification in the region 
are also given. 
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Introduction 

During the last two decades most of the African continent has 
experienced extensive, severe and prolonged droughts. The most affected 
area has been the semi-arid subtropical region of the northern 
hemisphere. Ethiopia, being located i n  this area, has been subjected to 
several periods of dry conditions (droughts) of varying magnitude, 
duration and spatial extent. As a result, highly populated areas in the 
drought prone regions of Ethiopia have been seriously affected. 

Like most of the developing nations, Ethiopia has an economy 
which is strongly dependent on agriculture. Agriculture is also highly 
dependent on rainfal l .  Thus, availabil ity of rainfall in the expected time 
and place controls the productivity of all forms of agriculture in Ethiopia. 
It is estimated that about 90% of the total labour force is engaged in 
various farms of agricul tural activities which constitute the backbone of 
the national economy. 

Moreover, rainfall variability (spatial and temporal) introduces 
elements of uncertainty in agricultural and economie planning, and 
increases the cost of construction of new water supply installations, 
hydro-electric power plants and flood control measures, since these have 
to be prepared to cape with extreme rainfall or drought conditions. 

Hence, the study of meteorological drought characteristics is of 
tremendous importance. For this purpose, meteorological drought is 
defined in terms of deficit by establishing a given bottom threshold (e.g. 
80% of the long-term average of the June-September rainfall amounts). 
June-September rainfall amounts at Addis Ababa and Asmara, which 
account for 72. 1 0% and 77.96% respectively of annual precipitation 
amounts over the reference period 1 903- 1 990, are considered here. 

Rainfall climate of Ethiopia, an overview 

In Ethiopia, the variation of climate during the year is largely 
associated with the macro-scale pressure changes and the monsoon flows 
related to these changes. The movement of the Inter-Tropical 
Convergence Zone (ITCZ) and change in location of the subtropical high 
pressure zones give rise to two monsoons in Eastern Africa. In summer 
(July-September) the large low pressure over the I ndian Ocean and the 
Arabian Sea dominates the air flow and there is a strong movement of 
moist air from the southwest to the northeast direction, i.e. from high 
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pressure center over the Gulf of Guinea towards the low pressure center 
of Arabia. 

The Indian Ocean is another moisture source, specially for the 
southeastern part of the country in March and April .  Convective 
instabil ity, due to the intense heating of the high plateau land, is also the 
cause of sorne percentage of rainfal l (DOWNING 1 982). 

In addition, the clirnate is very variable due to the great changes in 
altitude. The extrernes range frorn Dallol, the hottest place in the world 
( 1 20 rn below sea level), to the snow-capped peak of Ras Dashan (4600 
m above sea level) .  With half of the country above 1 200 rn, Ethiopia has 
one of the largest highland areas in the tropics, 50 per cent of the land 
above 2000 rn in Africa. 
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Fig. 1 .  - Ethiopian mean annual rainfall interpolated from 63 rainfall stations over the 
reference period 1 969- 1 985 (from EKLUNDH 1 988) .  The location of the stations 
Addis Ababa (* ) and Asmara (o) is shown. 
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Generally, the wet season in Ethiopia is mainly from June to 
September. The climatic seasons are often referred to as Kermpt (long 
rainy season, June-September), Tsedia (end of long rains, September
October), Bega (dry period, November-February) and Belgh (small rains, 
March-May).  Makar, a wet spel! between the long and small rains, is 
often identified in the pattem. 

The temporal distribution of Ethiopian meteorological droughts 

Due to the complexity of the drought phenomenon, there is no 
universally accepted definition of drought. In genera!, it may be defined 
as "lack of sufficient water to meet requirement" (WMO 1 975) .  If the 
water requirement or "demand" factor is included in the definition, it 
follows that delineation of drought occurrences depends on the nature of 
the water need. Conditions which a vegetable farmer may regard as 
drought, may cause a sheep farmer no concern . In other words, drought 
occurrences depend on the density and distribution of plant, anima! and 
human population, their l ifestyle and their use of the land as much as on 
rainfall deficiency. 

Many factors are involved in considering availability of water, for 
example, runoff, evapotranspiration, river system, but a useful index of 
water supply is rainfall. HELLDÉN & EKLUNDH ( 1 989) found that the 
failures in rainfall in Ethiopia seem to coincide with known famine 
events in time and location. So the rainfall deficit compared to the 
normal rainfall (to be defined) may be used as an indicator of drought. A 
drought directly deduced from rainfall only may be called 
"meteorological drought" . 

A meteorological drought year here is defined following the method 
used by GREGORY ( 1 989) to study Indian droughts. A meteorological 
drought year is seen as occurring in a region under the fol lowing 
circumstance: a year in which the June-September rainfall deficit is more 
than 20%, i .e. the June-September rainfall total is less than 80% of its 
long-term average. Note that, in this paper, "meteorological drought 
year" and "meteorological drought" have the same context. 

lt may be noted that a reduced amount of rain may nevertheless 
occur at the most beneficia! time in the erop production cycle, averting 
erop failure. Such a situation might be defined as a meteorological 
drought but needs not be viewed as drought by policy makers (GLANTZ & 
DEGEFU 1 99 1 ) . 
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I t  is essential to distinguish at the outset between aridity and 
drought. Both of them are characterized by Jack of water. Aridity, 
however, carries the connotation of a more or less permanent climatic 
condition, bringing about deserts as the companion land form. Drought, 
on the other hand, is a temporary condition, happening in a climatic zone 
where precipitation is ordinarily adequate for vegetation or agriculture, 
river flow and water supplies. There are marginal areas, often called 
semi-arid, which constitute the transition zones between truly arid areas 
and moist regions with more reliable precipitation. These zones are those 
mostly affected by drought. 
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Fig. 2 .  - June-September rainfall totals (mm) a t  Addis Ababa and Asmara for the 
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In this paper the tempora! di stribution of meteorological drought is 
assessed on the basis of the records of the June-September (the main 
rainy months) rainfal l totals at Addis Ababa (elevation, 24 1 0  m) and 
Asmara (elevation, 2330 m). The locations of the rainfal l gauging 
stations are shown in figure 1 .  These stations are selected because they 
have reliable and uninterrupted long-term rainfall records: Addis Ababa 
( 1 900- 1 99 1 )  and Asmara ( 1 903- 1 990). The original data, monthly 
rainfall totals and annual rainfall totals from 1 947 and onwards, were 
kindly provided by the Ethiopian Meteorological Services Agency. Data 
covering the previous period were extracted from FÀNTOLI ( 1 965, 1 966). 

These stations are located in two different, quite representative 
climatic regions as far as rainfall patterns are concerned (GEBEYEHU 

1 988) .  In this analysis the common reference period frorn 1 903 to 1 990 
is chosen in order to assess the geographical differences of the 
meteorological drought years. The t ime series of these data are plotted in 
figure 2. The rneteorological drought years, reference period 1 903- 1 990, 
at Asmara and Addis Ababa are shown in figure 3 .  
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Fig. 3 .  - Time series of meteorological drought years for the reference period 1 903- 1 990 
at Addis Ababa and Asmara; m is the number of meteorological drought years. 



THE TEMPORAL DlSTRIBUTION OF ETHIOPIAN DROUGHTS 83 

Moving windows of 2 1 ,  1 1  and 5-year periods are selected for this 
analysis. Por instance, when a rnoving 2 1 -year period is considered, the 
nurnber of meteorological droughts in each successive 2 1 -year period is 
enumerated. 
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Fig. 4. - The absolute meteorological drought year frequency at Asmara and Addis 
Ababa in each successive 2 1 -year period from the first ( 1 903- 1 923) to the last 
( 1 970- 1 990) one. These are plotted at the middle of each period. A year is 
considered to be dry if June-September rainfall totals are less than 80% of the 
1 903- 1 990 average; 'm' represents the total number of drought years in the 1 903-
1 990 period. 

Hence, for a 2 1 -year moving period within the reference period 
1 903- 1 990, the first period is 1 903- 1 923, the second period is 1 904- 1 924 
and so on; the last period is 1 970- 1 990. Sirnilarly, the nurnber of 
droughts in each 1 1 -year and 5-year period is determined. The total 
nurnber of successive periods found with a rnoving window over the 
1 903- 1 990 reference period is 68, 78 and 84 for the 2 1 -year, 1 1 -year and 
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5-year window respectively. The meteorological drought occurrences for 
Asmara and Addis Ababa are presented in figures 4, 5 and 6.  
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Fig. 5. - The same as figure 4 but for a 1 1 -year moving window. 

One observes differences in the frequency of drought occurrences 
within a specified 2 1 -year, 1 1 -year or 5-year period. To check whether 
these differences are random differences or not, at least at the 5% one
sided significant level, the hypergeometric frequency distribution is used 
(GREGORY 1 979, 1 982). The probability distributions of the number of 
meteorological drought years in the 2 1 -year, 1 1 -year and 5-year period 
are shown in figure 7 .  

The hypergeometric frequency distribution may be written as 

m P(k,  n, 
n 

N) = 



where: 
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Fig. 6. - The same as figure 4 but for a 5-year moving window. 

= the number of drought years in n years; 
= the number of years under study (e.g. here, 1 903- 1 990, 

so that N = 88) ;  
the number of meteorological drought years i n  N years; 
the number of sample years depending on the definition 
of drought; here i t  may take the value of 2 1 ,  1 1  or 5 and 

CN = the number of combinations of N distinct drought years n 
taken n at a time. 

Note that the hypergeometric frequency distribution is highly 
dependent on the number of meteorological drought years during the 
reference period. 
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Fig. 8. - Graphical representation of the preliminary chronology of area! integrated 
Ethiopian droughts in the XXth century (WOOD 1 977, DEGEFU 1 987, TESFAYE 1 990 
and CRED 1 99 1 ) .  

Discussion and conclusion 

The mean June-September rainfall totals at Addis Ababa and 
Asmara in the period 1 903- 1 990 are 867 mm and 4 1 0  mm respectively. 
The lowest June-September rainfall total on record at Asmara is 1 28 mm 
in 1 989; this is 68.8% below the 1 903- 1 990 mean. At Addis Ababa a 
minimum June-September rainfall of 58 1 mm, which is 33 .0% below the 
mean of 1 903- 1 990, has been registered in 1 987. 

The lag 2 to 24 autocorrelation values of June-September rainfall 
totals at Addis Ababa are non-significant at the 5% significance level. 
Only lag 1 correlation is nearly significant (0.32). This may indicate that 
the year to year persistency of the June-September rainfall totals for the 
reference period 1 903- 1 990 is weak. Therefore, the data may be 
considered as nearly independent random variables. Similar results are 
found for the Asmara rainfall ,  except that the nearly significant negative 
autocorrelation (-0.3 1 )  occurred at lag 1 2. So Asmara's June-September 
rainfall may also be considered as an independent random variable. 

Using the above-mentioned definition of meteorological drought, 
the number of meteorological drought years in the period 1 903- 1 990 at 
Asmara is found to be 29 while  at Addis Ababa it is only 1 4. The 
approximate mean recurrence interval of meteorological drought is 
estimated to be 6.3 years at Addis Ababa and 3.0 years at Asmara. It is 
found that the period with the highest temporal concentration of meteo
rological drought frequency at Asmara is from the mid-60s to the mid-
70s, while at Addis Ababa it is  during the 50s. 
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At Addis Ababa the highest concentration of meteorological 
droughts is observed in the period 1 948 to 1 973 when the 2 1 -year 
moving window is considered (see fig. 4b) . Seven meteorological 
droughts occurred in each of the above 2 1 -year periods. An isolated 
event of seven drought years at Addis Ababa within a 2 1 -year period is 
significant at the So/o level. 

In contrast, the onset of Asmara's highest concentration of 
meteorological droughts is different from that of Addis Ababa. At 
Asmara (Fig. 4a), they occurred in the following periods: l 9S4 to 1 977. 
There were nine drought years in each of the above 2 1 -year periods. 
Nine drought years at Asmara within a 2 1 -year period is not significant 
at the So/o level . These nine drought years were repeated in 1 964- 1 984 
and l 96S- l 97S . Figure 4a suggests a meteorological drought frequency 
(8 or 9 in 2 1  years) in the second half of this century. This picture is also 
reflected at Addis Ababa, but shows a decreasing trend in the 70s and 
80s compared to the 60s (see Fig. 4b) . 

The 1 1 -year and S-year moving windows suggest also that Addis 
Ababa and Asmara have experienced the highest concentration of 
meteorological droughts in the second half of the XXth century. When 
the 1 1 -year moving window is considered at Asmara (Fig. Sa), there is at 
least one meteorological drought in 1 1  years. Furthermore, figure Sa also 
shows an apparent cyclic character of the drought frequencies which 
seerningly traversed three full cycles. Partly, this is induced by the 
successive moving nature of the procedure. The autocorrelation of June
September rainfall totals (-0.3 1 ) ,  which is nearly significant at lag 1 2, 
may explain this apparent cyclicity ; i .e.  the structure of a high June
September rainfall in year i and low June-September rainfall in year i+ 1 2  
i s  dominant. 

Addis Ababa's absolute meteorological drought frequency with the 
1 1 -year moving window shows no apparent cyclicity in the reference 
period 1 903- 1 990. Because the autocorrelation of June-September 
rainfall totals (0.32) is nearly significant at lag l ,  it implies the use of a 1 
or 2-year moving period. However, the length of the moving window 
used in this analysis is langer (e.g. S-years, 1 1 -years and 2 1 -years). 

Figure 7 suggests that meteoro1ogical drought years are more 
recurrent at Asmara than at Addis Ababa. At Asmara, in a 2 1 -year period 
the number of meteorological drought years, k, is nearly symmetrically 
distributed around k=7 white at Addis Ababa it is around k=3 (see Fig. 
7a). The probability of no drought at Addis Ababa in a 2 1 -year, 1 1 -year 
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and 5-year period is 1 .50%, 1 3 . 1 0% and 4 1 . 1 2% respectively, while at 
Asmara it is 0.005%, 0.9% and 1 2.80%. Fig. 7, which is based on the 
hypergeometric distribution, may be used as an approximate criterion 
function for a preliminary short-term (5-year) and intermediate ( 1 1 -year 
or 2 1 -year) drought management planning. These results, therefore, 
permit to assess/quantify the risk associated with meteorological drought 
at Addis Ababa and Asmara. 

A fair qualitative agreement is noticed between the tempora! 
distribution of these meteorological droughts and those recorded from 
historica! drought events (arealy integrated) in the XXth century. The 
graphical representation of the Jatter ones is shown in Fig. 8 (Wooo 
1 977, DEGEFU 1 987, TESFAYE 1 990, CRED 1 99 1 ) .  It is seen that, in both 
cases, Ethiopia has experienced higher frequency of droughts in the 
second half of the XXth century than in the first one. These historically 
recorded droughts are, however, not only "meteorological" droughts but 
also "hydrological" and "agricul tural" droughts ; in which the "politica!" 
one has contributed significantly. 

Finall y, establishing quantitati ve/predicti ve relationships (links) 
between drought and "desertification" ( land degradation) is not an easy 
task. Yet it may be argued that semi-arid lands, the predominant African 
environment, were shown, in many cases, to be undergoing a process of 
"desertification" (land degradation) as a result of overcultivation, 
deforestation, overgrazing, improper irrigation, slash/burn agriculture 
and other farms of land mismanagement. Removal of the land vegetation 
cover is aften accompanied by reduced soil moisture, increased soil 
erosion and dust generation, and high surface temperatures (NICHOLSON 

1 989). In addition, severe and persistent droughts are capable of reducing 
the land's biologica! potential and deteriorating the ecosystems. So, 
eventually, drought and land mismanagement would lead to 
"desertification". It is, therefore, essential to increase efforts on proper 
land management. Finally, large-scale (global, continental) comprehen
sive multidisciplinary studies on the natura! driving mechanism of 
droughts are needed. 
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CORAL REEF AND MANGROVE SYSTEMS AS 
BIO-INDICATORS OF LARGE-SCALE PHENOMENA: 

A NEW PERSPECTIVE ON GLOBAL CHANGE 

BY 

TUNDI AGARDY* 

SUMMARY. - The usefulness of coastal ecosystem research for monitoring 
global change phenomena, more specifically coral reef bleaching as an indicator 
of warming and mangrove forest recession as a function of relative sea level 
rise, is discussed. The ideas for this paper come from three i mportant and recent 
sources: 1) the "Symposium on the I mpacts of Global Climate Change on 
Species and Ecosystems"; 2) a "Meeting of Experts on Long-Term Global 
Monitoring System of Coastal and Nearshore Phenomena Related to Climate 
Change"; and 3) a discussion paper commissioned by WWF/lnternational that is  
entitled "Can Nature Survive Global Warming?". The early 1990s have been a 
time of feverish activity aiming at deciphering global change, in part because 
resource administrators and politica! leaders have finally begun to understand 
the importance of evaluating the large-scale impacts man is having on the 
biosphere. Although the signals suggest that the magnitude of anthropogenic 
impacts is  disturbing, the flourish of exciting new research indicates that we are 
heading in new and potentially rewarding directions. Utilizing geographically 
expansive networks, standardized methodologies, and technology that enables us 
to study the earth at scales previously unimagined, ecologists are learning 
exponentially more about how the earth' s  systems function and how we are 
interfering with those mysterious inner workings. 

* Ph. D . ;  Conservation Science Program, World Wildlife Fund, Washington DC 
(U.S.A.).  
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Introduction 

A series of meetings held in December 1 99 1  suggest that one 
positive response to the otherwise depressing news about potential : _,. 
catastrophic global cl imate change is  a newly invigorated field of study. 
An EPA/IUCN/WWF sponsored symposium entitled "Impacts of 
Climate Change on Ecosystems and Species" and the subsequent 
"Meeting of Experts on a Long-Term Global Monitoring System of 
Coastal and Nearshore Phenomena Related to Climate Change" asked 
scientists to agree on the nature and degree of ecosystem-specific 
responses to climate change. The participants, mandated to consider the 
sensitivities of the specific systems that they study and to anticipate how 
those systems might respond to global warming and associated effects, 
are now encouraged as never before to take a broader, more holistic view 
of the earth's functioning. Whether or not greenhouse doomsdayers will 
be vindicated in the years to come, these sessions have value in 
increasing our understanding of ecosystem functioning and vulnerability. 

Conservationists have long been worried that low-level yet chronic 
anthropogenic tinkering with the biosphere, such as loading the 
atmosphere with ever increasing carbon dioxide emissions, may 
undermine the abi l ities of ecosystems to function properly. When these 
impacts occur simultaneously with other global phenomena, l ike ozone 
depletion, the compounding effects can be disasterous. The wearing 
down, as it were, of the ecosystems' "health" (this is in quotes because 
we do not really know yet what constitutes a healthy ecosystem) means 
that otherwise resil ient systems may not be able to cope with the natura! 
changes that are part of the dynamic, ever evolving living world. 
Ecosystems l ikely have an intrinsic threshold for tolerating insidious 
degradation, even if we have been slow to define exactly what those 
l imits are for specific systems. Yet once thresholds are surpassed, 
systems risk becoming unstable and may head towards demise and 
collapse. 

This may seem elementary and intuitively obvious. Yet there is to 
date l ittle hard evidence showing how ecosystems respond to man
induced change; in fact, our knowledge about how components of any 
system interact, is disgracefully poor. We retain a bias for a structural, 
rather than functional , view of the world. Scientists still monitor the 
structure of ecological communities, e.g. numbers of organisms, height 
and per cent cover of plants, etc . ,  to indirectly ascertain the ecosystem 's  
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condition. This is an insufficient proxy at best and conservation plans 
sti l l  focus on maintaining structure, rather than safeguarding critica! 
processes. 

The new international attention that has been given to the global 
warming debate, and the promise of financial support to help address 
some unanswered questions about it, may help to remedy the paucity of 
knowledge about ecosystem and biosphere functioning. Even if you 
disagree with the worst-case scenario predictions on the greenhouse 
effect, tackling the question "What if. . .  ?" is a useful exercise. And 
though this question is currently being directed at highly specialized 
groups of ecologists who work in relatively narrow biotic domains, one 
can envision a time in the not-so-distant future when these specialists 
will carne together to talk about inter-ecosystem interactive impacts. 

The EPNIUCN/WWF-sponsored symposium held December 2-6, 
1 99 1  in the Netherlands, attempted to address the issues of species
specific vulnerability to climate change and possible biomic responses if 
global warming becomes a reality. For instance, the tropical forest 
working group showed how even a moderate global warming event 
would cause large-scale changes in forest ecology, including the 
disappearance of some critica!, and currently relatively common, species. 

The marine working group framed their discussions in five focal 
areas : 1) key factors contributing to the marine system's response to 
global climate change; 2) the ecological processes which would be 
affected most within selected habitats ; 3)  identification of the extrinsic 
and intrinsic factors that influence the ability of marine systems to cape 
with global change phenomena; 4) developing matrices of vulnerability ; 
and 5) debating the policy implications. Due to an unfortunate imbalance 
in the scientific disciplines present, the emphasis on the marine side was 
heavily weighted towards nearshore systems: coral reefs ; mangrove 
forests; estuaries, deltas, lagoons, and beaches; and oceanic islands. 1 use 
the term 'unfortunate' because many critica! marine processes that may 
in fact be most vulnerable to global cl imate change impacts fall outside 
the domain of these nearshore habitats. Yet for practical reasons coral 
reefs and mangrove forests may be the best, most ubiquitous and easiest 
studied bio-indicators of global change phenomena. 

The factors that the marine working group addressed in the 
Netherlands include sea level rise (or relative sea level change), 
increased C02 levels, increased temperatures, increased UV radiation, 
changes in sediment dynamics (and the relation between hydro-
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logical/sediment flux and sea level rise), increased primary production 
and nutrient loading, increased storm frequency and intensity, and 
changes in nearshore salinity. When possible, specialists discussed the 
possible interactive effects of one or more of these factors on the overall 
physiology of these systems. 

The marine working group concluded the following: 
1) Coastal mosaics are so complex that, for the time being, site-specific 

investigations are necessary to assess ecosystem vulnerability; 
2) The net effect of global warming is negative on all systems 

investigated, particularly when warming impacts are compounded by 
other forms of environmental degradation; 

3)  Temperature changes, increased storm events, and sediment changes 
wil! have most negative impact on marine systems; 

4) In nearshore systems, especially in the tropics, altered hydrology 
regimes (nutrient loading, sedimentation, pollutants, and salinity 
changes) that result from global cl imate change may cause severe 
ecological damage; 

5) Our preoccupation with relatively well-studied, close nearshore 
habitats may distract us from looking at the full range of impacts 
predicted global climate change will have on the marine system and 
the earth as a whole; and 

6) Researchers should focus on metabolic responses at the organismal 
and community level and work towards a better understanding of 
systems ecology. 

Coastal systems as indicators of global change phenomena 

CORAL REEFS 

Coral reefs are a pantropical biome with nearly ubiquitous 
representation in the coastal regions from 30°N to 30°S latitude. 
Although levels of both alpha and beta diversity vary greatly from region 
to region, reef complexes exhibit a basic community structure that is 
reflected in all reef systems. The reef-building corals themselves provide 
more than food for corallivorous fish species: the nooks and crannies 
created by the calcium carbonate skeletal deposits of the massive 
colonies provide the living space for virtually all the system's biota. Thus 
coral species are critica! to the survival of hundreds of associated species 
and a genera! correlation exists between the diversity of coral species 
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present in a reef system and its overall diversity. 
Because environmental conditions are relatively stable in areas 

where hermatyptic corals grow, most coral species have evolved narrow 
tolerance limits for water temperature (25-29°C), salinity, and turbidity 
(BROWN & ÜGDEN 1 993). With such narrow ranges, reef-building corals 
are particularly vulnerable to large-scale anthropogenic activity that 
alters these basic conditions. Yet their vulnerability has a positive side: 
they make excellent biological indicators of difficult to measure global 
phenomena. Some coral species are suitable bio-indicators of global 
warming, for instance, as their response is imrnediate and clearly visible 
even to the untrained observer. 

This response is manifested in the bleaching of living coral tissues. 
B leaching occurs when symbiotic algae, known as zooxanthellae, are 
expelled from the coral polyps into the water column. The zooxanthellae, 
which give corals their remarkable color, are vital to the functioning of 
the coral colony because they provide the energy needed for calcium 
carbonate production during skeletal formation. Imrnediately following 
the expulsion of the symbiotic algae, the coral colonies continue to live 
but cease depositing calcium carbonate. If, however, the bleaching event 
is sustained or occurs in rapid succession with other bleaching events, the 
corals suffer massive mortality. 

GLYNN (199 1 )  reports that the bleaching associated with the dramatic 
1 982-83 El Nifio Southem Oscillation (ENSO) event brought about 50% 
coral mortality on Costa Rican reefs, 75-85% on Panamanian reefs, and 
97% on coral reefs surrounding the Galapagos islands. B leaching 
resulted in mortality at other locations during other ENSO events later in 
the 1 9 80s: in Bermuda in 1 987 (COOK et al. 1 990), and throughout the 
Caribbean and western north Atlantic during 1 986-88 (ROB ERTS 1 987;  
WILLIAMS & BUCKLEY-WILLIAMS 1 990). The latter event also extended to 
the Indo-Pacific region, where 5- 100% of the colonies of vulnerable 
species were affected in massive areas representing 1 0- 1 00% of the 
surface area of the reefs (RosE & HuRST 1 992). 

Worldwide coral bleaching episodes occurred in 1 979-80, 1 982-83 
and 1 986-88.  In reviewing more than 1 50 papers on the topic of 
bleaching and collating 27 1 reports of the most severe bleaching events 
of 1 987 from researchers in 48 countries, WrLLIAMS & BUCKLEY

WILLIAMS ( 1 990) concludes that elevated water temperature is the most 
reasonable constant trend in the highly variable bleaching episodes. 
Other scientists concur (FUJITA 1 99 1 ;  GLYNN 1 989; JOKIEL & COLES 
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1 977). Intensive research targeting the affect that ENSO-related global 
change has on reef species has provided the first documented case of a 
species actually lost to extinction due to a severe warming event (GLYNN 

1 984). This is particularly troubling now that there is some scientific 
agreement that future global climate change will result in more frequent 
and dramatic ENSO-type events worldwide. 

Some coral species are more vulnerable to particularly high or 
prolonged warming than others. Milleporids and the boulder corals 
( Monastrea spp.) are excellent indicators of warming events due to their 
innate sensitivity and poor recovery. The picture is clouded, however, by 
the fact that coral species in different places seem to differ in their 
resilience as well .  Thus a warming event could bleach corals without 
ever being noticed by periodically visiting observers, with full recovery 
by the resilient species obscuring the warning signa! (i .e. bleaching) 
which disappeared without a trace. 

There are other problems as wel l .  A recent paper by KNOWLTON et 

al. ( 1 992) suggests that the widespread occurrence of bleaching in 
Monastrea may have been overexaggerated by the presence of a 
confusing l ighter morph that turns out to be a sibling species. Since many 
of the reports reviewed by WJLLIAMS & BUCKLEY-WILLIAMS ( 1 989) carne 
from informally trained sources, it may be that the scale of bleaching 
events is not as great as it appears. Nonetheless, with careful trained 
observers and precise documentation, bleaching of several species of 
corals in different parts of the world may be the best bio-indicator of 
global warming to date (LESTER & MYERS 1 990). 

MANGROVE FORESTS 

Much l ike coral reefs, mangrove forests are cosmopolitan and 
exhibit a regular organization (related to intertidal zonation) anywhere 
they exist. Many mangrove species inhabiting the seaward edge of this 
zonation have the ability to accrete sediments and build land forms. Prop 
roots such as those exhibited by Rhizophora mangle branch out 
underwater at various angles to the main axis; sediment-laden water 
flowing past the roots is essentially filtered as particulates come into 
contact with the root structures and sediment out. Once these mangroves 
have accreted or stail ized soft-bottom substrates around them, they 
disperse pointed propagules that drop from high up on the tree and pierce 
the mud below to start a new tree. 



CORAL REEF AND MANGROVE SYSTEMS AS BIO-INDICATORS 99 

The stabilization that mangroves perform is only naw being noticed 
and valued by humans. Mangroves are significant buffers for lowland 
areas, as most seamen who have endured hurricanes or cyclones know. 
However, there is a limit to how much water flow a mangrove forest can 
withstand, before that flow becomes erosive. As land sinks or sea levels 
rise, the relative sea level change and associated current dynamics (see 
KIERVE et al. 1 992 and KNoPPERS et al. 1 99 1 )  may exceed the 
assimilative capacity of the mangrove. ELLISON & STODDART ( 1 99 1 )  have 
analysed peat contents from mangrove stands to derive a threshold for 
relative sea level at 1 0- 1 2  cm per century. Current predictions for sea 
level rise related to global warming vary widely (BUDDEMEIER & SMITH 

1 988,  MrLLIMAN et al. 1 989), but even many conservative estimates 
exceed this threshold. 

Even slight rises in sea level could have severe consequences for 
coastal and marine systems in many parts of the world. In many 
mountainous South Pacific islands, for instance, mangroves have 
physical harriers that would impede their migration inland should sea 
level s rise (PERNETTA & HuGHES 1 990) . Massive erosional farces that not 
only prevent mangroves from "keeping up" with sea level but also cause 
mass mortality of trees are predicted by Ellison to occur in many areas 
with the same bottom topography as her study site in Bermuda (Joanna 
ELLISON, pers. comm.). As mangroves die out, critica! spawning, nursery 
and feeding habitat is lost for nearshore as well as pelagic species. Loss 
of habitat means that vital ecological processes are impeded. 

Again, the scenario is somewhat complicated. As with cara! reefs, 
mangroves that are stressed by other factors such as overfishing 
(KAWASAKI 1 989, KAWASAKJ et al. 1 99 1 ), overharvest of crustaceans 
(MAHMOOD 1 992) or pollution (FISHMAN et al. 1 99 1 )  may be functionally 
impaired and thus handicapped when they carne to coping with increased 
rates in relative sea level rise. 

Remote sensing naw allows us to deal with biotic change on scales 
we never could before. But to be able to use mangrove forests as bio
indicators of global change, we should encourage GIS mapping that 
utilizes bath remote sensing and rigorous groundtruthing to see which 
sites are most sensitive to global changes such as sea level change and 
are therefore the best candidates for a monitoring effort. To this end, 
UNESCO, through its Intergovernmental Oceanographic Commission, 
has already begun the process of selecting candidate sites, though the 
monitoring, once it is in place, will not carne a moment toa soon. 
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Other global scale phenomena 

Lest the picture I have just painted looks like an ecologist's dream 
carne true, let me wam that using coral bleaching and mangrove 
recession as indicators of warming and relative sea level rise is not a case 
of black and white. There are many factors that readily confound our 
interpretation of these phenomena and care is needed. For instance, 
greenhouse-induced warming is predicted to impact coral reef systems in 
three, functionally independent (though causally linked) ways: through 
temperature-related bleaching and subsequent mortality, through 
increased erosion and physical damage from more and fiercer storm 
events, and, possibly, through relative sea level rise (RAY et al. 1 992). 

Thus, even though we may see a signa! (reef dieback) related to global 
warming, we will not necessarily know the precise mechanism (nor will 
we be able to assess the magnitude of change that caused the signa!) .  

Furthermore, other geographically smaller-scale phenomena may 
confound an otherwise clear global change signal. For instance, coral 
reefs are known to be more susceptible to bleaching, and to poor 
recovery following storm events, if they are stressed by pollutants 
(BUDDEMEIER 1 99 1 ,  BUDDEMEIER & SMITH 1 992). This is why, despite 
the alarming news itself, it is encouraging to note that scientists recorded 
coral bleaching in relatively pristine environments such as off the coast 
of Bermuda (RosE & HURST 1 992). As studies of global change expand, 
we will need to tease out the confounding elements so that signals are 
clearly discernable from noise. Future studies will have to augment 
current knowledge and fine-tune our methods for monitoring using bio
indicators. 

Future directions for scientific research 

One clear indication that is already beginning to emerge from 
studies of global change, including the current effort to quickly identify 
reliable indicators of global change phenomena, is that it is the rate of 
change, not the magnitude of change in itself, which makes it difficult for 
natura! systems to cape with stress (HINCKLEY & TIERNEY 1 992, PARSONS 

1 989). And changes in rates of change (pardon the convolution) are very 
difficult to monitor without intensive, comprehensive, and aften costly 
effort. It is therefore imperative that a few good indicators with precise 
thresholds for change, such as bleaching-inclined coral species and 
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sediment stabilizing mangrove species, among other marine and 
terrestrial examples, should be identified as soon as possible. 

lt is not surprising, then, especially given the fact that both the 
recent meetings mentioned in this introduction were comprised of 
actively researching scientists, that an unanimous conclusion from the 
scientific working groups was that further research is urgently needed. 

The marine working groups in the Netherlands and Monaco 
meetings identified seven immediate research needs: 
1 )  lnvestigating the effect of C02 enhancement on biornineralization and 

production; 
2) Studying the mechanisms by which communities of organisms adapt 

to change; 
3) Deterrnining the effect of UV changes on reproduction of organisms; 
4) Contributing to the development of more ecologically-realistic 

climate models; 
5) Deterrnining metabolic responses to changes in temperature, salinity, 

and nutrients; 
6) Investigating open ocean systems' vulnerabilities; and 
7) Working on possible preventative measures and restoration ecology. 

But how can all this research best be coordinated so that monitoring 
is rigorous and comparable between regions of the world? One answer is  
expansion of programs such as SCOPE, IGBP, etc. Using existing 
networks of sites, such as those incorporated in UNESCO's Biosphere 
Reserve Program, helps facilitate the use of standardized training and 
provide control sites (or approximations of controls, since no habitat is  
left untouched by man's activity) for studying the interaction of global 
change with local anthropogenic impacts (AGARDY 1 988).  Protected area 
networks go even further; they can help catalyze the financing of 
important global change research, especially in cases where treasured 
protected areas like coastal parks are thought to be at risk from global 
phenomena (AGARDY 1 992, ELLISON 1 992). 

Another avenue, especially important in the marine realm where 
research is many times more costly and logistically difficult than land
based ecology, is to build networks of global change observers from 
natural resource users. The thousands of SCUBA divers that visit the 
same sites week after week or year after year can easily be trained to 
record data using simple bio-indicators, even despite the difficulties in 
identification mentioned previously. The same is true for fishermen and 
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coastal peoples utilizing mangrove areas. With the need to act urgently 
and to put increasing pressure on scarce human and financial resources, 
we may have to explore new ways to supplement our traditional 
monitoring methods. These smaller scale but widespread data collections 
could nicely complement the efforts being undertaken at the opposite end 
of the size spectrum, such as the GOOS (Global Ocean Observing 
System) (KULLENBERG 1 99 1 ) . 

Where will we be once we have gathered all this information? There 
are many complicating factors that make the translation of this scientific 
information into language that is useful to policy-makers difficult. Yet, 
the translation is desperately needed. Incomplete knowledge about how 
the ecosystems function on macroscales and what changes man's activity 
will l ikely bring about is not the only problem, although it is the one 
most readily used as an excuse by scientists reluctant to get into policy 
debates and policy-makers reluctant to accept any scientific opinion 
tainted by even a modicum of uncertainty. Another confounding factor is 
the degree to which other, perhaps as yet undiscovered, global and 
regional phenomena complicate our picture of ecosystem vulnerability 
(e.g. ozone depletion, genera! environmental degradation, effects of 
overharvest and shifts in predator/prey balances and the impacts that 
these have on ecosystem resilience, physical barriers to migration as 
climate changes, etc.) .  Despite the prevailing optimism spawned by the 
fact that global change issues are now in the l imelight, there are 
undeniable constraints on what we will be able to do in the coming years 
to halt the large-scale degradation of the earth 's environment. 
Recognizing those constraints and focusing our resource management 
and conservation on where it will make the biggest difference, wil! be an 
enormous accomplishment. 
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DYNAMICS OF SALT MARSH VEGETATION AND 
SUSCEPTIBILITY TO TIDAL CHANGES* 

BY 

Jan DE LEEUW * *  & Peter M.J .  HERMAN *** 

Introduction 

Traditionnally long-term successional change has been considered the 
main aspect of tempora! variation in salt marsh vegetation . More recently 
the importance of short-term variation of species composition has been 
recognized (BEEFflNK et al. 1 978, BERTNESS & ELLISON 1 987, OLFF et al. 
1 988). Until two years ago, little was known about the tempora! variation 
in above-ground production of salt marsh vegetation. Recent publications 
of DE LEEUW et al. ( 1 990), MORRIS & HASKIN ( 1 990) and GROSS et al. 

( 1 990) suggest that production of salt marsh vegetation may show 
considerable year-to-year variation. This paper deals with the dynamics of 
above-ground production and species composition of salt marsh vegetation. 

* The present paper combines the summaries of the authors' contribution to the 
Symposium on "Biologica! Indicators of Global Change" and of J. de Leeuw' s  PhD 
thesis on "Dynamics of Salt Marsh Vegetation" (Rijksuniversiteit Groningen, 23 October 
1 992). The editors are grateful to Dr. J. de Leeuw for permission to reproduce here the 
summary of his thesis. - Communication No. 656 of the Centre for Estuarine and 
Coastal Ecology. 
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(The Netherlands). - Present address: International Institute for Aerospace Survey and 
Earth Sciences (ITC), 350 Boulevard 1 945, P.O. Box 6, NL-7500 AA Enschede (The 
Netherlands). 

*** Centre for Estua.rine and Coastal Ecology, Vierstraat 28, NL-440 1 EA Yerseke 
(the Netherlands). 
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Production 

The inte1tidal area is a transition zone between terrestrial and marine 
environments. On land, primary production is often directly influenced by 
precipitation, white in subtidal marine ecosystems it is not. Hence it may 
be expected that the influence of rainfall on prima.ry production fades out 
somewhere along the intertidal gradient. As salt marshes occupy the upper 
part of the intertidal gradient it may be hypothesized that the production of 
their vegetation, paiticularly in the higher parts of the marsh, is influenced 
by the amount of rainfall received. Until recently however, inter-annual 
variation in production of salt mai·sh vegetation was considered to be small 
(TURNER 1 976). Our measurements in six salt marsh plant communities of 
the Dutch Frisian island of Schiermonnikoog, situated well above mean 
high water, demonstrated that the August biomass displayed considerable 
fluctuation over a 1 3-year period (DE LEEUW et al. 1 990). This variation in 
biomass was significantly negatively related to the rainfall deficit during 
the growing season in four out of six communities. Besides, both soil 
moisture content and soil salinity were significantly related to the rainfall 
deficit prior to soit sampl ing. Because of this it was hypothesized that 
precipitation exerted its influence on production through its impact on the 
soit moisture and the soit sal inity regime. 

Next it was questioned at which marsh level production becomes 
sensitive to variations in precipitation. In a study conducted at the 
Stroodorpepolder, in the SW Netherlands, we investigated the influence of 
estuarine water salinity and rainfall deficit on top soil sal inity for 23 
stations along an intertidal gradient (DE LEEUW et al. 1 99 1 ) . Up to a level 
half-way between MSL (Mean Sea Level) and MHW (Mean High Water) 
soil salinity was strongly determined by inundation water salinity. On 
average 80% of the variation in top soil salinity could be explained by this 
single factor. The impact of the estuai.ine waters on sediment salinity 
decreased above this level and was no longer significant from 58 cm above 
MHW upward. The influence on top soil salinity of the rainfall deficit prior 
to soil sampling became significant above 4 cm below MHW. These 
results suggest that the production of salt marsh vegetation which occurs 
below MHW will not be affected by precipitation or drought. It provides 
an explanation why irrigation experiments caiTied out in Spartina 

alterniflora marshes (NESTLER 1 977, V ALIELA et al. 1 982), which generally 
occur below MHW (McKEE & PATRICK 1 988), did not result in increased 
production. 
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Accurate and precise techniques are a prerequisite in order to detect 
differences of net aerial primary production (NAPP) of salt marsh 
vegetation between years. However, the accuracy of the NAPP methods 
used in marsh macrophyte studies has been questioned, and error terms of 
the NAPP estimates are generally not provided. We have presented an 
accurate method to measure NAPP combining destructive sampling to 
estimate end of season biomass and non-destructive sampling to measure 
the mortality of biomass over the growing season (DE LEEUW et al. 1 992 a). 
It has been suggested that the precision of NAPP estimates decreases with 
the complexity of the method used, because of the larger number of 
parameters involved. We compared the precision of the NAPP estimate 
obtained by the above described hybrid technique with the precision of the 
less complex end-of-season biomass estimate, using data collected in 
stands of Scirpus maritimus. Estimated NAPP was 1 372 g m-2, while end
of-season biomass accounted for 1 1 06 g m-2. The precision of the end-of
season biomass and the NAPP estimate were 1 8.2 and 1 7  .2% respectively. 
These results contradict the view that the accuracy of NAPP estimates can 
only be improved at the expense of their precision. 

Species composition 

Traditionally succession has been considered the main source of 
tempora! variation in species composition of salt marsh vegetation. More 
recently the importance of disturbance-related fluctuations in species 
composition has been stressed. Generally it is assumed that following a 
disturbance species composition reverts back to that of a non-disturbed 
vegetation. However, most studies describing the response to distur
bances did not include undisturbed controls, or covered too short a period 
to decide whether reversion actually occurred. In a study conducted at 
the Stroodorpepolder, we investigated the response of salt marsh 
vegetation to experimental and natura! disturbances (DE LEEUW et al. 

1 992 b ). Species composition of disturbed salt marsh vegetation 
generally  returned to that of non-disturbed plots. Further-more it was 
demonstrated that natura! disturbances are infrequent compared to the 
time needed for the vegetation to recover. This implies that the 
vegetation remains near equilibrium most of the time. It was therefore 
concluded that equilibrium models can successfully be applied to 
describe the spatial patterns of salt marsh vegetation. 
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It is generally accepted that the spatial pattern of salt marsh 
vegetation is to a large extent determined by the tides. One would 
therefore expect the vegetation to change where the tidal level is to be 
modified. The construction of the Oosterschelde storm surge barrier 
provided a unique opportunity to test this hypothesis. This barrier, 
constructed in the mid l 980's, caused a lasting reduction of Mean High 
Water of 26 cm. Analysis of the changes of species composition, as 
recorded in 57 permanent quadrates, revealed that most species moved 
down the vertical marsh gradient after the 26 cm reduction of the tides. 

Before the construction of the barrier several attempts had been 
made to predict the impact of the reduction of the tides on salt marsh 
vegetation. Although a downward migration of the vegetation was 
expected by several researches (SMIES & HurSKES 1 98 1 ,  SAEIJS & Al 
1 982, DE JONG & DE KOGEL 1 985), in none of these models inundation 
frequency has been explicitly related to species composition. In our study 
(DE LEEUW et al. 1 992 c), we developed a multivariate model (CCA) of 
the relation between species composition and inundation frequency in 
1 984 (before the reduction of the tides) . The first axis of this model 
catches all variation in species composition related to inundation 
frequency. Next this model was used to predict the ordination score of 
the samples from the observed inundation frequencies in the 1 990 (post
barrier) situation. These predicted ordination scores were compared to 
the score as calculated from the species composition as observed in 1 990. 
There were no significant differences between predicted and observed 
ordination scores. This indicates that the response of the vegetation, as 
far as the fraction of species composition related to inundation frequency 
is concerned, could have been predicted before the reduction of the tides. 
Higher order CCA axes catches the variation in species composition not 
related to inundation frequency. 

The best expectation that could have been made before the reduction 
of the tides with regard to this fraction of species composition would 
have been to expect no directional change along the higher order axes. 
However, between 1 984 and 1 990 the samples were significantly 
displaced along the second and the fourth ordination axis. These results 
suggest that part of the response of the vegetation, particularly the 
fraction of species composition related to inundation frequency, could 
have been predicted before the reduction of the tides, while another part, 
concerning the fraction of species composition not related to inundation 
frequency, could not have been predicted. 
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Our results suggest that models describing the relation between 
inundation frequency and species composition of salt marsh vegetation 
can be applied to predict species composition after modifications of the 
tides. They suggest also that salt marsh vegetation responds very quickly 
to tidal changes. This raises the question whether species composition of 
the vegetation can be used to monitor the response of salt marshes to sea 
level rise. The results demonstrate that the species composition can be 
used to predict the elevation of the marsh with respect to the tidal waters 
with good accuracy and precision. 

The model used to describe the future vegetation after the reduction 
of the tides was based on the relation between inundation and species 
composition before tidal reduction. Basically this model is similar to the 
model frequently used to study succession of salt marsh vegetation. 
According to this model the succession can be inferred from the zonation. 

The hypothesis that zonation reflects succession is based on the 
assumption that the relief in the marsh, which determines the zonation, 
was formed by sediments trapped by the vegetation. Hence, a detailed 
knowledge of the geomorphogenesis of the marsh would be required in 
order to decide whether succession may be inferred from the zonation of 
the vegetation. 

We investigated also the sedimentary record and the vegetation in the 
Zuidgors, a marsh of the estuarine type along the Westerschelde, and in 
the Oosterkwelder, on the coastal bar island of Schiermonnikoog, in order 
to decide whether the formation of the relief in these two marshes 
corresponded to this geomorphogenetic model (DE LEEUW et al. 1 992 d). 
The sedimentary record in the estuarine marsh supports the hypothesis 
that the relief was formed by accretion. The relief in the coastal bar marsh 
could however not be attributed to accretion solely. The surface relief was 
mainly determined by the relief of the sandy subsoil. These results led to 
the conclusion that zonation probably reflected the succession of the 
vegetation in estuarine marshes, but certainly not in coastal bar marshes. 
This conclusion implies that the geomorphogenesis of the salt marsh 
system under study has to be considered whenever predictions of the 
response of the vegetation to tidal reduction are to be made. 

When analyzing the change of salt marsh vegetation on the coastal 
bar island of Terschell ing over a 30 year period, RooZEN & WESTHOFF 

( 1 985) recorded considerable changes in species composition, which did 
however not proceed according to the succession schemes inferred from 
zonation. This raises the question whether salt marsh vegetation on 
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coastal bar islands is subjected to a different type of succession. We 
inferred the succession of salt marsh vegetation on the island of 
Schiermonnikoog from a chronosequence representing 200 years of 
marsh development (OLFF et al. 1 992). On the lower parts of the marsh 
high rates of sediment and nitrogen accumulation were observed; an 
annual increase of 1 mm of clay corresponds to an increase of 4.3 g N 
m-2 yr- 1 in the top soil (0-50 cm). On the highest parts of the gradient, 
sediment accretion is very low, l eading to low rates of N accumulation. 
Along the chronosequence a strong change of dominant plant species 
was observed. This change of species composition could not be 
attributed to accretion raising the marsh above the tidal waters, because 
the rate of accretion over the past century equalled the increase of MHW. 
Over time short plant species (Puccinellia maritima, Salicornia spp. , 
Glaux maritima) were replaced by taller species (Elymus pycnanthus, 

Artemisia maritima, Atriplex portulacoides). This change in species 
composition is positively related to the quantity of total N in the top soil .  
I t  is suggested that in this particular marsh ecosystem the accumulation 
of nitrogen is an important cause for the observed species replacement 
over time. This is the first study where it is suggested that succession of 
salt marsh vegetation is driven by accumulation of nutrients, rather than 
the more classica] hypothesis according to which succession is driven by 
accretion raising the marsh surface and reducing the frequency of 
inundation. 

Brent geese (Branta bernicla) strongly prefer the halophytic species 
which domjnate in the earlier successional stages. These favourite 
species were gradually displaced during succession by the tall grass 
Elymus pycnanthus. The geese do not graze in areas where this grass 
species is dominant. The disappearance of halophytes and their herbi
vores, with the progress of nitrogen accumulation, was suggested to be 
due to increasing competition for light between plant species, which 
results in dominance of species with low protein concentrations. 
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THE RESPONSES OF AQUATIC BIOTA AND 
THEIR USE AS INDICATOR ORGANISMS 

BY 

Elizabeth Y. HAWORTH* 

SUMMARY. - B io-indicators, useful in everyday life, are now necessary 
tools for environmental prediction. Fossil aquatic organisms indicative of 
ancient lakes now dry, are rather extreme examples of climate change. More 
recent changes have related to enrichment and acidification and these have 
produced good examples of indicator algae. Palaeoecological techniques of 
interpretation, especially those using diatom assemblages, have been developed 
to provide the historical perspective. These techniques are now available for the 
study of long-term climate change. 

Introduction 

Man has always had to watch the weather, for his livelihood, 
especially in agriculture and travel. Hence the many local uses of 'bio
indicators' and, although many of us are now cushioned by remoteness 
and new technology, meteorological forecasting is still essential. 
Scientists are more than ever aware of the necessity of monitoring the 
environmental response, if we are to avoid future catastrophes that may 
have far reaching consequences. Most of our studies have been 

* Institute of Freshwater Ecology, Far Sawrey, Ambleside, Cumbria LA 22 OLP 
(England). 
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qualitative but in this age of economics and political decisions, there is 
great pressure for quantitative measurements that provide not j ust facts 
but figures too, for issues that have impl ications far from our own 
districts or countries. This was clearly demonstrated by the 1 986 

explosion at the Chernobyl nuclear power plant that spread radio-activity 
so widely. 

Today many are realizing that Earth is not an infinite resource to 
take and throw away and that the environment can no longer 
immediately heal itself. It is therefore essential to predict the effects of 
any long-term change in the climate that may result from both natural 
and anthropogenic activities. 

Aquatics as bio-indicators 

The deposits of diatomite are clear aquatic indicators from the past, 
showing that places like the Nevada Desert were once inland seas. Here, 
large areas of fossil diatoms indicate that the present climate is 
significantly changed from the period in the Middle Miocene to Pliocene 
(2 - 1 6  MA), when a succession of diatom taxa typical firstly of brackish 
(Actinocyclus spp. in Middle Miocene) and then fresh waters 
(Mesodictyon, Cyclotella and Stephanodiscus in the Pliocene and 
Pleistocene) were abundant, together with the remains of fish, snakes, 
etc . (KREBS et al. 1 987, BAUMGARTNER 1 982). Clearly the cl imate pattern 
included a much higher rainfall to evaporation rate than it does now, to 
al low such large bodies of permanent water. 

In less dramatic manner, different diatom assemblages demonstrate 
other changes: 

l) There were significant land and sea level changes after the last 
ice-age, in coastal northwest Europe and Scandinavia, a c limatic 
response, albeit a secondary one; 

2) Some African lake records include the indicators (diatoms, 
ostracods, molluscs) of both changing lake levels and the ionic strength 
of the waters, as in L. Abhé in Ethiopia (GASSE et al. 1 980); and 

3) There were oscillations from fresh to saline assemblages in lakes 
in the American Mid-West, from which it is now possible to calculate 
past salinity levels using a transfer function from the surface sediments 
of a range of present day analogues (FRJTZ et al. 1 99 1  ), to demonstrate 
the response to changing rainfall/evaporation. 
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Eutrophication 

The change that made us most acutely aware of aquatic sensitivity 
was that of eutrophication. The awareness that dawned during the l 960's, 
that water did not continual ly wash everything away and render 
chemicals harmless by dilution is well documented (HARPER 1 992). In 
1 969, a visitor at  the Freshwater Biologica! Association studied the 
English Lake District lakes using a biologica! index that he had evolved 
from previous work on a sedimentary record of pollution. At the end of 
his stay, he somewhat injudiciously confided to a news-reporter that, 
given "one long hot summer Winderrnere would be <lead" ! This was not 
such an outrageous statement then, since 'dying lakes' were a serious 
problem at that time. At the end of that summer, a local reporter wrote 
that "we have j ust had as long and hot a summer as we are likely to get -
and Windermere looks beautiful" and far from dead ! Our visitor had 
been studying the steep increase in Asterionella in the top 30 cm of 
Windermere sediments (PENNINGTON 1 943). As the Association (and now 
the Institute) has monitored the plankton and water chemistry of this lake 
since 1 945, it was already recognized that there was considerable 
nutrient enrichment. In 1 99 1 ,  we re-examined these recent sediments 
even more carefully and, using radio-isotope analysis, dated a stepwise 
succession of diatom species that we recognize as indicative of 
increasing enrichment related to the phosphorus and nitrogen loading 
from the local sewage treatment plants, i .e.  Asterionella formosa Hassall 
(Fig. la), Fragilaria crotonensis Kitton, Stephanodiscus parvus Grunow 
(SABATER & HAWORTH, in prep.) .  The profile demonstrates how 
responsive this lake was to the discharge of treated sewage almost 
directly into the lake, in the late 1 800's, and to subsequent increases in 
nutrients (TALLING et al. 1 986). 

We now readily accept such palaeolimnological profiles but at one 
time it was suggested that Pennington's Asterionella profile related to 
silica dissolution over time. However, the presence of this species in 
early post-glacial sediments of the now oligotrophic upland lake, B lea 
Tarn (HAWORTH 1 969), showed that the valves were more robust and that 
their absence from earlier profiles was due to the use of oven-dried 
samples used in the measurement of the water content. 
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Fig. 1 .  SEM micrographs of a) Asterionella formosa, b) Tabellaria binalis, c) Cymbella 
lunata and d) Aulacoseira distans var. nivalis (W. Smith) Haworth. 
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Acidification 

The study of acidification presented a big challenge to palaeo
l imnologists and an opportunity to examine diatom sensitivity and its 
potential as a tool for the explanation and prediction of long-term trends 
(SMOL et al. 1 986, BATTARBEE et al. 1 990). Attempts to quantify the 
results were more vital in this instance, since few oligotrophic lakes 
suspected of being affected by acid deposition had been monitored over 
any length of time, so there was no pattern of plankton and water 
chemistry to match with the sedimentary record. There was also a great 
deal of scepticism and, as it was first thought that no such changes had 
taken place in the English Lake District lakes, our inclusion in the Royal 
Society 's S urface Water Acidification Programme (SWAP) Palaeo
l imnology (BATTARBEE et al. 1 990) and the Department of the Environ
ment programme (HAWORTH et al. 1 987, 1 988) allowed us to study the 
sediments of suitable sites and show that the most acid of our smal l ,  
upland lakes did indeed record a considerable shift to acid-water diatom 
assemblages dated within the last 200 years (HAWORTH & L!SHMAN 

1 99 1 ) . 
In the 'Acid Rain '  studies, we were made to prove not only that 

acidification had indeed taken place, by comparison with present day 
diatom and water chemistry analogues (BIRKS et al. 1 990), but also to 
explore all possible alternative explanations, such as changing land-use. 
The catchments of the montane sites in western Cumbria are small and 
have probably been treeless since the early post-glacial ; they are rocky 
and have poor grassland on thin peaty soils. Catchment alteration is 
unlikely in such an area (HAWORTH et al. 1 987, 1 988), especial ly as 
documentary evidence shows that it has been used for stock grazing 
since medireval times and that complaints about overgrazing by sheep 
were common even back in the l 7th and l 8th centuries. 

One site was a typical glacial corrie, chosen because KNUDSON 

( 1 954) had found Tabellaria binalis (Ehr.) Grunow (Fig. lb) there during 
her surveys in the early 1950's. The question was: 'how long had this 
typical acid-water indicator been there?' . Two other similar sites were 
sampled at the same time and the diatom profiles all show a clear shift 
from circumneutral diatoms, such as Cyclotella kuetzingiana Thwaites, 
Cymbella lunata W. Smith and Achnanthes minutissima Kützing, to 
Brachysira and Frustulia spp. followed by acid-water taxa, such as 
Tabellaria binalis, A chnanthes marginulata Grunow and Aulacoseira 
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spp. (Figs. 1 ,  2) .  The radio-isotope dates show that T.binalis populations 
were only just starting to expand when KNuosoN ( 1 954) made her 
collections, they now occur in at least 8 other local waterbodies. 

These acidification studies were able to build upon the work of 
earlier diatomists. In 1 938, HusTEDT proposed an ecological 
classification for diatoms according to the pH of their habitat; with 5 
divisions, from those restricted to acid waters, those mainly occurring in  
acid waters, in circumneutral or indifferent, or  mainly in alkaline waters, 
to those restricted to alkaline waters. In order to provide an estimate of 
the past pH of Lake Gribs0 in Denmark based on the sedimentary diatom 
assemblages, NYGAARD ( 1 956) devised some calculations of the 
percentages of these acid or alkaline taxa based on the known pH ranges 
in local lakes. This concept was continued and remodelled as Index B by 
RENBERG & HELLBERG ( 1 982) in Sweden at the beginning of palaeo
l imnological acidification studies. 

Hustedt's pH groupings appear very imprecise; however, they have 
proved to be extremely robust since they have survived the translation to 
mathematica! modelling so well. The Index B calculation for these Lake 
District lakes suggested that the pH remained c. 6.0 until the later part of 
the 19th century when it declined to c. 5 .0 in the 1900's (Fig. 3) .  One can 
readily verify this pH change by comparison with the assemblages of 
present day local analogues (HAWORTH et al. 1 99 1 )  as well as with other 
data within the acidification studies. The diatom changes in our upland 
lakes correspond very closely to the pattern of increase in the sediment 
concentrations of atmospheric pollutants including lead, zine, copper 
(Fig. 4), and to changes in mineral magnetics. 

Good and consistent taxonomie identification rapidly became a 
basic requirement of the SWAP and PIRLA (Paleoecological 
Investigation of Recent Lake Acidification; CHARLES & WHITEHEAD 

1 986) studies, where large sets of data were involved. This sounds 
commonplace to those who deal with small groups of well defined 
organisms, but diatom taxa are numerous, extremely variable and often 
easily confused, and several previously accepted taxa were found to need 
considerable revision before any ecological gradients could be 
established. The use of large data sets to establish a calibration for past 
changes utilized several statistica! programmes, notably the canonical 
correspondence analysis program developed by TER BRAAK ( 1 988) .  With 
this, diatom distribution within sites of differing parameters could be 
related to multivariate physical and chemica! gradients; the sites or 
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samples, such as those for many of the Cumbrian water-bodies 
(HAWORTH et al. 1 991  ), could then be located within the matrix according 
to their diatom assemblages; the programme could also be used to 
produce a ' timetrack'  i l lustrating the variation in past assemblages in a 
sediment profile, such as in Loch Enoch in south-west Scotland 
(BATTARBEE et al. 1 988). Currently, weighted average regression and 
calibration, with bootstrapping error estimation, appear to be providing 
better results with smaller error-margins (BIRKS et al. 1 990). 

Climate 

What about climatic indicators? There are those who suggest that 
aquatic organisms are too well buffered to be directly affected by climate 
and that they mainly react to stronger stimuli, such as nutrients. Directly 
or indirectly, climate is sti l l  an important part of the environmental 
equation. One thing organisms certainly cannot respond to is 'global 
change' ;  rather they respond to change within their immediate 
environment which farms part of the global pattern. As a result of past 
studies, it is now clear that diatoms are responsive organisms which 
relate to the complex and variable combination of environmental 
parameters, including climate, which accounts for the apparently 
discontinuous distribution usually found along any single gradient. 

Three climatic aspects directly affect aquatic organisms: 

1 .  Wind: the lack of which allows thermal and chemica) gradients to 
develop in the water column causing stratification. Some plankton 
thrive in this, eg. vacuolate bluegreen algae, while others sink rapidly. 
Wind driven turbulence causes mixing, the break up of the stratified 
layers, and the upwelling water brings nutrients from surface 
sediments as wel! as returning plankton organisms to warmer, better l it 
regions, where growth can restart. It also takes oxygen down to 
depleted profundal areas. 

2. Temperature: seasonal differences in temperature play a critica! part in 
the success or failure of certain organisms. The cooling of surface 
waters in autumn, leads to turnover and thermal mixing in our 
temperate lakes. Water temperature, especially that in winter or early 
spring, is a critica! factor in both growth-rate and reproduction of 
aquatic populations; a warm winter allows the diatom Aulacoseira 
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subarctica (0. MUiier) Haworth to out-compete Asterionella formosa 

and smaller centrics in Loch Leven in Scotland (BAILEY-WATTS, 

personal communication). 
3 .  Rainfall :  differences in distribution and amount (as rain,  ice or snow) 

affect the fluctuation in water-levels in relation to the evapo
transpiration rate, the nutrient concentrations, the amount of 
allochthonous material from catchment erosion, and the build-up or 
break-down of plankton populations. 

All three combine to form what we call weather, or climate, and the 
environment is a combination of factors including climate, nutrients, 
habitat and competition, all of which can act mutually or in opposite 
ways. 

Crustacean populations have clearly been shown to respond to 
climate, or rather, to the effects of the weather on food supply and 
growth-rate. In Windermere, fluctuations in zooplankton biomass 
(dominated by Daphnia hyalina var. galeata Sars and Cyclops spp.) are 
strongly correlated with variations in water temperature in early summer 
(GEORGE & HARRJS 1 985). The numbers of Daphnia in Esthwaite Water 
(GEORGE et al. 1 990) can be closely related to the availability of the food, 
namely the small green flagellates such as Cryptomonas, or of inedible 
blue-green algae such as Aphanizomenon and Microcystis, and this can 
clearly be seen if detrended times series of Daphnia and Aphanizomenon 

populations are compared with the periods of calm weather which allow 
greater stability of the thermocl ine and favour the growth of the blue
green alga. 

Within TIGER (Terrestrial Initiative in Global Environmental 
Research) and TIGGER (the geological programme), we shall be 
examining the evidence for the ecological impacts of climate change on 
the aquatic biota, using the long records of plankton data that exist for 
some of our Lake District lakes to correlate this with the sedimentary 
record, using detailed analysis of fauna! as well as flora! remains to 
recognize the significant details and to provide a climate calibration that 
can be applied elsewhere. 

This contribution highlights some of the studies of aquatic bio
indicators, with especial reference to diatoms. It could perhaps be 
subtitled ' the response of the researchers to the necessity of 
understanding the rationale for bio-diversity' and should encourage the 
belief that there are answers to be won from ecological study, since it is 
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clear that few organisms, aquatic or terrestrial, are unresponsive in some 
manner. What is needed are the techniques that separate out the aften 
interrelated stimul i . The refusal to go and ask the correct biologica! 
questions could have, not only costly, but also tragic consequences. 
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THE ECOSYSTEMIC ANALYSIS OF 
SMALL FORESTED CATCHMENTS AS A 

TOOL FOR GLOBAL CHANGE ASSESSMENT ? 

BY 

A. HAMBUCKERS & J .  REMACLE* 

SUMMARY. - Two major stresses affect the temperate forest, particularly 
in Belgium: on the one hand, the management leading to the highest 
productivity which results in monocultural practices and even-aged forests, and 
on the other hand, the atmospheric pollution which mainly unbalances the 
nitrogen budget. Within this framework, our objective is to provide a better 
understanding of the forest functioning. This is achieved by collecting 
information about the energy and mass transfers within small forested 
catchments since more than 10 years. Three approaches were followed: (i) 
building a deterministic mathematica! model; (ii) drawing the annual nutrient 
budgets within the main compartments, in order to compare catchments with 
contrasted vegetation; (iii) applying a time series approach including the 
methods of monotonie trend detection, causality and intervention analyses. The 
trend detection allows to emphasize the long-term evolution resulting of either 
the natura! ageing of the trees, or the forest decline; the causality analysis 
permits to know how the atmospheric pollution influences the internal nutrient 
fluxes, while the intervention analysis could assess the importance of sudden 
events such as clear-felling or insect invasion. 

* Microbial Ecology, University of Liège, B22 Sart Tilman, B-4000 Liège 
(Belgium). 
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Introduction 

In Belgium, two major stresses affect the forest: on the one hand, 
the management leads to the highest productivity, which results in  
monocultural practices and even-aged forests very sensitive to the attacks 
of pathogens and to the other environmental stresses ; on the other hand, 
the atmospheric pollution mainly unbalances the nitrogen and sulfur 
budget, causing soil acidification and nitrogen overfertilization . 

Within this framework, our objective is to provide a better 
understanding of the forest functioning. This is achieved by collecting 
information about the nutrient transfers within small forested catchments 
characterized by a watertigh bedrock. Three approaches were fol lowed: 

(i) Drawing annual budgets within the main compartments of the 
forest, in order to estimate the effect of the forest type, liming or geogra
phical factors such as air pollution and geology; 

(ii) Building deterministic mathematical models; and 
(iii) Applying time series approaches including the methods of trend 

and causality detection as well as intervention analysis to emphasize the 
evolution of the system in relation with the atmospheric depositions and 
events occurring in the forest such as forest decline, clear-felling, wind
fell ing, pathogen attack or fire. This paper deals with the last approach. 

A single catchment ( 'La Robinette' ) ,  chosen for its representativity 
of the Haute Ardenne spruce forest, is studied in detail. The objective is  
to determine, over a 10-year period, the evolution of the nutrient transfers 
in the water flowing through the system. Three particular events were 
observed in the watershed between 1 980 and today: the forest decline, a 
clear fell ing of about 1 0% between May and December 1 989 and a wind
felling of another 1 0% in February 1 990. 

Effect of the forest decline 

The forest decline was characterized by the comparison of the 
nutritional status of healthy and declining trees (HAMBUCKERS & 

REMACLE 1 99 1 ). It was shown that the declining trees suffered from Mg 
deficiency. They also presented lower Ca contents but higher K contents. 
The Mg deficiency was an old problem related to the poor Mg content of 
the soil ,  but the Ca deficiency was new at this location. The higher K 

contents in the declining trees emphasized the hypothesis of the root 
uptake misfunctioning. The high level of N and P suggested N 
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overfertilization by the atmospheric inputs which are of the order of 30 

kg.ha-1.yr-1 (WEISSEN et al. 1 990). The excess of N deposition would 
provoke N imbalance in the trees. According to SCHULZE ( 1 989), it 
would disturb the cation uptake, maintain the trees at a growth rate too 
high in regard to the disponibility of the base cations and finally provoke 
the deficiencies. 

It is assumed that the forest decl ine occurred gradually: loss of 
needles, yellowing of the needles, loss of vitality and nutrient deficien
cies. These symptoms suggest the hypothesis that the effect on the 
nutrient cycling would gradually  appear in the throughfall and the stream 
data. This is the reason why it was tried to detect monotonie trend in the 
time series (throughfall and stream water flux, throughfall and stream 
concentrations of Ca, Mg, K, proton, ammonium and nitrate and 
throughfall and stream fluxes of the same nutrients). The Lettenmaier 
non-parametric test ( 1 976) for dependent observations was applied to the 
data collected between 1 980 and 1 989. 

It was obvious that the canopy was thinned during this period so that 
it could contribute to enhance the throughfall and stream water fluxes. 
However, no significant trend was detected in water fluxes at the level 
1 0% between 1 980 and 1 989, neither in the open rain nor in the 
throughfall nor in the stream (Table 1 ) . We also examined the net 
througfall flux and the difference between the open rain and the stream 
that would reflect the evapotranspiration and the difference between the 
throughfall and the stream that would reflect the evapotranspiration from 
the soil . There is a positive trend for the net throughfall and a negative 
trend for the difference between the open rain and the stream water 
fluxes. In conclusion, the stream water flux seems to increase m 

Table 1 .  
Water fluxes: mean values (Xm, mm.d·1 ) ,  standard deviation (SD ) ,  trend detection 

(SL: significance level) and slope (unit.yr·l) 

Xm SD SL Slope 

Open rain ( 1 )  3 .34 l .46 >0. 1 0  

Throughfall (2) 2.80 1 . 1 7  >0. 1 0  

Stream (3) l .58 l .2 1  >0. 1 0  

Net throughfall (2) - ( 1 )  -0.55 0.64 0.05 0. 1 0  

Evapotranspiration ( ! )  - (3) 1 .74 l .56 0. 1 0  -0.08 

Evapotranspiration from 1 .28 0.95 >0. 1 0  
the soil (2)-(3) 
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comparison to the open rain. It could be supposed that more water can 
reach the ground because of the decrease of the foliar index. 

At the canopy level, numerous factors were proved to control the 
nutrient exchanges (PARKER 1 983). Between 1 980 and 1 989, the forest 
obviously grew old and two factors probably evolved: the foliar index 
which governs the foliar surface exchange, and the health status of the 
trees which influences the leaching-uptake fluxes through the cuticle 
(ALENÄS & S KÄRBY 1 988).  The throughfall concentrations of all the 
nutrients, except these of the protons, significantly decrease, as well as 
the bulk and net fluxes (Table 2). It is reasonable to suppose that these 
negative trends are the consequence of the foliar index decrease which 
resulted in decreased nutrient fluxes by dry deposition and leaching. By  
contrast, the forest decline could provoke an  increase or  a decrease of  the 
throughfall deposition depending on the nutrient (ALENÄS & S KÄRBY 

1 988) ;  an increase of the throughfall water flux would induce nutrient 
concentration decrease, but nutrient throughfall fluxes increase (PARKER 

1 983) ;  the ageing of the forest seems to induce enhancement of the 
throughfall input of most of the nutrients (LEMÉE 1 974). The open rain 

Table 2 
Mean values (Xm), standard deviation (SD), trend detection (SL: significance level) and 
slope (unit.yrl )  of the troughfall nutrient concentration (mg.l· l )  andjlu.xes (kg.ha·l.d-1) 

Concentrations Xm SD SL Slope 

Ca 1 .99 0.9 1 0. 1 0  -0. 1 0  
Mg 0.53 0.23 0.02 -0.02 
K 3.02 1 .74 <0.0 1 -0.2 1 
H+ 0.23 0. 1 1  >0. 1 0  
N-N03- 1 .68 2.03 <0.0 1 -0.24 
N-NH4+ 2. 1 5  1 .59 <0.0 1 -0. 1 5  

Bulk throughfall fluxes Xm SD SL Slope 

Ca 0.050 0.0 1 9  <0.0 1 -0.003 
Mg 0.0 1 34 0.0049 0.05 -0.0006 
K 0.0749 0.0393 <0.0 1 -0.0052 
H+ 0.0058 0.0043 >0. 1 0  
N-N03- 0.043 0.057 <0.0 1 -0.0059 
N-NH4+ 0.05 1 0.028 <0.0 1 -0.0044 

Net throughfall fluxes Xm SD SL Slope 

Ca 0.026 0.0 1 7  <0.0 1 -0.003 
Mg 0.0073 0.0044 0.05 -0.0007 
K 0.0625 0.0345 <0.0 1 -0.0042 
H+ 0.0023 0.0030 >0. 1 0  
N-N03- 0.0 1 1 0  0.03 8 1  <0.01 -0.0032 
N-NH4+ 0.0066 0.0344 <0.0 1 -0.0024 
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composition is known to partly control the throughfall quality, but the 
single trend affecting it, an increase of Ca concentration, was not in 
accordance with the trend affecting throughfall quality. It should provoke 
an increase of the throughfall concentration and bulk flux of Ca and a 
decrease of its net flux (HAMBUCKERS & REMACLE, unpublished results). 

The output stream quality integrates all the biogeochemical 
reactions occuring in the catchment. A significant increase of the Ca 
concentration and significant decreases of the Mg, K and nitrate 
concentrations were observed (Table 3) .  Neither the proton concentration 
nor the stream mineral fluxes show significant trends. 

Table 3 
Mean values (Xm), standard deviation (SD), trend detection (SL: significance level) and 

slope (unit.yrl) of the stream nutrient concentration (mg.1-1)  or fluxes (kg.ha-1.d-1) 

Concentrations Xm SD SL Slope 

Ca 1 .03 0.65 0.02 0.08 
Mg 1 .00 0. 1 8  0. 1 0  -0.03 
K 0.49 0. 1 5  <0.01  -0.02 
H+ 0.298 0. 1 8  >0. 1 0  
N-N03- 2.00 0.92 0.05 -0. 1 6  
N-N H4+ 0. 1 1  0. 1 4  >0. 1 0  -0. 1 5  

Stream fluxes Xm SD SL Slope 

Ca 0.0 1 4  0.0 1 3  >0. 1 0  
Mg 0.0 1 5  0.0 1 1 >0. 1 0  
K 0.0077 0.0062 >0. 1 0  
H+ 0.0046 0.0042 >0. 1 0  
N-N03- 0.034 0.033 >0. 1 0  
N-NH4+ 0.00 1 9  0.0034 >0. 1 0  

Causality analysis according to GRANGER ( 1 969) (One variable X 

causes another variable Y with respect to a given universe or information 

set that includes X and Y if present Y can be better predicted by using 

present or past values of X than by not doing so, all informations 

contained in the past of the universe being used in either cases) 

establ ishes that the concentrations of Mg and Ca are negatively 
controlled by the stream flow (Table 4) ; only the proton concentration is  
influenced by i ts  throughfall concentration or throughfall flux (Table 4). 

It is assumed that the modification of the Ca and K concentrations could 
be the consequence of the forest decline because the root uptake of Ca 
probably decreased while the K uptake increased. The Mg concentration 
decline could be explained by an undetected increase in the stream water 
flux but it could more probably result from impoverishment of the 
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ecosystem due to the management i. e. the forest production, combined 
with the deficit of the input-output budget (HAMBUCKERS & REMACLE 
1 990). CHRISTOPHERSEN et al. ( 1 990) observed in the stream output of a 
forest a steady decline of Mg and Ca concentrations between 1 972 and 
1 987 that they concluded to be ascribed to soil acidification of the 
catchment. DRISCOLL et al. ( 1 989) also observed the decrease in the Ca 
and Mg stream concentrations but they attributed it to the decline of the 
atmospheric inputs during the same period. The decrease in the stream 
nitrate concentration (Table 2) could be the consequence of the decrease 
in the ammonium deposition by throughfall since it was proved that this 
nutrient limits the production of nitrate in the upper soil layer of this 
forest (CARNOL 1 99 1 ) . By contrast, HAUHS & WRJGHT ( 1 986) observed a 
sharp increase in the stream nitrate content following the episode of 
forest decline. KNIGHT et al. ( 1 99 1 )  observed an insignificant effect on 
the outflow of nitrate following a thinning by pathogen attack which 
ki lied 60% of the trees. On the contrary, they observed a very significant 
increase in the nitrate concentration following whole tree harvesting, as 

Table 4 
Causality detection: effect of the water and throughfall nutrient flux es and, of the 

throughfall nutrient concentrations (causa/ variables) on the stream concentrations 
( caused variables: sign(ficance level (SL) and sign of the effect (SIGN) 

Causa! variable Caused variable SL Sign 
Stream 

Stream water flux [CaJ 0.05 -

[Mg] 0.05 -

[ KJ >0. 1 
[H J  >0. 1 

[ N H4J >0. 1 
[ N03 J >0. 1 

Throughfall Stream 

[CaJ >0. 1 
[MgJ  >0. 1 
[ KJ >0. 1 
[ H] 0.0 1 + 

[NH4] >0. 1 
[ N03 ] >0. 1 

Throughfall flux Stream 

[CaJ >0. 1 
[Mg] >0. 1 
[ KJ >0. 1 
[H ]  0.0 1 + 

[NH4] >0. 1 
[N03] >0. 1 
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did FVLLER et al. ( 1 987). The marked differences in  N outflow from 
thinned and whole harvested forest suggested that surviving trees in the 
thinned stands are important for N imrnobilization. 

Effect of the clear-cutting and of the wind-felling 

The data of the output stream were examined to estimate the effect 
of the clear-cutting of 1 989 and of the wind-felling occurring in February 
1 990. The method of intervention analysis according to Box & TIAO 

( 1 975) permits to detect sudden changes of mean in time series; it was 
applied to the nutrient concentrations and fluxes and to the stream water 
flux. The events provoked a stream concentration increase in Mg and K 

and a decrease in proton concentration (Table 5) .  The effects on the 
concentration of the other elements and on the water flux are not 
significant. 

C lear-cutting and wind-felling are supposed to induce the same 
consequences; this is the reason why they were examined together. The 
most obvious effect is a reduction of the foliar index and a sudden 
increase in litterfall. Moreover, these events probably modify the climatic 
conditions in the forest: FowLER et al. ( 1 987) measured the average 
maximum temperature increase and the average minimum temperature 
decrease up to 2°C for a 30% canopy removal ; an increase in wind speed 

Table 5 
lntervention analysis of the stream concentrations (mg.l-1) andfluxes 
(kg.ha-1.d-1 or mm.d-1 ): significance level (SL) and effect of the events 

(Effect: unit of concentrations orfluxes) 

Concentrations Xm SL Effect 

Ca 1 .05 >0. 1 0  
Mg 1 .00 0.0034 +0. 17  
K 0.49 0.0026 +0.36 
H 0.298 0.0 1 34 -0. 1 9  
N-No3- 2 .00 0.0587 +3. 1 7  
N-N H4+ 0. 1 1  >0. 1 0  

Flux es 

Ca 0.0 1 4  >0. 1 0  
Mg 0.0 1 5  >0. 1 0  
K 0.0077 >0. 1 0  
H 0.0046 >0. 1 0  
N -No3- 0.034 >0. 1 0  
N-NH4+ 0.00 1 9  >0. 1 0  
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was also observed with consequences on the evaporation from bare soils .  
The climatic changes probably modify the microbial activity rates 
because they are often controlled by temperature and soil humidity 
(DOMMERGUES & MANGENOT 1 970; LYNCH 1 979; SwIFr et al. 1 979) as 
also observed in this site for the nitrification (CARNOL 1 99 1  ) .  The 
increase in the stream concentrations of K and Mg supports the 
hypothesis of an increase of the l itter decomposition rate produced by the 
large l itterfall (FULLER et al. 1 987) or by a root uptake decrease. This last 
assumption is also supported by the proton concentration decrease since 
cation root uptake is acidifying. Another hypothesis to explain the proton 
decrease is the reduction of the input by throughfal l since the fol iar index 
decrease after the felling of the trees and the proton stream concentration 
is clearly dependent on its input by throughfall .  

In  conclusion, these results demonstrate that the ecosystemic 
analysis of a mature forest watershed by a time series approach seems 
sensitive enough to detect environmental changes relating to climatic or 
anthropogenic influences. However, the method is limited for several 
reasons: 

(i) The system is influenced by a lot of interactions and factors. 
For example, the response of the ecosystem would be more difficult to 
interpret if major wind-felling occurred in the course of the period used 
for the trend detection; 

(ii) There are important gaps in the estimation or in the knowledge 
of major nutrient fluxes, in particular the dry deposition, the rock 
weathering and the root uptake; and 

(iii) Our experimental system is an even-aged, artificial and 
managed forest which probably provokes a major impoverishment and 
an acidification of the soit but with an unknown kinetic. Therefore, it 
seems that the combination of the time series methods with the approach 
by deterministic mathematica! modelling could give much information 
since this last method is the most appropriate to integrate many aspects 
of the problem. 
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ECOPHYSIOLOGICAL APPROACH IN OPEN TOP CHAMBERS 

BY 

E. LAITAT, P. LOOSVELDT, J.-J. VAN OOSTEN & R. IMPENS* 

SUMMARY. - Open top chambers (OTC) have been built in 1 987 under a 
forest canopy of mixed species composition (silver fir, Scots pine, beech, 
Norway spruce and Douglas fir), to minimize, as far as possible, any disturbance 
of the forest ecosystem, e.g. soil compaction, destruction of understorey. The 
OTC each contain 1 5  spruces from clone and 15 from seedling. Temperature, 
relative humidity, photosynthetic photon flux density, wind speed and direction, 
pollutants (S02, 03, NOx, NH3) and C02 are monitored at 30 min intervals. In 
May 1 989, C02 injections were started. C02 is injected into the inlet gas stream 
of the OTC. The flux is regulated through mass flow controllers. The mean 
annual C02 concentrations reached at the end of the first growing season were : 
550, 450 and 350 ppmv. In May 1 99 1 ,  we increased the C02 flux in the 
chambers, to reach 700, 525 and 350 ppmv C02 at the end of the third growing 
season. The physical growth conditions in the open top chambers are not 
significantly different from the unchambered conditions: temperature is 
increased by l °C and C02 concentrations correspond to a scenario developed by 
the Intergovernmental Panel on Climate Change (IPCC) for 2030. Plant 
response to elevated C02 is never linear. The main effects are l inked to the 
intermediate C02 concentration (resp. 450 and 525 ppmv). At the whole tree 
level, apical growth is the most influenced; lateral growth is not so much 
affected. Elevated C02 concentrations induce highly significant reduction in 
apical growth. At the molecular level, the results clearly demonstrate increases 
in enzyme activities l inked to the respiratory process and decreases in activities 
of COrfixing enzymes as a result of long-term exposure to elevated C02. 

*Département de Biologie végétale, Faculté des Sciences agronomiques de 
Gembloux, Passage des Déportés, 2, B 5030 Gembloux (Belgium). 
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1. Introduction 

The fact that carbon dioxide (C02) concentration is increasing in the 
global atmosphere is well established. We have more than 30 years of high 
precision measurements of this gas in the Antartica and in Hawaii. These 
records have been extrapoled backwards in time through the analysis of air 
trapped in Antartic ice care showing that preindustrial levels of C02 were 
about 285 ppmv. Major temperature variations of the last 1 00,000 years 
were accompanied by significant changes in C02 concentrations. While 
such correlations do not prove the past occurrence of C02 induced climatic 
change, it is likely that C02 variations are linked with climate changes in 
the last ice-age. 

Emissions resulting from human activities are substantially increasing 
the atmospheric concentrations of greenhouse gases : C02, methane, 
halocarbons and nitrous oxide. This increase will enhance the greenhouse 
effect resulting on average in an additional warming of the earth's surface. 
Water vapour, the main greenhouse gas, will increase in response to global 
warming and further enhance it. 

The Intergovemmental Panel on Climate Change (IPCC) developed 
different scenarios linking temperature increases in a range from l to 3°C 
to enhanced C02 concentrations in the range of 450 to 850 ppmv. See 
HoUGHTON et al. ( 1 990) for more details .  The aim of this paper is neither to 
discuss about how much we expect the climate to change, nor how much 
confidence we have in these predictions. Emphasis will be put on what the 
effects on tree physiology in a forest ecosystem can be, on how to tackle 
these changes in an experimental way and on what the first results are. 

2. Effects of increased atmospheric C02 and global climate change 
on tree physiology 

In the short-term, ecosystem processes such as photosynthesis and 
respiration are dependent on climatic factors and carbon dioxide concen
tration. In the langer term, climate and C02 are among the factors which 
contra! ecosystem structure, influencing the species composition and 
land use. 

The effects of warming on biologica! processes may increase the 
atmospheric concentration of C02 through enhanced respiration. 
Temperature and C02 interact to affect photosynthesis and growth. The 
genera! response is that the optimum temperature increases for net 
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photosynthesis under elevated C02. This interaction i s  an argument in 
favour of reforestation to manage atmospheric C02 (CEULEMANS et al. 

1 993). 

Increases in atmospheric C02 and in temperature together with 
changes in precipitation pattems affect 'single tree' and 'forest 
ecosystem' physiology in a variety of ways (ibidem) . Details of these 
effects cannot be predicted with great confidence because species 
respond very differently to climatic changes and to growth conditions in 
experiments. Net primary production could be enhanced by increased 
C02 in stimulating photosynthesis, depressing respiration and relieving 
of water, low irradiance and nutrient stresses. Elevated C02 could lead to 
net carbon storage but, at this stage, we have no evidence that elevated 
C02 will increase net carbon storage in forest ecosystems. Both 
photosynthesis and respiration tend to increase with increasing 
temperatures but, at higher temperatures, respiration is often the more 
sensitive process. Increased water availability will tend to stimulate plant 
growth but water stress will be a primary cause of forest decline. Global 
warming may result in a period of net carbon release. 

3. Simulation of global changes in open top chambers 

There is an increasing recognition that plants in the field do not 
respond to environmental changes in the same way as plants in 
greenhouses or in growth cabinets do. This has encouraged the 
development of 'ecophysiology' defined as physiology of trees grown in 
complex environmental conditions or, to a broader extent, as physiology 
of the ecosystem considered as an organism. 

Eight open top chambers (OTC) have been built in  August 1 987 in 
Vielsalm (50° 1 7' N 5° 55'  E, altitude 490 m a.s. l . )  under a forest canopy 
of mixed species composition (silver fir, Scots pine, beech, Norway 
spruce and Douglas fir), to minimize, as far as possible, any disturbance 
of the forest ecosystem, e.g. soil compaction, destruction of understorey. 
Four unchambered plots managed in the same way are used as control 
treatment. The OTC's are decagonal, 3 m high and 3 m diameter. 
Ambient air is injected into each chamber by fans to reach 5 complete 
volume renewals of air a minute. Each OTC contains 30 spruces from 
clones and seeds rooted in the local brown forest soi l .  Using pots for 
growing trees in long-term experiments will affect the results of 
partitioning between roots and shoots. The soit showed no nutrient 
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deficiencies at the beginning of the experiment. Plants are well watered 
to prevent water stress induced by the high wind speed in the chambers. 
See LAITAT et al. ( 199 1 )  for more informations about the experimental 
design. 

Sudden changes of environmental conditions frequently leads to 
extreme non realistic responses of the plant. In May 1 989, we started 
C02 injection. C02 from a 5 t tank is first expanded and heated to 20°C 
to obtain vapour. It is then injected into the inlet gas stream. The flux is 
regulated through mass flow controllers. The input of C02 is around 
6 kg.m-2 .d- 1 . U niformity of air distribution within the OTC is created 
using a circular plastic funnel (perforated by 600 x 1 5  mm holes on the 
lower side) connected to the air inlet and following the walls of the 
chamber. The mean annual C02 concentrations reached at the end of the 
first growing season were: 550, 450 and 350 ppmv. Variation in air flow 
from the fan causes sl ight variations in these concentrations. In May 
1 99 1 ,  we increased the C02 flux in the chambers, to reach 700, 525 and 
350 ppmv C02 at the end of the growing season. Performing slow 
variations in growth conditions, we expect an acclimation of the trees to 
the simulation. 

In laboratory experiments, growth parameters can be considered as 
being controlled. In this kind of field experiment, they are defined a 
posteriori and the incidence of the artefacts linked to the simulation 
technique has to be evaluated. 

Temperature, relative humidity, photosynthetic photon flux density, 
wind speed and direction, pollutants - sulfur dioxide (S02), ozone (03), 
nitrogen oxides (N02 & NO) - and C02 are monitored continuously at 
30 min intervals. Atmospheric depositions have also been measured. 
Reductions of data, analysis of variance and Newman and Keuls tests 
have been performed to define the growth conditions in the chambered 
plots in comparison to the unchambered plots. 

Mean temperature in the OTC is increased by l °C only, due to the 
important air renewal from the fans, but the differences between the 
chambered and unchambered plots are not significant during the growing 
season. The chamber effect is mainly characterized by a reduction in the 
relative atmospheric humidity, also not significant during the summer. 
The l ight intensity is slightly modified in the OTC as compared to the 
outside treatment. The most striking changes in light quality occur upon 
attenuation of the radiation by the forest canopy. The red and blue 
wavelength regions are strongly absorbed by the canopy, whereas the far-
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red is largely transmitted by the vegetation. Elevated C02 in combination 
with water deficit and low irradiance should reduce transpiration rate and 
increase water use efficiency. 

The levels of S02, NO and N02 (NOx) are very low and unlikely to 
be phytotoxic, rarely exceeding 10 ppbv, close to the l imits of detection 
by the intruments. Atmospheric nitrogen input under the forest canopy is 
around 40 kg.ha- 1 . y- 1 . Meao annual ozone reaches 1 7  ppbv and is 
consistently higher in the first half of the growing season. Peak 1 h meao 
03 concentration can reach 1 50 ppbv more than once a year. 

Half of the OTC's are supplied with charcoal filtered air or with non 
filtered air. The efficiency of charcoal filter for air pollutants is 70%. 
Significantly different air pollution cl imates are thus simulated between 
the plots provided with unfiltered and filtered air. Increased C02 in 
combination with low levels of these air pollutants, except for 03, can act 
as a fertilizer and thus increase growth. 

4. Long-term effects of elevated C02 on tree 

The aim of our research is to build a conceptual model for primary 
carbon metabolism of forest trees exposed to climate changes. Our 
ecophysiological research is based on the principle of compartiment
alization. The tree, the leaf, the cell or the biochemical reaction are 
distinct levels of investigation with different rates at which carbon 
metabolism needs to be studied. Observations and measurements have to 
take the time course in to account in vol ving in the same way the concept 
of acclimation of trees to the growth condition. 

According to the investigation level, the altered mechanisms are : 
- Carbon allocation, i .e.  the balance between sucrose synthesis (a 

translocable carbohydrate) and starch synthesis (a stored polymer); 
Photoassimilation of the atmospheric C02; 
Carbon partitioning, i .e .  the carbon flow between sucrose net 
producing and sucrose net consuming tissues; 
Carbohydrate oxydation, i .e.  glycolysis, respiration, oxydative pentose 
phosphate pathway, producing chemica! energy and reductive power 
to sustain growth and repair; 
Detoxification mechanisms diverting assimilates toward the produc
tion of reduced cofactors, needed for scavenging photochemical 
oxydants. 
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To describe and understand the metabolic processes that modify tree 
vitality, our approach concentrates on the fol lowing analytica! levels: 
- Growth kinetics at the whole tree level; 
- Gas exchanges at the branch/leaf level ;  
- Metabolite pools involved i n  the different pathways and in  their 

regulation; and 
- Enzyme activities control ling carbon flows through the different 

pathways, at the sub-cellular level. 

For the time being, partial information is available and still needs to 
be completed. 

At the enzymatic level, the results clearly demonstrate increases in 
enzyme activities l inked to the respiratory process and decreases in 
activities of COrfixing enzymes as a result of long-term exposure to 
elevated C02. The specific activity and quantity of ribulose- 1 ,5-
bisphosphate carboxylase oxygenase (RuBisCO) and the specific 
act1v1t1es of photorespiratory enzymes, glycolate oxydase and 
hydropyruvate reductase showed a significant decrease in the COr 
enriched atmospheres. By contrast, a net increase was found for the 
specific activities of the mitochondria! enzymes, NAD-malic enzyme and 
fumarase. See VAN OOSTEN et al. ( 1 992) for more details .  

At the Jeaf level, leaf area is increased under elevated C02. 
At the whole tree level ,  apical and lateral growth at three different 

whorls have been monitored twice a week during the growing season. 
Growth is stopped after 70 days, and 75 percent of the total apical growth 
take place between the 40th and the 70th day. During this period, the 
main differences between lateral and apical growth occur. 

A three-way analysis of variance takes the C02 concentration 
treatments (350, 450 and 550 ppmv), the air treatment (filtered versus 

non filtered air) and the measurement level in the crown (stemapex, 1 st, 
3rd and 5th whorls) into consideration. To further reduce the effects of 
possible heterogeneity in the growth conditions between the 
experimental plots, growth is expressed in per cent of each control plot. 
By making the calculation on the basis of this ratio, the measurement 
level in the crown explains the effect of the open top chamber itself. No 
chamber effect corresponds to a 1 ratio. 

Apical growth is the most influenced factor of al l the measurement 
levels. Lateral growth is not so much affected. Non-filtered air and 
elevated C02 concentrations significantly reduce shoot development as 
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shown in figure 1 .  

Plant response to elevated C02 is  never l inear. Growth is reduced by 
80% at the intermediate C02 concentration of 450 ppmv and only by 
40% at the higher concentration. In the filtered air, with 93% of the 
unchambered plot, relative growth is practically  not depressed at the 
ambient C02 concentration, confirming the slight effect of the OTC. 

1.oO 

!5 
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Fig. 1 .- Relative apical growth of spruce cultivated in OTC to apical growth in the 
unchambered plot. FA = filtered air; NFA = non-fi ltered air; 350, and 450 and 
550 ppmv were the nomina! C02 concentrations in 1 99 1 .  

Plant response to air pollution also clearly shows a reduced apical 
growth of more than 70%, after 5 years exposure at each C02 
concentration. Provided the plants are well watered and the stomata 
remain open, elevated wind speed in the chambers reduces the boundary 
layer resistance and stimulates gas exchange between the leaf and the 
atmosphere. That makes plants more sensible to ambiant air pollutants. 
Even very low air pollution can reduce growth after several years 
exposure. The fertilizer effect that could be expected from nitrogen or 
sulfur oxides is much smaller than the deleterious effects of ozone 
events. Histological, morphological and physiological responses, e.g. 
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stomata! structure and density, stomata! closure or photosynthetic 
response curves, still need to be investigated. 

Conclusions 

The physical growth conditions in the open top chambers are not 
significantly different from the unchambered conditions: temperature is 
increased by l °C and C02 concentrations correspond to a scenario 
developed by the IPCC for the next century. 

Plant response to elevated C02 is never linear. The main effects are 
linked to the intermediate C02 concentrations (resp. 450 until 1 99 1  and 
525 ppmv after 1 992). At the whole tree level, apical growth is the most 
influenced factor, while lateral growth is less affected. At the molecular 
level, the results clearly demonstrate increases in enzyme activities 
l inked to the respiratory process and decreases in activities of COrfixing 
enzymes as a result of long-term exposure to elevated C02. 
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LONG-TERM EFFECTS OF A COrENRICHED ATMOSPHERE 
ON RUBISCO ACTIVITY AND 

QUANTITY OF SPRUCE TREES 

B Y  

J.-J. VAN OOSTEN* , D. AFCF** ,  P. DIZENGREMEL ***,  
E. LAITAT ****, P. LOOSVELDT **** & R. IMPENS **** 

SUMMARY. - The long-term effects of an  enriched C02 atmosphere on  the 
primary carbon metabolism of 4-year-old spruce trees (Picea abies L. KARST) 
were examined. Eight key enzymes were studied in 1 -year-old needles of trees 
submitted for two years in open-top chambers to three C02 levels (350, 480 and 
570 ppmV). The specific activity and quantity of ribulose- 1 ,5-bisphosphate 
carboxylase/oxygenase (RuBisCO, EC 4. 1 . 1 . 39), and the specific activities of 
photorespiratory enzymes, glycolate oxidase (EC 1 . 1 .3 . 1 5) and hydroxypyruvate 
reductase (HPR, EC 1 . 1 . 1 .29) showed a significant decrease in the COrenriched 
atmospheres. By contrast, a net increase was found for the specific activities of 
the mitochondria! enzymes, NAD-malic enzyme (NAD-ME, EC l .  l .  l .39) and 
especially fumarase (EC 4.2. 1 .2). The specific activity of phosphofruc
tophosphotransferase (PFP, EC 2.7 . 1 .90), a glycolytic enzyme, <lid not change 
while a slight decrease of the activity of glucose 6-phosphate dehydrogenase 
(G6PDH, EC 1 . 1 . 1 .49), a pentose phosphate pathway enzyme, was observed. 
The carboxylating enzyme, phosphoenolpyruvate carboxylase (PEPC, EC 
4. 1 . 1 .3 1 )  showed a marked decrease in activity. These results clearly demon-
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strate both increases in enzyme activities l inked to the respiratory process and 
decreases in activities of COrfixing enzymes as a result of long-term exposure 
to less than twice the ambient level of C02. 

Introduction 

The level in atmospheric C02 has increased from about 270 ppm V 
before the industrial era in Europe to 350 ppm V in 1 99 1 .  It is generall y 
assumed that this increase could be amplified in the near future to lead to 
a doubling in C02 in the second half of the 2 1 st century. In this context, 
the forests, which cover one third of the surface of the earth, constitute 
one of the major factors in carbon cycle by undertaking two thirds of the 
global photosynthesis (KRAMER 1 98 1  ) .  

The behaviour of  the trees faced with elevated C02 levels is thus of 
significant interest. As C02 is known as a limiting factor, mainly for C3 
plants, it is generally assumed that a rise in C02 could be beneficial for 
the higher plants, stimulating photosynthesis and increasing dry matter 
production (KRAMER 1 98 1 ) . The main experiments were conducted on 
herbaceous plants cultivated in growth cabinets and submitted to short
term exposures (4 weeks - 4 months) to a high C02 level (generally  1 000 
ppmV).  The dry matter production of seedlings is generally enhanced in 
the first weeks (DELUCJA et al. 1 985). The rate of net photosynthesis, 
after an initial rise, decreases after several weeks of exposure to an 
enriched C02 atmosphere (DELUCIA et al. 1 985, SASEK et al. 1 985). The 
experiments on forest trees were generally performed in growth cabinets 
or small greenhouses on young seedlings in pots. When the trees were 
exposed for 4-9 months to 700- 1 000 ppmV C02, a sl ight (TOLLEY & 
STRA!N 1 984, REEKIE & BAZZAZ 1 989) or marked (O' NEILL et al. 1 987) 
increase in biomass was observed. However, a net decrease in 
photosynthesis has been observed by REEKIE & BAZZAZ ( 1 989). 

At the biochemica) level, an accumulation of starch in leaves of 
herbaceous plants cultivated under high C02 levels is always observed 
(CAVE et al. 1 98 1  ), general ly l inked to a decrease in RuBisCO activity 
(PEET et al. 1 986). Such a decrease in RuBisCO activity is paralleled by a 
decrease in the amount of enzyme protein in tomato plants submitted to 
1 000 ppmV C02 during 9 weeks (BESFORD et al. 1 990) . By contrast, no 
information is available concerning the response of the carbon budget of 
tree cells to long-term treatments with increasing concentrations of C02. 
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In this paper, the effects of two different C02 levels 
(480 and 570 ppmV) on 4-year-old spruce trees growing in open-top 
chambers for two years in ambient and enriched C02 atmospheres were 
examined on RuBisCO activity and quantity. 

Materials and Methods 

Plant material and growth conditions. - Since May 1 987, open-top 
chambers (OTC) have been set up for the study of the physiology of trees 
grown under controlled stress conditions (LAITAT et al. 1 99 1  ). The 
samplings were made during the bursting period ( once a week, from 
04/28/9 1 to 06/09/9 1 ) .  One-year-old needles were randomly collected, on 
all the 30 trees of each chamber. The time of the day of the sampling was 
always the same ( 1 0:30 a.m.) to avoid any daily variation in enzyme 
activity. The samples were then transferred at 0°C to the laboratory and 
two independent enzymatic extractions per sample were performed. The 
RuBisCO quantification was performed on one extract during the last 
four weeks of sampling. 

The extraction and assays media (RuBisCO activity and quantity, 
total soluble protein content) are the same as those used by VAN OOSTEN 

et al. ( 1 992). 
Specific activities. - RuBisCO activity is  expressed in µmol of 

C02 per hour and per mg of protein. The specific activities were 
subjected to a two-factors analysis of variance (ANOVA). The dependent 
variables were the specific activities of the enzymes, and the protein 
content. Multiple-range comparisons of main effects and interactions 
were conducted by means of the Student-Newman-Keuls method. 

Results 

Figure 1 shows that the protein content in needles from spruce trees 
grown in OTC with a high C02 level was significantly lower than that of 
plants in the ambient atmosphere (about 1 5% less with 570 ppmV C02 
and more than 30% less with 480 ppm V C02). 

Conceming the enzyme activities, the differences between the trees 
growing outdoors and in the control OTC with ambient C02 level (350 
ppmV) are generally small or nil (table 1 ) . Considering now the different 
OTC, the specific activity of RuBisCO is lower in both OTC with 
enriched C02 levels compared to the con trol OTC ( 40% with 480 ppm V 
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and 27% with 570 ppm V C02). 
The enzyme protein responsible for RuBisCO activity is known to 

be quantitatively of major importance in leaf cells and any variation in its 
activity could be caused by a change in the amount of this protein .  
Besides a seasonal variation, figure 2 clearly shows a lower amount of 
the RuBisCO protein in needles from trees grown in the enriched C02 
atmospheres, mainly in the presence of 480 ppm V C02. The decreases in 
the amounts of the protein fit well the observed decline in RuBisCO 
activity (table 1 ) .  

I Standard Error 

Outdoor OTC 350 OTC 480 OTC 570 
Fig. l .  - Protein content of one-year-old needles of spruce trees growing outdoors or ex

posed in open-top chambers (OTC) to increasing levels of C02 (350, 480 and 570 
ppmV). 

Table 1 .  

Effect of enriched C02 atmospheres on the specific enzyme activities 

Enzyme Specific enzyme activities 

Outdoors OTC 350 OTC 480 OTC 570 

RuBisCO M 22.56 b 26.0 1 a 1 5 .65 d 1 8 .93 c 

(SE) 4.98 6.72 4.55 3 .43 

Specific actlYlty expressed in µmol C02 h-1 .mg- l protein. OTC, Open top 
chambers; Control, OTC 350; M, Mean; SE, Standard error. Multiple range comparisons 
of the means were conducted by the use of the Student-Newman-Keuls method. Values 
followed by the same letter are not significantly different from each other at the 0.05 
level of probability. 
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Discussion 

Needles of young (4-year-old) spruce trees exposed to enriched C02 
atmospheres for two years show decreases in both the activity and 
quantity of RuBisCO and decreases in total soluble protein content. 

Short-term exposure of higher plants to elevated C02 increases net 
photosynthesis, whereas a long-term treatment often induces a progressive 
inhibition of photosynthesis (STITT 1 99 1 ), correlated to a decrease in 
activity and quantity of RuBisCO (BESFORD et al. 1 990). In this paper, 
spruce needles from trees exposed to enriched C02 atmospheres during a 
long period showed a decrease in the activity of RuBisCO. The question 
arises of the possible role of Pi in this decrease since an inhibition of 
sucrose synthesis (end-product l irnitation of photosynthesis), known to 
occur under elevated C02, could affect chloroplast metabolism by 
dirninishing the availability of Pi (STITT 1 99 1 ). Pi being required for both 
photophosphorylation and regulation of several enzymes of the Calvin 
cycle (LEEGOOD et al. 1 985), the regeneration of RuBP would fal l .  In 
addition, a decrease in the ATP/ ADP ratio could contribute to a decrease 
of the RuBisCO activity by affecting the RuBisCO activase (LILLEY & 
PORTIS 1 990). Moreover, a retention of soluble carbohydrates was implied 
in decreasing gene expression (SHEEN 1 990) which could explain both the 
lower amount of soluble proteins found in needles of spruce trees exposed 
to a high C02 concentration (Fig. 1 )  and the decrease in the quantity of 
RuBisCO (Fig. 2). It is thus suggested that the decline in both activity and 
quantity of RuBisCO could depend on both Pi l irnitation and carbohydrate 
accumulation. The importance of Pi can easily be emphasized by the 
results obtained by CONROY et al. ( 1 990) which demonstrated that a lack 
of Pi led to a decrease in net photosynthesis of pine species subrnitted to a 
twice ambient C02 level for 49 weeks. However Pi might be more 
important at the short-term as the activation state of RuBisCO was always 
higher in the COrenriched trees (data not shown). 

Besides, the activities of photorespiratory enzymes are decreased by 
the C02 enrichment, whereas mitochondria! enzymes activities are 
increased (VAN OOSTEN et al. 1 992). 

In conclusion, long-term exposure of spruce trees to high C02 levels 
leads to an increase in the activities of respiratory enzymes and a 
decrease in the activity of RuBisCO which suggests that acclimation of 
this coniferous species to enhanced C02 results in a reduced cellular 
carbon balance. 
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Fig. 2 .  - Effect of C02 enrichment on the amount of RuBisCO protein i n  one-year-old 
needles of spruce trees. OTC 350, 480, 570 : open-top chambers fumigated with 
350, 480 and 570 ppmV C02. 
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ABBREVIATIONS 

: phosphoglyceric acid 
: ribulose - 1 ,5 - bisphosphate carboxylase/oxygenase 
: ribulose - 1 ,5 - bisphosphate 
: triose phosphate 
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THE DIRECT IMPACT OF RISING C02 
AND TEMPERATURE ON PLANTS, 

WITH PARTICULAR REFERENCE TO TREES 

BY 

R. CEULEMANS, A. PEREZ-LEROUX & 1.  IMPENS* 

SUMMARY.- The global rise in atmospheric carbon dioxide (C02) and the 
accompanying "greenhouse effect" is nowadays a well-documented and well
known phenomenon. lt is evident that a significant change in the global climate 
(e.g. doubled C02 concentration, increased air temperature and changed 
atmospheric humidity) will have a dramatic impact on the presence, growth and 
development of most plants, and in particular of most trees and forests. These 
effects can be either direct (for example, effects on photosynthetic gas exchange 
processes and conductances, water use efficiency, growth) or indirect (through 
climatic change on erop yield, agricultural productivity, overall plant 
distribution and competition). This contribution reviews and illustrates the direct 
effects of increased atmospheric C02 and air temperature on the response 
processes of plants, and in particular of forest trees. The main emphasis is on the 
photosynthesis process and on growth performance because of their immediate 
relevance for plant productivity. 
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lntroduction : The role of carbon dioxide 

Carbon dioxide (C02) in the atmosphere plays a major role in 
deterrnining the earth's climate and habitality through regulation of the 
solar radiation balance. Atmospheric C02 levels have increased 
approximately by 25 % from 1 800 to 1 985, and a significant and 
disproportionate fraction of this overall increase has occurred since the 
beginning of systematic atmospheric C02 measurements in 1 958 ,  during 
a period of unprecedented fossil fuel use (B ODEN et al. 1 99 1  ) . This 
increase in atmospheric C02 levels is attributable mainly to human 
influences, first from deforestation during the massive global expansion 
of agriculture, and now primarily  from fossil foei burning. Even our 
present automobile-centered transportation system plays a role in this  
enhanced C02 phenomenon : worldwide the production and use of 
automotive fuels account for an estimated 1 7  % of all carbon dioxide 
released from fossil fuels. 

Carbon dioxide is an essential chemica! compound for life on our 
planet. Plants absorb C02 from the atmosphere and become the food 
supply for other organisms, including man. Understanding the effects of 
increasing atmospheric C02 concentrations on plants and vegetation is an 
issue independent of all other global C02 effects. Because plant growth 
is l irnited by the amount of C02 in the atmosphere (as will be shown 
hereafter), it is critica! : (i) to get a better insight in the biologica! 
consequences of direct or indirect effects of C02 ; and (ii) to understand 
in the long-term how the world's vegetation will respond if the C02 
concentration of the global atmosphere continues to increase. Further in 
this paper we wi l l  mainly deal with the direct effects of elevated global 
C02 and temperature on plants and trees, such as effects on 
photosynthesis, gas exchange characteristics and growth. However, it i s  
evident that a significant change in the global C02 concentration wi l l  
also have dramatic indirect effects (through global climatic changes) on 
erop yield and agricultural productivity, as  wel l  as  on the presence, 
distribution and competition of most plants, and in particular of trees and 
forests. 

Modelling the global carbon cycle 

Depending on the scenarios of geo-energy polities and the rate of 
deforestation of tropical forests, an atmospheric C02 concentration 
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between 500 and 800 ppm is expected around the year 2050 (Ioso 1 989). 

A doubling of the atmospheric C02 level of the year 1 800 will result in 
atmospheric temperature increases of 1 .5 to 4°C and may produce a 
global average temperature warmer than during any period in the last 
1 00,000 years or more. This COrinduced warming or "greenhouse 
effect" will also affect other climatic variables (such as precipitation and 
atmospheric humidity) and could be augmented significantly by 
increasing levels of other atmospheric trace constituents or other green
house gases such as nitrous oxide, sulfur oxides, methane and ozone. 

However, the observed increase in C02 content of the atmosphere is  
less than the estimated release from fossil fuel consumption and 
deforestation because of interactions between the atmosphere and other 
global carbon reservoirs. These interactions must be understood to 
provide a basis for developing models that will project future changes in 
atmospheric C02 concentration as fossil fuel use continues. 

Predictions of future atmospheric C02 concentrations should be 
based on carbon cycle models that accurately depict quantitative rates of 
carbon exchange among the major global carbon reservoirs. The carbon 
reservoirs that are known to be important in the response of 
anthropogenic C02 are the atmosphere, the ocean, and the terrestrial 
biosphere including soils. While the c limatic and radiative effects and the 
changes in the uptake of C02 by the oceans have already been the subject 
of extensive research efforts, the effects of increased atmospheric C02 
levels on the terrestrial biosphere - mainly plants, vegetations and 
terrestrial ecosystems - have not been studied in great detail .  A great 
deal of necessary information on the terrestrial biosphere for the global 
climate change models is therefore still lacking. 

General plant photosynthetic responses 
to atmospheric C02 and temperature 

Plant growth depends primarily  - among other things - on the 
amount of carbon that the plant assimilates, and, consequently, on the 
leaf area and the photosynthetic C02 uptake rate per unit of leaf area 
(SAUGIER 1 983). Leaf photosynthetic rate varies considerably among 
plant species and is influenced by biotic factors, such as leaf age, as well 
as by abiotic environmental conditions. Figure 1 schematically represents 
the effects of two crucial environmental parameters (C02 concentration 
and atmospheric temperature) on the photosynthetic rate of leaves of C3-
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Fig. 1 .  - Generalized schematic response of net leaf photosynthesis to atmospheric C02 
concentration (in ppm) and to air temperature (in °C) for plants of the Cr and the 
C4-type. 

and C4-type plants. Plants of the Cr and C4-type mainly differ in the 
biochemica! pathway they use to fix C02 and in the loss of 
photosynthetic products due to photorespiratory activity, which amounts 
in C3-piants to 20 to 50 % depending on the conditions (LEMON 1 983).  
C4-plants avoid photorespiratory losses by a supplementary metabolic 
pathway; they have a more efficient photosynthesis (with smaller losses) 
than C3-piants, which generally occur in all northern regions of the 
globe. Only a small number of C4-species occur in our areas since their 
natura! habitat l ies more south, below latitude 35° to 40°. Under optima! 
conditions of water supply, l ight intensity and air temperature C4-plants 
can assimilate between 20 and 50 µmol C02 m-2 s- 1 , while C3-plants 
assimilate only 1 0  to 30 µmol C02 m-2 s- 1 . Agricultural crops of the C4-
type have very high yields; sugar cane is a classica! example. Maize is 
another high yielding C4-species, and cultivars that are well adapted to 
less favourable temperature and light conditions are nowadays widely 
planted in our regions. So far, all tree species are known to have the C3-
type photosynthesis, with only two minor exceptions (CEULEMANS & 
SAUGIER 1 99 1 ). 

Differences in the physiological responses of Cr and C4-species to 
increasing C02 concentrations are obvious from Figure l a. The 
photosynthetic rate of C4-plants starts from zero in COrfree air and 
rapidly increases with the C02 concentration until a saturation level is 
reached near 340-350 ppm of C02, i .e. the actual mean atmospheric C02 
content. In C3-plants the leaf photosynthesis is initial ly negative in air 
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without C02 (photorespiration), then becomes zero at a C02 concen
tration of around 50 ppm where gross photosynthesis and photo
respiration compensate each other. Afterwards leaf photosynthesis keeps 
on increasing with the C02 concentration until a saturation plateau is 
reached far above the normal atmospheric C02 content (Fig . l a) .  Thus, 
increases in C02 concentration above normal levels of about 340 ppm 
cause little enhancement in photosynthetic rate in C4-plants, whereas in 
C3-plants these C02 concentrations are still far below saturating levels. 
In other words, under high light intensities and normal C02 concen
trations leaf photosynthesis is primarily l irnited by the amount of C02 in 
the case of Crplants, and by the biochemica! activity of the leaf in the 
case of C4-plants. 

The generalized effect of atmospheric temperature on leaf 
photosynthesis is shown in Figure 1 b. When air temperature rises, net 
photosynthesis increases at first - just l ike every chemica! or 
biochemica! reaction -, then reaches a maximum and finally decreases 
rather rapidly. This decrease seems to be primarily caused by the 
degradation of the functional organisation of the photosynthetic 
apparatus in the chloroplast membranes (BERRY & BlöRKMAN 1 980). The 
temperature optimum is far less pronounced in C3-species - whose 
photosynthesis is l imited by C02 - and is reached at significantly lower 
temperatures than in C4-plants. Moreover, several plant species show a 
temperature optimum which is a function of their growth temperature, 
within a range of l 0 to 1 5  °C. The mechanism of this temperature 
adaptation (or acclimation) is still not entirely understood. 

Photosynthetic enhancement by increased C02 concentration 
depends strongly on other environmental factors, and, therefore, elevated 
C02 and temperature significantly internet with each other on 
photosynthetic response (Nus et al. 1 992). For C3-plants, the photo
synthetic enhancement is least at low temperatures and continuously 
increases with increasing temperature (PEARCY & BlöRKMAN 1 983;  Nus 
et al. 1 992) . The probable cause is that the affinity of RuBP carboxylase 
(i .e. the C02 fixing enzyme) for C02 declines with increased 
temperature. As a result, the temperature optimum for photosynthesis is 
generally higher at high C02 than at low C02 concentrations. An 
example of this response is shown in Figure 2 for two desert shrubs, one 
a C3, the other a C4 (ÜSMOND et al. 1 980). While the temperature 
responses of photosynthesis in the Cr and the C4-shrub are quite 
different at 330 ppm C02, they are almost indistinguishable at 1 000 ppm. 
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In contrast, the temperature responses of the C4 shrub are not altered by 
increased C02 concentration (Fig. 2). Shifts in the temperature responses 
of photosynthesis in C3 plants can have important implications in warm 
environments. 
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Fig. 2 .  - Temperature dependence of net photosynthesis at 330 ppm C02 (top of the 
figure) and at 1 000 ppm C02 (bottom of the figure) for a C3 and a C4 shrub. 
(Adapted from ÜSMOND et al. 1 980). 

To maximize its potential photosynthetic C02 uptake, it is evident 
that a leaf should allow very active diffusion of C02 through its 
epidermal layer, as well as efficient fixation by its enzymatic apparatus. 
A distinct relation indeed exists between maximal net photosynthesis and 
maximal stomatal diffusion conductance, a measure for the porosity of 
the epidermal layer to C02. This relationship between maximal 
photosynthesis and maximal stomatal conductance bas led to the 
optimization hypothesis, i.e. that the plant optimizes its stomatal opening 
in order to maximize its ratio photosynthesis/transpiration. Research on 
agricultural crops bas shown that not all species respond to C02 to the 
same extent in terms of growth stimulation, yield, food supply, etc . (Nus 
et al. 1 989). For example, plants with a high conductance for the 
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diffusion of C02 will have a greater growth than plants with a lower C02 
conductance. Because many agricultural weeds have a high conductance, 
they could have a comparatively larger growth response to increased C02 
than some desirable erop species that have a lower conductance (ALLEN 

et al. 1 990). This rnight have major implications for future agriculture. 

Some eff ects of global change on forest tree growth and 
photosynthesis 

1 .  A COLLABORATIVE EUROPEAN RESEARCH EFFORT ON FOREST TREES 

Most experiments on the effects of rising atmospheric C02 levels on 
plants have to date been conducted on agricultural or horticultural crops. 
In most non-agricultural species the direct or indirect effects of 
increasing atmospheric C02 - and temperature - are still largely 
unknown. However, forests represent 2 1  % of the continental area, 76 % 
of the terrestrial biomass and 37 % of its bioproductivity. Thus, trees and 
forest stands form an essential part in the functioning of the terrestrial 
biosphere, especially in the carbon cycle. The reasons for the lack of 
information on the eff ects of increased atmospheric C02 levels and air 
temperature on tree growth and forest development, are various : (i) the 
size of adult trees makes experimental approaches very difficult; (ii) 
long-lived trees require long-term and, thus, more costly experiments; 
and (iii) reliable tree growth models, based on physiological processes 
are scarce (CEULEMANS & SAUGIER 1 99 1 ) . 

Because of the need of more information on the likely consequences 
of global change (i .e .  the current, known increase in atmospheric C02 
concentration and the projected increases in temperature) on the growth, 
development and productivity of trees and forests, a research network of 
some eleven European university laboratories and research institutes has 
been established in 1 990 with the main objective to jointly examine the 
impact of rising atmospheric C02 and temperature on a number of tree 
species of European forests. This research effort, coordinated by the 
University of Edinburgh (Scotland), is  being funded since early 1 99 1  by 
the European Community within its Second and Third Framework 
R&TD Prograrnmes. The research locations included in this col
laborating network are geographically spread from Umeä (Sweden, 63° 

50' N) to Viterbo (ltaly, 42° 25' N) and include research teams from 
Uppsala, Joensuu, Edinburgh, Berlin, Littlehampton, Brno, Paris and 
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Viterbo. In Belgium, the Faculté des Sciences Agronomiques de 
Gembloux (see the contribution by LAITAT et al. 1 993, in this volume) 
and the University of Antwerpen (Department of B iology, UIA) are 
active participants in the network. 

The different participants in the coordinated EC research project use 
a variety of experimental methodologies, ranging from open top 
chambers and branch bags on mature trees, over closed naturally  lit 
chambers to controlled environment chambers (Fig. 3). The principal tree 
species that are investigated by the various research groups include both 
coniferous (spruce and Scots pine) as well as deciduous species (beech, 
sweet chestnut, oak, poplar and sycamore). It is still too early for major 
results and definite conclusions, but some preliminary results are - in 
combination with other examples from literature - used below to 
illustrate some photosynthetic and growth responses of trees to elevated 
atmospheric C02. In the long-term, however, the resul ts should allow to 
make reliable predictions about the likely consequences of elevated C02 
levels and increased air temperature for the major forest trees in Europe. 

Fig. 3. - View on the closed experimental plant growth chambers at the Campus of the 
University of Antwerpen (UIA). Chambers with ambient air and with co2-
enriched air are used for C02 impact studies on young poplar trees. 
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2. EFFECTS ON GROWTH AND BIOMASS PRODUCTION 

U nder elevated C02 concentrations, a stimulation of tree growth is 
observed with a very wide range (between 1 to 200 % increase in 
response to a doubling of C02 concentration). The very wide range of 
responses partially reflects important differences among different plant or 
tree species, but is also partially caused by differences in experimental 
methods and environmental conditions. GIFFORD ( 1 992) suggests that 
these differences may in part result from differences in the efficiency of 
conversion of photosynthetic products into biomass and that this 
efficiency is related to sink strength, nutrient supply and water 
availability. 

However, the increased tree growth in high C02 concentrations 
often results only in a moderate increase in stem height (MouSSEAU & 
ENOCH 1 989). Except for fast growing tree species, such as poplar, height 
growth stimulation is frequently even not significant when trees are 
exposed to elevated C02 concentrations during a period of less than two 
years. Either the stem diameter or stem volume increases, or the total 
(above and below ground) biomass, or both. In some tree species also the 
number of branches significantly increases with increasing C02 
concentrations. Quite dramatic results were observed in sour orange trees 
grown in open top chambers at Phoenix, Arizona (USA) for close to 2.5 
years (Fig. 4; Ioso et al. 1 99 1 ). At the end of two ful l  years of growth, 
the trunks of the trees that were exposed to high C02 concentrations (i .e. 
300 ppm above ambient) had become twice as large as those of the trees 
grown in the ambient atmospheric C02 concentrations (Fig. 4). 

Moreover, the COrenriched trees had an average of 79 % more leaves, 
56 % more primary branches and 70 % more secondary branches. After 
two full years of growth, total trunk plus branch volume, and below
ground growth of the C02-enriched trees were 2.79 times that of the trees 
under ambient C02. 

The predicted and observed responses of trees to increasing 
concentrations of atmospheric C02 significantly internet with influences 
of other environmental resources, such as rnineral nutrients. Important 
feedbacks and interactions between nutrient resources shape the response 
of trees to enriched C02 concentrations (NORBY & O'NEILL 1 99 1 ). In a 
combined experiment on C02 enrichment and nutrient interactions in 
seedlings of yellow poplar (Liriodendron tulipifera), the response to 
fertil ization was larger than that to C02 enrichment. S irnilarly, an 
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Fig. 4. - Trunk cross-sectional areas of sour orange trees grown under two treatments of 
atmospheric C02 concentration, i .e .  at ambient C02 and at 300 ppm C02 above 
ambient. Trees were grown from seedling stage in open top chambers at Phoenix, 
Arizona (USA) for close to 2.5 years. Error bars indicate standard deviation ranges 
from two replications per treatment (From Ioso et al. 1 99 1  ). 

increase of whole-plant biomass with C02 enrichment was observed in 
plants with additional mineral nutrients and in  unfertilized plants, 
although the fertilized plants grew tenfold larger (Fig. 5; NORBY & 
O' NEILL 1 99 1 ) . The increase in plant biomass resulting from elevated 
C02 occurred only in the root systems. Although leaves were produced 
continuously during the experiment, leaf area was slightly reduced in 
elevated C02 (Fig. 5),  and the whole-plant growth response was wholly 
attributable to an increase in photosynthetic performance per unit leaf 
area. 
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Fig. 5. - Whole-plant dry 1 00 
weight (a) and leaf area (a) 
(b) of yellow pop lar 
seedlings In 37 1 ppm 1 0  
C02. The plants were !?J . . -·f· - - ·� .E fertilized with a com- Cl 
plete nutrient solution ·;;; -�-ff·· · !!: 
(solid line) or we re > 
unfertilized (dashed -0 

ë - I ·r line) . The slopes of the "' 
curves are proportional c::: 0 - 1  
to  relative growth rate 
and error bars represent 
standard error. Symbols 0·01 
represent data from 1 0 000 
destructi ve harvests : (b)  
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3. EFFECTS ON PHOTOSYNTHETIC PERFORMANCE 

If overall tree growth ( either in terms of height, volume or biomass 
production) is stimulated by elevated C02 concentrations, the net 
photosynthetic rate of the entire tree or of individual leaves should also 
increase, since photosynthesis is the driving force of overall growth. In a 
study at the Laboratory of Plant Ecology, University of Antwerpen 
(UIA), cuttings of a Populus x euramericana clone were grown for 
several months in two closed, but naturally  lit, growth chambers (volume 
of ca. 9 m3; Fig. 3). The control chamber was supplied with outside air, 
while C02 concentrations in the C02 enriched chamber fluctuated 
around 700 ppm. The net photosynthesis - l ight response curve of the 
euramerican poplar clone showed that light saturated photosynthesis 
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rates of plants grown at 700 ppm were indeed 60 % higher than those of 
plants grown at 350 ppm (Fig. 6). This difference was only 50 % when 
the quantum flux density was reduced to 300 µmol m-2s- I . 
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Fig. 6. - Response of net photosynthesis (A) to quantum flux density (Q) for an 
Euramerican poplar clone grown under two different C02 concentrations, i .e. 350 
ppm and 700 ppm. Measurements were performed on attached leaves at ambient 
C02 partial pressures of 35 Pa and 70 Pa, respectively. 

In the same experiment, the response curve of net photosynthesis to 
internal C02 concentration, showed that poplar cuttings grown at 350 

ppm had 50 % higher carboxylation efficiency than plants grown at 700 

ppm (Fig. 7) .  This result is consistent with other findings and suggests 
that plants grown at higher C02 concentrations have a smaller amount of 
RuBP carboxylase per unit leaf area. Leaf initiation rate was some 30 % 
higher in poplars grown at 700 ppm. The higher net photosynthesis (on a 
leaf area basis) and higher leaf production rates result in an increased 
daily net photosynthetic C02 uptake per plant for the plants grown at 700 

ppm C02 as compared to the control plants. Further data on growth, 
nitrogen use efficiency and biomass allocation of these poplar cuttings 
have been collected and wi l l  be reported in the future. 
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Fig.  7. - Response of net photosynthesis (A) to C02 internal partial pressure (pi)  for an 

Euramerican poplar clone grown under two different C02 concentrations, i.e. 350 
ppm ( •) and 700 ppm (D). Measurements were conducted on attached leaves 
under light-saturated conditions. 

To further i llustrate the effects of elevated atmospheric C02 and air 
temperature on net photosynthesis of a coniferous tree species, some 
results of the gas exchange measurements obtained by the Laboratory of 
Plant Ecology (University of Antwerpen, UIA) on Norway spruce (Picea 

abies) plants in the open top chamber (OTC) experiment of the Faculté 
des Sciences Agronomiques de Gembloux are shown in Table 1 .  Details 
on the experimental lay-out of the OTC study in Vielsalm (Belgium) and 
on the main growth results are described by LAITAT et al. ( 1 993, in this 
volume). Light-saturated rates of photosynthesis of spruce needles grown 
in the understorey forest ( outside the OTC) were 30% lower than those 
grown in the OTC (Table 1 ) . This highly significant difference is 
primarily due to the consistently higher temperatures (ca. 2 °C) in the 
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OTC's as compared to outside ("enclosure effect"). Young spruce trees 
grown and measured in the OTC under 700 ppm showed a 40 % lower 
carboxylation efficiency per unit leaf area and a 45 % higher light
saturated photosynthesis than those grown and measured in the OTC's at 
350 ppm ("C02 enrichment effect") (Table 1 ). 

Table 1 

Light saturated rat es of net photosynthesis (A sa1J and carboxylation efficiency of young 
Norway spruce trees grown in the understorey forest (outside) and in open top chambers 

(OTC) supplied with ambient (350 ppm) and COr enriched air (700 ppm) in Vielsalm 
(Belgium). Mean va/ues of Jour to six replica/es are shown. Va/uesfol/owed by the same 

letter are not significantly different (at p < 0.05) within the same row. 

Treatment : Outside OTC 350 ppm OTC 700 ppm 

Asat 3 . 1 a 3 .9 b 6. 1 c 

(µmol m-2 ç 1 ) 

Carboxyl. effic. - 0.2 1 6  a 0. 1 27 b 

(µmol m-2 ç 1 Pa- 1 ) 

4. ACCLIMATION PHENOMENA 

The enhancement of the photosynthetic C02 uptake process, 
i l lustrated above, may change over time. After a period of exposure to 
elevated C02 some, but not all, plant species show a reduced stimulation 
of their C02 assimilation rates as a result of acclimation. This may be a 
response to (i) a reduction in carboxylation efficiency because of a 
reduction in amount and activity of RuBP carboxylase; ( i i)  an increase in 
starch accumulation which may damage the thylakoid membranes in 
chloroplasts; or (iii) insufficient sinks with a demand for the increased 
amount of photosynthate produced (EAMUS & JARVIS 1 989). As 
mentioned before, a rise in temperature may also internet with the rise in 
C02, causing a shift in the optimum temperature for net photosynthesis 
and a reduction in the temperature range over which photosynthesis 
occurs. 

Plants grown under elevated C02 concentrations general ly show a 
lower specific leaf area than plants grown under normal ambient C02 
concentrations. Because of the almost constant photosynthetic efficiency 

per unit Jeaf area, this means that plants grown under elevated C02 use 
the available Jeaf biomass less efficiently than plants grown under 
normal C02 concentrations. 
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Also the hypothesis has been formulated by WooDWARD ( 1 987) that 
stomata! density (i .e .  the number of stomata per unit of leaf area) should 
decrease with i ncreasing concentrations of atmospheric C02. In the event 
that plants would show long-term anatomical adjustments to altered 
atmospheric C02 concentrations, the stimulation of net photosynthesis by 
increased C02 might then be affected by the altered stomata! density 
and/or dimensions. However, the hypothesis could not be confirmed by a 
detailed study on historica! and recent data for leaves of over 200 plant 
species (KöRNER 1 988). 

5 .  fUTURE RESEARCH ISSUES 

With regard to the likely impact of global climatic change on forest 
trees, a number of very important questions still need to be answered. 
Among others they include : 
- Wil l  the growth of woody plant species and trees be stimulated by 

future temperature and C02 changes to the same degree as in 
agricultural crops ? 

- Is there a cumulative effect of increased atmospheric C02 and 
enhanced temperature from one year to the next ? One could expect, 
for example, that more carbohydrates will be built up, which could 
result in the formation of more buds and a growth stimulation in the 
next spring. 

- Wil !  there be a significant change in the water use efficiency of forest 
trees under higher C02 concentrations ? lncreased atmospheric C02 
may increase forest growth where the effect is not offset by reduced 
precipitation and increased transpiration (detailed study of the energy 
balance of forest stands). 

- Wil l  there be important differences in the response to increased C02 
between deciduous broad-leaved (poplar, beech, oak, . . .  ) and 
evergreen coniferous trees (spruce, pine, . . . ) ? 

Conclusions 

A brief overview has been given of some of the more genera! 
photosynthetic and growth responses of plants - and in particular of 
trees - to global change, using examples from a number of recent C02 
enrichment and impact studies. These and future impact studies will 
provide detailed information about the environmental physiology of trees 
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and are needed to improve our understanding of the responses of forests 
to global climate change. Warmer growing season temperatures in the 
future might enhance the growth and productivity of forest stands, but 
will also cause more evapotranspiration, hence more water stress of trees 
and more damage by pathogens. It may thus well be that the overall 
effect of anticipated changes in global climate is likely to be widespread 
loss of forests. Possibly experimental research will also indicate that an 
important shift is required in the type of forest species that we have to 
plant in the future, in order to avoid dramatic decreases of forest 
productivity in certain regions of the world. 

ACKNOWLEDGMENTS 

Part of this research is performed under EC Contract EPOC CT-9000 1 3  
(contractor UIA, coordinator University of Edinburgh). The senior author (R.C.) 
is a Senior Research Associate of the Belgian NFWO (Brussels). We gratefully 
acknowledge A.  Muys for his help with preparing illustrations, and 
F. Kockelbergh and N. Calluy for their technica! assistance. 

REFERENCES 

ALLEN, S.G" IDSO, S .B" KIMBALL, B .A" BAKER, J .T., ALLEN, L.H. JR" MAUNEY, 
J.R" RADIN, J .W. & ANDERSON, M.G. 1 990. Effects of air temperature on 
atmospheric C02 - plant growth relationships. - Report TR048 to the US 
Dept. of Energy, Nat!. Techn. Inf. Service, Springfield, Virginia, 6 1  pp. 

BERRY, J. & BJöRKMAN, 0. 1 980. Photosynthetic response and adaptation to 
temperature in higher plants. - Ann. Rev. Plant Physiol" 3 1  : 49 1 -543. 

BODEN, T.A" SEPANSKI, R.J. & STOSS, F.W. (Eds . )  1 99 1 .  Trends '9 1 : A 
compendium of data on Global Change.- Publication ORNL/CDIAC-46 
of the CDIA Center, Oak Ridge National Laboratory, Oak Ridge, Tenn" 
665 pp. 

CEULEMANS, R. & SAUGIER, B. 1 99 1 .  Photosynthesis. Chapter 2.- In : A.S.  
RAGHAYENDRA (Ed. ) ,  Physiology of Trees. J .  Wiley & Sons Ine" New 
York, pp. 2 1 -50. 

EAMUS, 0. & JARVIS, P.G. 1 989. The direct effects of increase in the global 
atmospheric C02 concentration on natura) and commercial temperate 
trees and forests.- Advances Ecol. Res" 19 : 1 -55 .  

GrFFORD, R.M. 1 992. lnteraction of carbon dioxide with growth-limiting 
environmental factors in vegetation productivity : implications for the 
global carbon cycle. - Advances in Bioclimatology, Springer Verlag, 
Berlin, 1 : 24-58. 



THE DIRECT IMPACT OF RISING C02 AND TEMPERA TURE ON PLANTS 1 7 1  

Ioso, S .B .  1 989. Carbon dioxide and Global Change : Earth in transition. - IBR 
Press, Tempe, Arizona, 292 pp. 

Ioso, S .B . ,  KlMBALL, B .A.  & ALLEN, S.G. 1 99 1 .  C02 enrichment of sour orange 
trees : 2.5 years into a long-term experiment. - Plant, Cel! and Environ. , 
14 : 35 1 -353. 

KöRNER, C.  1 988. Does global increase of C02 alter stomata] density ? -
Flora, 181 : 253-257. 

LAITAT, E., LOOSVELDT, P. ,  v AN OOSTEN, J .-J. & IMPENS, R .  1 993. Long-term 
effects of global climate changes on forest tree physiology. 
Ecophysiological approach in open top chambers. - In: SYMOENS, J .-J., 
DEVOS, P. ,  RAMMELOO, J.  & VERSTRAETEN, Ch. (eds.) ,  Symposium 
"Biologica] Indicators of Global Change" (Brussels, 7-9 May 1 992). 
Pub!. Royal Academy of Overseas Sciences, Brussels (This volume). 

LEMON, E.R. (Ed.) 1 983.  C02 and plants. The responses of plants to rising levels 
of atmospheric carbon dioxide. - Westview Press Ine., Boulder, 
Colorado, 280 pp. 

MouSSEAU, M. & ENOCH, H. 1 989. Carbon dioxide enrichment reduces shoot 
growth in sweet chestnut seedlings (Castanea sativa Mill . ) .  - Plant, 
Cel! & Environm. , 12 : 927-934. 

NIJS, I., IMPENS, I., & B EHAEGHE, T. 1 989. Effects of long-term elevated 
atmospheric C02 concentration on Lolium perenne and Trifolium repens 
canopies in the course of a terminal drought stress period. - Can. J. 
Bot. , 67 : 2720-2725 . 

NIJS, I . ,  IMPENS, I., & VAN HECKE, P. 1 992. Diurnal changes in the response of 
canopy photosynthetic rate to elevated C02 in a coupled temperature
light environment. - Photos. Research, 32 : 1 2 1 - 1 30. 

NORBY, R.J. & O' NEILL, E.G. 1 99 1 .  Leaf area compensation and nutrient 
interactions in COrenriched seedlings of yellow-poplar (Liriodendron 
tulipifera L.).  - New Phytol., 1 17 : 5 1 5-528. 

ÜSMOND, C.B. ,  B1öRKMAN, 0. & ANDERSON, DJ. 1 980. Physiological processes 
in plant ecology. Toward a synthesis with Atriplex. - Springer-Verlag, 
Berlin, 468 pp. 

PEARCY, R.W. & BJöRKMAN, 0. 1 983.  Physiological effects. - In : LEMON, E.R. 
(ed.), C02 and plants. The responses of plants to rising levels of 
atmospheric carbon dioxide. Westview Press Ine. ,  Boulder, Colorado, pp. 
65- 1 05.  

SAUGIER, B .  1 983. Aspects écologiques de la photosynthèse. - Bull. Soc. bot. 
Fr. , 130, Actual. Bot. , 1 :  1 1 3- 1 28. 

WooDWARD, F.I .  1 987 . Stomata] numbers are sensitive to increases in C02 from 
pre-industrial levels. - Nature, 327 : 6 1 7-6 1 8 .  





Symposium 

"Biologica/ Indicators ofGLobal Change " 

(Brussels, 7-9 May 1 992) 

Proceedings edited by J.-J. Symoens, 
P. Devos, J . Rammeloo & Ch. Verstraeten 

Published by the Royal Academy 
of Overseas Sciences (Brussels) 

pp. 1 73 - 1 77 ( 1 993) 

OAK VITALITY : 
A SUITABLE CONCEPT FOR 

GLOBAL CHANGE MONITORING? * 

BY 

D. BURGEON**,  J .  DEGREEF*** & F. MALAISSE* ***  

SUMMARY.- Since the early 1 970's, visible decline symptoms have been 
recorded by the forest rangers in European forests. At first, conifers were 
concerned but more recently, several hardwoods also exhibit damage symptoms. 
It was particularly the case of indigenous oaks (Quercus robur and Q. petraea). 
In Belgium, several thousands of oaks have <lied since 1 985. This loss of 
vitality, firstly related to air pollution and acid rains, results from more complex 
causes. Several hypotheses have been forwarded that may be related to 
predisposing (site, species concerned, forest treatment, etc.),  incitant (climate, 
Jeaf-eater insects, etc. )  and contributing (fungi, bacteria, nematods, etc.) factors. 
Decline of oak forests has been reported periodically in Europe since the early 
eighteenth century. The present decline started in the l 980's .  In which manner is 
this last decline different from earlier ones and related to global change? No 
clear relationship is to be expected; indeed, the possible warming would reduce 
the chances of severe frosts and no harder drought stresses are forecasted. In 
conclusion, changes in oak vitality, particularly more frequent and heavy 
declines, could not obviously be related to global change. 

* Definitive text received on 7 December 1 992. 
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Juin 1 3 , B-5030, Gembloux (Belgium). 
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RÉSUMÉ.- Depuis Ie début des années 1 970, des symptömes visibles de 
dépérissement sont constatés dans les forêts européennes. Les conifères furent 
les premiers concernés mais, plus récemment, de nombreux feuillus montrèrent 
également des symptömes de perte de vitalité. C'est particulièrement Ie cas des 
chênes indigènes (Quercus robur L. et Quercus petraea) .  En Belgique, plusieurs 
mill iers de chênes moururent depuis 1 985. Cette perte de vitalité, d'abord 
attribuée à la pollution atmosphérique et aux pluies acides, résulte de causes plus 
complexes. De nombreuses hypothèses ont été avancées qui peuvent être mises 
en relation avec des facteurs prédisposants (site, espèce concernée, traitement, 
etc.), incitants (climat, insectes défoliants, etc . )  et contribuants (champignons, 
bactéries, nématodes, etc . ) .  En Europe, les dépérissements de chênes ont été 
enregistrés périodiquement depuis Ie début du dix-huitième siècle. Le 
dépéri ssement actuel débuta dans les années 1 980. De quelle façon est-il 
différent des précédents et peut-il être mis en relation avec Ie  "global change" ?  
Aucun tien clair n e  semble possible; e n  effet, l'éventuel réchauffement réduirait 
les chances que surviennent des gelées rigoureuses et aucun stress hydrique 
sérieux n'est par ail leurs prévu. En conclusion, les modifications de la vitalité 
des chênes et, en particulier, les dépérissements plus fréquents et plus sévères ne 
pourraient clairement être mis en relation avec Ie changement global. 

* 

* * 

During the 1 970's, visible symptoms of decline were noted by the 
forest rangers in many European countries. At first conifers were 
concerned, particularly the silver fir and the common spruce, many 
plantations of which were thinned out (REHFUESS 1 989, SCHULZE et al. 

1 989, ULRICH 1 990) . The notable symptoms were essentially browning 
and fall of the needles. More recently, the hardwoods showed also signs 
of Jack of vitality. This was the case with several aaks, particularly 
Quercus robur L. and Q. petraea (Matt .)  Lieblein in Western Europe 
(BECKER & LEVY 1 983, DELATOUR 1 983).  

This Jack of vitality was firstly considered to be the result of 
atmospheric pollution and acid rains (RODHE 1 989, TAMM 1 989), but 
there could be more intricate causes to this decay, as will be put forward 
hereafter. 

Many studies have been carried out in most European countries in 
order to identify clearly the causes of the oak decline; the advanced 
theories are nearly all as numerous as the authors interested in this 
problem. Nevertheless it is possible to class them in three perfectly 
graded groups : the predisposing or prejudicing agents, the incitant or 
stimulating factors and the contributing or aggravating ones (MALAISSE et 



OAK VITALITY : A SUITABLE CONCEPT FOR GLOBAL CHANGE MONITORING? 1 75 

al. 1 993). Such an approach has led several authors to symbolize the 
decline process by means of a dynamic spiral, "the Manion spiral", on 
which the different factors were positioned. This classification allows us 
to state precisely the supposed part and the possible interactions of the 
included agents. 

The predisposing agents are factors exerting a long lasting influence 
sometimes during the whole life of the tree. They eventually act as 
weakening factors. The weak tree should be much more vulnerable to 
pathogenie agents, as we describe hereafter. We do not consider it useful 
to survey all the factors which have been incriminated. Nevertheless it i s  
interesting to point out that among the indigenous oaks in Europe, the 
heaviest decline process is to be found in the species Q. robur, also called 
stalked oak. This species, requiring fertile soil, loose and <leep ground, 
can admit a seasonal hydromorphism due to the rising of underground 
water. On the contrary, summer drought can be damaging. Q. petraea, 

common oak or sessile oak, suffers more rarely from decline and 
tolerates altemative hydrous regime better. 

The site data and forest treatment are also prejudicing agents whose 
action is unanimously admitted. 

The incitant factors are factors which act independently of the 
vigour of the oaks but their impact is all the heavier since the prejudicing 
factors are numerous and exert an important weakening action. Their 
influence only lasts a short time but is decisive in the induction of the 
weakening starting. We consider the abiotical and biotical stimulating 
factors. 

Among all the enumerated causes being incitant factors, drought is  
most frequently pointed out. As a matter of fact, the starting phases of 
oak decline, which occurred during this last century, could be related to 
more or less extended previous drought periods. For instance, the 
drought registered in 1 9 1 5  in Germany was fol lowed by a decline of oak 
stations in 1 9 1 7. Drought again in 1 92 1 ,  then decaying from 1 92 1  to 
1 923 in France (TuRc 1 927), England and Holland; dry years from 1 942 

to 1 949 corresponding with a decay starting in France (ROL 1 95 1 ), 

Belgium (ROLAND 1 945), etc. Such coincidental occurrences have been 
reported in Rumania, Czechoslovakia and the U.S.S .R. The impact of the 
historie climatic accident - the drought of 1 976 - on the growing of 
oaks could be proved in the Forêt de Tronçais in France (BECKER & LEVY 

1 983).  
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Rather paradoxically, water excesses from exceptionally rainy periods 
which could cause the destruction of the root system by asphyxia, have also 
been considered as an incitant factor. 

Another cause of water stress is to be found in severe frosts, inducing a 
climatic drought. HARTMANN & BLANK ( 1 992) have emphasized the 
importance of deep late-winter frost in Northern Germany resulting in bark 
lesions which have predisposed oaks to secondary attacks (namely Agrilus 

biguttatus). 

Elsewhere, numerous defoliating insects and fungi of the root rot type 
as Armillaria are often put forward. 

Finally, there are aggravating factors, the action of which can only be 
efficient on trees previously weakened. This action leads to an inexorable 
decaying mostly ending with the death of the tree. These agents, principally 
fungi and bacteria, are suspected to be at the origin of declining as the 
symptoms they generate are relatively visible and identifiable. Their action 
occurs only in the final declining phase. 

As we see, oak decline can no more be interpreted as the result of one 
single cause. It is essential to consider the phenomenon as the expression of 
a complex of agents which intervene at various stages in the process. 
Temperature variations resulting from air pollution form a major component 
of global change, and are included here. 

In fact, waves of oak decline have been noticed in Europe since the 
eighteenth century but the present phenomenon, which started in the early 
1 980's has particularly struck the public opinion. How far is this recent 
decline different from the previous ones and can it be related to abiotic 
factor modifications? 

Global change during the next century is estimated to induce a 
warming of 1 °C by 2025 and 3°C by 2090 (BERNARD 1 992). Following this 
scenario, these temperature modifications will not provoke any appreciable 
shifting of the lowland forest beits (2°C correspond roughly to a difference 
in level of 400 m , namely approximatively the extension of a forest belt in 
Western Europe), but will reduce the chances of severe frosts. Modifications 
of the water balance will primarily consist in an increase of cloudiness and 
in a lesser degree of rainfall .  This is not supposed to increase drought 
stresses. Therefore, as far as climatic factors related to global change are 
concerned, they did not appear as being able to accelerate oak forest decline 
in Western Europe. It should be remembered that today this phenomenon is 
considered as resulting from an interaction of a complex of agents and in 
conclusion no clear relationship to global change is to be expected. 
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SOIL AVAILABLE POTASSIUM AND MAGNESIUM 
AND OAK DIEBACK IN 

ACID SOILS FROM MIDDLE BELGIUM 

BY 

M. VASIC* ,  J .  HERBAUTS* & M. TANGHE** 

SUMMARY. - Available cations (Ca, Mg & K), total carbon and total 
nitrogen were determined in the hemiorganic horizon and upper 20 cm soil layer 
for ten pairs of Que reus robur L. in three stands of the "Forêt de Soignes". Each 
pair is composed of one healthy and one strongly declining tree. Five pairs were 
also sampled for foliar analysis and soil Bt analysis. Results show that K and 
Mg levels as well as the Mg/Ca and K/Ca ratios are significantly lower under 
declining trees. Foliar analysis shows a genera! decrease of the mineral content 
of the leaves of declining trees (including the Ca content), but this could 
possibly mean that the recommended sampling period for oak (last 3 weeks of 
August) is too late for strongly declining trees. lt seems that low exchangeable K 
and Mg levels, associated with high Ca content in the upper layers of soil, might 
be partly responsible for the oak decline. Nevertheless, the slightness of the 
differences in mean values suggests that these levels should only be considered 
as predisposing or aggravating factors, or that they may be correlated with a 
decisive unidentified factor. 
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1. Introduction 

Oak decline has recently drawn the attention of foresters and 
scientists in Belgium. This paper surnmarizes the first results of research 
whose aim is to establish whether there is a connection between soil 
properties and oak decline in the Soignes Forest (south of Brussels). 

In this forest, the most usual symptom of oak (mainly Quercus 

robur L. in the oldest stands) decline is the defoliation of the crown, 
leading to the death of the tree. 

Yellowing was not a common symptom in our samples: the only tree 
showing strong yellowing was the only Quercus petraea L. accidentally 
included in the experimental design. We have occasionally observed 
sudden drying and browning of the foliage, in older as well as in young 
( +/- 50 year-old) aaks. 

The distribution of declining trees is a function of bath stational and 
individual factors: there are healthy stands and others where declining 
trees can be found with variable frequencies. 

2. Sampling and methods 

2. 1 .  EXPERIMENTAL DESIGN 

In this first step of our research (sampling during 1 99 1 ), we tried to 
assess the relationship between individual health state and soil properties, 
minimizing the stational effects. 

Therefore we determined ten sampling units in three different 
stands, each one consisting of one pair of aaks (Quercus robur L., > l 00 

year-old) with very different health state and situated as close to each 
other as possible (max. 20 m). Same recently dead trees have been 
chosen as the declining tree of the pair in order to make up the number of 
ten pairs. The defoliation of the trees has been estimated by an 
independent expert, in accordance with EEC guidel ines (see Table 1 ) . 

The ten pairs were divided into two samples C 1 and C2, each 
consisting of five pairs; C1 and C2 (= 20 trees) were sampled for hurnic 
layer (Ah) and 20 cm upper soil layer; only C 1 (= 1 0  trees) was sampled 
for textural B1 horizon and foliar analysis. 
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Table 1 

Defoliation and discoloration of sample trees 

Tree B3 B4 B20 B21 B22 B23 B24 B25 B26 B27 R4 R5 R i l R l 2  R I S  R l6 R23 R24 33 34 
Defol. (%) 80 1 5  35 75 10 80 1 5  25 60 20 80 1 5  45 20 95 20 70 20 

Disco!. 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Discoloration according to classes defined by EEC: cl. 0 = 0 to 1 0%, cl.  1 = 1 1  to 25 %. 

2.2. SOIL 

For each tree and each layer, 4 subsamples situated on a circle 
(circle rad. = tree rad. + 2 m) were separately  dried, rnilled and analyzed. 

Cation extraction: Cottenie's reactant (EDTA acetate, pH 4.65), 30 
min shaking, followed by SAA measurements. 

Total nitrogen: semi-micro Kjeldahl .  
Total carbon:  dry combustion, Ströhlein apparatus. 

2.3. FOLIAGE 

Foliar samples were obtained with the help of a climber between 22 
and 24 August 1 99 1 ;  3 sub-samples were cut in the upper third of each 
crown and rnineralized by HNOrHC104 wet destruction. 

2 .4. STATISTICAL METHODS 

SPSS 2- l evel ANOVA analysis was performed on the analytica! 
results, one level being the sub-station (or pair No.) and the other the 
state of health ( 1  for healthy trees and 0 for declining ones), on primary 
data and calculated ratios. 

3. Results 

3 . 1 .  SOIL ANALYSIS 

K+ and Mg++ levels in the hemiorganic horizon, as well as the ratios 
K+ / Ca++ and Mg++ / Ca++ calculated for both the herniorganic horizon 
and the upper 20 cm layer of the rnineral soil ,  are significantly lower 
under declining trees. On the contrary, ca++ in the B1 (C2 only = 1 0  
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trees), the amount of Ca++ / ha in the upper 20 cm layer and the ratio 
Ca++ / CEC are significantly higher under declining trees. C/N was 
higher in the upper 20 cm soil l ayer under declining trees (see Table 2). 

Table 2 

Analysis of varia nee for soit properties 

F sign. for differences due to 

health sub- inter- mean mean 
state station action healthy dec line 

Hor. Ah 

K+ (meq/ l OOg) ** * *  n .s.  0.34 0.29 
Mg++ (meq/ l OOg) * * *  n.s .  0.38 0.34 
Mg++ / Ca ++ * *  * *  * .27 .24 
K+ / ca++ * * *  n.s.  .25 .22 

Upper 20 cm layer of mineral soil 

Mg++ / Ca++ * *  * *  * 0.33 0.28 
K+ / ca++ ** ** n.s .  0 .38 0.3 1 
Na+ / ca++ * ** n.s .  0.24 0.2 1 
ca++/ CEC * * *  n.s .  1 0.45 1 1 .72 
C I N  * * *  n . s .  1 7 .77 1 8 .66 

B1 horizon (5 pairs) 

Ca ++ ( meq/ 1 OOg) * n.s.  n.s.  0.32 0.4 1 

Amount / ha in upper 20 cm layer of mineral soil 

ca++(kg/ha) * * *  n.s .  20828 23678 

** :  significance level < .0 1 ;  *: sign. levek.05; n .s . :  sign. level>.05 

3.2.  FOLIAR ANALYSIS 

The foliar analysis shows a genera! decrease in the mineral content 
of the leaves from decl ining trees: this for K+ and Mg++, as expected 
from soil analysis, but unexpectedly also for Ca++, which was higher in 
soil under decl ining trees . 

It is interesting to point out that the interaction between localization 
and state of health is significant for all variables, with the exception of 
Mg/Ca and N/Ca. Nevertheless, the examination of individual means 
makes clear that Mg and the ratio N/Mg are also different for the 
declining trees (see Figs. 1 and 2). 

There is thus a good accordance of soil and leaf contents for Mg, a 
bad accordance for K and a contradiction for Ca; this could possibly 
mean that the recommended sampling period for oak ( last 3 weeks of 
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August) is too late for strongly declining trees, and that, at the time of the 
sampling, the physiology of the tree is affected in such a way that the 
whole rnineral content of the leaves is reduced (see Table 3). 
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Table 3 

Analysis of variance for foliar analysis 

F sign. for differences due to 

health sub- inter-
state station action 

** * *  * *  
* ** ** 

** ** ** 
** ** * *  
** * *  n.s. 
** ** ** 
* *  ** n.s. 

**: significance level < .0 1 ;  * :  sign. level<.05; n.s.: sign.level>.05 

4. Conclusions 

mean me an 
healthy deel. 

.55 .41 

. 1 4  .09 
1 .06 .89 

.20 . 1 3  

.22 .26 
1 8 .06 30.05 
4.74 5.93 

There is a statistical evidence that the cation pool available for each 
single tree is related to the health state of the tree. Soil samples taken 
under declining oaks show lower available K and Mg levels, and higher 
available Ca level. 

Different hypotheses can be put forward to explain a possible effect 
of those soil properties on the state of health of the trees, either through 
direct nutritional disturbances or by decreasing the resistance to stresses 
(for instance, K+ is known to increase drought resistance while Ca++ can 
decrease it). 

On the other hand, it would be of critical interest to show whether 
decline occurs without evolution of the available cation pool, where the 
composition of the latter was unsuitable for a good resistance to some 
recent stress, or on the contrary if it occurs now because of an evolution 
of the available cation pool ; in this case nutritional disturbances could 
also be responsible for the phenomenon. 

Further experiment is needed to clarify the relationship between 
dieback and leaf mineral composition, which might help to explain more 
precisely the indirect or direct relationship between the soil levels of Mg, 
K and Ca and the evolution of oak decline. 
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MACROFUNGI AS INDICATORS OF A 
CHANGING ENVIRONMENT* 

BY 

Eef ARNOLDS* *  

SuMMARY. - The importance of, and at the same time, the relatively poor 
knowledge on soil organisms and biological processes in soils are indicated. 
Criteria for useful bio-indicators are formulated and applied to fungi producing 
macroscopie sporocarps. The functions of these macrofungi in terrestrial 
ecosystems as saprotrophs, parasites and ectomycorrhizal symbionts are 
concisely described. Methods for monitoring regional or local changes in the 
composition of the macrofungal flora are mentioned. The strong increase of 
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1. Introduction 

1 . 1 .  GENERAL JNTRODUCTION 

For many ecologists, including those who are working on aspects of 
global change, the biosphere seems to end exactly at the soil surface. The 
organisms involved in processes in soils are usual ly safely considered as 
a "black box", although processes such as decomposition, mineralization 
and various mutualistic relationships between plant roots and hetero
trophic organisms are of crucial importance in terrestrial ecosystems (e.g. 
EDWARDS et al. 1 988) .  Many data are known on structure, productivity 
and biomass of the above-ground parts of plants, but far less on 
properties of their root systems. The limited knowledge on biodiversity 
in the soil compartment and on interactions between various groups of 
organisms is also striking. This situation is mainly caused by 
methodological difficulties in the study of soil biology, demanding for 
special techniques. One of the main problems is to bridge the gap 
between research in the laboratory and in the field. 

In this paper, 1 shall focus on the possibilities for the use of only one 
group of soil organisms, the macrofungi, as bio-indicators for changing 
environmental conditions. 1 shall present some results of recent research, 
mainly carried out in the Netherlands. 

Nomenclature of fungi is mainly according to KREISEL ( 1 987). 

1 .2 .  MACROFUNGI AS BIO-INDICATORS 

In an earlier contribution to this symposium, Dr. Devillers 
mentioned three criteria for organisms in order to be valuable as bio
indicators: they should be: 
( 1 )  readily recognizable; 
(2) of regular occurrence in the areas or habitats to study; and 
(3) indicative of environmental factors we are interested in. 

1 would like to specify and extend these criteria as follows: 
( 1 )  Organisms should be easy to observe or detect; 
(2) It should be possible to quantify their occurrence by simple methods; 
(3) Their identification should be relatively simple; 
(4) They should be indicative of relevant ecological factors or processes, 

in casu large-scale changes in the environment; 
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(5) They should respond quickly to changes in the environment; 
(6) It is an advantage when they are functionally important m 

ecosystems to study; 
(7) They should add information to our knowledge, for instance by 

fundamentally different habitat exploitation or indicating different 
environmental factors. 

Among heterotrophic organisms, macrofungi seem to meet these 
criteria very well ,  being those fungi producing macroscopie sporocarps, 
easily discernible in the field. They are heterogeneous in taxonomie and 
ecological respect. The majority of species belong to the Basidiomycetes. 
In the Netherlands approximately 3200 species are known to occur 
(ARNOLDS 1 984). 

A comparison between the properties of macrofungi and the criteria 
for bio-indicators presented above, gives the following results: 
( 1 )  Sporocarps of most macrofungi are easy to detect, with the exception 

of some species producing sporocarps below the soil surface 
(hypogeous fungi, e.g. Tuberales (Ascomycetes) and Hymenogastrales 
(Basidiomycetes)). On the other hand, vegetative mycelia are usually 
very difficult to observe. Higher basidiomycetes are only rarely 
isolated from soils with current microbiological techniques in spite of 
the presence of sporocarps (e.g. WITKAMP 1 960, WARCUP & TALBOT 

1 962). 
(2) Numbers of sporocarps produced above the soil (epigeous fungi) are 

relatively easy to count or estimate. However, it is very difficult to 
measure quantities of mycelia in natura! substrates and a distinction 
between macro- and microfungi or between different functional 
groups is impossible (e.g. POCHON et al. 1 969). 

(3) Sporocarps can be readily identified, although the taxonomy of some 
groups is complicated or still insufficiently known. Identifications of 
fungal mycelia are at present only possible in some cases with 
complex and expensive molecular-biological techniques. 

(4) It has been demonstrated that groups of macrofungi are sensitive to 
changes in the environment, for instance air pollution. See section 3 .  

(5 )  I t  has been demonstrated that communities of  macrofungi respond 
almost immediately to changes in environmental conditions, such as 
the application of fertilizers to grasslands (ARNOLDS 1 989a) and 
forests (KUYPER 1 989). Their reaction is faster than that of 
communities of green plants. In addition, fungi are usually spread by 
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airbome spores, so that historica! factors, such as isolation and 
fragmentation of habitats, are less. important than in most 
phanerogams and animals. In other words, the communities of fungi 
are in direct balance with current environmental conditions. 

(6) Macrofungi are quantitatively and qualitatively important in many 
natura] and seminatural habitats due to their contributions to the 
decomposition of organic matter and their symbiotic relationships 
with green plants. Their importance is maxima] in forest ecosystems 
(see sect. 1 .3 .) .  

(7) All fungi are heterotrophic and belong to the reducers. In view of 
their functions they are indicative of quite different properties of 
ecosystems than green plants and most animals .  

The most essential feature is that macrofungi unite functional 
characteristics of soil organisms with methodological characteristics of 
green plants (ARNOLDS 1 988a). On the contrary, the use of vegetative 
mycelia and microfungi as bio-indicators is difficult. 

1 .3 .  FUNCTIONS OF MACROFUNGI IN ECOSYSTEMS 

Macrofungi belong to three main functional groups in view of 
differences in the exploitation of carbon sources. In combination with 
their preference for certain substrates, they can be classified in so-called 
niche-substrate groups (ARNOLDS 1 988a), a concept close to the guild 
used in animal ecology (BARKMAN 1 987). 

Saprotrophic fungi are involved in the decomposition of dead 
organic matter. Easily degradable compounds, such as saccharids, 
proteins, lipids and part of the cellulose, are mainly exploited by bacteria 
and microfungi. Macrofungi are also capable of assimilating these 
substances, but by their relatively slow growth they cannot compete 
successfully in general. Most macrofungi contribute substantially to the 
chemica] degradation of cellulose, hemicellulose and lignin, the Jatter 
substance being almost exclusively tackled by higher basidiomycetes 
(FRANKLAND et al. 1 982). Important substrates of saprotrophic macro
fungi are e.g. wood, leaves and other fine litter, humus and dung. Some 
species have a broad range; others are restricted to a certain host plant. 
This group comprises in the Netherlands over 2400 species. 

Necrotrophic fungi derive their organic nutrients from dead cells of 
organisms which they have themselves killed (COOKE 1 977). Necro-
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trophic macrofungi are usually weakness or wound-parasites on trees, 
although some important forest pathogens beloog here, e.g. Hetero

basidion annosum (Fr.) Bref. Most necrotrophs can continue their 
existence as saprotrophs after the death of the host. In the Netherlands 
there are approximately 1 00 species. 

Biotrophic fungi l ive in symbiosis with green plants, including 
lichens and different types of mycorrhizas. The most widespread type is 
vesicular-arbuscular (VA) mycorrhiza, formed between the majority of 
land plants and phycomycetes, a group belonging to the microfungi (e.g. 
SANDERS et al. 1 975).  Macrofungi are involved in ectomycorrhizal 
symbiosis. This type of mycorrhiza is characterized, among other things, 
by the formation of a fungal sheath around the root tips from which 
hyphae penetrate the cortex in between the host cells (e.g. HARLEY & 

SMITH 1 983).  Ectomycorrhiza is almost exclusively found in woody 
plants. The main forest trees in northern temperate areas, such as the 
genera Fagus, Quercus, Betula, Carpinus, Picea, Pinus, Abies and Larix, 

are obligatorily ectomycorrhizal. In normal conditions the great majority 
of their root tips are converted into ectomycorrhizae, which implies that 
the plants are completely dependent on the fungus component for their 
supply with water and minerals. Their diversity is large: in the 
Netherlands a total of +/- 800 species are found and in some forest stands 
of 1 000 m2 over 50 species are growing together. The role of 
ectomycorrhizal associations is less prominent on moist, fertile soils. 
Trees of the genera Acer, Ulmus and Fraxinus are usually without 
ectomycorrhiza, but may be infected by VA mycorrhiza. 

2. Methods: Monitoring of macrofungi 

Monitoring is the systematic collecting of data on biotic and abiotic 
components of ecosystems in the course of time, and therefore the usual 
method to study the changing distribution of organisms in relation to a 
changing environment. Monitoring is here understood in a braad sense, 
including processes on different scales, from the global or regional 
distribution areas of species to changes in composition of communities or 
local populations of particular species. For a good interpretation of 
changes, data on the "normal" distribution, autecology and natural 
fluctuations of species, as well as on the composition of undisturbed 
communities, are necessary. Such data are relatively scarce for 
macrofungi due to some fundamental and practical methodological 
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complications. The farmer concern: 
( 1 )  The short lifespan of sporocarps which may therefore be missed 

when spot observations are made (e.g. RICHARDSON 1 970); 
(2) The pronounced periodicity of most species (e.g. KRIEGLSTEINER 

1 977; ARNOLDS 1 985); 
(3) Fluctuations from year to year attributable to weather conditions (e.g. 

THOEN 1 976; AGERER 1 985);  and 
(4) Which are coincidental with successional changes in plant cover and 

environment (e.g. ARNOLDS 1 988b). 
The numbers of sporocarps of a species may vary from year to year 

by factors of 1 0  to 1 00, while the intervals between the successive 
appearance of the same fungus on a certain spot may extend from several 
years to decades. 

Practical problems involved in long-term studies include: ( 1 )  the 
scarcity of reliable older, and aften recent, data; (2) difficulties related to 
taxonomy and nomenclature. Together these problems necessitate careful 
attention to methods and the reliability of different interpretations 
(ARNOLDS 1 985, l 988c,  DERBSCH & SCHMITT ] 987). 

Suitable methods, subject to the above mentioned restrictions are: 
( 1 )  comparison of foray reports of different periods from a limited area; 
(2) comparison of distribution maps of well-investigated species 
(ARNOLDS l 989c; PARENT & THOEN 1 986) ; (3) comparison of 
observations in selected plots or stands over the years (e.g. NITARE 1 988;  
ARNOLDS 1 99 1 ) ; and (4) data on the supply of edible macrofungi to 
markets (DERBSCH & SCHMITT 1 987). 

The practical complications concerning the interpretation of 
available data are demonstrated on the basis of the data set on the 
distribution of macrofungi in the Netherlands, owned by the Netherlands 
Mycological Society (Table 1 ) . A total of over 300,000 records between 
1 900 and 1 990 are a vailable, bu t the records of the first 50 years make up 
only 3 .6% of the total number and average 2 1 7  records a year. On the 
other hand, the records in the last decade ( 1 980- 1 989) contribute 67% to 
the databank with an average number of 20,350 records a year. It is 
evident that direct comparison of frequencies of a species in different 
periods is useless, because a netto increase will be found for virtually all 
species, including even species subject to strong decline. An evaluation 
of distribution maps has similar drawbacks, except for very few species 
with extreme reduction (ARNOLDS l 989c) or extension (PARENT & THOEN 

1 986, KEIZER 1 990) of their distribution areas. 
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In order to overcome these problems some relative measures were 
developed for the comparison of frequencies of species and species 
groups (Table l ) : 
( 1 )  The relative record frequency (RRF) of a species in different periods, 

being the percentage of the total number of records on all species in 
these periods (NAUTA & VELLINGA 1 992, ARNOLDS & JANSEN 1 992); 

(2) The proportional foray frequency (PFF) of a species, being the 
percentage of forays (here defined as a set of records of at least 50 

species collected in one area on one day) during which a species was 
found (ARNOLDS 1 985);  

(3) The relative foray frequency (RFF) of a species, being the percentage 
of the total number of all records during forays (ARNOLDS & JANSEN 

1 992). 

These measures were critically evaluated by ARNOLDS & JANSEN 

( 1 992), who suggested that restriction to a subset of foray reports (Table 1 )  
is useful because rare species and some very striking or well-investigated 
groups are overrepresented in herbaria and incidental l iterature records. A 

foray report can be regarded as a momentary sample of a local mycoflora. 

Table 1 

Survey of analyzed data on distribution of macrofungi in the Netherlands, present in the 
data base of the Biogeographical Information Centre at Arnhem (per Oct. 1990) and 

example of the calculations of various parameters to express the frequency of macro.fungi 
in different periods in the Netherlands 

1 900- 1950- 1 960- 1 970- 1 980-
1 949 1 959 1 969 1 979 1 989 

All species of macrofungi: 

Total number of records (r) 1 0,873 1 1 ,5 1 6  3 1 ,357 47,374 203,542 
Records in foray reports (t) 3 ,704 2,035 1 2,086 22, 1 00 85, 1 89 
Number of foray reports (y) 29 2 1  1 52 26 1 1 ,063 

Cantharellus cibarius 

Record frequency (RF) 58 53 1 77 86 326 
Foray frequency (FF) 22 1 4  85 46 1 0 1  
FF/RF x 1 00 38 26 48 53 3 1  
Proportional foray freq. (FF/y x 1 00) 72 67 54 1 7  1 0  
Relative record freq. (RF/r x 1 00) 0.55 0.46 0.56 0. 1 8  0. 1 6  
Relative foray freq. (FF/f x 1 00) 0.59 0.69 0.70 0.2 1 0. 1 2  

Source: ARNOLDS & JANSEN 1 992. The selected example concerns the 
ectomycorrhizal fungus Cantharellus cibarius. A foray report is in this case a list of at 
least 50 species, recorded in one day at one locality. 
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However, the comparison of only two foray reports from a certain area is 
not allowed because of the strong periodicity and fluctuations in fruiting of 
macrofungi. In this paper mainly RFF values will be used. 

Two other methods have been used for the monitoring of 
macrofungi: repeated sampling of sporocarps in permanent plots (NITARE 

1 988, ARNOLDS 1 99 1 )  and data on the supply of edible fungi to markets 
(DERBSCH & SCHMITT 1 987). 

3. Results 

3 . 1 .  CHANGES IN SPECIES DIVERSJTY 

Reliable data on changes in species diversity of macrofungi are 
scarce, among other things because of the incompleteness of older data, 
the discovering of many undescribed species in recent years and the 
intensification of mycofloristical research. For instance, in the 
Netherlands several tens of newly recorded species are reported each 
year (e.g. ARNOLDS et al. 1 988).  On the other hand, 9 1  species were not 
recorded since 1 970 and are regarded as presumably extinct (ARNOLDS 

1 989b). The average number of species per foray decreased from 1 28 
before 1 950 to 80-85 in the decades 1 960- 1 989. However, the numbers 
are possibly influenced by differences in methodology (ARNOLDS & 

JANSEN 1 992). The average number of species in permanent plots in oak 
forests on sandy soils decreased slightly between 1 970 and 1 990 
(Table 2).  

However, DERBSCH & SCHMITT ( 1 987) observed a strong, significant 
decline of +/- 50% in the annually recorded number of macrofungi in 
Saarland (Germany) between 1 970 and 1 985. GROSSE-BRAUCKMANN & 

GROSSE-BRAUCKMANN ( 1 978) reported a decrease of 40% in species 
diversity in the Darmstadt area (Germany) when the periods 1 9 1 8- 1 942 
and 1 970- 1 976 were compared. ROCKER & PEER ( 1 988) found a similar 
reduction on Hellbrunner Berg near Salzburg (Austria) between 1 937 and 
1 987. FELLNER ( 1983) even reported an 80% reduction in species 
diversity between 1 958  and 1 96 1  and two decades later, when observing 
subalpine and montane forests in the Giant mountains in Czechoslovakia. 
However, his data concern only ectomycorrhizal fungi (see sect. 3 .2 . ) .  
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Table 2 

Numbers of species and sporocarps of the three main ecological groups of macrofungi in 
three plots ( 1000 m2 each) in oakforests on sand dunes (Dicrano-Quercetum) in 

Drenthe, the Netherlands, during three periods. 

Period of study 1 972- 1 976- 1 988- 1 972- 1 976- 1 988-
1 973 1 979 1 990 1 973 1 979 1 990 

av. number of species av. number of sporocarps 

Saprotrophic species on soil 1 8  30 22 2367 899 1 1 23 
Wood-inhabiting species 1 6  1 9  29 248 335 2 140 
Ectomycorrhizal species 4 1  3 3  1 4  478 1 1 1 09 662 
All  macrofungi 75 82 66 7396 2343 3925 

in % in % 

Saprotrophic species on soil 24 37 35 32 39 29 
Wood-inhabiting species 22 23 44 4 1 4  54 
Ectomycorrhizal species 55 40 2 1  65 47 1 7  

The number of species i s  expressed as the average number i n  three plots per period. 
The number of sporocarps is expressed as the sum of the average maximum abundances 
of all species of a group in three plots per period. 

3.2.  CHANGES IN IMPORTANCE OF NICHE-SUBSTRATE GROUPS 

Changes in the importance of niche-substrate groups in the 
Netherlands were studied on the basis of a comparison of foray reports 
and long-term mycocoenological studies in permanent plots. The 
proportions of five main niche-substrate groups in foray reports of five 
periods are presented in Table 3 .  The proportion of saprotrophic, soil
inhabiting species is around 30% in all periods, except for a slightly 
lower percentage in the 1 960's. The percentages of parasitic and 
saprotrophic species on wood show a steady increase from 1 950 
onwards. The ectomycorrhizal fungi decrease from 48% in the 1 960's to 
27% in the l 980's. 

S imilar trends were found during the monitoring of sporocarps of 
macrofungi in three plots ( 1 000 m2 each) in oak forests (Quercus robur 

L.) on wind-blown, acidic sand dunes, poor in nutrients, in the northern 
Netherlands during three periods between 1 972 and 1 990 (Table 2) .  The 
investigated community belongs to the D i c r a n o - Q u e r c e t u m 
according to BARKMAN ( 1 974) or the B e t  u 1 o - Q u e  r c e t  u m 
according to VAN DER WERF ( 1 99 1 ). The decrease of ectomycorrhizal 
species and sporocarps as well as the increase of lignicolous macrofungi 
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are even more dramatic than when established on the basis of 
mycofloristical data. 

The reduction of species diversity and sporocarp productivity of 
ectomycorrhizal fungi was confirmed in other forest types on nutrient
poor, acidic soils. For instance, TERMORSHUIZEN ( 1 990) found on the 
average only 5 .4 ectomycorrhizal species in plots ( 1 050 m2) in mature 
stands (50-80 yr) of Pinus sylvestris L. in the Netherlands. JANSEN ( 1 99 1 )  

observed an average of 8 . 1 species per plot in stands over 40 years old of 
Pseudotsuga menziesii (Mirb.) Franco. The two authors found higher 
numbers of species (an average of 1 6  per plot) in stands younger than 20 
years. JANSEN ( 1 99 1 )  reported also reduced mycorrhizal infection of tree 
roots in mature stands of Pseudotsuga. 

FELLNER ( 1 989) concluded on the basis of a survey of relevant 
l iterature that ectomycorrhizal species usually contribute between 40 and 
60% of the macrofungal flora in healthy forest communities. This author 
( 1 989) studied different forest types in the Giant Mountains 
(Czechoslovakia) and found that forests of Fagus sylvatica L. were only 
slightly impoverished, compared to subalpine Pinus mugo Turra scrub 
and particularly to montane Picea abies (L.) Karsten stands. Roots in the 
latter stands had also a reduced ectomycorrhizal infection rate. 

Table 3 

Percentages of species ofmacrofungi, belonging to different niche-substrate groups, 
recorded inforay reports (> 50 species), from dif

f
erent periods in the Netherlands. 

Period 1 900- 1 950- 1 960- 1 970- 1 980-
1 949 1 959 1 969 1 979 1 989 

Saprotrophic species on soil 30 3 1  26 3 1  33 
Saprotrophic species on wood 1 9  1 7  2 1  27 32 
Parasitic species on wood 3 . 1  2.9 3 .8 4.5 5 .4 
Parasitic species on other substrates 2. 1 2.6 1 .9 2. 1 2.5 
Ectomycorrhizal species 46 46 48 34 27 

After: ARNOLDS & JA SE 1 992. 

3 .3 .  CHANGES IN SPECIES COMPOS!TION 

The changing proportions of niche-substrate groups may be caused 
by overall decrease or increase of a particular group, or by decrease or 
increase of part of the species only. Changes in frequency of 1 2 1  easily 
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recognizable species of different groups were studied in the Netherlands 
by comparison of their relative foray frequencies (RFF, see sect. 2) 
before and after 1 970 (ARNOLDS & JANSEN 1 992). The degree of change 
was quantitatively expressed in the quotient of change (QC value), being 
the RFF after 1 970 divided by the RFF before 1 970. Consequently, a 
value of 1 .0 means that the RFF has remained constant; values below 1 .0 
mean decrease, above 1 .0 increase. On the basis of their QC values, the 
species were classified into five categories ranging from strongly 
decreasing to strongly increasing. A survey of RFF and QC values of all 
selected species has been given by ARNOLDS & JANSEN ( 1 992). 1 restrict 
myself here to the percentages of species of different niche-substrate 
groups, belonging to different categories of QC values (Table 4) and the 
mention of some examples. 

Table 4 

Percentages of species of macrofungi belonging to different niche-substrate groups, 
showing tendencies to decrease, increase or remaining constant before and after 1 970 

within a selection of 1 2 1  species 

Strong Strong 
n increase lncrease Constant Decrease decrease 

Quotient of change 2:2.2 1 .3-2 . 1  0.7- 1 .2 0.4-0.6 :50.3 

Saprotrophs on soil in forests 1 0  - 60 30 - 1 0  

Saprotrophs o n  soil in grass-
1 2  8 1 7  33 25 1 7  

and heathlands 

Saprotrophs on dung 3 (-) (67) (-) (33) (-) 

Parasites on sporocarps 
3 (-) (-) (-) (33) (67) 

of macrofungi 

Parasites on woody plants 8 62 1 2  25 - -

Saprotrophs on wood 24 1 2  25 29 25 8 

Ectomycorrhizal with 
1 0  - - 70 1 0  20 

various trees 

Ectomycorrhizal with 
35 - - 1 1  3 1  58 

deciduous trees 

Ectomycorrhizal with 
1 6  - - 6 1 2  8 1  

coniferous trees 

Source: ARNOLDS & JANSEN 1 992. 

n = number of species studied in a certain niche-substrate group. 

It is evident that large differences in QC values are found between 
and within niche-substrate groups. Among the 6 1  ectomycorrhizal fungi 
studied 80% show a decrease, which is even strong in 52% of the 
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species. Ectomycorrhizal species with a broad host spectrum have 
maintained themselves better than specialistic species. The decline is 
strongest among species associated with coniferous trees. There is a 
striking tendency of these species to be replaced by ubiquitous species or 
species formerly mainly found with frondose trees, e.g. Russula 

ochroleuca Pers. :  Fr. and Amanita rubescens Pers. :  Fr. Wel l-known 
ectomycorrhizal species showing a very strong decrease are, for instance, 
Cantharellus cibarius Fr. (with coniferous and deciduous trees), 
Cortinarius armillatus (Fr. : Fr.) Fr. (with Betula), Tricholoma columbetta 

(Fr.) Kumm. (mainly with Quercus), Tricholoma equestre (L.) Kumm. 
and Suillus variegatus (Sw. :  Fr.) O.K. (both with Pinus). 

Parasitic species on trees show an opposite tendency: most of them 
are strongly increasing, for instance Fomes fomentarius (L.) Fr. (on 
Betula and Fagus) and Sarcomyxa (= Panellus) serotina (Schrad . :  Fr.) 
Karst. (on deciduous trees). Trends among wood inhabiting saprotrophs 
are more diverse: 37% of the species are increasing, for instance 
Tyromyces caesius (Schrad. :  Fr.) Murr. and Xylaria polymorpha (Pers. )  
Grev. On the other hand, 33% are decreasing to some extent, including 
Lenzites betulinus (L.) Fr. (on deciduous wood, mainly Betula) and 
Pholiota astragalina (Fr.) Sing. (on coniferous wood) . Decreasing 
species are more often restricted to coniferous wood than to deciduous 
wood. Saprotrophic species on litter and humus in forests are mostly 
increasing or constant, except for the strongly decreasing ascomycete 
Leotia lubrica (Scop. :  Fr.) Pers" which rnight be ectomycorrhizal in fact. 
Among the twelve fungi of grass and heathlands three species of 
nutrient-rich places show an increase, but five species of poor soils are 
decreasing, including Camarophyllus niveus (Scop . :  Fr.) P. Karst. and 
Clavaria argillacea Pers . :  Fr. All three studied species, growing as 
parasites on sporocarps of other fungi, are decreasing. Interestingly, these 
species are restricted to sporocarps of ectomycorrhizal fungi, e.g. 
Nyctalis asterophora Fr. on the decreasing Russula nigricans Fr. Among 
the dung-inhabiting fungi, two species show an increase, the third is 
decreasing. This species, Stropharia semiglobata (Batsch : Fr.) Quél . ,  is 
mainly found in poor grasslands. 

Similar changes in species composition were observed in three plots 
in oak forests on sand dunes in the period 1 972- 1 990 (see also Table 3).  
Some ectomycorrhizal species were found in the years 1 972- 1 973 in 
large quantities in all plots, but have nowadays disappeared completely, 
for instance Cantharellus cibarius (an average maximum of 233 
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sporocarps in 1 972- 1 973) and Lactarius chrysorrheus Fr. : Fr. (an average 
maximum of 437 sporocarps in 1 972- 1 973). On the other hand, the 
nitrophytic l itter saprotroph Clitocybe metachroa (Fr. : Fr.) Kumm. 
increased from an average of 3 to 1 4 1  sporocarps per plot; the wood 
saprotroph Mycena galericulata (Scop . :  Fr.) Quél. from 40 to 874 
sporocarps and the wood parasite Armillaria obscura (Schaeff.) Herink 
from 37 to 835 sporocarps (ARNOLDS & DE VRIES, unpublished 
observations). 

A decline of ectomycorrhizal species was observed by several other 
authors. In old forests (50-80 yr) of Pinus sylvestris in the Netherlands, 
nowadays many species are lacking or very rare, whilst they are 
widespread in sandy forests in other parts of Europe (TERMORSHUIZEN 

1 990). DERBSCH & SCHMITT ( 1987) observed in Saarland a decrease in 
proportional foray frequency (percentage of excursions on which a 
species was found) from +/- 40% in 1 967 to +/- 5% in 1 985 for the Fagus 

symbiont Russula rosea Pers. The same authors analyzed the data on 
annual supplies of edible mushrooms to the market in Saarbrücken in the 
years 1 956 - 1 975. For the ectomycorrhizal Cantharellus cibarius and 
several boletes they found a decrease of 98% and 9 1  %, respectively, 
whereas the registered weight of the wood parasite Armillaria mellea 

(Vahl. : Fr.) Kumm. coll .  increased by 43%. FELLNER ( 1989) described the 
dramatic decline in proportional foray frequency of the ectomycorrhizal 
Russula mustelina Fr. in montane spruce forests in western 
Czechoslovakia from 1 00% in 1 97 4 to 1 0% in 1 98 1  and subsequent years. 

4. Discussion. 

The most striking change in the flora of macrofungi is the strong 
decline of species diversity and sporocarp abundance of ectomycorrhizal 
fungi in parts of Europe. It has been demonstrated that, at least in some 
cases, this decline coincides with a decrease of ectomycorrhizal roots in 
forest stands (JANSEN 1 99 1 ;  FELLNER 1 9 89). The decline is generally 
assigned to direct or indirect effects of air pollution. For instance, JANSEN 

& VAN DOBBEN ( 1987) demonstrated a significant, negative correlation 
between ambient S02 concentrations and the disappearance of 
Cantharellus cibarius from localities in the Netherlands. ScHLECHTE 

( 1986) observed strongly reduced fruiting of ectomycorrhizal fungi in 
Picea stands with a high nitrogen deposition compared to stands with 
lower amounts of nitrogen. FELLNER ( 1 989) and DIGHTON & JANSEN 
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( 1 99 1 )  attached more importance to the acidification of forest soils and 
its possible secondary effects, such as increased aluminium 
concentrations in soil solutions. On the other hand, TERMORSHUIZEN 

( 1 990) and ARNOLDS ( I 988c) argued that nitrogen deposition would be 
the most important factor, a hypothesis supported by the results of 
several experiments with N fertilizers in forests, usually inducing a 
decline of ectomycorrhizal fungi above a certain critica] level (survey in 
KUYPER 1 989). The exact contributions of acid and nitrogen deposition to 
the decline are not yet clear, among other things because: ( l )  high 
concentrations of various air pollutants are often correlated; (2) nitrogen 
also contributes to acidification of forest soils ;  (3) the effects of 
acidifying and fertilizing components are strongly dependent on 
properties of soil and vegetation; ( 4) they produce secondary effects, 
such as l itter accumulation; (5) the effects are much stronger in old than 
in young stands, implying that (6) results of in vitro experiments with 
seedlings are difficult to interpret. It would go beyond the scope of the 
present research to discuss in details the various hypotheses which could 
explain the decline of ectomycorrhizal fungi on a physiological level. 
The reader is referred to e.g. DIGHTON & JANSEN ( 1 99 1  ), TERMORSHUIZEN 

( 1 990) and ARNOLDS ( 1 99 1 ) . 

It is also not yet clear which consequences the decline of ecto
mycorrhizal fungi will have for forest development. Several authors 
reported positive correlations between forest vitality on the one hand and 
species diversity and sporocarp numbers and/or ectomycorrhizal 
frequency on the other hand (TERMORSHUIZEN & SCHAFFERS 1 987; 

SCHLECHTE 1 986; JANSEN 1 990; FELLNER 1 989). FELLNER ( 1 989) 

distinguished three phases of degrees of disturbance of ectotrophic 
stability in relation to forest vitality: ( 1 )  latent disturbance, characterized 
by reduced fruiting of ectomycorrhizal fungi and little or no sign of 
decreased tree vitality; (2) acute disturbance, characterized by the 
reduction of species diversity of ectomycorrhizal fungi and slight to 
moderate visible damage to trees, in particular reduced densities of 
retained foliage; (3) lethal disturbance, characterized by a severe 
restriction of ectomycorrhizal fungi and moderate to severe visible 
damage to trees. However, in many forests in the Netherlands the 
ectomycorrhizal flora is strongly reduced, but forest die-back has been 
hardly observed up to now. Lethal disturbance may only become 
effective when other stress factors are becoming prominent, for instance 
severe drought. 
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The shifts in forest litter inhabiting saprotrophs in the Netherlands 
are mainly related to eutrophication of forest soils :  nitrophilous species 
show a tendency to increase; nitrophobic species are decreasing. The 
same applies to grassland fungi, but here enrichment of the environment 
is less caused by air pollution than by the strongly increased use of 
artificial fertilizers and l iquid manure in agriculture (e.g. ARNOLDS 

1 989a; RALD 1 985). In other areas, Sweden for instance, the decline of 
grassland fungi is also caused by afforestation and abandonment of 
marginal areas (NITARE 1 988). 

The general increase of wood-inhabiting species in the Netherlands 
is, without doubt, mainly caused by the extension and ageing of afforested 
areas, so that more appropriate substrates have become available 
(ARNOLDS 1 988c).  The occurrence of weakness parasites may also be 
enhanced by decreased tree vitality due to air pollution. However, these 
processes cannot explain the pronounced differences in specific 
responses. Nitrogen enrichment of dead wood and its surroundings may 
change the competitive abilities of different species. The stronger 
decrease of fungi depending on coniferous wood supports this hypothesis, 
because this kind of wood is characterized by very high C/N ratios. 

5. Conclusions 

The flora of macrofungi bas been subject to considerable changes 
during the last 50 years, at least in parts of Europe. Changes concern : ( 1 )  
loss of species diversity; (2) shifts in proportions of niche-substrate 
groups; and (3) changes in frequency and distribution of individual 
species. These processes have been demonstrated on a regional scale by 
the analysis of foray reports and distribution patterns in different periods; 
on community level by observations in permanent plots. Due to 
considerable natural weather-induced fluctuations in fruiting and the 
scarcity of older data, the development of relative measures for 
frequency was necessary (sect. 2 . ) .  Such measures can also be useful in 
other groups of organisms where differences in frequency may be 
obscured by different numbers of available data in different periods. 
Relatively few data on macrofungi have been analyzed so far and 
therefore it is still unknown in which areas and communities the 
observed changes are most prominent. 

The most striking and best documented change is the decline of 
sporocarps of ectomycorrhizal species, aften corresponding with a 
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decrease of ectomycorrhizal root tips. This decline is caused by effects of 
air pollution (acid and nitrogen deposition), but the exact relations with 
different pollutants and physiological mechanisms are not yet fully 
understood. Ectomycorrhizal fungi are most promising indicator 
organisms for air pollution stress in forests and possibly also early
warning indicators for decrease of forest vitality. In addition, 
ectomycorrhizal fungi may prove to be valuable as indicator organisms 
for global warming. Due to their easy dispersal and quick response to 
environmental processes, changes in distribution pattems of these fungi 
may precede potential changes in the distribution of tree species. 

Also l itter-decomposing macrofungi are valuable indicator 
organisms, in particular of nitrogen availability and decomposition rate 
in forest soils. Wood-decomposing fungi can be used as indicators of 
undisturbed forest sites (H0ILAND 1 99 1 ) . In addition their changing 
species composition may be linked to air pollution. However, changes in 
these groups are not yet sufficiently investigated to draw more than very 
preliminary conclusions. Macrofungi deserve much more attention of 
ecologists, in particular in biomonitoring, in view of the functional 
importance of these organisms in ecosystems, their unique properties as 
bio-indicators among soil organisms and the promising results of the few 
monitoring studies carried out so far. 
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P. PIÉRART* 

RÉSUMÉ.- Les ecto- et endomycorhizes permettent une meilleure 
assimilation du phosphore et de l 'azote gräce au très grand volume de sol 
exploré par les hyphes fongiques. La symbiose mycorhizienne participe 
également à la protection des plantes contre les parasites racinaires et contre la 
toxicité des métaux lourds. Les mycorhiziens sont donc des champignons 
biofertilisants (ils facilitent I 'absorption du phosphore et de l 'azote) et 
bioprotecteurs (ils constituent une barrière à la pénétration des pathogènes). 
L'étude de ces champignons doit permettre d'optimiser la productivité primaire 
ou végétale tout en préservant J ' environnement de l 'eutrophisation. Le défi lancé 
à l 'agriculture, qui devra nourrir en ! 'an 2000 plus de 6,4 milliards d' individus, 
est énorme. Nos pays industrialisés produisent de façon trop intensive et nuisent 
à l 'environnement par l 'util isation massive d'engrais et de pesticides. Pour 
réduire les intrants, il faut favoriser les mycorhizes vésiculo-arbusculaires 
(MV A) qui exploitent Ie sol de façon très efficace, ce qui permet de limiter un 
lessivage exagéré des éléments nutritifs. Les champignons mycorhizogènes 
agissent comme biofertilisants et bioprotecteurs des plantes. Environ deux cents 
espèces (appartenant principalement aux genres Glomus, Acaulospora, 
Gigaspora et Scutellospora) de Glomales mycorhizent dans Ie monde près de 
200 000 espèces de plantes supérieures. Le réseau mycélien externe est très 
dense et permet une utilisation des engrais phosphatés 3 à 6 fois plus efficace et 
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probablement du même ordre pour les nitrates et Ie potassium si ces derniers 
sont appliqués en doses modérées.  La sensibi lité des endomycorhizes aux fortes 
doses de pesticides et d'engrais entraîne leur diminution, voire leur disparition 
du sol. Il est donc évident que l 'étude de ces champignons biofertilisants et 
bioprotecteurs des plantes devra nous permettre d' optimiser la productivité 
végétale tout en préservant I ' environnement. U ne véritable symbiose à trois se 
réalise chez de nombreuses Légumineuses entre la plante höte, Ie Rhizobium et 
les MY A, les trois partenaires introduisant respectivement dans la biomasse Ie 
carbone, l' azote et Ie phosphore. Au Niger, nos recherches ont confirmé que Ie 
taux d'endomycorhization était certainement équivalent, sinon supérieur à celui 
de nos régions. I l  est possible que cette richesse en MY A soit liée à la pauvreté 
en phosphore des sols du Sahel. Ces observations semblent confirmer Ie röle 
prépondérant des endomycorhizes dans les systèmes semi-arides ou ! 'Acacia est 
bien représenté. Plusieurs espèces de ce genre sont pourvues de nodosités en 
Rhizobium qui dépendent pour leur bon fonctionnement d' une source de 
phosphore fourni par les MY A. Ce type d' association symbiotique doit jouer un 
röle efficace dans la Jutte contre la désertification et dans les systèmes 
agroforestiers sahéliens. Ainsi, l ' inoculation de Glomus mosseae à Faidherbia 
(Acacia) alba peut augmenter la biomasse du chevelu racinaire de plus de 50%. 

1 .  Introduction 

Depuis de nombreuses années, Ie Service de Biologie générale et 
d'Écologie de l 'Université de Mons-Hainaut s ' intéresse à l ' écophysio
logie des champignons en relation avec la pollution par l' azote, le S02, 
les métaux lourds et les radionucléides. L'étude des champignons ecto
mycorhiziens et endomycorhiziens est égaJement une préoccupation 
majeure de notre équipe. 

Dans ces quelques l ignes, nous examinerons Je comportement des 
champignons comme bio-indicateurs de Ja pollution par certains métaux 
lourds ainsi que par certains radionucléides qui s' accumulent parfois en 
très grandes quantités dans le mycélium et les fructifications .  Nos 
écosystèmes naturels sont toujours pollués par les essais nucléaires (un 
essai nucléaire tous les 9 jours depuis 1 945 ) et par la catastrophe de 
Tchernobyl . Il est possible d' évaluer chez un champignon la part de 
pollution due à Tchernobyl par rapport à celle des essais nucléaires, gräce 
au rapport césium- 1 34/césium- 1 37. 

Nous étudierons également Ie röle des ectomycorhizes dans nos 
forêts et celui des endomycorhizes vésiculo-arbusculaires chez les très 
nombreuses plantes supérieures (85 % ) de nos cultures et prairies. Par 
leur développement, ces champignons racinaires exploitent le sol 
beaucoup mieux que les poils absorbants qui ,  d 'ail leurs, disparaissent 
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rapidement avec la mycorhization. Les mycorhizes fournissent à la plante 
des quantités importantes d' éléments nutritifs (phosphore notamment ) et 
la protègent contre de nombreux organismes pathogènes ( champignons 
parasites, nématodes, etc.) 

Sur le plan pratique, nous rappel lerons le  <langer des engrais azotés 
qui polluent les forêts et qui provoquent la disparition des champignons 
ectomycorhiziens (Chanterelles, etc.) .  La Jutte contre Ie déclin des 
pessières (Croix Scail le) par des fumures risque de leur porter un coup 
fatal à moyen terme en accélérant Ie processus de disparition des 
symbiotes racinaires déjà amorcé par l '  augmentation de l' azote. 

En ce qui concerne les cultures, l ' abus d'engrais et de pesticides 
risque également de faire régresser les endomycorhizes vesiculo
arbusculaires et, par conséquent, de diminuer la productivité des 
végétaux et leur résistance vis-à-vis des pathogènes tout en favorisant le 
lessivage des engrais vers les nappes phréatiques. 

2. L'eutrophisation et les champignons mycorhiziens 

Certains champignons, comme la Chanterelle, les Bolets, les Truffes 
et bien d' autres vivent en étroite association avec de jeunes radicelles. Le 
mycélium de ces champignons constitue des structures intimes compre
nant un manteau ou manchon étroitement associé à la radicelle, des 
filaments mycéliens externes qui exploitent Ie sol et un réseau qui se 
faufile  plus ou moins entre les cellules corticales les plus périphériques 
de la radicelle (réseau de Hartig). 

Ces champignons mycorhiziens sont sou vent sensibles à l' eutro
phisation due aux retombées d' azote ainsi qu'à la pollution causée par Ie 
S02 (acidification qui entraîne la solubilisation de I' aluminium, du 
cadmium, du plomb et du mercure). Dans les pays d' Europe occidentale 
et centrale, la régression de plusieurs espèces mycorhiziennes, voire leur 
disparition a été constatée. Ce recul du groupe des mycorhiziens semble 
être la conséquence de l ' augmentation de ! ' ammonium. On peut 
présumer sur la base de nombreuses observations que l ' azote est un 
polluant majeur qui réduit la ramification racinaire en favorisant la  
croissance des axes non mycorhizés (augmentation des longues racines). 
Des expériences de fertilisation ont effectivement montré que des 
applications d' azote induisaient l ' apparition de nouvelles et longues 
radicel les dépourvues d' ectomycorhizes et caractérisées par des 
méristèmes nécrosés. Ces observations démontrent une fois de plus les 
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Fig. 1 .  - Coupe transversale dans une ectomycorhize du hêtre (d'après Harley). On 
distingue un manchon pseudoparenchymateux (1) et Ie réseau de Hartig (2) 
constitué d' hyphes abondamment cloisonnées qui se développent aux dépens des 
lamelles moyennes des cellules les plus périphériques. 

Fig. 2. - Coupe dans une ectomycorhize de peuplier obtenue par synthèse avec Ie 
Pisoli the dans Ie Laboratoire de Biologie et d' Écologie de l ' Université de Mons. On 
distingue Ie manteau et Ie réseau de Hartig dû à la pénétration des hyphes entre les 
cellules épidermiques qui subissent un allongement radiaire. 
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dangers de la fumure en forêt. Cette demière peut apporter une 
amélioration à court terme mais risque d 'être fatale à moyen et long 
terme, surtout si les doses sont exagérées. Un simple épandage de 
composés de calcium stimule les bactéries nitrifiantes et provoque une 
rninéralisation des molécules organiques azotées. 

Dans les cultures et les prairies, un examen rnicroscopique révèle 
très sou vent l '  existence de champignons racinaires dont le mycélium non 
cloisonné vit à l '  intérieur des cellules corticales des radicelles. Ces 
champignons, appelés endomycorhizes vésiculo-arbusculaires, sont 
caractérisés par du mycélium rarnifié sous forme de nombreuses 
digitations (arbuscules) en contact étroit avec la membrane cyto
plasrnique de la cellule corticale. 

Le mycélium produit souvent des vésicules intemes ainsi que de 
nombreux filaments externes à la radicelle qui exploitent le sol 
environnant. Enfin, à certaines époques de l '  année, le mycélium externe 
produit de nombreuses spores à parois épaisses, les chlamydospores 
(Fig.3), chargées de la dissémination de l ' espèce (en germant, les 
chlamydospores infectent de nouvelles radicelles ). 

Les mycorhizes vésiculo-arbusculaires (MVA) jouent un röle de 
biofertilisant et de bioprotecteur. Leur utilité en agriculture est énorme; 
elles permettent avec un même rendement de réduire la dose d'engrais 
(protection de l 'environnement) et de pesticides. Les MVA en stimulant 
la production de composés phénoliques peuvent de ce fait augmenter la 
résistance des plantes endomycorhizées vis-à-vis des pathogènes du sol. 
L'excès d' engrais (N-P-K ) dirninue l ' endomycorhization et donc rend la 
plante plus sensible à l ' action des parasites. 

3. Bio-indicateurs de métaux lourds 

D' une façon générale, le mycélium des champignons supérieurs à 
basides (Amanites, Agarics, Bolets, Russules" .  rangés dans les 
Basidiomycètes) accumule en grande quantité une série d'éléments à 
partir de la l itière ou de ! 'humus. C '  est le cas notamment pour Je calcium 
[ 1 ] * ,  Ie potassium, le sodium, le phosphore, le cuivre et Ie zine. I l  n ' est 
donc pas étonnant de constater que d' assez nombreux champignons 
accumulent, outre les éléments biogénétiques majeurs et les 
oligoéléments comme Ie cuivre et Ie zine, des métaux lourds toxiques 

* Les chiffres entre crochets renvoient aux notes p. 22 I .  



2 1 0  P. PIÉRART 

Fig. 3. - Racines de Spermatophytes endomycorhizées. 
A:  Arbuscules dans les racines de tomate; 
B:  Hyphes dans les racines de Sclerocarrya birrea; 
C: Yésicules dans les racines de Tephrosia (légumineuse sahélienne) 

infectées par Ie complexe de souche N I ;  
D: Spores et  hyphes extra-racinaires du complexe de l a  souche Nl.  
(Photos: D .  Ibrahim et P. Piérart). 
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comme le mercure, le cadmium, le thallium et le plomb. L'accumulation 
varie selon l' espèce, la nature du métal, Ie type de sol et en fonction de 
nombreux facteurs encore mal connus. La pollution mercurique provient 
souvent des fours d' incinération de boues et de déchets industriels et 
ménagers. Le mercure peut également provenir des foyers de chauffage 
au mazout et au charbon. Ce polluant retombe ensuite sur les sols lors 
des précipitations ou est rejeté en mer par des installations industrielles. 
Le drame de Minamata au Japon est tristement célèbre puisqu' i l  causa la 
mort d 'au moins 43 personnes et provoqua l ' apparition de centaines 
d' intoxications souvent accompagnées de handicaps sévères au niveau du 
système nerveux . 

Sous l ' action de bactéries benthiques, Ie mercure se transforme en 
méthylmercure, lequel provoque des troubles nerveux très graves suite 
notamment à l ' ingestion de poissons contaminés. Certains champignons, 
principalement récoltés dans les régions industrielles, se sont révélés être 
des accumulateurs de mercure. Le Clitocybe nébuleux et Ie Pied bleu 
accumulent Ie mercure à fortes doses. Certains Agarics peuvent 
accumuler 20 mg de mercure par kilo de champignons frais  à partir de 
sols contaminés par 0,2 mg de mercure par kilo de terre. À l ' instar des 
bactéries, Ie champignon peut produire du méthylmercure très redoutable 
à des concentrations variant entre 1 et 28 ppm ( 1  à 28 mg de Hg par 
kilo). Une charge de 20 mg dans Ie corps humain détermine Ie syndrome 
de Minamata caractérisé par des troubles nerveux très graves. 

Le taux admissible de l ' OMS est de 0,05 mg par kilo d'aliments. 
Plusieurs espèces de champignons peuvent contenir des doses allant de 
1 ,47 mg à 2 1 ,7 mg de mercure par kilo. En région polluée, la consom
mation de champignons frais ne devrait pas dépasser 250 à 300 g par 
semaine. La ration hebdomadaire tolérable est de 300 g par personne dont 
une partie importante du mercure est éliminée par les fèces et les urines. 

Le cadmium est également accumulé par de nombreuses espèces de 
champignons parmi lesquelles on dénombre des Tricholomes, Agarics, 
Cortinaires, Inocybes, Amanites, Russules, etc. L'OMS recommande de 
ne pas dépasser 0,4 à 0,5 mg de cadmium par semaine, ce qui signifie 
que la consommation ne devrait pas dépasser, pour les groupes cités plus 
haut, 250 g par semaine, même dans les zones peu polluées. Le cadmium 
est cancérigène et provoque des troubles rénaux et des déformations du 
squelette. 

Le thall ium [2], redoutable pour Je système endocrinien et Ie 
système nerveux, ne semble pas s'accumuler chez les champignons. 
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Néanmoins, aux environs des mines de sulfure de thall ium, des doses im
portantes ont été signalées dans certaines fructifications de champignons. 
Ces résultats contradictoires mériteraient une enquête plus approfondie. 

Le plomb n 'est pas spécialement accumulé par les mycéliums, 
néanmoins, les champignons se chargent de plomb aux environs des 
grands axes routiers. Les valeurs recensées sant de 4 mg/kg de 
champignons frais en Allemagne, 3,6 mg en Suède et de 1 ,6 à 4,6 mg en 
Suisse. L'OMS admet comme dose acceptable 0,3 mg par jour. En ne 
récoltant pas les champignons du voisinage des routes, on se met à l '  abri 
du saturnisme. 

Les champignons peuvent être utilisés comme bio-indicateurs de 
pollution. Une étude réalisée en Suède a montré que certaines espèces 
étaient affectées par le cuivre, comme la Chanterelle ( Cantharellus 

cibarius), que d'autres étaient indifférentes comme l '  Amanite muscarine 
et enfin que Laccaria laccata était favorisé. Les métaux lourds semblent 
agir sur la croissance du mycélium. Les macromycètes sant plus 
sensibles que les micromycètes. 

4. Bio-indicateurs de radionucléides 

La radiocontamination des fructifications des champignons est bien 
connue depuis que les puissances nucléaires réalisent leurs essais. En 
1 96 1  et 1 962, les explosions nucléaires dans l '  atmosphère ont été 
particulièrement puissantes et nombreuses. Pendant cette période qui 
précéda la signature du traité de 1 963 (interdiction des essais dans 
l ' atmosphère, les eaux et la stratosphère), plusieurs centaines de bombes 
totalisant 48 1 Mt explosèrent dans le Pacifique, au Kazakstan et en 
Nouvelle-Zemble. Si l ' on se rappelle qu'une seule bombe d'une 
mégatonne (Mt) l ibère 1 0  milliards de curies de radioactivité, l'  on peut 
se faire une idée de la radiocontamination. Des millions de curies de 
strontium-90, césium- 1 34 et 1 37 ,  plutonium-239 et 240, technétium-99, 
etc. contaminent toujours la biosphère. 

Les résultats d'analyses de la radioactivité de divers champignons sant 
donnés au tableau 1 ,  en becquerels par kilo de poids sec (S) ou frais (F). La 
teneur en eau du champignon varie selon les espèces et les aléas 
météorologiques. Les mesures effectuées pour établir un facteur de 
conversion donnent une valeur qui oscille autour de 1 0  %. En divisant les 
taux obtenus en poids sec par 1 0, on obtient donc une évaluation 
relativement fiable pour la contarnination en poids frais. 
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Tableau 1 

Radioactivité comparée: Analyses effectuées au laboratoire du CRll-RAD sur des 
échantillons cueillis en 1 987 dans Le sud-est du Département de la Loire (Activité totale 

en césium 137 et césium 134 en Bqlkg ): 

Lactarius plumbeus s 1 8  900 ± 2070 

Paxillus involutus s 1 7  670 ± 2020 

Boletus badius s 1 5  460 ± 1 670 

Laccaria amethystina s 1 5  1 20 ± 2 1 25 

Boletus Je leus s 1 1  350 ± 1 370 

Boletus elegans s 3 040 ± 340 

Amanita rubescens s 1 870 ± 3 1 0  

Boletus piperatus s 1 2 1 0  ± 1 90 

Boletus erythropus s 800 ± 1 40 

Amanita spissa s 660 ± 1 70 

Boletus edulis F 64 ± 20 

Lepiota procera s < 58 

La radiocontamination se manifeste principalement au niveau des 
chaînes alimentaires par des retombées de strontium-90 (derni-vie de 
28,6 ans), de césium- 1 37 (demi-vie de 30,2 ans), de césium- 1 34 (demi
vie de 2 ans) et d' iode- 1 3 1 (derni-vie de 8 jours). Le Sr-90 et 1 ' I- 1 3 1  se 
concentrent dans Je lait, Je Cs- 1 37 et 1 34 dans les végétaux et les 
champignons et dans la viande et, finalement, le Sr-90 proche du Ca se 
retrouve dans les os et les dents. 

Un écosystème particulièrement sensible aux retombées radioactives 
est la toundra à rennes. Les l ichens y constituent un élément important de 
la végétation. À cause de leur croissance très lente, i ls accumulent à 
partir de l ' air et de l '  eau principalement, certains éléments pendant 
plusieurs années. Parrni ces derniers, le césium- 1 37 ( 6,2 % des produits 
de fission) figure en bonne place et se retrouve dans les muscles du renne 
consommé par l 'homme dans les régions polaires. La demi-vie effective 
du césium- 1 37 est de 8 ans [3] pour la toundra et de 1 0- 1 2  ans pour 
! 'ensemble des lichens. La radioactivité du renne peut être 280 fois plus 
élevée que celle des bovidés du sud de la Suède qui se nourrissent 
d'herbe. 

Avant Tchernobyl, plusieurs espèces de champignons étaient 
connues comme accumulateurs de Cs- 1 37 et Cs- 1 34 ( Cortinarius 

annulatus par exemple). Après Tchernobyl, les dépöts de Cs- 1 37 en 
dehors de l 'Union Soviétique ont varié entre 500 et 40 000 Bq/m2. Les 
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plus fortes valeurs en Europe occidentale ont été enregistrées dans les 
Alpes (Bavière, sud de la Suisse, nord de l ' Italie, partie occidentale de 
!' Autriche). Malgré leur similitude chimique, le potassium (K) et le 
césium (Cs) sont accumulés différemment selon les espèces; ce pouvoir 
de discrimination devrait être étudié en fonction des groupes 
taxonomiques. Certains champignons contiennent beaucoup moins de 
Cs- 1 37 par gramme de K que ! 'humus, alors que d' autres, comme 
plusieurs Boletacées, contiennent 2 à 3 fois plus de Cs- 1 37 par gramme 
de K que ! ' horizon humifère. 

La concentration en Cs radioactif dans les champignons dépend de 
très nombreux facteurs: la concentration en particules radioactives du 
nuage, l ' importance des précipitations au moment du passage du nuage 
radioactif, la saison qui influence la structure et Ie fonctionnement de 
l 'écosystème, la teneur en argile et en matières organiques du sol, la 
concentration en potassium et césium du sol , les caractéristiques 
pédologiques du sol ( texture, structure, bases échangeables, pH, rapport 
C/N, hydratation, etc.), l 'espèce, Ie groupe écologique, etc . Vu que le 
césium fixé au complexe argilo-humique descend lentement en 
profondeur au cours des années, ! ' époque de contamination du 
champignon dépendra de la  profondeur du mycélium dans Ie sol . Les 
champignons colonisant la l itière seront contaminés avant ceux qui 
exploitent les horizons supérieurs de l '  humus, les champignons des 
horizons inférieurs étant contaminés encore plus tardivement. 
L'oligotrophie, c 'est-à-dire la pauvreté en éléments nutritifs ou en bases 
échangeables du substrat, joue un röle prépondérant en favorisant 
l ' accumulation de radionucléides par absence de compétition au niveau 
des sites récepteurs. 

Le césium pénètrera d' autant plus facilement dans la cellule que Ie 
nombre de récepteurs membranaires non occupés par le césium- 1 33 
stable ou Ie potassium sera élevé. Les champignons mycorhiziens 
généralement adaptés aux milieux pauvres seraient plus vulnérables à la  
radiocontamination. Les sols qui contiennent des quantités importantes 
de Cs- 1 33 (non radioactif) auront un effet de dilution vis-à-vis du Cs- 1 34 
et 1 37 .  En moyenne, les sols contiennent 0,3 mg à 26 mg de césium par 
kg de sol tandis que le potassium atteint 1 5  g. La prise de Cs- 1 37 par les 
plantes et les champignons serait augmentée par la présence de petites 
quantités de césium stable. L'acidité du sol favorise la l ibération du 
césium l ié à ! ' humus, aux argiles et aux sols alcalins. 

Il est toujours possible aujourd'hui de distinguer sur la base du 
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rapport Cs- 1 34/Cs- l 37 la contamination liée aux essais militaires de 
celle causée par Tchernobyl .  En effet, Ie rapport Cs- 1 34/Cs- 1 37 du nuage 
radioactif de Tchernobyl diminue régulièrement depuis 1 986 étant donné 
la demi-vie de 2 ans pour Ie Cs- 1 34 et de 30 ans pour Ie Cs- 1 37 ( 1 986: 
0,5 ;  1 987: 0,36; 1 988 :  0,26; 1 989: 0, 1 9 ; 1 990: 0, 1 4) .  Si Ie champignon 
est encore contaminé par du Cs- 1 37 des explosions nucléaires, Ie rapport 
sera nécessairement inférieur à celui de Tchernobyl; Ie césium est recyclé 
continuellement dans l' écosystème forêt selon la chaîne mycélium de la 
mycorhize - racine-feuille - litière - humus"" C 'est Ie rapport diminué 
qui permet d' évaluer la part de la radiocontamination de Tchernobyl par 
rapport à celle des essais militaires. 

Tableau 2 

Radiocontamination de quelques champignons avant Tchernobyl ( 1 974) 
Conlenu en Cs- 137 (becquerels par kilo de poids sec) de quelquesfructifications de 

basidiomycètes récoltés entre juin el octobre 1 974 dans quelques pays européens 
(Autriche, /talie, Suède, Suisse, Finlande). 

Source: HASELWANDTER ( 1978). 
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Tableau 3 

Exemples de niveau.x maxima de contamination en césium 134 + césium 137 relevés dans 
les échantillons analysés à l 'automne 1988 (résultats en becquerels par kg de poids sec) 

pour quelques départements français. 
Ces valeurs devraient permettre de calculer un risque maximum. 

Contamination Départ. français 
(Bq/kg) 

Clitocybe laqué améthyste 

(Laccaria amethystina) 30 660 42 - Loire 

Nonnette voilée 

(Boletus luteus) 25 560 26-Dröme 

Russule émétique 

(Russula emetica) 25 260 63-Puy de Döme 

Chanterelle en tube 

( Cantharellus tubaeformis) 2 1  1 55 63-Puy de Döme 

Paxille enroulé 

(Paxillus involutus) 20 755 42-Loire 

Bolet à chair jaune 

(Xerocomus chrysenteron) 20 2 1 0  42-Loire 

Russule blanche et noire 

(Russula albonigra) 1 6  880 42-Loire 

Bolet amer 

(Tylopilus felleus) 1 6  2 1 0  42-Loire 

Tricholome équestre 

(Tricholoma equestre) 1 5  970 07-Ardèche 

Bolet bai 

(Xerocomus badius) 1 4  530 42-Loire 

Chanterelle jaunissante 

( Cantharellus lutescens) 1 3  5 1 0  26-Dröme 

Pied de Mouton 

(Hydnum repandum) 1 2  890 42-Loire 

Lactaire velouté 

(Lactarius vellereus) 1 1  330 63-Puy de Döme 

Pour terminer, nous signalons qu'en ajoutant des argiles, on favorise 
la rétention de radionucléides au niveau du sol et, par conséquent, la  
protection des végétaux. Il en  est de  même avec les engrais qu i  dimi
nuent la radioactivité des organismes de la chaine alimentaire en suite de 
la compétition exercée entre les éléments nutritifs et les radionucléides. 
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5. Les ectomycorhizes des forêts tempérées 

L' étude des ectomycorhizes de nos forêts est devenue indispensable 
face au recul de ce type de symbiose causé par l' eutrophisation et la 
pollution. La mycorhization est un critère très utile dans l '  évaluation de 
l 'état de santé de la forêt. Des techniques relativement simples 
d'observation permettent de caractériser et même d' identifier spéci
fiquement d'assez nombreuses ectomycorhizes. Les caractères distinctifs 
les plus utilisés sont: 
1 .  le type de ramification (simple, dichotomique, pennée, irrégulière, 

coralloïde, etc .) ;  
2 .  la couleur du manteau; 
3. l 'aspect extérieur du manteau (l isse, plus ou moins duveteux ou 

hirsute ); 
4. la structure microscopique du manteau; 
5. la présence de cordons mycéliens; 
6. la présence d ' un mycelium làche plus ou moins abondant enveloppant 

les radicelles mycorhizées; 
7. la présence de laticifères. 

La comparaison des descriptions macroscopiques et microscopiques 
a permis de sélectionner un ensemble de critères spécifiques pour 
plusieurs espèces de mycorhizes (CuVELIER 1 990). 

Fig. 4. - Types de ramification: l )  simpte (ramifié); 2) monopodial-pinné; 3)  mono
pyramidal; 4) dichotome; 5) irrégulièrement pinné; 6) coralloïde; 7) tuberculoïde. 
(Extrait de AGERER, 1 990. Colour atlas of ectomycorrhizae). 
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Fig. 5. - Aspects du manteau: 1) lisse; 2) réticulé; 3) granuleux; 4) laineux; 
5) courtement spinuleux; 6) longuement spinuleux. 
(Extrait de AGERER, 1 990. Colour atlas of ectomycorrhizae). 

Fig. 6. - Microphotographie (GR X 1 60) d 'une coupe transversale dans une radicelle de 
bouleau mycorhizée par Anamita musea ria. 
On distingue Ie manteau et Ie réseau de Hartig. 

Gräce à ces caractères, il est possible de distinguer de nombreux 
types qui seront utiles pour évaluer l 'état sanitaire d'essences menacées 
de dépérissement en Forêt de Soignes. Une première étude est réalisée 
par 1.  VANDRIESSCHE qui suit l ' état racinaire et la mycorhization d' indivi
dus sains et dépérissants, choisis dans des populations de Hêtre et de 
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Chêne. Des prélèvements trimestriels de racines ont mis en évidence 
parmi les individus des différences significatives basées sur l ' importance 
de la nécromasse et les types de mycorhizes. 

Chez le Chêne, on observe que la nécromasse est plus élevée, 
spécialement en hiver, chez les arbres dépérissants. Si Ja densité de 
mycorhization est à peine plus élevée chez les arbres sains ( spécialement 
en hiver), on observe toutefois que Je type 1 0, parmi Ja vingtaine de types 
distinguée chez le chêne, est nettement plus fréquent. D' autres types 
proches du 1 0  sont également mieux représentés. Il semble donc que 
l 'état de santé de l ' arbre se manifeste par des espèces de champignons 
mycorhiziens particuliers. 

Chez Ie Hêtre au contraire, on ne remarque pas de types particuliers 
de mycorhizes caractérisant soit les individus sains, soit Jes dépérissants . 
Par contre, la  densité de la mycorhization est généralement plus 
importante chez les arbres sains. Ces derniers présentent signifi
cativement plus d' apex simples mycorhizés et, en général, plus de 
systèmes ramifiés mycorhizés que les arbres dépérissants. La poursuite 
de ces recherches nous apportera certainement des informations très 
utiles pour la gestion des forêts en Belgique et, en particulier, pour la 
question délicate des fumures. 

6. Les endomycorhizes vésiculo-arbusculaires (MVA) du Niger 

Les mycorhizes vésiculo-arbusculaires concernent non seulement 
les problèmes posés à l ' agriculture de nos régions tempérées, mais aussi 
ceux des régions tropicales et semi-désertiques. Ces mycorhizes à 
mycélium non cloisonné favorisent l ' absorption d' eau, la nutrition 
phosphorée, la tolérance aux métaux lourds et, probablement, la résis
tance vis-à-vis des parasites. 

Le défi lancé à l ' agriculture, qui devra nourrir en ! ' an 2000 plus de 
6,4 milliards d' individus, est énorme. Nos pays industrialisés produisent 
de façon trop intensive et nuisent à l 'environnement par l ' utilisation 
massive d'engrais et de pesticides. Pour réduire les intrants, i l  faut 
favoriser les MVA qui exploitent Ie sol de façon très efficace ce qui 
permet de l imiter un lessivage exagéré des éléments favorisants. Les 
champignons mycorhizogènes agissent comme biofertilisants et 
bioprotecteurs des plantes. 

Environ deux cents espèces ( appartenant principalement aux genres 
Glomus, Acaulospora, Gigaspora et Scutellospora) de Glomales myco-
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rhizent dans Ie monde près de 200 000 espèces de plantes supérieures. Le 
réseau mycélien externe est très dense et permet une utilisation des 
engrais phosphatés trois à six fois plus efficace et probablement du même 
ordre pour les nitrates et Ie potassium, si ces derniers sont appliqués en 
doses modérées .  La sensibilité des endomycorhizes aux fortes doses de 
pesticides et d'engrais entraîne leur diminution voire leur disparition du 
sol . 

Il est donc évident que l ' étude de ces champignons biofertilisants et 
bioprotecteurs des plantes devra nous permettre d' optimiser la  
productivité végétale tout en préservant l 'environnement. Une véritable 
symbiose à trois se réalise chez de nombreuses Légumineuses entre la  
plante hóte, Ie Rhizobium et les  MVA, les  trois partenaires introduisant 
respecti vement dans la biomasse Ie carbone, l' azote et Ie phosphore. 

Au Niger, les recherches de D. IBRAHIM ont confirmé que Ie taux 
d'endomycorhization était certainement équivalent si pas supérieur à 
celui de nos régions. Il est possible que cette richesse en MVA soit liée à 
la pauvreté en phosphore des sols du Sahel. Ces observations semblent 
confirmer Ie róle prépondérant des endomycorhizes dans les systèmes 
semi-arides ou I'Acacia est bien représenté. Plusieurs espèces de ce 
genre sont pourvues de nodosités à Rhizobium qui dépendent pour leur 
bon fonctionnement d'une source de phosphore fourni par les MVA. Ce 
type d'association symbiotique doit jouer un róle efficace dans la Jutte 
contre la désertification et dans les systèmes agroforestiers sahéliens. 
Ainsi, l ' inoculation de Glomus mosseae à Faidherbia (Acacia) alba peut 
augmenter la bio masse racinaire de plus de 50 % grace à l' augmentation 
du chevelu racinaire. De plus, en ! ' absence d' inoculation rhizobienne, 
l ' infection par Glomus mosseae a permis d'augmenter sensiblement la  
nodulation spontanée par les  Bradyrhizobium (DREYFUS & DOMMERGUES 

1 98 1 ). 

Des recherches ultérieures devront nous renseigner sur l ' importance 
de la mycorhization vésiculo-arbusculaire dans les zones désertiques 
comme Ie Sahara afin de confirmer si des précipitations inférieures à 1 00 

mm sont défavorables à ce type de symbiote. 
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7. Conclusion 

Les champignons, trop longtemps négligés en écophysiologie et en 
écotoxicologie, doivent être étudiés de façon systématique, afin de 
souligner leur fonction au sein des écosystèmes. C'est ce que plusieurs 
instances ont compris et notamment la Région bruxelloise (travaux de 
VANDRIESSCHE) et les Communautés européennes (Rapport COST 8 1 0) .  

NOTES 

[ l ]  Plusieurs champignons n'ont pas besoin de calcium. 
[2] Le thallium provoque des troubles nerveux et gastro-intestinaux avec perte 

de cheveux. 
[3] La demi-vie effective d'un radionucléide pour un organisme ou un éco

système est une combinaison de la demi-vie physique avec la demi-vie 
biologique. 
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SUMMARY. - Lichens are composite organisms cons1stmg of a usually 
dominant fungal partner and one or more photosynthetic partners growing 
together i n  a symbiotic association, frequently described as an excellent example 
of mutualism, or regarded as a case of controlled parasitism. The fungal partner 
(mycobiont) is normally an ascomycete, rarely a basidiomycete, while the 
autotrophic partner may be a green alga or a cyanobacterium. Lichens, currently 
estimated at some 20 000 taxa worldwide, are an extremely catholic group of 
organisms in terms of habitat colonization, being found in all parts of the world, 
with a vast spectrum of microhabitats and microclimates being adapted to by 
particular taxa or groups of taxa. The peculiar biology of the l ichen symbiosis 
makes them particularly sensitive to habitat and environmental disturbance, 
lichens having long been recognized as good indicators of atmospheric 
pollution. However, l ichens are also widely used as biomonitors of heavy metal 
pollution, radionuclide deposition and acid rain and have increasing application 
as biomonitors of both short-term and long-term cl imate change, especial ly  in 
high-latitude regions of the world. The importance of l ichens in monitoring 
changes in  both tropical and temperate forests, and of their role in  nutrient 
cycling in  a variety of ecosystems is increasingly recognized. 
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Introduction 

Lichens or lichenized fungi are composite organisms consisting of a 
dominant fungal partner in symbiosis with one or more photosynthetic 
partners, the resulting composite, organized structures behaving as 
independent entities. The fungal partner or mycobiont is in most cases an 
ascomycete (rarely a basidiomycete), while the autotrophic photo
synthetic partner or photobiont may be a green alga or a cyanobacterium. 
For further discussion on the nature of lichen symbioses, see GALUN 

( l  988) and HAWKSWORTH ( 1 988) .  Lichen photobionts carne from a small 
number of genera, most of which occur widely in nature, while lichen 
mycobionts are exclusively lichen forming and are taxonomically 
diverse, many coming from orders which also have non-lichen forming 
taxa. Of the 46 orders in the Ascomycotina some 1 6  have lichenized taxa 
to a greater or lesser degree, and out of some 238 families, 8 1  consist 
entirely of lichens or at least some have lichenized taxa. Lichenization is 
thus seen as a polyphyletic process having occurred many times and 
likely also to have originated at very different times (POELT 1 99 1  ). 

Lichens are general ly considered to be mutualistic symbioses 
(HONEGGER 1 99 1 )  that is, symbiotic systems in which the biologica! 
fitness of bath partners is increased in the symbiotic state. The 
autotrophic partner supplies the fungus with carbohydrates produced in 
photosynthesis, transferred initial ly as polyhydric alcohols, ribitol, 
erythritol, sorbitol, from green algae, and glucose from cyanobacteria 
(HILL 1 976; ARMSTRONG & SMITH 1992) and in return the fungus 
provides mineral nutrients, a protective physical environment and the 
requisite physiological conditions for adequate growth of the photobiont. 

Although the movement of carbohydrate from autotroph to 
heterotroph is very well documented in lichens (HlLL 1 976), much more 
problematic is whether any nutrients move from heterotroph to autotroph 
(SMITH 1 989). AHMADJIAN ( 1 982) considers that " . . .  the fungi parasitize 
the algae, but that the parasitism is slow and somehow controlled by the 
algal symbiont". 

The l ichen symbiosis is one of the most successful known in nature, 
allowing lichens to grow on an extremely wide variety of substrates in all 
areas of the world, many having evolved life strategies enabling them to 
colonize some of the most difficult habitats for life and to survive in 
aften extreme environments, especially those at high latitudes and high 
altitudes (KAPPEN 1 988, BüDEL 1 990, ÜTT & SCHEIDEGGER 1 992). 
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Currently, the concensus of known l ichenized taxa worldwide varies 
from 1 3  500 to 1 7  000. On the basis of recent monographic revisions of a 
number of widespread lichen genera, and the collection of lichens from 
areas of the world previously unknown or little-known lichenologically, 
it is safe to assume that a realistic world total for l ichens will be closer to 
1 7  000 and possibly even to 20 000. It seems probable that, at present, 
we know 50-70% of the world's J ichens, though future discoveries of 
short-lived, fast-growing lichens on leaves and on bryophytes, and on 
southern hernisphere microlichens, could substantially  alter this estimate 
(GALLOWAY 1 992a). 

Bi�diversity and biomass 

HAWKSWORTH & COLWELL ( 1 992) have recently stated that "Micro
organisms exhibit the greatest breadth of genetic diversity on Earth, are 
essential to the survival of all organisms as basal components of food 
chains and mutualists, and perform crucial and unique roles in the 
planet's biogeochemical cycles . . .  Despite these considerations, micro
organisms have to date been largely ignored in international debates on 
the extent of biologica! diversity on Earth, its relevance and also its 
conservation" .  Lichens are an important though still neglected part of 
this global micro-organismal biodiversity (HAWKSWORTH 1 99 1 ) . 
Although for higher plants, the tropics are regarded as major sites of 
biodiversity, much less is known about tropical l ichens (GALLOWAY 

199 1 b, GRADSTEIN 1 992), and biodiversity tends to be richest in canopy 
vegetation which is still very poorly sampled in many tropical areas. In 
tropical areas where the native forest cover has been either destroyed or 
replaced by agricultural crops, botanica! gardens are still oases of lichen 
biodiversity in the tropics (ARVIDSSON 1 99 1 ) . Temperate areas of the 
world on the other hand, with their wide variations of habitat, geology 
and climate are major sites of lichen biodiversity. Of great importance 
are the temperate rainforests of the southern Hernisphere, especially 
South America, New Zealand, Tasmania, southeastern Australia and the 
highlands of tropical Pacific islands (GALLOWAY l 99 1 a) .  

Other regions of important local, l ichen biodiversity are the unique 
coastal fog lichen communities "Nebeloasen" found in northern Chile, 
Peru, Baja California and Narnibia ( KAPPEN 1 988) .  Islands too often 
show a high lichen biodiversity in comparison with large continental 
areas, and not only islands surrounded by water, but also biogeographical 
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islands, areas of habitat or climate diversity such as rock outcrops, 
mountains or ranges, in an otherwise uniform forest or grassland 
landscape. Lichens being particularly successful pioneer colonizers are 
important components of vegetation in many of the harsh environments 
of the world such as alpine and polar regions, in both hot and cold 
deserts, and in often toxic, mineralized environments (GALLOWAY 1 992a). 

Increased lichen biodiversity at a local or regional level often results 
as a consequence of habitat disturbance; fire-induced successional 
vegetation, for example, is often a much richer habitat for lichens than 
the eventual climax vegetation. Landscape boundaries or ectones 
(HOLLAND, RrssER & NA!MAN 199 1 ), those transition zones between two 
or more diverse communities as, for example between forest and 
grassland, are particularly rich areas of l ichen biodiversity, and areas 
moreover where lichens could be successfully used to monitor both 
short-term and long-term environmental changes (GALLOWAY 1 992b). 

In the northern hemisphere the most extensive lichen biomass 
occurs in l ichen-dominated woodlands, heathlands and tundra throughout 
northern boreal forest and tundra zones; lichen mats comprising species 
of Alectoria, Cetraria, Cladina, Cladonia and Stereocaulon (AHTI & 

ÜKSANEN 1 990, CRITTE DE 1 99 1  ). Lichen-dominated tundra is of much 
smaller extent in the southern hemisphere. Large foliose lichens from the 
order Peltigerales are richly developed in temperate southern hemisphere 
rainforest, many species reaching a great size and representing a 
considerable epiphytic and terricolous biomass. They exhibit rapid 
growth and appear to be strongly competitive; they also constitute a 
significant potential protein resource for herbivores. The fact that they 
are not significantly grazed suggests that an anti-herbivore defence 
system is present, and triterpenoids are suggested as having such a role 
(GALLOWAY 199 1 c) .  

Biomonitoring 

Despite the apparent hardiness of lichens and their demonstrated 
longevity in harsh environments, the lichen symbiosis is extremely 
sensitive to a number of environmental changes which make them ideal 
biologica! monitors. Because they derive their water and nutrients in a 
large measure from the air, they can be used as highly developed filters 
to monitor air and rain .  Their ability to accumulate anions ( including 
dissolved gaseous pollutants such as S02) actively and rapidly, as well as 
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the lack of a protective cuticle and their poikilohydrous water relations, 
all contribute to their sensitivity with the following metabolic processes 
being affected: nitrogen fixation, photosynthesis, respiration, pigment 
status, potassium efflux (RrCHARDSON 1 988).  The literature on lichens 
and biomonitoring is now very extensive covering the fields of: 
atmospheric pollution [HENDERSON, A., ed., see particularly the conti
nuing series "Literature on air pollution and lichens" in the Lichenologist 

for a wide range of recent references; Part XXXV appears in 
Lichenologist, 24: 1 93-200 ( 1 992)] ,  metal pollution, organic compounds, 
acid rain, and radionuclide emissions (RICHARDSON 1 988, HAWKSWORTH 

1 990, WOLSELEY & JAMES 1 990, NASH & GRIES 1 99 1 ,  BROWN 1 99 1 ). 
Communities of epiphytic l ichens are used in Britain, Europe and 

North America as indicators to assess the ecological continuity of forest 
trees, enabling interpretation of site history and management (ROSE 1 976, 
1 988). Similar investigations are now being applied to temperate 
rainforest in Tasmania (KANTVILAS 1 988 ;  KANTVILAS & MINCHIN 1 989), 
and to tropical rain forest and savannah woodland in south east Asia 
(WOLSELEY 1 99 1 ;  WOLSELEY & AGUIRRE-HUDSON 1 99 1 ) . 

Climate change 

It is known that metabolic processes such as photosynthesis, 
nitrogen fixation, metal accumulation, and growth rates in lichens vary in 
response to seasonal and environmental changes. The use of lichen 
dating of rock surfaces is well-known and is based on tempora! changes 
in l ichen surface areas in response to climate and environment ( INNES 

1 988).  Present trends of climate warming in both northern and southem 
hemispheres are causing substantial recession of glaciers and icefields 
and creating new surfaces on which new biota can become established. 
Lichens as early colonists in alpine and glacial environments are 
spectacularly successful in recolonization of freshly exposed rock, 
glacial outwash gravels and soils (GALLOWAY 1 992a). In Chile at Laguna 
San Rafael, where the San Rafael Glacier descends from the North 
Patagonian Icecap into the sea at rates between 1 7  and 28 metres per day, 
freshly exposed rock surfaces are rapidly colonized by minute tufts of the 
terrestrial alga Trentepohlia the photobiont for the lichen Placopsis 

which grows rapidly in this environment (GALLOWAY 1 992b). A freshly 
exposed surface free of ice for less than one year had colonies of 
Placopsis 3 mm diam. ,  developed in 1 992 (Dr. Vanessa WrNCHESTER, 
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pers. comm.). Rock faces and glacial soils and river terraces are densely 
colonized in both New Zealand and South America by species of 
Placopsis and Stereocaulon, both of which are efficient nitrogen fixers 
through cyanobacteria present in cephalodia (GALLOWAY l 992a). 

Lichens in alpine and high latitude environments worldwide are 
subjected to high levels of UV radiation currently increased by ozone 
thinning. MARKHAM et al. ( 1990) have shown that absolute levels of 
photoprotective flavonoids in mosses from the Ross Sea region of 
Antarctica collected between 1 957 and 1 989 correlated directly with 
measured levels of ozone over the period 1965- 1 989, and suggest that 
flavonoid concentrations in herbarium specimens collected over a Jonger 
time scale have the potential to provide otherwise inaccessible data on 
historica! trends in ozone levels in the Antarctic and perhaps elsewhere. 
Levels of l ichen photoprotective compounds such as usnic acid and 
carotenoids should also provide similar chemica! signatures in historica! 
specimens in herbaria (GALLOWAY l 992a). Lichens have had to adapt to 
periods of increasing aridity and radiation during their long evolutionary 
history, for example in centra! Australia, and have evolved various 
chemica! and morphological adaptations in order to survive. Increased 
melanism, the endolithic lifestyle (YOUNG 1 99 1 ), production of cortical 
photochemical screening compounds, all make l ichens more successful 
than many other organisms at responding to climate change. Lewis 
SMITH ( 1 990) documents the role of l ichens in a study of biologica! and 
environmental change in antarctic terrestrial ecosystems on Signy Island 
in the South Orkneys and makes a vigorous plea for long-term moni
toring studies using lichens and mosses, to determine the direction and 
rate of environmental and ecological changes, with particular regard to 
assessing the resi lience of ecosystems to, and their recovery from, such 
changes. 

Nutrient cycling 

The cycling of minerals (uptake, redistribution, release) by lichens is 
now very wel! documented in a variety of ecosystems from metal-rich 
environments to forest canopies (BROWN & BROWN 1 99 1 ,  KNOPS et al. 

1 99 1  ). The role of lichens in nitrogen cycling in a variety of ecosystems, 
especially by mat-forming lichens in arctic-boreal regions (CRITTENDEN 

1 99 1  ), and in tropical and southern hemisphere temperate rainforest 
(GALLOWAY 1 988, 199 1 a), is now well established and points to one of 
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the most important ecosystem roles for lichens having cyanobacterial 
photobionts, whether as major photobionts or secondarily as cephalodia. 
In arctic tundra and taiga vegetation the nitrogen input into the 
ecosystem from lichen fixation is estimated at 0.5 - 1 .5 kg per hectare per 
year which accounts for 50% of the total nitrogen input and in 
Colombian rainforest, canopy lichens with cyanobacterial photobionts 
contribute 1 -8 kg per hectare per year to the forest ecosystem (GALLOWAY 

l 992a). GRE EN et al. ( 1 980) suggested a possible nitrogen contribution of 
1 - 1 0 kg per hectare per year from epiphytic lichens in Nothofagus 

rainforests in northem New Zealand. In rainforests of southem Chile, 
where the diversity and biomass of species having cyanobacterial 
photobionts is higher than it is in New Zealand, one could expect a 
similar or higher level of nitrogen enrichment (GALLOWAY l 992c). 

Input into rainforest nitrogen budgets from lichen decomposition in 
the litter is also an important factor to consider (GUZMAN et al. 1 990, 
GREENFIELD 1 993).  The importance of cyanolichens such as Peltula in 
the dry tropics must also be noted, and also the release of nutrients 
during rock weathering by endolithic lichens (WESSELS & WESSELS 

1 99 1 ) . 
It can be seen that l ichens have an extremely diverse and important 

role to play in a wide variety of ecosystems globally. After a long history 
of two centuries of lichen systematics, lichenologists now real ize that 
what lichens do is every bit as important as what they should be named. 
The era of lichen taxonomy as the dynamo of lichenological discovery is 
now giving way to a wider view of trying to understand problems of 
lichen biology at local, regional, national and global levels (GALLOWAY 

1992a). It is an enormous and an exciting challenge! 
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PLANT EVOLUTIONARY STRATEGIES IN 
MAN-DISTURBED ENVIRONMENTS: 

POLYGONUM AVICULARE AS A STUDY CASE 

BY 

P. MEERTS* 

SUMMARY. - Polygonum aviculare is one of the few annual weeds which 
have been able in the last decades to adapt rapidly to a wide range of man
disturbed habitats all over the world. As part of a research program intended to 
achieve a better understanding of the biologica! correlates of the high colonizing 
ability and ecological versatility of this specific complex, we cultivated 
population samples from contrasting natura! habitats along experimental soil 
gradients and analyzed the environmental (E), genotypic (G) and interaction 
(GxE) component of total phenotypic variance for 5 life history and 1 5  metrical 
traits. First, large amplitudes of plasticity (e.g. up to 300-fold increase in total 
biomass across a soil fertility gradient) were found for many traits, which is 
consistent with the classica! view that weed species consist of generalist, 
opportunistic, biotypes, even though the observed reaction norms do not 
perfectly conform to the predictions of l ife-strategy theory (e.g. for reproductive 
effort). Secondly, high broad-sense heritability (from 0.30 to 0.95) was found 
for 1 ife span, flowering date and metamer dimensions, which suggests that niche 
specialization and adaptive radiation in response to e.g.  the kind of disturbance 
regime (trampling, weeding, ploughing), have played a previously unrecognized 
role in the species' colonizing ability. Thirdly, significant GxE interactions were 
found in many traits, which indicates that phenotypic plasticity itself is a 
heritable, evolving character. Moreover, such pervasive GxE interactions can 

* Laboratoire de Génétique et d'Écologie végétales, Université Libre de Bruxelles, 
chaussée de Wavre 1 850, B - 1 1 60 Bruxelles (Belgium). 
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play a key role in the species' evolutionary strategy, in that they allow high 
levels of genetic variation to be maintained even under strong, directional, 
selective pressures. This is especially important in an obligate selfer in which 
intra-family genetic variation is exceedingly low. 

* 

* * 

The use of living organisms as biologica) indicators of environmental 
quality critically depends on the assumption that their abundance, 
fecundity and distribution range are affected by environmental change. It 
should be emphasized, in this respect, that a species can fil l  a broad 
ecological niche by two quite different mechanisms. Firstly, it can 
comprise numerous "specialist" genotypes, each of which filling a 
restricted part of the species' niche. Secondly, the species can comprise a 
few "generalist" genotypes, each being able to cope with a wide range of 
environmental conditions through phenotypic plasticity, i .e. each of them 
is able to alter its phenotypic expression to adjust to new conditions. This 
model, however, is much too simpl istic in that it regards plasticity as a 
"non-genetic" mechanism of adaptation and overlooks the possibility that 
phenotypic plasticity itself is a character under genetic control, able to 
evolve in response to selection. 

Weeds, i .e. plant species able to rapidly colonize man-disturbed 
habitats, have long been supposed to be typical representatives of the 
second evolutionary strategy. Weed populations, indeed, characteristically 
exhibit a wide range of variation in individual size and fecundity. 

Polygonum aviculare is a complex of annual , selfing, weeds which 
has been increasing its range in response to environmental disturbance by 
man. It shows very high levels of phenotypic variation at both the inter
and intrapopulation level. Our research programme on this material is 
intended: 
1 °) to assess the respective part of phenotypic plasticity and genotypic 

differentiation in the total phenotypic variance of the species; 
2°) to test whether reaction norms vary among genotypes (a reaction 

norm is defined as the range of phenotypes expressed by a genotype 
faced to a range of environmental conditions) ; and 

3°) to determine the tolerance limits of the species to various kinds of 
stress. 
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Our results (see reference to published papers) suggest that the 
evolutionary strategy of Polygonum aviculare is a complex combination 
of extensive phenotypic plasticity and considerable genetic poly
morphism. An important discovery is that the species has evolved 
genotypes with l ife history and morphological traits adapted to particular 
kinds of disturbance regimes (trampling, weeding early in the summer, 
ploughing in autumn). Plasticity and genetic differentiation do not seem 
to be mutually exclusive, as a very high amplitude of plasticity in 
reproductive capacity has been found in response to various kinds of 
stress including nutrient shortage. Variation in phenotypic plasticity has 
been detected for several traits, including reproductive effort, which 
suggests that the species is comprised of genotypes with contrasting 
tolerance capacity to stress. 

1 suggest that an elementary knowledge of the characteristic 
partitioning of variance in fitness-related traits of a species is required if 
we are to use it as a biologica! indicator. 
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ABONDANCE FLUCTUATION OF SOME BUTTERFLIES SPECIES 
IN BELGIUM DURING THE TWENTIETH CENTURY 

BY 

B. DE BAST, CH. ÜASPAR, J.-L. HEMPTINNE & CH. VERSTRAETEN* 

SUMMARY. - This paper analyzes the fluctuation of abundance of some 
species of insects in Belgium. The Data B ank of the Faculty of Agricultural 
Sciences of Gembloux provides useful information such as the frequency of 
observations per year for each species and the spatial distribution of these 
insects. It appears that the species chosen in this study follow different patterns. 
A first group is made of species that remain fairly stable throughout the century ; 
a second group contains species that experienced a sharp decline in the first half 
of the 20th century and, finally, there are species that have become less 
abundant during the last decades. 

Introduction 

The aim of this study is to analyze the secular demography of some 
insect species in Belgium. The butterflies have been chosen because they 
always attracted entomologists' attention. Records conceming butterflies 
are abundant since the early beginning of this century. 

Such an approach must be based on old informations inherited from 
the past because a method to collect past informations is inconceivable 
to-day. 

* Zoologie générale et appliquée, Faculté des Sciences agronomiques de 
Gembloux, passage des Déportés 2, B-5030 Gembloux (Belgium). 
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This study has already permitted to reveal trends and evident 
modifications in butterflies abondance or geographical distribution in 
Belgium. 

Material 

Since 1 900, 63 000 records concerning 1 20 species of butterfl ies 
have been entered in the faunistical Data Bank of the "Faculté des 
Sciences agronomiques de Gembloux" . 

The information has been collected by a large network of 
entomologists, professionals or amateurs, analyzing private and public 
collections and checking l iterature. With 63 000 records, the record 
concerning one species is regularly kept year after year, which prevents a 
rare or discontinuous information. 

Method 

The occurrence of each species of butterfl ies has been analyzed by 
means of three different variables: 

1 .  RELATIVE FREQUENCY OF OBSERVATIONS (Fig. 1 )  

Por each species and for each year, the relative frequency of 
observations corresponds to the number of records of the species "i" 

during the year ''}" and is weighted by the number of butterflies observed 
the same year. Thus, this first variable becomes independent of the 
intensity of prospection. 

occuiJ 
n 

n , where 

L,occuiJ 
i = I  

= number of records of the species "i" during the year '')"; 
= all species of Belgian butterflies. 

2 .  RELATIVE GEOGRAPHIC OCCURRENCE (Fig. 2) 

For each species and for each year, the relative geographic 
occurrence is the number of UTM squares (10 x 10 km) where the species 
"i" has been recorded during the year '')" . This variable is also 
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independent of the intensity of prospection. 

UTMij p2 = n , where 

Iv™ij i= I  UTMij = number of UTM squares where the species "i" has been 
found during the year '') " ; 

n = all species of Belgian butterflies. 

3 .  PORTJON OF GEOGRAPHIC OCCURRENCE (Fig. 3) 

This variable is calculated by means of the following three steps: 
a) Inventory of the UTM squares "k" where the species "i" has been 

found more than during the 20th century; 
b) In each of these UTM squares, calculation of the occurrence of the 

species "i" weighted by the occurrence of butterflies of all species in 
the same square and during the same year; 

c) Calculation of the amount of the values obtained for each square (sub 
b) and then division by the number of non-indeterminated squares 
(not equal to OIO). 

1 /Il 
P3 = -I 

m k= I  
, where 

k 

n 

Il 

i= I  
UTM squares where butterflies (all species confused) 
have been observed during the year '')" ; 

= number of records of the species "i" in the square "k" 

during the year "j " ; 
= all species of Belgian butterflies; 

L occuijk = number of records of butterflies (all species 
i=I  confused) in the square "k" during the year '')" 

This variable is located between 0 and 1 and is  decreasing if, in 
several squares, the species "i" has no more been observed, or if the 
proportion of the occurrence of the species "i" has decreased in 
comparison with the occurrence of all butterflies. 

The interest of this variable is to estimate the occurrence of the 
species only in the squares where other butterflies have been observed 
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Fig. 1 .  - Glaucopsyche alexis: proportion of relative frequency of observations (p1 ) .  
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Fig. 2 .  - Glaucopsyche alexis: relative geographic occurrence (p2). 
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Fig. 3 .  - Glaucopsyche alexis: relative geographic occurrence (p3) (x 1 000). 

the same year. It has a low value if the species has not been observed 
while other butterflies have been observed in the same squares where the 
species was more frequent before. It takes a high value if the occurrence 
of the species "i" is important in the majority of the corresponding UTM 
squares in comparison to the occurrence of all butterflies. With this 
variable, the absence of record for the species "i" in one particular year, 
while other butterflies have been encountered, is definitively not a 
consequence of UTM squares not being visited. 

Results and discussion 

The use of the third variable revealed five trends in butterfly 
abondance. 

1 .  STABLE SPECIES 

These species, which are mostly recorded every year, are generally  
ubiquitous and usually have few ecological preferences. Many of  them 
show a regular increase in number. This is the case for the species of 
pierid Pieris brassicae (Linné, 1 758), Pieris rapae (Linné, 1 758), Pieris 
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napi (Linné, 1 758) or for Maniola jurtina (Linné, 1 758) and Aphantopus 

hyperantus (Linné, 1 758), which occur in pastured meadows. Other 
species also belong to this group, l ike Lycaena phlaeas (Linné, 1 758) and 
Polyommatus icarus (Rottemburg, 1 775).  

2 .  SPECIES FLUCTUATING STRONGLY OVER THE YEARS 

Some species, such as Apatura iris (Linné, 1 758), Apatura ilia 

(Schiffermüller, 1 775), Limenitis populi (Linné, 1 758), and Nymphalis 

antiopa (Linné, 1 758), display deep fluctuations year after year. 

3 .  MIGRATING SPECIES 

Species in this group show nearly the same pattern as those of the 
previous group, and also fluctuate strongly year after year. They are kept 
apart because their abundance in Belgium may depend on climatic 
conditions in the south of Europe or in North Africa: Cynthia cardui 

(Linné 1 758), Colias crocea (Geoffroy in Fourcroy, 1 785). 

4. SPECIES IN EVIDENT REGRESSJON 

This group of species is the most important in number. Some of 
them are already extinct. For these insects, Belgium is usually at the 
margin of their distribution range. Some of them show a recent but clear 
regression like Melitaea diamina (Lang, 1 789), Eurodryas aurinia 

(Rottemburg, 1 775) and Glaucopsyche alexis (Poda, 1 76 1 ) . 
This group contains also the thermophilic species observed on the 

chalk hills. The most frequent graph for these species is a dome-shaped 
one with general ly two peaks: the first one between 1 940 and 1 950 and 
the second one between 1 960 and 1 970. All these butterflies live in warm 
and sunny biotopes. 

It is interesting to note that one species, Lysandra bellargus 

(Rottemburg 1 775), was essentially  known in Lorraine before the l 940's, 
except for a few isolated data from the Calestienne. It arrived from 
France in the Calestienne during the Second World War, when 
thermophilic species were thriving. It disappeared from the Calestienne 
in the 1 970's and now from whole Belgium. Several of similar species 
also disappeared from Belgium: Plebicula dorylas (Denis & 

Schiffermüller, 1 775), Plebicula thersites (Cantener, 1 834). 
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The Figs. 4-9 show the fluctuations in the abondance of some 
butterfl ies species, i l lustrated by relative geographic occurrence (x 1 000) 
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Fig. 4. - A stable species: Maniola jurtina. 
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Fig. 5 .  - A species fluctuating strongly over the years: Limenitis populi. 



244 B. DE BAST, CH. GASPAR, J.-L. HEMPTINNE & CH. VERSTRAETEN 
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Fig. 6 .  - A migrating species: Cynthia cardui . 
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Fig.  7 .  - A species i n  clear regression: Lysandra bellargus . 
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Fig.  8. - A species in  clear regression: Plebicula thersites. 
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Fig.  9. - A Thecla species: Strymonidia W-album. 
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5 .  THE THECLA SPECIES 

The caterpillars of Thecla feed on deciduous trees.  They displayed a 
clear regression during the decade 1 950 - 1 960. During the following 
decade, on the contrary, they became fairly abundant. This is the case for 
Satyrium spini (Denis & Schiffermüller, 1 775), Fixsenia pruni (Linné, 
1 758). 

Conclusion 

This study does not show all the results that could be expected from 
such a study, but we think it is interesting to demonstrate that it is 
possible to exploit old information in biology to illustrate secular 
biologica! trends. We have not yet tried to explain such trends by models. 

Although the data analyzed in this paper have not been collected 
fol lowing an orthodox sampling design, they are quite valuable because 
of their abundance. The large number of records about butterfl ies 
occurrence is a sign of the fascination of naturalists for butterflies. 
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TOTAL MERCURY AND METHYLMERCURY IN SOIL, LITTER 
AND PLANTS FROM THE ZONIËN (SOIGNES) FOREST 

(BRUSSELS, BELGIUM) 

BY 

Bamba B.M. MUHAYA *, Claude R. JOIRIS*,  

Martine LEERMAKERS** ,  Luk DERONDE***,  

Michèle BOSSICART* & Willy BAEYENS** 

S UMMARY. - Soil and plant litter samples were seasonally collected from 
the western part of the Zoniën (Soignes) Forest near Brussels (Belgium) in 1 989 
and 1 990, and were analysed for total mercury (Hg) and methylmercury (MeHg) 
content. Moss and plant leaves were also collected and analysed for total Hg 
content. Total Hg concentration was significantly higher in the upper (A) soil 
layer (0.4 - 2.4 µg g- l dw) than in the underlaying (B) layer (0.06-0.92 µg g- l 
dw) due to higher organic matter content of the A layer. Soil organic matter 
content ranged from 7 to 59 % in the A layer and from 1 to 1 0  % in the B layer. 
Hg concentration and organic matter content were significantly correlated in 
both A and B soil layers. There was a significant seasonal trend of Hg 
accumulation in the upper soil layer, with higher Hg concentration and higher 
organic matter content in autumn and winter than in spring and summer. This 
was probably due to increased dry and wet deposition from the atmosphere in 
autumn and winter, and/or increased volatilization in spring and summer. In 
litter, total Hg content ranged from 0.07 to 0.62 µg g- 1 dw, and there were 
neither significant seasonal nor site effects on Hg concentration, nor a 
significant correlation between Hg concentration and organic matter contents. 

* Laboratorium voor Ecotoxicologie, 
* *  Laboratorium voor Analytische Scheikunde, 
*** Laboratorium voor Algemene Plantkunde en Natuurbeheer, Faculteit van de 

Wetenschappen, Vrije Universiteit Brussel, Pleinlaan 2, B - 1 050 Brussels (Belgium). 
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Hg concentration in plants ranged from 0. 1 4  to 0.7 1 µg g- 1 dw, with the highest 
average value (0.5 1 µg g- 1 dw) in moss cf. Eurhynchium praelongum. MeHg 
concentration in the A soil layer ranged from 1 .2 to 7.9 ng g-1 dw with an 
average of 3 ng g-1 accounting for 0.3 % of the total Hg concentration in that 
horizon. In the B soil layer, MeHg ranged from 0.9 to 4 ng g- 1 dw with an 
average of 2.2 ng g-1 accounting for 0.6 % of the total Hg in that soil layer. In 
litter, MeHg concentration was slightly higher with an average of 4 ng g-1 
accounting for 1 .5 % of the total H g  content. In both soil and l itter, MeHg 
concentration was not correlated to organic matter content, nor to total Hg 
concentration. 

Introduction 

Due to its natural and anthropogenic origins, mercury is widespread 
in the atmosphere and in terrestrial and aquatic ecosystems. The 
worldwide ernissions of Hg into the atmosphere are estimated to be 2,500 

tonnes per year from natural sources (NRIAGU 1 989, 1 990) and 3 ,600 

tonnes per year from anthropogenic sources (NRIAGU & PACYNA 1 988,  

NRIAGU 1 990) . In Belgium, Hg released into the atmosphere from 
different anthropogenic sources is estimated to be 8,370- 1 6,647 kg per 
year (DEVOLDER et al. 1 99 1  ) . The metal enters forest soils through wet 
and dry deposition from the atmosphere (MITRA 1 986, NRIAGU 1 990, 

LTNDQVJST et al. 1 99 1 ,  PADBERG & STOEPPLER 1 99 1 ), decomposition of 
litter and organic matter, and weathering of rocks (LINDQYIST et al. 

1 99 1  ) . Hg accumulation in plants occurs by uptake through the roots 
from soil, through the stomata from the atmosphere, and by retention of 
particulate Hg with atmospheric uptake predorninating in the above 
ground parts of herbaceous plants (LINDBERG et al. 1 979, HucKABEE et 

al. 1 983 ,  SHAW et al. 1 986). According to LODENIUS ( 1 990a), the deposi
tion of airbome Hg to vascular plants contributes to more than 90 % of 
the Hg content of plants . 

Hg, especially its methylmercury form, is known to be one of the 
most toxic heavy metals in the environment. Numerous researchers have 
reported on the metal acute and chronic toxicity to man and animals. Due 
to its harmful effects on plant roots (MHATRE & CHAPHEKAR 1 982, 

GODBOLD & HüTTERMANN 1 985, 1 986, 1 987, 1 988,  GODBOLD 1 99 1 ) ,  Hg 
is also likely to be involved in forest decline. 

Located on the periphery of the city of Brussels, the Zoniën 
(Soignes) forest serves as a recreational area and plays a role in the 
regulation of underground water used for providing Brussels with 
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drinking water. The present study was performed to determine total Hg 
and methylmercury levels in  soil, plant l i tter and leaves in the western 
part of the Zoniën (Soignes) Forest nearby the urban area. 

0 2 4 6 8 10 km 

1 b 

Fig. 1 .  - Map of (a) the Region of Brussels and the Zoniën (Soignes) Forest (dashed 
area) at the southeastern city boundary; and (b) the Zoniën (Soignes) Forest 
CD - <V: sampling sites 

Material and methods 

SAMPLING 

The Zoniën (Soignes) Forest is located at the Southeast of the city of 
Brussels (Belgium), by which it is bounded between 4°22' 30" and 
4°32' 26" latitude East and between 50°44'05" and 50°49'29" longitude 
North (Fig. l a) .  Litter and soil samples were collected once during each 
of the four seasons in 1 989 and 1 990 from seven sampling sites 
distributed over two areas (Fig. 1 b ) . A few samples of freshly cut mosses 
and leaves of Fagus sylvatica and Urtica dioica were also collected from 
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1 989 to 1 99 1 .  The choice of those sampling sites was based on soil types 
and the associated vegetation in both areas. The type of soil and soil pH 
on each site, the associated vegetation, and the main plant species 
represented in l itter are given in Table 1 .  

Table 1 

Sampling areas (A and B) and sites ( 1 to 7), soit types and pH, the associated vegetation, 
and the main plant species represented in litter 

Area Site Soil type Associated vegetation Main plant 
and pH species 

represen ted in 
litter 

A 1 Seasonally Populus x canadensis, Salix caprea, Urtica P. x canadensis, 
flooded loam, dioica, Fagus sylvatica, Ranunculus repens, S. caprea, 
pH: 7.3 Scrophularia nodosa, Circaea lutetiana, U. dioica, 

Cardamine sp., Glechoma hederacea, R. repens 
Galium aparine, cf. Eurhynchium 
praelongum 

A 2 Sandy loam, Pinus sylvestris, Sorbus aucuparia, Quercus P. sylvestris, 
pH: 3.9 rubra, F. sylvatica, Athyrium filix-femina S. aucuparia, 

Q. rubra 

A 3 Compacted F. sylvatica, Polygonum hydropiper, Juncus F. sylvatica 
loam, pH: 4. 1 ejfusus, Polytrichum commune 

A 4 Loamy soi l, Q. rubra, A. filix-femina, Pteridium Q. rubra, 
pH: 4.2 aquilinum, Convallaria majalis, Rubus sp.,  A. filixjemina, 

Carex remota P. aquilinum 

B 5 Seasonally Alnus glutinosa, S. caprea, Fraxinus A. glutinosa, 
flooded loam, excelsior, F. sylvatica, C. lutetiana, S. caprea, 
pH: 6.3 U. dioica, C. remota, cf. E. praelongum U. dioica, 

F. excelsior 

B 6 Compacted F. sylvatica, P. hydropiper, lmpatiens F. sylvatica 
loam, pH: 3 .9 parviflora, J. effusus, A. filix-femina, 

Luzu/a sylvatica, C. remota, P. commune 

B 7 Sandy soil P. sylvestris, F. sylvatica, Quercus robur, P. sylvestris, 
with pebbles, Betula pendu la, S. aucuparia, A. felix- F. sylvatica, 
pH :3 .9 femina, Acer platanoides, P. commune A. filix-femina 

Intact and decomposing litter samples were collected at the soil 
surface. Soil was sampled from the upper or A layer (approximately 
L O  cm depth) and from the B layer ( 1 0  cm beneath), using an Edelman 
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auger. After flooding, soil was muddy on seasonally flooded sites ( l  and 
5) and there was no distinct separation between the A and B layers. Thus, 
only one muddy soil sample (20-25 cm <leep) was collected from each of 
bath sites when they were flooded. All samples were stored in a freezer 
shortly after collection. 

As defined by BOWEN ( 1 979), the A layer is  the upper soil layer 
containing more or less decomposed plant debris, and the B layer is the 
one below A and which consists of rock fragments more or less 
completely weathered to clays and hydrous oxides, mixed with organic 
matter. 

ANALYTICAL METHODS 

For total Hg analysis, samples were digested in aqua regia (JACOBS & 

KEENEY 1 974). From each sample, two 1 -2 g subsamples dried at 40°C in 
an oven were digested in 25 ml of a mixture of concentrated nitric and 
hydrochloric acids ( 1 :3)  by heating to boiling for 1 0  minutes. After 
cooling samples at room temperature, 25 ml of 5% KMn04 and 2 ml of 
5% K2S208 were carefully added and the samples were covered for 1 6  

hours. Then the residual KMn04 was reduced with a 20% solution of 
hydroxylamine hydrochloride to a faint pink color and sample was 
quantitatively transferred from a 250-ml beaker to a 1 00-ml volumetrie 
flask. When appropriate, further dilutions were made before measuring 
total Hg. Hg concentration was determined in 72 soil, 33 l itter and 1 4  
freshly cut moss and leaf samples b y  atomie absorption spectrophoto
metry using a Perkin-Elmer 50 B Mercury Analyzer System. Methyl
mercury (MeHg) was separated from inorganic Hg by a combined 
distillation-ion-exchange method (HORVAT et al. 1 988) and measured in 42 

soil and 1 7  l i tter samples. Samples were first lyophilized, then two 0.25-
0.5 g subsamples from each sample were weighed into a glass tube each. 
To each tube, 1 ml of 50% H2S04 , 1 ml 1 0% NaCl and 8 ml 
mill i-Q water were added. The tube was then connected to the distil lation 
apparatus. The sample was heated in an aluminium black at 1 50° C while 
a gas stream (N2 or air) was passing through the solution at a flow rate of 
200 ml/min. Whereas inorganic Hg was retained in the sample solution, 
MeHg was distilled out of the solution together with water vapour and the 
distil late was collected in a glass tube cooled in ice or water. MeHg in the 
distillate was analysed by cold vapor atomie absorption spectrometry after 
preconcentration on a gold trap (BAEYENS & LEERMAKERS 1 989). 
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A separate subsample was weighed from each sample and dried at 
1 00°C in an oven for 24-48 hours for the determination of the sample dry 
weight. Sample organic matter content was determined in dry 
subsamples by loss on overnight ignition at 600°C in a muffle furnace. 

A statistical analysis using the STATVIEW II program was 
performed to test the correlation between the sample Hg or MeHg 
concentration and organic matter content, as well as the effect of 
sampling site,  area, or season on the sample Hg or MeHg concentration 
(unpaired Student's test). 

Results and discussion 

TOTAL HG CONCENTRATION IN SOIL 

Although differences in soil texture and pH (Table 1 ), and in Hg 
concentration (Table 2) are found between the sampling sites, there was 
no significant effect of sampling site nor area on the soil Hg 
concentration. Total Hg concentration in the forest A soil layer ranged 
from 0.4 to 2.4 µg g- 1 dry weight (dw) with a median of 0.7 µg g- 1 •  In the 
B layer, Hg concentration ranged from 0.06 to 0.92 µg g- 1 dw with a 
median of 0.53 µg g- 1 and an average of 0.47 µg g-1  (Table 3).  The soil 
pH in both A and B layers together ranged from 3.9 to 7.3 with a median 
value of 4. 1 and an average of 4.5.  

Table 2 

Total mercury concentration (µg Hg g- 1 dw) in soil col/ectedfrom bath A and B layers 
of site 1 to 7 in the Zoniën (Soignes)forestfrom 1 989 to 1 990. 

Area Site no. µg Hg g- 1 dw 

Median Average S.O.  Range 

A 1 8 0.75 0.84 0.25 0.65- 1 .38 
A 2 1 2  0.66 0.77 0.45 0.06- 1 .79 
A 3 1 0  0.85 0.85 0.4 1 0. 1 7- 1 .58 
A 4 1 2  0.55 0.60 0.37 0. 1 1 - 1 .33 
A 1 -4 42 0.68 0.75 0.38 0.06- 1 .79 
B 5 1 0  0.53 0.88 0.67 0.26-2.42 
B 6 1 0  0.72 0.72 0.45 0.08- 1 .63 
B 7 1 0  0.60 0.69 0.46 0. 1 7- 1 .47 
B 5-7 30 0.6 1 0.76 0.52 0.08-2.42 

dw: dry weight; no.: number of samples; S .O. :  standard deviation. 
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Table 3 

Total mercury concentration (µg g-1  dw) in litter and soil samples collected 
in the Zoniën (Soignes) Forest during 1 989 and 1 990 

sample no. µg Hg g- 1  dw % OM 

Med. Aver. S.D. Range Med. Aver. S.D. Range 

Litter 33 0.22 0.26 0. 1 4  0.07-0.62 79 7 1  1 5 .43 42-93 

A layer soil 34 0.99 1 .03 0.43 0.4-2.42 1 3  1 8  1 1 .6 1  7-59 

B layer soil 34 0.53 0.47 0.24 0.06-0.92 2 3 1 .86 1 - 1 0  

Muddy soil 4 0.92 0.99 0.4 0.65- l .46 1 3  1 2  2.58 9- 1 5  
( A  and B)* 

Aver.: average; med.: median; dw: dry weight; no. :  number of samples; OM: organic 
matter; S.D.:  standard deviation; *: 20-25 cm deep layer of muddy soil without distinct 
separation between A and B layers. 

The observed Hg concentration values are relatively high for soil 
samples. Reference values for Hg content in soils and earth ernst (BOWEN 

1 979) range from 0.0 1 to 0.5 µg g- 1  dw with an average of 0.06 µg g- 1 . 
The average value of Hg concentration in the humus horizon of the 
Zoniën (Soignes) forest was 1 µg g- 1 dw (Table 3), whereas that found in 
the humus layer of Swedish forest soils (pH: 4) was 0.25 µg g- 1 dw with 
a background value of 0. 1 3  µg g- 1 in raw humus (LINDQVIST et al. 1 99 1 ). 

The soil organic matter content ranged from 7 to 59 % with a 
median of 1 3% and an average of 1 8  % in the A layer, and from 1 to 1 0% 
with a median of 2% and an average of 3% in the B layer (Table 3).  Hg 
concentration was significantly higher (p < 0.0 1 )  in the A soil layer than 
in the B layer (Table 3, Fig. 2), and there was a significant positive 
correlation between soil organic matter content and Hg concentration in 
the A layer (r = 0.79; p < 0.0 1 )  (Fig. 3). This is because organic matter in 
soil strongly binds Hg (LODENIUS et al. 1 983,  1 987, MITRA 1 986, 
SCOKART & MEEUS-VERDINNE 1 986, LODENIUS 1 987, 1 990a, 1 990b, 
LINDQVIST et al. 1 99 1 ), hence Hg is particularly retained in the organic 
top soi l .  Organic matter is very important in the retention and transport of 
Hg in soils. Vertical distribution of total Hg in forest soil s  is closely 
related to the distribution of the organic matter (ANDERSSON 1 979, 
LINDQVIST et al. 1 99 1 ). 

Most of the Hg in the A layer is from atmospheric origin reflecting 
an integration of Hg deposition during the past decades or centuries 
(JOHANSSON et al. 1 99 1 ,  MEILI 1 99 1 ) .  
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Fig. 2. - Organic matter content (% OM) and mercury concentration (µg g· I dw) in 
A- and B-soil layers from the Zoniën (Soignes) Forest per sampling period. 

A much weaker but significant positive correlation between soil Hg 
concentration and organic matter content (r=0.34; p<0.05) was found in 
the B layer (Fig. 4). As Hg mobilization and migration into the B layer 
depend on the mobility of the binding substrate, soluble humic matter 
complexes are probably the main carrier of Hg in the soil water phase, 
coagulating and precipitating in the deeper mineral layers (LODENIUS & 

SEPPÄNEN 1 984, LINDQVIST et al. 1 99 1 ) . Compared to the corresponding 
average values of organic matter content and total Hg concentration in 
the A soi l layer (Table 3), 82% less organic matter and 54% less Hg were 
found in the B horizon. In the B layer, Hg was probably bound to other 
mineral fractions such as clays, hydrous oxides with cation-exchange 
properties, and sulfides. 
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Fig. 3 .  - Correlation between organic matter content (% OM) and Hg concentration 

(µg g-1 dw) in soil collected from the A layer in the Zoniën (Soignes) Forest from 
January 1 989 to August 1 990 (no. = 34; y = 0.03x + 0.497; r = 0.79; p < 0.0 1 )  . 
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Fig. 4 .  - Correlation between organic matter content (% OM) and total mercury 
concentration (µg g· l dw) in soil collected from the B layer in the Zoniën (Soignes) 
Forest during 1 989 to 1 990 (no. = 34; y = 0.04x + 0.33;  r = 0.34; p < 0.05). 
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A significant (p < 0.05) and a highly significant (p < 0.0 1 )  seasonal 
trend in organic matter content and Hg concentration respectively were 
found in the A layer, with higher organic matter content and higher Hg 
concentration in autumn and winter than in spring and summer. The 
massive fall ing of leaves and other plant organs in autumn and their 
subsequent decomposition may account for the increased organic matter 
content and Hg concentration in the soil . The high Hg concentration 
observed in the soil in autumn and winter may also be due to increased 
input from the atmosphere (wet and dry deposition) during those seasons. 
Seasonal differences in Hg content of the A soil layer could also partially 
result from Hg losses by volatil ization in spring and summer. Bacterial 
reduction and volatilization of Hg from soils is indeed enhanced at 
higher temperatures in the summer months (ScOKART & MEEUS

VERDINNE 1 986) . 

TOTAL MERCURY CONCENTRATION IN LITTER AND PLANTS 

Results on total Hg concentration in plant litter are summarized in 
Table 3 and those in mosses (cf. E. praelongum and P. commune) and 
leaves of beech (F sylvatica) and nettle (U. dioical are given in Table 4. 

The range values of total Hg concentration in l itter, mosses and plant 
leaves from the Zoniën (Soignes) forest are relatively high compared to 
the range (0.005-0. 1 7  µg Hg g- 1 dw) reported by BOWEN ( 1 979) for 
vascular plants, but they are comparable to those (0.3-70 µg g- 1 )  in 
lichens, mosses and fungi (BowEN 1 979). The average values of Hg 
concentration listed in Table 4 are above 0. 1 µg g- 1 dw. According to 

Table 4 

Total Hg concentration (µg Hg g- 1 dw) infreshly cut mosses (cf Eurhynchium 
praelongum, Polytrichum commune) and in leaves of beech (Fagus sylvatica) and nettle 

(Urtica dioica) collectedfrom the Zoniën (Soignes) Forest during 1 989 to 1991 

Sample Sampling no. µg Hg g- 1 dw 

date Median Aver. S. D. Range 

cf. Eurhynchium praelongum 1 1 / 1 989, 3 0.46 0.5 1  0. 1 8  0.36-0.7 1 
1 1/ 1 990 

Polytrichum commune 1 1 1 1 990 3 0.20 0. 1 9  0.05 0. 1 4-0.23 

Fagus sylvatica 1 0/ 1 99 1  6 0. 1 9  0.20 0.05 0. 1 5-0.26 

Urtica dioica 0 1 1 1 989, 2 - 0.30 0. 1 5  0. 1 9-0.40 
1 1 / 1 990 

Aver.: average; dw: dry weight; no.:  number of samples; S.D. :  standard deviation. 
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LINDQVIST et al. ( 1 99 1 ), total contents of Hg in vegetation are usually 
below 0. 1 µg g- 1 dry weight in background areas. Hg found in mosses, 
plant leaves and l itter most likely originated from the atmosphere. I t  is 
known that the accumulation of Hg in the above-ground plant parts is 
mainly due to plant uptake of particulate and volatile Hg from the 
atmosphere (BEAUFORD et al. 1 977, LINDBERG et al. 1 979, HUCKABEE et 

al. 1 983,  B A RGAGLI et al. 1 986, SHAW et al. 1 986, MOSBAEK et al. 1 988, 

LODENIUS 1 990a, LINDQVIST et al. 1 99 1 ,  PADBERG & STOEPPLER 1 99 1 ) . 

There is much evidence from the literature (RAUTER 1 976, BEAUFORD et 

al. 1 977' FUKUZAKI et al. 1 986, GODBOLD & HüTTERMANN 1 986 & 1 988, 

MüSBAEK et al. 1 988) that Hg uptake by plant leaves via roots from the 
soil is insignificant. LINDQVIST et al. ( 1 99 1 )  reported that al most no Hg 
from the soil is taken up into the shoots which seem to be an important 
harrier against the entry of Hg into the above-ground parts of plants. 
Evidence of l irnitation of Hg translocation from soil to the aerial plant 
(Hordeum vu/gare) parts, such as shoot and grain, was also noted by 
PANDA et al. ( 1 992). 
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Fig. 5. - Organic matter content (% OM) and mercury concentration (µg g- 1 dw) in 
litter from the Zoniën (Soignes) Forest per sampling period. 

The moss cf. E. praelongum had much higher Hg concentration than 
each of the other plant species. This may be due to the fact that cf. E. 

praelongum is almost wholly green and the highest Hg concentrations 
always occur in the green plant parts (BARGAGLI et al. 1 986), and this 
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moss grows just a few centimeters above the ground where its Hg 
content may be affected by Hg in superficial soil, whose degassing 
presents an air source of the metal (BARGAGLI et al. 1 986). 

The Hg accumulation capacity of the moss species supports the 
assertion that moss can be used for monitoring airborne Hg pollution 
(HUCKABEE 1 973,  WALLIN 1 976, KANERVA et al. 1 988, LODENIUS 1 990a, 
NUORTEVA 1 990) . 

High organic matter content and relatively low Hg concentration 
were found in litter (Table 3) with a slight but not significant positive 
correlation (r = 0.29; p = 0. 1 ). There was no considerable effect of 
sampling site on Hg concentration in l itter. Hg and organic matter 
contents of litter were much high in November 1 989 (Fig. 5) but they did 
not show any significant seasonal trend. The relatively high Hg level in 
l itter in autumn may probably be due to dry and wet deposition from the 
atmosphere during autumn. Earl ier findings on vegetable plant crops 
(ELSOKKARY 1 982), moss (HYNN I EN & LODENIUS 1 986) and Vaccinium 

myrtillus leaves (KOSKI et al. 1 988)  also showed higher Hg concentration 
in autumn and winter than in spring and summer. 

METHYLMERCURY CONCENTRATION IN SOIL AND LITTER 

Methylmercury concentrations in l itter and soil samples are 
summarized in Table 5 and their average values, together with those of 
total Hg, are plotted in Fig . 6. Methylmercury concentration in l itter 
samples (average: 4 ng g- 1 ) accounted for about 1 .5 % of the litter total 
Hg content. The litter methylmercury content was not significantly 
correlated to the total Hg concentration, nor to the organic matter 
content. Methylmercury in l itter may originate from the atmosphere and 
also be formed during the decomposition of organic matter in litter, and 
then bind to the humic acid fraction in soi l .  Biologica! decomposition of 
litter may transform mercury compounds into forms available for 
methylation. 

The average of methylmercury concentration in the A soil layer was 
3 ng g- 1 dw and accounted for about 0.3% of the soil total Hg 
concentration. With an average of 2 .2 ng MeHg g- 1 dw in the B layer, 
methylmercury accounted for 0.6% of the total Hg in that soil layer. The 
methylmercury concentration in soil is comparable to (but slightly higher 
than) that reported by LINDQYIST et al. ( 1 99 1 )  for Swedish forest soils 
(0.3-2.6 ng MeHg g- 1 dw). A relatively high methylmercury concen-
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Fig. 6. - Concentrations of total mercury (µg g- 1 dw) and methylmercury 
(ng g-1 dw)in litter and soit from the Zoniën (Soignes) Forest during 1 989 and 1 990. 

tration in litter and soil in summer can also be noticed (Table 5).  This 
may be due to an enhancement of Hg methylation in litter during summer 
months, a liberation of methylmercury from fallen leaves during their 
decomposition in summer, and/or an increase of methylmercury percent 
in soil by loss of inorganic Hg because of Hg volatilization in warmer 
seasons. Hg methylation enhancement by increased temperature in soil 
was reported by ROGERS ( 1 976) and CAPPON ( 1 984). Although soil 
organic matter content, pH and Hg concentration have been reported to 
closely influence methylmercury production in soil (ROGERS 1 976, 1 977, 

CAPPON 1 984, GODBOLD & HüTTERMANN 1 986), soil methylmercury 
concentration found in the present investigation was not correlated to the 
soil organic matter content, nor to the Hg concentration, neither to the 
soil pH. 
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Table 5 

Seasonal variation of methylmercury content (ng g-1 dw; ng g-1 OM) and 
methylmercury percent of the total mercury content (% MeHg) of litter and soit samples 

from the Zoniën (Soignes) Forest 

Sampling MeHg content of l itter MeHg content of soil 

period ng g- 1 dw % MeHg ng g- 1 OM ng g- 1 dw % MeHg ng g· 1 OM 

Jan. 1 989 3 .44 1 .45 4.44 3 .05 0.77 7 1 . 1  
May 1 989 4.4 1 1 .99 4.32 2.5 1 1 .2 l 58.88 
Aug. 1 989 4.83 1 .7 1  7.63 2.89 0.87 58.79 
Nov. 1 989 3 .36 1 .0 1  4.49 1 .79 0.2 1 29.7 1 

MeHg concentration was relatively higher in l itter than in each of 
the A- and B-soil layers, and slightly higher in the A horizon than in the 
B (Fig. 6). PADBERG & STOEPPLER ( 1 99 1 )  noted a clear accumulation of 
Hg and methylmercury in humus horizon and a decreasing concentration 
with increasing soil depth, and an influence of the distribution of organic 
matter on the distribution of MeHg in grassland and forest soil profiles in 
Germany. The authors attributed the occurrence of methylmercury in the 
studied soil profiles to an equilibrium of the methylmercury input mainly 
from atmospheric deposition, vegetation constituents and decomposition 
processes. 

The percent methylmercury was higher in the B soil layer than in 
the A layer (Table 6). The underlaying reason is unknown but an 
occurrence of higher methylation rate of inorganic Hg in the B soil layer 
than in the A layer may account for the difference. 

Table 6 

Methylmercury concentration (ng MeHg g-1 dw) and methylmercury percent of 
total mercury (% MeHg/tot Hg), organic matter (% OM) and MeHg normalized 

to organic matter content (ng MeHg g-1 OM) of soil and litter samples 
from the Zoniën (Soignes) Forest 

Sample no. Me Hg MeHg/ % OM MeHg 
(ng.g- 1 dw) tot Hg ng.g- 10M 

Aver SD Range % Aver Range Aver 

Litter 1 7  3 .97 1 .5 1 .26 - 6.59 1 .5 1  76 45 - 93 5.3 
Soil :  total 42 2.6 1 .4 0.9 1 - 7.94 0.7 1 I l  l - 59 5 1 .8 1  
A layer soil 22 2.95 1 .7 1 .2 - 7.94 0.35 1 9  7 - 59 22. 1 4  
B layer soil 1 9  2.24 0.8 0.9 1 - 4 1 . 1 4 3 1 - 6 88.23 
Muddy soil 1 1 .9 - - 0. 1 3  1 5  - 1 2 .54 
(A and B) 

Aver: average; dw: dry weight; no. :  number of samples; SD: standard deviation. 
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Conclusions 

Soil, l itter and plants from the western part of the Zoniën (Soignes) 
Forest are shown to be contaminated with total mercury. Mercury found 
in mosses, plant leaves and litter most likely originates from the 
atmosphere. Organic matter and atmospheric deposition seem to be the 
main sources of mercury found in the forest soi l .  Mercury concentration 
is relatively high in the upper soil layer and much lower in the rnineral 
layer. The upper layer of the forest soil contains higher mercury 
concentration in autumn and winter than in spring and summer, probably 
due to increased dry and wet deposition from the atmosphere in autumn 
and winter, and/or increased volatilization in spring and summer. 

Methylmercury is found in l i tter and soil samples, with relatively 
higher concentration in l itter than in soil .  Methylmercury in l itter 
probably originates from the atmosphere and the decomposition of 
organic matter. Atmospheric deposition, l itter decomposition process and 
methylation of soil mercury account for most of the methylmercury in 
the forest soil .  

Further investigation is  still needed to determine all mercury species 
in the whole forest ecosystem. 
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