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1. INTRODUCTION
In all branches of science, the development of new techniques and

methods of investigation is as central to progress as the formation of new
ideas and theories. As the study of pollution effects on vegetation has
progressed, new techniques and new methological approaches have been
developed, so that we new have a range of established methods which have
been used to establish links between pollutant exposure and plant
response. Nevertheless, progress in identifying the role of air
polluation in the forest declines currently affecting many parts of Europe
has not been encouraging; although many hypotheses exist, convincing
evidence in support of them is fragmentary. Why is this? Is it that we
are faced with a problem of unparalleled complexity, which will take
decades to resolve by whatever method? Or are the methods we are using
inappropriate, and restricting the development of scientific
understanding?

2. HISTORICAL BACKGROUND
Before considering the current situation, it may be useful to briefly

consider the historical development of methods of establishing that
symptoms of plant injury are due to air pollutants. The first cases of
injury investigated were around individual sources of pollution, which
produced visible symptoms characteristic of the particular pollutant and,
in extreme cases, drastic modifications of the forest ecosystem. Thus
Gorham & Gorham (1963) found that around a large smelter at Wawa, Ontario
species number increased with distance downwind frcm the smelter. In the
zones in wnich individual species started to survive, characteristic
symptoms of injury due to sulphur dioxide oould be found. In such cases,
the clear spatial association between pollutant source and the affected
vegetation and the existence of necrotic symptoms typical of specific
pollutants make diagnosis relatively straightforward; certainty in
attributing causes can be increased if the opportunity is available to
examine the area before the source is operational.

In such cases, the existence of specific visible necrotic symptoms
which are characteristic of specific pollutants is central to diagnosis.
These symptoms, however, are not sufficient in themselves for diagnosis.
Symptoms which are superficially similar may be caused by other stress
factors; for example, same symptoms caused by fluoride are similar to
symptcjns produced by de-icing salts, moisture stress, virus infections,
certain pesticides and certain nutrient deficiencies (Taylor et al.,
1986). [here are also cases in which similar symptoms can be caused by
different pollutants. Lewis & Brennan (1978), for instance, showed that
undersurface glazing of leaves of Petunia hybrida, a symptom ccmmonly
attributed to peroxyacetyl nitrate (PAN), could be produced by fumigation
with a combination of ozone (CO and sulphur dioxide (SCO.

To a certain extent, such problems may be resolved by chemical
analysis of affected tissue (for instance, to demonstrate the presence of

-645-



elevated concentrations of sulphur or fluoride) or by a detailed
histological examination of the affected tissue (e.g. Miller & Evans,
1974). However, analysis of spatial and temporal variations in symptom
expression are also important diagnostic tools. The increased prevalence
of symptoms close to a source of pollution, or in areas experiencing
higher concentrations of the suspected pollutant, provides good evidence
to support diagnosis based on visible symptoms. Furthermore, since
visible symptoms frequently appear immediately after exposure to high
concentrations of the suspected pollutant, links may be established by
simultaneously monitoring symptom occurrence and pollutant concentrations.
Thus, in the example quoted above, lewis & Brennan (1978) showed that
PAN-like symptons of undersurface glazing, of petunia developed after the
occurrence of relatively high concentrations of O, and SO- in the field.

3. REGIONAL-SCALE DECLINES
After the Second World War, cases of forest decline began to develop

which were spread over much wider areas, and which were not associated
with obvious point sources of pollution. These problems emerged at the
same time as the development of taller stacks to improve dispersal of
pollutants, and the increased importance of secondary pollutants, such as
ozone. One such problem was the appearance in the 1950s of a new disease,
initially called 'X disease', on Pinus ponderosa in the San Bernadino
mountains of southern California (Parmeter et al., 1962). At the same
time, the development of post-emergence chronic" tipburn and ch lor otic
dwarf of Pinus strobua was giving rise to concern in a number of areas of
the eastern United States (Berry & Hepting, 1964). In both cases,
diagnosis was lengthy and time-consuming, partly because it was not
immediately obvious that pollutants might be involved, and experimental
approaches were needed. Initially, these included pruning and
fertilisation experiments, transplantation of trees in and out of affected
areas, and grafting experiments; such procedures led to the conclusion
that an atmospheric constituent was of central importance (Berry &
Hepting, 1964; Parmeter & Miller, 1968). However, it was the use of
controlled laboratory fumigation experiments, and the development of
techniques to filter pollutants from the ambient air, that was crucial in
identifying the pollutants involved (Dochinger & Sinclair, 1970; Costonis
& Sinclair, 1969; Richards ejt al^, 1968).

The recognition that long-term exposure to relatively low
concentrations of pollutants could cause adverse effects on plant
performance over wide areas in the absence of any visible symptoms
provided additional impetus to the development" of techniques for
experimental manipulation of the exposure of plants to pollutants. The
past two decades.have seen the development inter alia of open-top chamber
systems to control air pollutant concentrations under environmental
conditions close to ambient; of field fumigation systems for the addition
of air pollutants under ambient conditions; of field systems for the
addition of controlled levels of acid rain; and of sophisticated
laboratory systems allowing , simultaneous control of both pollutant
concentrations and environmental conditions. Many of these developments
have themselves been dependent on the rapid expansion of ccnputer
technology over thfcs period.

The new wave of forest declines currently affecting Europe, North
America, and other parts of the world exhibit features which distinguish
them frcm the regional declines described above. Although both affect
large areas, and both show wide variations in response between adjacent
trees, there appears to be a key difference in the nature of the symptoms

-646-



observed. In these former cases, there was a consistent symptamology
found at affected sites, which was ascribed to a single major cause, viz.
air pollutants. In the present situation, however, most of the reported
symptoms, such as premature leaf loss, altered branching patterns and
decreased crown density, are not specific, but may be caused by a range of
environmental stresses. Furthermore, the visible foliar symptuns
exhibited by the same species may differ on different sites; for instance,
Hehfeuss (1985) has identified several damage types for Picea dbies in
Uavaria. Finally, a wide range of tree species are affected.

Cowling (1985) listed seventeen regional-scale declines which have
developed in western Europe and North America in this century; he aryued
that all are the result of several stress factors acting simultaneously
or sequentially. Manion (1981) developed the concept of multiple
causality by distinguishing three types of stresses which act cumulatively
to send an individual tree into a spiral of decline. The first of these
are predisposing stresses, which have a long-term role in weakening the
tree and making it susceptible to short-term inciting factors: these
inciting factors are episodic stresses which induce sudden physiological
shocks. Finally, contributing factors, such as biotic diseases, may
accelerate the decline of an affected tree. In these schemes, pollutants
may generally play the role of either a predisposing or an inciting
stress, or indeed both.

4. CHOICE OF METHODOLOGY
A range of techniques have been developed to investigate the

relationship between pollutant exposure and plant response. Ihese
techniques can be envisaged as lying along a gradient of decreasing
experimental control and increasing realism. Thus fumigation experiments
under controlled environmental conditions provide a high certainty of
ascribing an observed response to pollutants and provide the opportunity
of reproducing these conditions; however, there is uncertainty alxiuL how
relevant these conditions are to the real world. In contrast, lield
observations provide information under ambient climatic conditions ml
within the complex interactions of plant communities;' however, ihe lack oi
experimental manipulation makes it more difficult to prove CJUSL- ef r̂-.:t
relationships. Field experiments lie in an intermediate |>)sn inn,
depending on the extent of experimental interference wiUi the IH.-,I
ecosystem.

The choice of methodology for a particular diagnostic test cannot t«
made in isolation; it depends on a number of fact6rs including one's
conceptual understanding of the problem being investigated and the nature
of the scientific questions being addressed. Last (1983) has argued that
procedures analogous to those proposed by Koch for identification of the
symptoms of diseases with pathogenic organisms can be used to test, the
involvement of pollutants in forest decline. Thus the major tests i > (».•
satisfied would be that a particular pollutant (or combination of sttess
factors) must be constantly associated with the symptom in the field, tji.it
the symptom can be reproduced by exposure to the pollutant (or comb in it. ion
of stress factors) under controlled conditions, and that. the symjitmt.. • m
be eliminated by removal of the pollutant (or combination n| >I.I.-, .
factors).

However, other plant patholog ists have been less convinced ot up-
value ot Koch's postulates as a basis tor the diagnosis ot plant 'IISLMV,.
hoc instance, Wallace (1978) argued that aLl plant diseases tuwu muii i;>i..-
causes, in contrast to Koch's model of a single pathogenic orj.iuisiii. I'm-,

are thought to differ only to the extent ot which they .H"J lumoi
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Lo causal factors; in some cases, one factor is so predominant that it can
he identified as the 'cause', whereas for other cases a larrje number of
factors may contribute. Wallace (1978) suggested that for disoasos ot
complex etiolocjy, Koch's postulates were of limited value; in such cases,
the major objectives should be to determine the relative importance of
different factors, to understand how they relate to each other and to rti.•
• liS'Msu symptoms, and to identify the roles played by different factor-';.
il>." argued that the most appropriate initial method of approach is n<^
i'<|-»'r iinuntal, but a field-based synoptic approach, 'in which sets of data
on the prevalence of a range of disease symptoms, and on a range I
• •iiv ironmental factors, are collected and then related using mul t iv<jr 1 .it »•
statistical approaches. This should lead to formulation of hypotnosi's
about; how these factors are linked which can be- tested in field
<;x;>.'r iments.

This analysis of methodological approaches in plant pathology seems
to provide a pertinent analogy for pollution studies, in which cases may
range from acute visible injury in the vicinity of a single large source
of: pollution to large scale decline phenomena to which many factors may
contribute. It is highly unlikely that the same methodology will be
appropriate in all these cases. For example, in analysis of spatial and
temporal variation in biological response around a single source, spatial
MV\ ternporal variation in other environmental factors, e.g. in
i:̂  .:• >-J.imate or soil conditions, is treated as 'noise' (Green, 1979).
h';>wcv'-r, in multiple stress situations, in which soil conditions,
remjx-r.iture, water stress etc. may all contribute to the observed
phen.• nKjna, such a method of analysis may longer be useful.
' i > i" ntrolled laboratory experiments

P. is possible to diagnose a complex multi-factorial situation by
designing more and more complex experiments under controlled environmental
conditions? I would argue that this is not likely to be a fruitful
ar-p! >;-jh for a number of reasons. The results of experiments studying the
liiter.-jci ion between just two factors indicate that there are many
linctff.'i! nties about their outcome. The nature of the interaction between
: he same two pollutants has been shown to be dependent on the
concentrations in which they are applied and the length of the exposure.
!hu-. Mcriowall & Cole (1971) reported that synergistic interactions between

anri S0 0 on Nicotiana tabacum were especially pronounced when both were
:;f.;:.in! at close to their threshold doses, while Heagle & Johnson (1979)
four*! 'v-jtih synergistic and antagonistic interactions between O, and SO2 on
i,iy.->'!<: max, depending on the concentrations used.

Tho time sequence of exposure may be important; thus Hogsett ot al.
(I984i found that SO- and NO, reduced the growth of Raphanus sativus when
applied simultaneously, but not when applied sequentially. Even when only
•-.inqlo [xHlutants are involved, the time course of pollutant exposure may
bo critical to the outcome. Garsed S> Rutter (1984) compared the effects
on Pinus sylvestris of exposure patterns to SO- which provided the same
long-term mean concentration, but different patterns of temporal
fluctuation; they found some evidence of greater effects on growth of a
treatment providing peaks of 20-30 h duration compared with a treatment
providing no peaks. Chanway & Runeckles (1984) reported a complex
relationship between the length of exposure of Phaseolus vulgar is to 1<JW
concentrations of ozone and the subsequent impact of an acute dose.

The nature of interactions between pollutant exposure and other
environmental factors is also known to show complex relationships with
pollutant concentration, exposure duration, and temporal dynamics. For

(•instance, Heggestad et al. (1985) reported that the nature of interactive
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effects between O^ and soil moisture stress on yield of Glycine max varied
according to the concentration of 0, applied. Rpcent work at our
laboratory has shown that the growth rate of Aphis fabae on Vicia faba is
increased by exposure of the plants to 100 ppb O3 for' less than 24 hours;
however, exposure of the plants to 0, for 24 hours or longer tends to
reduce aphid growth rates (Brown, pers. conrn.). The environmental
conditions under which an interaction is studied may also influence the
outcome. Thus, with another aphid/plant system, Cinara pilicornis on
Picea sitchensis, Brown (pers. connt.) found that exposure of plants to O,
at low temperatures enhanced aphid survival, but at high temperatures the
opposite effect was found. Symptom expression may also be affected;
Miller & Davis (1981) reported that exposure of Phaseolus vulgaris to
<Xj/SO_ mixtures produced O_-type symptoms at 32 C, SO--type symptoms at
laX, and a mixture of symptoms of 24 C.

Finally, there is evidence that plant age and the stage of
development of individual leaves may influence responses to pollutants.
Thus Davis & Wood (1972) reported that needles of sensitive conifers were
generally most injured by acute doses of O, between. 4 and 10 weeks after
budbreak, while Evans et al. (1978) reported that simulated acid rain
caused more visible lesions on leaves of hybrid clones of Populus which
had just expanded than on very young or very old leaves. Garsed & Bell
(1978) exposed seedlings of Pinus sylvestris ranging in age from 0.6 to
3.0 years to SO_, and found the greatest effects on dry weight on the
youngest material. The effects of the much wider difference in age
between a mature forest tree and the seedlings and saplings which must be
used in controlled environment facilities are not certain. Nevertheless
it seems inevitable that the major differences between them in, for
instance, hormonal balance, water relations, assimilate partitioning,
canopy processes and reproduction must have a major influence on the
nature of pollutant effects on tree function.

Clearly, given the complex nature of two-factor interactions, the
uncertainty attached to the outcome of four- or five-factor experiments
will be considerable. In such circumstances, experiments involving
different levels of stress and different temporal patterns for each factor
will rapidly become impossibly complicated. The alternative, of
reproducing the precise temporal dynamics of each stress factor observed
in the field, in order to ensure that the experiment is carried out at a
point on the response surface which is similar to that observed in the
field, may be technically feasible. However, one must question whether
the effort expended on reproducing field conditions in this way might not
be tietfeer used in manipulating the field situation in situ, especially as
there are same aspects of the field (e.g. the physical separation between
roots and leaves, and the population dynamics of major pests) which cannot
be satisfactorily handled in a physically restricted environment,
(b) Field observation

Field observations may be used to establish associations in time
and/or space betwen symptom expression and ambient pollution levels. As
indicated above, such associations can provide strong evidence of the
adverse effects of a single large source of pollution, as the scale of
spatial or temporal variation in pollution levels is large compared to
that of other factors. However, the value of such an approach in
large-scale declines, which may have developed over many yedi.s, and in
which many causal factors may be involved, is less certain.

Although much effort has been spent throughout Europe over the past
few years in national surveys of tree health, there has been little
attempt to analyse the causes of the observed spatial variation, or to
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test associations with pollutant distribution. In the U.K., djt.i f r «n
surveys in 1984 and 1985 were subjected to a step-wise multiple n<|r«ssn»i
analysis (Binns et al., 1985r 1986). Sulphur deposition was used as a
variable alongside climatic factors (such as rainfall) and site factors
(such as slope); it was found that for Pinus sylvestris, needle lonrji.-v it y
was increased in areas with higher levels of sulphur deposition. il> M W . T ,
is a simple multiple regression technique, which seeks rel.it ionsh i;>s
between an individual symptom and a limited set of uncorrelat id cius.il
factors, a useful model for the analysis of complex multi-factor d».'<:lin.>
phencmena? When surveys are based on a small number of symptoms, at
whatever level of biological organisation, there is no possibility of
recognising links between groups of stress factors and groups of plant.
responses, and thus the generation of testable hypotheses is unlikely.
Similarly, if only one or two stress factors are included, if is
impossible to evaluate the relative importance of different causal a'junts
or to identify critical combinations which may be linked to specific
symptoms. There is thus a need to recognise that the response of the
forest ecosystem can best be described by a suite of symptoms, which may
be expressed at different levels of biological organisation, and that a
large number of variables may be required to describe adequately the
causal factors which may be involved.

Implicit in this approach is the use of multivariate techniques, such
as cluster analysis, principal components analysis and discriminant
analysis, for interpretation of field data. Such techniques are routinely
used in the interpretation of data on water pollution and its effects
(Green, 1979), but have received surprisingly little attention in the
analysis of the effects of airborne pollutants. Nevertheless, they are
exceptionally powerful tools for evaluating complex ecological problems,
since they allow relationships between groups and combinations of
variables to be readily identified. One example of the use of this type
of analysis is the work of Young & Matthews (1981) who exposed Pisum
sativum plants at a number of sites in north-east England. They used
canonical correlation analysis to identify relationships between a set ot
environmental parameters and a set of four parameters describing plant
response. The analysis allowed identification not only of simple
relationships (e.g. between temperature and plant growth), but also
interactive effects (e.g. between maximum temperature, minimum temperature
and the fluoride content of plant parts).

The use of field-based observational approaches to seek spati.il <ind
temporal associations between symptoms of plant response and air pollutant
inputs may be limited by the problems of defining the dose of each
pollutant received by the plant. Where large numbers of sites are
involved, it rapidly becomes prohibitively expensive to monitor
continuously all pollutants. It is not always certain what the importance
of occasional episodes of high concentrations is, as opposed to lorvj-t'T-rn
mean concentrations which can be determined at lower cost for certain
pollutants, e.g. using diffusion tubes (Atkins et al., 1986). In the
absence of on-site measurements, it may be possible to use interpolated
data from monitoring networks (although their accuracy will depend on the
density of the monitoring stations) or values derived from computer
models. However, local topographic and microclimatic features may
substantially alter the concentrations and rates of deposition which are
actually experienced at an individual site. It is not possible to
generalise; different physical forms and different pollutants exhibit
different scales of temporal and spatial variation which influence the
certainty with which their deposition rates at any point can be estimated.
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However, it is clear that better methods of evaluating site-specific
pollutant levels need to be developed if data from large-scale £iel<i
surveys are to be used to best advantage.

In using temporal associations to establish relationships between
pollutant exposure and plant response, the use of historical data may be
ijt considerable value. In the case of lake acidification, the analysis ot
diatom assemblages in sediment cores has provided crucial evidence <>£
decreases in pH in catchments with different management histories
(battarbee & Charles, 1986). More recently, evidence has been obtained of
a reversal of this trend over the past five years (Battarbee et al.,
1988), which is associated temporally with the fall in U.K. SO_ emissions
since 1980. Measurements of the growth rings of Picea abies (Kenk e_t al.-,
1984) or of annual shoot growth of Fagus sylvatica (Roloff, 1985T hi~ve
shown that growth rates of trees showing visible symptoms of decline began
to decrease about 20-30 years ago. There have been few attempts in Europe
to relate such changes in annual growth rate to environmental parameters.
Such a dendrochronological approach has received greater attention in the
eastern U.S.A. in relation to declines of Picea rubens and other sjjecies.
For example, Cook (1985) developed a model to predict annual ring growth
from climatic data using information for the period 1890-1950. Subsequent
ring widths were close to those predicted until 1967, when they began to
fall below those predicted. Such results provide evidence of recent
changes in tree growth patterns, but in the absence of good historical
pollution data, it is difficult to provide more rigorous tests of the role
of pollutants in this. The value of such an approach could be enhanced by
paying attention not only to ring width, but also to ring structure, or
chemical composition. Fumigation experiments with SO-, for example, have
shown that its effect is mainly on the formation and structure of latewtxxl
in both Picea abies and Fagus sylvatica (Keller, 1978; Keller & Beda-Puta,
1981). In field studies of Pinus densiflora around an industrial area,
Yokobori & Ohta (1983) found that pollutant levels were more closely
correlated with an index combining ring width with variations in ring
density than with ring width alone.

It is vital to recognise the importance of the ability of a tree to
respond to environmental changes. A range of hcneostatic mechanisms may
be involved in recovery of the organism from the impact of an
environmental stress, whether it be an episode of high pollutant
concentrations, a severe drought, or a pest outbreak. Thus changes in
responses to environmental stresses may of considerable diagnostic value.
There is evidence of this type from dendrochronolog ical studies. For
example, Mclaughlin et al. (1985) found that the growth of both healthy
and declining individuals of Acer saccharum was depressed by an outbreak
of forest tent caterpillar in 1975-78, but that the growth of the healthy
individuals recovered to a much greater extent after.the outbreak.

Temporal associations between pollutant input and physiological or
biochemical response may also be of value. Lee et. a_l. (1987) compared the
responses of the substrate enzyme nitrate reductase to episodes of wet
deposition of nitrate in Sphagnum species. Vt\en Sphagnum cuspidatum was
transplated from a relatively unpolluted site to the southern Pennines, an
area of northern England where many Sphagnum species have disappeared, the
response of nitrate reductase to nitrate deposition was initially
observed, but rapidly disappeared. In contrast, populations from the
southern Pennines showed a very low activity of nitrate reductase, and no
response to nitrate deposition. These different patterns of response
provide good evidence of that nitrate deposition is a major factor
res[xjnsi!:le for the poor performance of these species in the southern
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Pennines.
(c) Field experimentation

Field observations can provide evidence of associations between a sot
of causal agents and forest decline symptoms, from which it may be
possible to construct working hypotheses to explain the relationships
between them. If there is evidence that pollutants are involved, is it
possible to test this working hypothesis by manipulating the forest system
in the field to test whether responses consistent with the hypothesis
occur? The need to do this on the scale and level of complexity of ,i
mature forest raises two major problems. Firstly, can techniques
developed for use with crops or tree saplings simply be scaled up and,
secondly, will the requirement for an adequate level of replication in the
more variable field environment make the exercise prohibitively expensive:*

Techniques for the application or removal of dry deposited pollutants
offer a range of possibilities for field studies in mature forest
canopies. One possible approach is the use of outdoor fumigation systems
(e.g. Mcleod et al., 1985). Such systems have the major advantage that
they cause minimal environmental alteration, and thus the responses of
ecosystems can be studied in situ. However, the use is limited to the
addition of pollutants to the ambient concentrations; although non-chamber
exclusion systems have been constructed (e.g. Olsyk et al., 1986) the
large air flow required results in their use being limited to low growing
crops. Outdoor fumigation systems have been used effectively with tree
saplings (Shaw, 1986) or with rows of fruit trees (de Cornus et al.,
1975). Their application, however, in closed forest canopies is less
certain. A second major type of approach is the use of open-top or
semi-open top chambers to enclose tree saplings or individual specimens.
Such chambers have been used to study the effects of both pollutant
addition or removal (e.g. Arndt et al., 1985; Wang et al., 1986).
However, the environment within such chambers is inevitably different from
that outside; temperatures are higher, rainfall is partially excluded, and
wind speed and direction are altered. Furthermore, the presence of. pests
and pathogens may be considerably altered. Such chambers were originally
developed for use with crops and were restricted in dimensions to 2-3 m.
Although it is physically possible to construct larger chambers, it is not
yet clear whether the problems of increasing scale will not cause
insuperable problems in terms of greater alteration of environmental
conditions and ensuring air distribution patterns which provide realistic
patterns of pollutant deposition within the tree canopy. A final inethul
of approach which may prove valuable in mature canopies is the enclosure
of individual branches. The exclusion of ambient pollutants has proved to
be a useful tool, for example, in identifying the cause of necrotic damage
to needles of Pinus strobus (Costonis & Sinclair, 1969) or leaf-roll
necrosis of. lilac (Hibben & Taylor, 1974). In the latter case,
solar-powered motors were used to provide air circulation through ,t
cylinder enclosing individual branches. Treatment of, individual branches,
rather than the whole tree, means that only certain questions can be
addressed and the validity of the approach in long-term experiments
depends on the extent to which individual branches act as autonomous units
or ..ire influenced by physiological changes in neighbouring branches.
Nevertheless, this technique may provide a useful method for examining how
pollutant impact is modified by differences in microclimate, and in leaf
structure and physiology, through a forest canopy and for testing whether
pollutants contribute to specific leaf symptoms.

Methods for manipulating the wet deposition of pollutants have also
primarily been developed for use with crops or with tree saplings; two
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major difficulties arise in increasing the scale of application. Firstly,
it ambient rainfall is not excluded additional applications will increase
total rainfall above that normally received, and in polluted areas a
suitable control treatment is not available. If, on the other hand, sane
torm of. permanent shelter is constructed to exclude ambient rainfall, the
environmental conditions in the experimental area will inevitably be
jltered substantially. A valuable campremise is provided by automatic
exclusion systems, which allow shelters to be moved into position at the
onset of a rain event (e.g. Kuja et al., 1986), but the feasibility of
contructing such a system for a mature forest system must be doubtful.
The second major problem is that of providing a facility that
realistically simulates the process of interception of wet deposition by
forest canopies. This problem may be particularly acute in the case of
wind-driven cloud or mist, which because of their high ionic strength and
high efficiencies of capture by forest canopies (Lovett, 1984) may make a
major contribution to total wet deposition in many areas.

The technical possibilities of manipulating wet and dry deposition
rates of pollutants to a forest canopy all have major disadvantages in
terms of cost and a requirement for power, which prevents their
application at remote sites. However, it is important to recognise that
comparatively simple manipulative experiments may still provide useful
diagnostic information. A good example is the use of fertilisation
experiments for the diagnosis of nutrient deficiencies. This approach is
well established in forestry, and has been usefully applied to current
problems of forest decline. For example, Zoettl S. Huettl (1986) reported
the results of three diagnostic fertilisation trials, based on analysis of
nutrient contents of needles and soils at sites showing different types of
forest decline symptom. At one site, application of zinc, calcium and
magnesium resulted in a greening of chlorotic tips* of older needles of
Picea abies which was associated with increased needle content of these
elements; at a second site, showing needle loss, tinselling and general
chlorosis of the same species, it was application of potassium which led
to an improved green colour and more vigorous growth. Another type of
manipulative experiment designed to test the role of mineral deficiences
in the development of chlorotic symptoms on the older age classes of Picea
aDies was reported by Lange et al. (1987). This experiment was based on
the observation that chlorosis often developed in late spring when a new
tlush o£ green needles was produced, suggesting that a translocation of
critical mineral elements was responsible. They removed terminal buds
from branches of both symptomatic and asymptomatic trees; chlorophyll
contents of previous year's needles of asymptomatic trees were not
affected by this procedure, but those in symptomatic trees were ncreased
by removal of the new flush of needles. The relationship of these changes
to altered nutrient contents was not clear in this particular experiment,
but this experiment shows the importance of retranslocation between older
needles and new needles in the development of chlorotic symptoms in the
former.

This type of simple manipulation experiment can provide equally
valuable negative results. Thus Parmeter & Miller (1968) reported that
fertilisation with NPK, or injection of micronutrients into tree stems,
hud no effect on chlorotic mottle of l>inus ponderosa. They also used
reciprocal grafting to establish the cause of this symptom. Healthy
scions grafted onto diseased trees remained healthy, while scions showing
chLorotic nettling continued to exhibit symptoms when grafted onto healthy
trees; these results strongly supported the inferen-.. .• hat the observed
symptcnis were due to direct effects of an air pollu.ant, rather than
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inadequate root supply or the presence of a transmissable pathogen.
Such techniques do not provide direct tests of the role of particular

pollutants in causing observed symptoms, and clearly cannot provide a
complete diagnosis. Thus, the demonstration of a specific nutrient
deficiency still leaves the question unanswered of why this deficiency has
developed; the roles of, for example forest management, of soil
acidification or of enhanced rates of leaching remain to be elucidated.
Nevertheless, such simple and inexpensive techniques,, which may provide
positive results relatively quickly, may be invaluable in excluding
certain hypotheses, and in identifying critical aspects of the decline
phenomenon. As such, they can serve to focus the more elaborate, more
time-consuming and more expensive research programmes on the relevant
scientific questions.

It may indeed be possible to develop more specific chemical
treatments to study the role of specific pollutants at remote field
locations. One example is the use of ethylenediurea (ECU), a chemical
which protects plants from injury due to ozone. Foliar spraying of EDU on
agricultural crops has been shown to reduce visible O- injury and increase
yield (e.g. Bisessar, 1982). The compound has been shown to protect tree
seedlings from 0, damage in greenhouse conditions (Roberts et al., 1985)
although it has not yet been used with larger trees in the field. The
potential of this, and other such chemicals, as a diagnostic tool must be
considerable, as they also offer possibilities of investigating
interactions between 0, and other stresses in the field.

5. CONCLUSIONS
The Interpretation of observations and experimental manipulations

made under field conditions will require a thorough understanding of the
normal functioning of a forest ecosystem. Since a full diagnosis of
multiple-stress situation may require unravelling very subtle and complex
interactions between pollutant inputs and the annual patterns of growth,
decomposition and nutrient cycling within the forest, it is essential that
good conceptual models of the system are available. Such models will be
an essential tool in the integration of information obtained at different
levels of biological organisation, as well as in synthesis of the enormous
body of data now being accumulated throughout Europe. Unfortunately,
there are many gaps in our knowledge of healthy forest ecosystems. For
example, understanding of the physiology of trees is not as advanceed as
that of agricultural crops, while understanding of the structure and
functioning of the rhizosphere, which many results indicate may be a
critical area in forest decline, is very limited. There is therefore a
requirement for better understanding of the normal situation.

It is clear that field observation, field experimentation and
controlled environment experimentation can all play an important role in
the diagnosis of forest decline and the identification of the contribution
of different pollutants to this phenomenon. Each approach has its
individual strengths and weaknesses. However, this begs the crucial
question, i.e. what is the most effective and efficient route to a
satisfactory diagnosis? Sigal & Suter (1988) identified four levels of
biological organisation at which pollutants may act, viz. the individual,
the population, the community and the ecosystem. While effects at higher
levels of organisation will only be observed if there is an impact on the
individual organism, these effects on individuals will be integrated at
higher levels of organisation to produce responses which may be
qualitatively quite different. Two further points are critical in the
present context. Firstly, there are certain processes, such as
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biogeochemical cycling, which are probably of central importance in forest
decline and which can only be properly considered at the ecosystem level,
where biotic and abiotic environments combine. Secondly, for practical
reasons most experimental methods of studying pollutant effects on the
individual have been developed for tree saplings or seedlings, which
differ greatly in structure and physiology from the mature trees which are,
of more concern at the community or ecosystem level.

These considerations, together with the likely involvement of many
causal factors, leads me to conclude that field-based research must play
the central role in diagnosis. It is essential to design and execute
field surveys which take into consideration a wide range of responses at
different levels of biological organisation, and as many potential
contributing factors as possible. Such a comprehensive synoptic approach
will be expensive to carry out, but I believe that it can provide crucial
information on the relative importance of different factors, or
combinations of factors, in contributing to forest decline, and on how
different symptoms interrelate. Wallace (1979) argued, in the context o£
plant pathology, that such synoptic studies can be most cost-effective
when a multiple-causal situation is suspected, when the disease is
widespread, and when the amount of damage is high; these are all criteria
which apply very well to forest decline. At the same time, field
experiments are essential to provide confirmation . of the role of
pollutants and to test hypotheses which may develop from field
observations. Again, integrated research programmes will be required to
evaluate the effects of any manipulation of the forest at different levels
of organisation, and to understand how they interrelate. There is a major
need for technical developments which will allow such experiments to be
conducted on an appropriate scale, but in the meantime there is some scope
for simpler manipulative work. Finally, while controlled laboratory
experiments can never provide a relevant and comprehensive test of
multi-causal hypotheses at an ecosystem level, they do provide an
important facility in which to test ideas of how individual components of
the system interrelate in isolation.

Concentration of research effort on large—scale field-based exercises
will require collaboration of scientists from many different disciplines
to provide the maximum benefit. It will also be essential to provide a
method of integrating the information which is collected; conceptual
models can provide a framework for this, within which the links between
responses to pollutants at different levels of biological organisation,
and with the aerial and edophic environments, can be properly understood.
By combining several different types of manipulative experiment on a
single site, it may be possible to increase the extent to which the role
of pollutants with the forest ecosystem can be elucidated. Nevertheless,
it would be foolish for anyone to propose a rigid scheme for diagnosis, or
for resources to be devoted to one line of approach to the exclusion of
any others. Science often progresses not through rigorous step-by-step
procedures but through a sudden flash of insight from a totally unexpected
quarter. There may yet be a simple, all-embracing explanation of forest
decline waiting to be stumbled across, but if there are indeed many causal
factors long-term field-based observation and experiment will bo
essential.
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