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Introduction

T h e  idea that air pollution (‘ acid rain’ ) m ight destroy 
the trees and forests o f  Europe has been causing m uch 
concern. A lth ough damage to trees by air pollution is 
long known, it was until recently held to be a local 
problem  only. Such dam age is still im portant in some 
places. H ow ever, m ore and m ore people have come to 
believe that long-range air pollution is responsible, in 
part at least, for the w idespread decline o f trees seen in 
m any countries since the late 1970s. T h e re  is no doubt 
that the damage in countries such as W est G erm any is 
serious and probably unprecedented but, as yet, the 
evidence linking this decline w ith  air pollution remains 
controversial.

A s in m any scientific fields where advances are rapid, 
there is m uch speculation about the causes o f  the 
decline. T h eories abound, some m ore plausible than 
others. T h e  aim o f this B ulletin, w hich replaces an 
earlier p aper15, is to sum m arise the current inform ation 
available on the interactions betw een air pollution and 
forests. W hile it is prim arily concerned w ith G reat 
Britain, air pollution is an international problem , so 
inform ation from  other countries has been included. 
Pollution from  point sources, such as alum inium  
sm elters and brickw orks, has not been included, and 
this paper deals m ainly w ith long-range pollution and 
its possible regional-scale effects.

In the follow ing pages, a technical account o f  the 
form ation o f atm ospheric pollutants is given. T h is  is 
follow ed by a m ore general discussion o f acidification 
and its effects on the environm ent. T h e  sym ptom s 
shown by trees involved in the forest decline seen on 
the continent are described together w ith data from  
various national surveys; a m ajor part o f the report is 
concerned w ith  the possible causes o f this decline and 
its econom ic im plications. F inally, research being 
undertaken by the Forestry Com m ission into the 
possible effects o f  air pollution on trees is described.

Long-distance Pollutants and 
their Sources

L on g-range air pollutants can be divided into two 
groups: prim ary and secondary. Prim ary pollutants, 
such as sulphur dioxide (S02), nitric oxide (N O ), 
hydrogen chloride (H C 1), carbon m onoxide (C O ) and 
hydrocarbons (largely solvents and unburnt fuels), are 
em itted directly into the lower atm osphere. Secondary 
pollutants, such as ‘acid rain’ and ozone ( 0 3), are 
form ed when prim ary pollutants and other atm ospheric 
substances react in the presence o f  sunlight or w ater or 
both. M u ch  inform ation is available on the sources o f 
prim ary pollutants; the most recent data for the U nited 
K in gd om  are given in T a b le  1. T h e  sources o f  the main 
pollutants are gradually changing. F or exam ple, power 
stations are responsible for a steadily increasing 
proportion o f  the total em issions o f  S O , (F igu re 1).

Figure /. R elative im portance o f pow er stations and industrial 

sources o f  S O ; over the period 1974-1984. (Source: Digest of 

Environmental Protection and Water Statistics, N o. 8, 1985).
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T a b le  I. Sources o f  pollutants in the U nited K in gdom  (from Digest o f Environmental Protection and Water Statistics 
1986, H M S O ). Data for 1983 and 1984 only are presented as the figures for nitrogen oxides, carbon m onoxide and h y ­
drocarbons are calculated using new emission factors w hich are not directly com patible with data from previous years. 
A ll figures in m illion tonnes per annum.

SO*

1983 1984

N Ox

1983 1984

C O

1983 1984

H C

1983 1984

D om estic 0.20 0.16 0.05 0.05 O.46 0.37 0.07 0.05

Com m ercial 0 .14 0.14 0.04 0.04 O.OI O.OI * *

P ow er stations 2-53 2.50 0.76 0.62 0.05 0.05 O.OI O.OI

F  fineries 0.16 0.15 0.04 0.04 * ★ * *

A gricu lture O.OI O.OI ★ ★ * * n/a n/a

O ther industry 0.61 0.52 0.19 0.17 0.07 0.07 * *

Rail transport O.OI O.OI 0.04 0.04 O.OI O.OI O.OI O.OI

R oad transport 0.04 0.04 0.69 0.72 4.44 4.46 0.53 0.54

Incineration/burning n/a n/a O.OI O.OI 0.22 0.22 0.04 0.04

G as leakage n/a n/a n/a n/a n/a n/a 0.37 0.38

Industrial processes and 
solvent evaporation n/a n/a n/a n/a n/a n/a 0.60 0.60

T o ta l 3.69 3-54 1.82 1.69 5.27 5-19 1.63 1.64

* less than 10 000 tonnes per annum , 

n/a = not applicable.

Recent trends in the em issions o f  the four main 
pollutants are given  in F igure 2.

M an y ‘pollutants’ also have natural sources such as 
volcanoes and sea spray. H ow ever, w hile about 40 per 
cent o f  the global sulphur em issions appear to be 
m an-m ade'11, in the northern hem isphere the figure is 
thought to be nearer 90 per cen t138. M u ch  o f this 
sulphur remains within the northern hem isphere, 
where it is eventually deposited. G lobal com parisons 
betw een m an-m ade and natural em issions o f gases such 
as S 0 2 are m isleading as both sources are unevenly 
distributed around the w orld. T h e  relative proportions 
o f m an-m ade and natural sulphur in the atm osphere are 
dependent on the location being investigated. F or 
instance more than 60 per cent o f  the sulphate being 
deposited in w estern Scotland is o f  marine (i.e. 
predom inantly natural) origin, whereas the 
corresponding figure in the east o f  Scotland is only 10 
per cent62.

T h e  ways in w hich some secondary pollutants, such 
as sulphate (SO^), are form ed is still uncertain. A  highly 
sim plified diagram  o f the main pathw ays for S 0 2 and 
N O  is given in F igure 3. M any o f the reactions involve 
photochem ical oxidants. T h ese  are chem icals that react 
w ith other m aterials in the atm osphere in the presence 
o f sunlight. T h e  most im portant are ozone, the 
hydroxyl radical (O H ) and hydrogen peroxide (H 20 2). 
Som e 0 3 is natural and some m an-m ade. It occurs 
naturally at high altitudes (12-50 km) in the

fig u re 2. T re n d s in em issions o f C O , SO2, N O * and 

hydrocarbons in Britain during the period 1974-1984. D ata for 

C O , NO., and hydrocarbons for 1983 and 1984 are not 

com parable to earlier data due to changes in the m ethod o f 

calculating em issions and are therefore not given.

(Source: Digest o f Environmental Protection and Water Statistics, 

N o. 8, 1985).
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Figure 3. A tm osph eric pathw ays o f  SO2 and N O . N igh t-tim e

pathw ays are indicated b y hatched (------ ) line. (Partly based on

D erw en t, R .G . and N o do p , K . (1986). L o ng-ran ge transport 

and deposition o f  acidic nitrogen species in north-w est Europe. 

N ature 324, 356-358).

S u l p h a t e  a e r o s o l

E m i s s i o n D r y  d e p o s i t i o n W e t  d e p o s i t i o n

S o l u t i o n

stratosphere, and it m ay enter the lower atm osphere 
during periods o f  atm ospheric turbulence. In some 
special conditions, for exam ple in association w ith cold 
fron ts151, stratospheric 0 3 m ay reach the lowerm ost 
layer o f  the atm osphere resulting in quite high 
concentrations (more than 100 parts per billion 
[ppb])46. Such incursions appear to be rare. A lthough 
some 0 3 m ay be form ed in the lower atm osphere, most 
is believed to originate as a result o f  m an’s activities45. 
T h e  usual m ode o f form ation o f 0 3 at low  altitudes is 
the interaction o f  nitrogen dioxide (N 0 2) w ith sunlight 
and although it readily com bines w ith N O  to reform  
N 0 2, in the presence o f  degraded hydrocarbons or 
other pollutants the balance betw een N 0 2, N O  and 0 3 
is broken dow n, resulting in a net build-up o f O y

T h e re  are m any other secondary pollutants in the 
atm osphere. Som e o f these, such as peroxyacetylnitrate 
(P A N ) are known to affect plants adversely174. T h e  
concentrations that m any o f these pollutants reach, and 
their effects on plants, have yet to be determ ined.

A  prim ary pollutant that has not been m entioned so 
far is ammonia (N H 3). T h is  has been im plicated in the 
dieback o f  trees in the N etherlands25 and in 
S w eden 12’ 129. Am m onia released into the air is rapidly 
depleted by deposition dow nw ind and conversion into 
am m onium  ions (N H 4+). A lth ough  ammonia is an 
alkaline gas, its transform ation into nitrate releases 
hydrogen ions, resulting in an increase in the acidity o f 
the soil. A m m onia is considered to be the most 
im portant alkaline gas com m only found in the

atm osphere197 and it may act to neutralize some o f the 
more acidic gases, increasing the rate o f  oxidation o f 
S 0 2 by an order o f m agnitude or m ore (through the 
production o f am m onium  sulphate). T h is  may be 
significant: in Sw itzerland it is estim ated that 50-60 per 
cent o f  the total deposited acidity is neutralized by 
am m onium 68. T o ta l ammonia em issions in the U nited 
K in gdom  are thought to be about 400 000 tons per year, 
about 80 per cent o f  w hich is derived from  agricultural 
sources25. T h e  m ajority o f  agricultural ammonia 
production occurs as a result o f  spreading slurry on 
fields. V olatilization  o f  ammonia is thought to result in 
the losses o f several hundred kilogram s o f nitrogen per 
hectare per application20. T h e  pattern o f emissions 
therefore reflects the distribution o f livestock; 
em issions in Britain are considered to be greatest in the 
south-w est o f  the country.

C arb on  dioxide

Carbon dioxide (C 0 2) is a pollutant that does not 
readily fit into the prim ary and secondary classification. 
Concentrations o f C 0 2 are known to have risen over the 
last 200 years prim arily as a result o f  burning fossil 
fuels, but also as a result o f  the release o f  C 0 2 follow ing 
deforestation, cultivation and soil destruction94. T h e  
trend in the atm ospheric concentration o f  C 0 2 over the 
past 200 years, derived from  measurem ents from  ice 
cores and direct measurem ents o f  atm ospheric 
concentrations64, is shown in Figure 4. A lth ough the 
effects o f  an increase o f C O , are unclear, most people 
believe that it w ill result in increased global

Figure 4. R ise in atm ospheric C O , concentrations over the last 

200 years (from  F riedli, H ., Lotscher, H ., O eschger, H ., 

S iegenthaler, U . and Stauffer, B. (1986). Ice core record o f  the 

13C / 12C  ratio o f atm ospheric C O , in the past two centuries. 

Nature 324, 237-238).
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tem peratures, and there is now evidence that these have 
indeed increased by about o.5°C  over the last 120 
years101. Plants are also known to respond directly to 
increased C 0 2 concentrations w ith increased grow th, 
and the effect o f  increased C 0 2 levels is likely to be the 
better grow th o f trees. T h e  long-term  im pacts o f  such 
changes on factors such as nutrient cyclin g remain 
unclear.

Deposition of P rim ary and 
Secondary Pollutants

D eposition o f  pollutants occurs in two forms: dry and 
wet. T h e  proportions o f these depend on the distance 
from the source and the m eteorological conditions at a 
site (Figure 5). D ry  deposition, w hich is the fall-out o f 
gaseous and particulate pollutants, m ostly occurs close 
to the source o f  the pollution, although w ith secondary 
pollutants there may be a peak in deposition some 
distance from  the source because o f  the time taken for 
the pollutant to form . W et deposition is the deposition 
o f pollutants held in solution and also includes the 
removal o f  particulate and gaseous m aterials by 
raindrops as they pass through the air. W et deposition 
tends to be relatively more im portant further away from 
the source o f  the pollutants. W ater droplets associated 
w ith cloud and fog can be deposited on vegetation and 
other surfaces w ithout it actually raining. T h is  is called 
occult deposition and it may represent a significant 
means o f transferring pollutants from the atm osphere 
to vegetation in areas w ith a high frequency o f cloud or 
fog. W et deposition can even occur in bright sunshine, 
m anifesting itself in the form o f heat haze.

D eposition rates are norm ally expressed in terms of 
gram s o f nitrogen or sulphur per square m etre per year. 
A lternatively, they may be expressed as kilogram s per 
hectare per year. T h ese  do not indicate the deposited 
acidity, w hich is best given in term s o f gram s o f 
hydrogen ions per square m etre per year 
( g H *  m-2 y r 1). In Britain, as in most countries, the 
small num ber o f  rural m onitoring sites has meant that

Figure 5. D eposition processes o f  atm ospheric acidity.

rates have had to be estim ated, p rincipally by the use o f 
com puter m odelling, although in 1985 a netw ork o f 
precipitation com position m onitoring sites was 
established. T h e  results for 1986 are not yet available 
but, when published, must be view ed w ith caution. 
T h is  is because the collectors do not obtain a 
representative sam ple o f  the rainfall. In particular, 
sm aller raindrops tend to be excluded, and this may 
mean that the total am ounts o f  deposited acidity are 
being underestim ated by betw een 5 and 20 per 
Cen t1S5’ 1S6. T h e  extent to w hich this affects the results 
will depend on the nature o f  the w ind at the site: in 
w indier places (such as at higher altitudes), there will be 
a greater underestim ation o f the deposition rates. In 
addition, there is now evidence that the concentration 
o f pollutants in raindrops is at least partly dependent on 
the size o f  the raindrop2, producin g a further source of 
error as a result o f  the bias towards the collection of 
larger particles. C on sequently, care must be taken in 
interpreting both m odelled predictions o f  deposition 
and m easured patterns.

‘Acid R ain’

T h e  acidity o f rainwater is determ ined by the balance 
between cations (positively charged ions) and anions 
(negatively charged ions) in the rain. In Europe, the 
main cations are H _ and N H 4~ and, to a lesser extent, 
C a 2~, N a^ , and M g 2  ̂ and the main anions are 
S 0 42 N 0 3~ ancj q -  10 i t has been argued from  a

num ber o f studies that the natural acidity o f  unpolluted 
rainwater is pH  5.6. T h is  is now considered to be 
w rong34 as measurem ents o f the pH  o f rainfall from 
rem ote, supposedly unpolluted sites, indicate that the 
acidity can vary from pH  4.5 to above pH  5.6. T h e  
reason for this is the natural occurrence o f some 
acidifying com pounds. F or exam ple, in Cum bria, 
rainfall derived from  the N orth  A tlan tic has a pH  o f 
about 5.0 (whereas rainfall derived from  air masses that 
have passed over industrial areas has a pH  o f about 
4.0)61. Background levels are thus extrem ely variable, 
depending on factors such as the distance from  the sea 
and the proxim ity to other natural sources o f  S 0 2.

A cid ic  precipitation is not a new phenom enon. T h ere  
are reports o f black snow in Scotland dating back to 
186222. In the Pennines, the occurrence o f acidic 
precipitation was recognised throughout the 19th and 
first half o f  the 20th centuries. T h e  precipitation, in 
com bination w ith the very high concentrations o f S 0 2 
in the air, resulted in substantial changes to the flora 
w ith m any species o f mosses, lichens and higher plants 
being lost fo llow ing the Industrial Revolution. In the



early 1980s, the annual mean pH  o f rainfall in the
Pennines has been about pH  4 .1 136.

R ecorded rainfall acidities m ay be 10 times higher in 
polluted than in less-polluted areas o f  the same country. 
In G reat Britain, rainfall w ith a pH  o f 3.0 to 4.0 appears 
to be relatively com m on. It is doubtful w hether pH  is a 
suitable index o f  rainfall acidity as it only measures the 
free protons (i.e. the hydrogen ions), not the total 
am ount o f  acids. N o r does it measure all the
constituents that can form  acids in the soil. F or
exam ple, N H 4" ions are not m easured by pH . A ttem pts 
to evaluate trends in the acidity o f  rainfall over Europe 
have shown that there has been no significant increase 
over the last 20 years10'1. H ow ever, both S 0 42- and 
N O j -  concentrations in rainfall over Europe have 
increased over the same p eriod 104.

A ttem pts to relate the reductions o f em issions to 
trends in the acidity o f precipitation have m et w ith little 
success. T h is  m ay be the result o f  a num ber o f  factors, 
the most im portant probably being the lack o f  data that 
can be used to establish such a relationship. R eductions 
in em issions m ust eventually result in a reduction o f  the 
total am ount o f  deposited m aterial, but the decrease 
m ay be far from  clear on a regional scale. Som e 
evidence is available for Britain, where reductions in 
the em issions o f  sulphur over the last 15 years have 
been accom panied by a reduction in acidity over the last 
6 years60, although the relationship is far from  clear. In 
addition, there is evidence for a decline in the frequency 
o f  acidic (pH  < 5.0 ) rainfalls at P itlochry in central 
Scotland over the past 10 years (Figure 6)79. In the 
U nited States, a longer series o f  data exists, and a 
positive correlation has been found betw een the

Figure 6. V ariations in the frequency o f  d aily p H  values o f 

precipitation at Pitlochry. (Source: H arrim an, R . and W ells, 

D .E . (1985). Causes and effects o f  surface w ater acidification in 

Scotland. Journal o f Water Pollution Control 84, 215-224).

p H < 5 .0

p H < 4 .5

p H < 4 .0

Y ear

em issions o f  sulphur dioxide and the concentrations o f 
sulphate in streams in eastern States for the period 1967 
to 1980116’ 117. Correlations betw een the em issions o f 
sulphur dioxide and the deposition o f sulphate have 
also been found in the w estern U n ited  States50.

D etailed records are available for precipitation 
chem istry at H u bbard ’s Brook in the eastern U nited 
States for the period 1964 to 198382. W hile decreases 
have occurred in sulphate deposition, there has not 
been a concom itant decrease in acidity as a result o f 
increases in nitrate concentrations. T h is  latter study 
illustrates both the im portance o f looking at the total 
ion budget and a possible cause o f  the lack o f  linearity 
between S 0 2 em issions and precipitation acidity.

T h e  acidity o f  fog and cloud w ater may be up to 20 
times higher than that o f  rainwater, w ith pH  values o f 
cloud w ater o f 2.8 to 3.1 having been recorded193. In 
addition, the concentrations o f  sulphate and nitrate may 
be up to 70 tim es higher67. U nfortunately, the only 
sim ilar data that appear to have been published for the 
U K  at the present time are based on a single d ay ’s 
collection48, and therefore cannot be extrapolated to 
longer time intervals. A s discussed below , the acidity o f 
fog and mist m ay be sufficiently high to cause direct 
injury to trees.

Acidification of Forest Soils

T h e  acidity o f  a soil is h ighly com plex and cannot be 
assessed by m easurem ent o f pH  alone. In terms o f 
acidic deposition, the buffer capacity or acid 
neutralizing capacity o f a soil is a m ore useful measure 
than the p H 21. Soil acidification is best defined as a 
progressive decrease in its buffer capacity and is caused 
by the removal o f  cations from  the soil and, to a lesser 
extent, by  the addition o f  anions. T h e  buffer capacity is 
measured in terms o f the num ber o f mols or 
m illiequivalents (meq) o f hydrogen or hydroxyl ions 
that m ust be added to raise or lower the pH  o f one 
kilogram  o f soil by 1 pH  un it53. A s such, it has a m uch 
clearer relationship w ith the addition or depletion o f 
protons in the soil than does pH .

T h e  problem s in defin ing soil acidification mean that 
there are few good records o f long-term  trends in soil 
acidity. T h o se  that exist refer to pH  and, in view  o f the 
reservations m entioned above, are o f  lim ited value. O ne 
o f the best series is for 100 years at Rotham sted in 
H ertfordshire, E n gland100. T h e  soil acidity has 
increased through tim e, although the reasons for this 
are unclear.

In south-w est Sw eden, trends in the pH  o f soil have 
been m easured over the period from  1927 to 198477.
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Figure 7. A rithm etic mean pH  in 1927 and 1982/1983 for 

different soil layers in spruce and beech stands at 

T bn n crsjoh eden  Experim ental Forest, Sw eden.

(Source: H allbacken, L . and T a m m , C .O . (1986). Changes in 

soil acidity from  192710 1982-1984 in a forest area o f south-w est 

Sw eden. Scandinavian Journal o f Forest Research I, 219-232).

Beech

I 1 1 I I I
3.6  4.0 4 .4  4 .8  5.2 5.6 pH

Figure 8. pH  o f  Held-moist soil plotted against the logarithm ic age for different spruce stands at T onn ersjoheden  Experim ental 

Forest, Sw eden. (Source: H allbackcn, I., and T a m m , C .O . (1986). Changes in soil acidity from 1927 to 1982-1984 in a forest area o f 

south-w est Sw eden. Scandinavian Journal o f  Forest Research 1 , 219-232).
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T h e  m easurem ent sites included beech, oak and spruce 
w oodland o f various ages. Both stand age and species 
were found to affect the extent o f  the increase in 
acidification, w hich ranged from  0.3 to 0.9 pH  units. 
T h e  increases in the acidity o f  the profiles are shown in 
Figure 7. T h e  pH  decrease found in the soils o f  a forest 
in southern Sw eden (Tonnersjoheden) was not 
m atched by a sim ilar decrease in the soil from  a 
northern forest (K ulbacksliden). L on g-term  increases 
in the acidity o f  soils in forests have also been reported 
from  A ustria73’80 and W est G erm an y84’ 150.

T h e re  are several w ays by w hich a soil can becom e 
acidified. In the exam ple shown in Figure 7, the 
increased acidity was explained in term s o f biological 
acidification enhanced by the effects o f  acid deposition. 
B iological acidification occurs as a result o f  the grow th 
and harvesting o f  trees and m ay be im portant in some 
soils. A s a tree grow s, it absorbs cations (particularly 
C a 2* and M g 2*) through the roots. T o  maintain 
electrochem ical neutrality within the soil solution, 
hydrogen ions (H ^ ) are released, and these are the 
cause o f  the acidification. T h e  effect decreases with 
increasing depth in the soil (F igu re 8). W ithin  humid 
tem perate areas, natural acidification may also occur as 
a result o f  leaching by carbonic acid form ed in the soil. 
T h is  process is dependent on pH  and is only im portant 
when the soil pH  is greater than 5.

A cidification  m ay also occur as the result o f  m an’s 
activities. In some areas, the addition o f fertilisers is 
very im portant. A pplication  o f nitrate w ill not norm ally 
cause acidification as the uptake o f  N 0 3_ is balanced by 
the release o f  other anions (usually hydroxyl or 
hydrogen carbonate). Fertilisers containing cations, 
such as C a 2" ,  M g 2 - or K - , m ay result in acidification if 
hydrogen ions are released to com pensate for the uptake 
o f the nutrients. Am m onium  m ay be particularly 
im portant in acidification as it can both be taken up 
directly by plants, resulting in the release o f  H * , or it 
can generate H + w hen it is broken dow n in the soil to 
nitrate. I f  some o f that nitrate is then leached, the 
acidifyin g effect w ill be even greater134.

Inputs o f  atm ospheric acidity m ay also be im portant. 
T h e  m ajority o f  atm ospheric acidity is associated with 
sulphate and nitrate anions. T h e  other major 
atm ospheric anion, chloride, is norm ally associated 
w ith the sodium  cation. M uch  w ork has been done on 
the m ovem ent o f these anions within forest ecosystem s. 
Ch loride tends to be fairly conservative w ithin the 
system , passing through w ith relatively little alteration. 
H ow ever, the sodium  ions associated w ith chloride can 
be adsorbed w ithin soils, releasing other cations. T h is  
can be the cause o f  acidic flushes in streams, although 
the process is thought to occur relatively infrequently 
in Britain79.

T h e  m ajority o f  the deposited N 0 3~ remains within 
the system  because o f uptake by tree roots1. T h e  
m ovem ent o f  sulphate is more com plex, but needs to be 
understood as it is m uch m ore im portant than nitrate in 
relation to soil acidity. It appears to be m uch more 
m obile than nitrate and, if  leached from  the soil, it may 
take significant quantities o f  cations w ith it98. T h is  may 
be im portant if  the cations involved are nutrients (e.g. 
C a 2_, M g 2 - ) or if  they are potentially toxic m etals (e.g. 
A l3*). H ow ever, research in the U n ited  States has 
shown that only a small proportion o f  the sulphates 
deposited w ithin an ecosystem  reach the stream s177. 
W hen the soil becom es saturated w ith sulphates, a 
balance m ay be reached betw een sulphates entering and 
leaving the ecosystem . T h is  stage appears to have been 
reached in some forested areas in B ritain 127.

T h e  existence o f  such a balance is dependent both on 
the am ount o f  sulphate entering the soil and the 
concentration o f  sulphuric acid w ithin the soil. T h e  
ability o f  the soil to absorb sulphate from  the soil 
solution depends upon its inherent adsorption 
properties (determ ined by the chem ical com position o f 
the soil), the am ount o f  sulphate that the soil has 
already adsorbed and the concentration o f  the sulphate 
in the soil solution relative to the concentration to 
w hich the soil has previously equilibriated99. T h is  
means that as sulphate additions increase, increasing 
amounts can be adsorbed by the soil until a balance 
between the solution and soil concentrations is 
reached180. T h u s, when sulphate in a solution o f pH  3.8 
was added to a mineral soil, 94 per cent was adsorbed. 
O n ly  52 per cent was adsorbed at pH  4.8 and 13 per 
cent at pH  6.3131. Sim ilar results have been obtained 
from  a rendzina110. W hen the pH  o f the soil solution 
falls below  about pH  4.0, dissolution o f  alum inium  
occurs and the ability o f  the soil to adsorb sulphate 
decreases. I f  the concentration o f sulphate w ithin the 
soil w ater decreases, sulphate w ill be desorbed from  the 
soil, resulting in leaching o f  sulphate from  the system. 
T h is  balance has im portant im plications for soil 
acidification as it indicates that the total volum e o f 
hydrogen ions deposited is less im portant than their 
concentration. Experim ental w ork has indicated that 
the m axim um  rem oval o f  sulphates in mineral soil 
occurs at approxim ately pH  4.0. Soil chem istry is also 
im portant as poorly-buffered soils adsorb relatively 
little sulphate, whereas soils rich in amorphous 
alum inium  or iron oxides but relatively low in organic 
m atter can adsorb significant am ounts36’55.

T h ree  different things can happen to the hydrogen 
ions entering the soil from  precipitation or throughfall 
(rain passing through vegetation before it reaches the 
groun d)120. T h e y  can be neutralized by chemical 
reactions w ithin the soil, they can be leached from the
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upper horizons into deeper horizons or groundw ater or 
rem oved in stream water, or they can be perm anently 
taken up w ithin the soil, a process w hich may result in 
the loss o f  any m obile basic cations (such as M g 2- and 
C a 2*) present in the soil. U ptake by  vegetation is not 
included here as the H t w ill ultim ately be returned to 
the soil unless the vegetation is harvested. L eachin g o f 
basic cations can result in a change in the soil’s acidity, 
leading to perm anent changes in the soil w hich could be 
harm ful through effects such as the m obilization o f 
toxic elem ents (e.g. alum inium ).

T h e  effects o f  acidification on soil processes are 
disputed. T h is  is hardly surprising, given the enorm ous 
variation betw een soils. Experim ental w ork, using pH  
values com m only encountered in the field (pH  5.7 to 
3.5) has indicated that an increase in acidity has little 
effect on decom position activity  w ithin the soil40 
although a change in the fungal com m unity may 
o ccu r11. H ow ever, increased acidity m ay affect the 
balance o f  the soil’s natural acids, resulting in the 
selective rem oval o f  some com ponents.

A s part o f  a project at L och  F leet in G allow ay, the 
Central E lectricity  G enerating Board has attem pted the 
reclam ation o f acidic soils by  lim ing. It is hoped that 
this w ill in turn reduce the acidity o f  the loch ’ s waters. 
W ork in Finland and W est G erm an y on the long-term  
effects o f  lim ing mineral soils indicates that the calcium  
is retained in the surface layer o f  forest soils for long 
periods44’75. Sim ilar effects have been noted at L och  
Fleet. A s it is the hum us layer that is usually the most 
acidic (see Figure 7), the retention o f calcium  in this 
layer is significant.

Acidification of Streams  
Draining Forests

It is now generally accepted that there has been an 
increase in the num ber o f  acidified freshwaters in 
Britain and elsewhere during the last 100 years. T h e  
causes o f  this acidification are still being intensely 
debated, although the im portance o f atm ospheric 
pollutants is beyond d o u b t171. T h e  acidification o f  lakes 
through time can be assessed by exam ining the fossil 
diatom s (m inute algae) preserved in the lake m uds. T h e  
particular species o f  diatom  present in a lake depends 
on the lake’s acidity, and an exam ination o f the fossil 
diatom s reveals past levels o f  acidity in the lake. In most 
cases, acidification has occurred naturally since the last 
glaciation, albeit at a very slow rate. O ver the last 100 
years, the rate o f  acidification o f some lakes has 
increased dram atically. T h e  onset o f the increase varies

betw een countries. In N o rw ay, the dates range from  
1890 to 193043, in Finland and Sw eden from  about 
i960152’ 153 and in south-w est Scotland from  1850 to 
192056. W h ile  the m ajority o f  pH  values have declined 
less than 1 pH  unit, some have been reduced by as 
m uch as 1.7 pH  units7.

T h e re  is a m ounting body o f evidence associating an 
increase in the acidity o f  streams w ith upland 
plantations in Britain26’78’ 132’ 179. T h is  w ork indicates 
that streams draining some forested catchm ents m ay be 
more acidic than streams draining some m oorland 
catchm ents. T h e re  is evidence that streams m ay have 
becom e more acidic as a direct result o f  forestry 
operations and, in particular, acidic flushes m ay occur 
during the establishm ent o f  plantations. H ow ever, it is 
im portant to rem em ber that catchm ents under 
coniferous forest do not necessarily have m ore acidic 
stream water than sim ilar catchm ents w ith sem i-natural 
grassland vegetation154.

T h e re  are several possible reasons w hy the water 
draining forested catchm ents should be m ore acidic 
than w ater draining m oorland. Evaporation and 
transpiration m ay result in losses in the ru n off from  the 
forest w ith the result that the w ater w ill have higher 
concentration o f  solutes30’31. M anagem ent practices 
such as ground preparation and drainage m ay upset the 
mineral cyclin g in the ecosystem , resulting in the 
release o f  hydrogen ions follow in g an increase in 
nitrification. C ultivation  and drainage m ay also reduce 
the tim e that w ater is held w ithin the soil, so that the 
time available for neutralization is cut short. A s stated 
above, the trees them selves m ay release hydrogen ions 
into the soil solution. T h is  acidity w ill remain in the soil 
unless m obile anions (e.g. those present in acid rain) are 
passing through the soil130. T rees  are believed to be 
m uch more efficient at intercepting atm ospheric 
pollutants than grass or m oorland vegetation and they 
m ay act as a filter, w ith the pollutants being transferred 
from  the air to the streams draining the forested 
areas.

Studies o f  fossil diatom s indicate that the problem  o f 
w ater acidification is extrem ely com plex. In G allow ay, 
lochs w ithout any afforestation have becom e acidified 
and lochs in afforested catchm ents were already 
acidified before the trees w ere planted. A  num ber o f 
lochs in non-afforested catchm ents have becom e 
acidified by about 1 pH  unit since about 18408. T h e  
studies o f  diatom s also indicate that soil acidification 
and freshw ater acidification may not be related. Data 
from  the Round L o ch  in G allo w ay102 suggest that the 
replacem ent o f  m ixed deciduous w oodland by acidic 
peatland (dom inated by heather, sedge grasses and 
Sphagnum  moss) was not accom panied by any change in 
the acidity o f the surface waters in the catchm ent. In
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addition, the data indicate that the acidification o f  soil is 
insufficient as a m echanism  to account for the 
substantial increase in acidity (about I pH  unit) o f  the 
R ound L och  over the past 100 years.

T h e  Forestry Com m ission  has im plem ented various 
techniques aimed at reducing the possible im pact of 
forest drainage on acidification. T h is  follow s evidence 
that the ru n o ff from  storms m ay be particularly 
acidic35’ 118. T h e  most im portant techniques are aimed 
at reducing the rate o f  ru n off to streams, thereby 
increasing the tim e available for the acids in the w ater to 
be neutralized. T h is  includes stopping drains before 
they reach streams and leaving stream margins 
unplanted.

F orestry operations prior to planting may also cause 
the acidification o f  stream s, as p loughin g and draining 
m ay disrupt the nutrient cycle in the soil. In m any 
organic soils, p loughin g is accom panied by increased 
oxidation and m ineralization, w ith nitrates, 
am m onium , phosphate and sulphate being produced88. 
A s the vegetation is poorly developed at this stage, there 
m ay be severe leaching o f  these com pounds. Drainage 
is accom panied by a substantial increase in the rate o f 
runoff, and the reduced soil-w ater residence times m ay 
also contribute to the acidity o f  the drainage water. 
F urther problem s m ay occur at this stage in the 
afforestation cycle as a result o f  increased sedim ent in 
streams.

In general, the acidification that norm ally occurs 
w ith the grow th o f trees is thought to be slow and 
unlikely to lead to the acidification o f  streams and 
lakes130, although this requires experim ental 
verification. C on sequently, it seems likely that the 
increased acidification o f streams draining some 
afforested areas is a direct consequence o f  increased 
levels o f  acidic deposition. T h is  conclusion is supported 
by the finding that increases in the concentrations in 
some loch sedim ents o f  trace metals only found in 
m an-m ade em issions are correlated w ith  the increase in 
aciditv8.

Sym ptom s of Forest D am age

A  wide variety o f  sym ptom s have been recognised in 
affected trees. T h e re  is considerable variation between 
species and there are also regional variations in the 
nature o f  the damage w ithin a given species. T h is  
presents problem s in m aking com parisons. T h e  basic 
variables used in the national surveys o f forest health 
are the extent o f  needle and leaf loss and the degree o f 
discoloration o f  the leaves and needles (Plates I and 2). 
N eedle and leaf loss is either used on its own or is used

T a b le  2. Classification o f  damage type (as agreed by 
the International Cooperative program m e on the 
assessment o f  air pollution effects on forests).

N eedle I leaf loss only

Class N eedle/leaf loss (n„) T r e e  health

0 O-IO H ealthy

1 11-25 Slight dam age

2 26-60 M ed iu m  to serious dam age

3 61-99 D y in g

4 100 D ead

Needle I leaf loss and discoloration

D am age class D egree  o f  yellow ing

C’ u o f  yellow ed needles/leaves) 

0-25°,, 26-60°,, 6 i - i o o ° „

in com bination w ith needle and leaf colour (T able  2). 
Problem s exist w ith these indices as they m ay be 
induced by a variety o f  factors, o f  w hich air pollution is 
only one.

A  further com plication is that some agents, including 
air pollution, are thought to be capable o f  causing 
‘latent in ju ry ’ . In such cases, dam age exists, but it is not 
readily apparent. F o r exam ple, beech seedlings that 
were fum igated for an entire w inter w ith 112  ppb S 0 2 
showed a reduction in the num bers o f  terminal buds 
that developed in the follow ing sprin g108. Sim ilar 
delayed responses have been found in fum igation 
experim ents o f  Scots pine89. C onsequently, the 
interpretation o f  the sym ptom s that have been observed 
is extrem elv difficult.

Forest D am age in Britain and 
Abroad

In the 1970s, it becam e apparent that forests in several 
h igh-altitude areas in W est G erm any were show ing 
signs o f  dieback (Plate 3). A t first, the damage was 
restricted to S ilver fir, but by 1978, N orw ay spruce was 
also show ing signs o f  decline. In the period 1980 to 
1984, dam age was recognised in an increasing num ber 
o f species and areas, both in G erm any and elsewhere in 
Europe and in eastern N o rth  A m erica. T h e  damage 
appears to be unprecedented and is frequently referred 
to in the G erm an language literature as the ‘neuartige
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P la te  i .  N o rw a y  sp ru ce  s h o w in g  m a n y  o f  the sym pto m s 
Typically asso ciated  w ith  air p o llu tio n  dam age. In p articu la r, 
note th e m arked  y e llo w in g  o f  old er need les and the d efo lia tion  in 
the area b e lo w  the cro w n . (B a va ria , su m m er 1986), f 3 7 5 7 9 )

P late 2. N e e d le  ch lo ro s is  in N o rw a y  spru ce. (3738 0 )
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Pla te  j .  S e v e re ly  dam aged  S ilv e r  fir and N o r w a y  spru ce in  the 
B avarian  N a tio n a l P ark (su m m er 1986). { 37582J

P la te 4. N o rw a y  spru ce stan d  at L u ch sp la tz l in  th e  B avarian 
F orest (su m m er 1986), T h e  stand sh o w ed  sign s o f decline in  the 
ea rly  1980s and has n o w  been b a d ly  a ffected  b y  b ark  beetles (Ips 
typographic  and /- chalcographus). T h e  tre e  deaths have 
p ro b a b ly  b een  in d u ced  b y  the bark b eetles, a lth ou gh  dam age 
o ccu rred  p rio r  to th eir a ttack . N o rm a lly , stands such  as this 
w o u ld  b e felled  to d isco u rag e  bark b eetle  attack. (3 7 5 8 1 )
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W ald sch ad en ' (the new  typ e  o f forest dam age) or, m ore 
em otion ally, as ‘W ald sterb en ’ (forest death). 
Inventories undertaken in W est G erm an y indicate that 
the dam age is spreading and increasing, although those 
m ade in 1985 and 1986 su ggest that the increase was 
m uch less than in p revious years. O ne o f  the longest 
d ata sets is that available for perm anent stu dy plots in 
eastern B avaria  in W est G erm an y. R esearch  here*’  

dem onstrates the decline o f  S ilv er fir  since 1978 (data 
for the w hole o f  G erm an y are o n ly  available since 
1983). T h e re  has been a p rogressive decline o ver the 
period, w ith  dam age increasing d ram atically since 1982 
(F igu re  9).

Figure y Developm ent of damage to Silver fir in permanent 

observation plots in eastern Bavaria. (Source: Rtirteis, J. and 

Schmidt, A . (1986). Die Iintw icklung dus CicsundheiKustandes 

dcr W eisstanne auf 10 Beohachtungsflachen in Osihayern. Der 
Forst utui Holstein 4 1, 580-582).

C u m u la t i v e  % o l  t r e e s  in e a c h  c la s s

W i t h o u t  d a m a g e  l i g h t  m e d iu m  h e a v y  d e a d

A s w ith  all system s o f  classification, there are 
problem s w ith  that adop ted  for the surveys o f  forest 
health (T a b le  2). F or exam p le, m ost forest scientists 
n ow  feel that up to 20 per cen t needle loss in conifers 
m ay occur w ithout im p lyin g  ‘dam age’ , and the lack o f 
an absolute baseline is p ro bab ly  the single greatest 
problem  in the assessm ent o f  the im pact o f  air pollution  
on forest health. In addition, tree-rin g analysis has 
suggested  that v isib le  dam age m ay o n ly  be the final 
sym ptom  in a long h istory o f  decline4’ 148. H o w ever, the 
adoption o f the classification  show n in T a b le  2 m eans 
that at least the condition  o f  sam ple trees can be 
com pared betw een countries.

T h e  forest dam age inventories undertaken in Britain 
and elsew here record the extent o f  dam age to trees in 
sam ple plots. F igu res are n orm ally given  as the 
percentage o f  sam ple trees in a given  dam age class. In 
som e countries, these m ay be representative o f  the

overall state o f  the forests (e.g. W est G erm an y, 
N eth erlan ds, L u x em b o u rg ), in others they are not (e.g. 
G rea t B ritain). T h e  reason fo r this is related to the 
sam pling design. In countries such  as W est G erm an y, a 
regular grid  (4 km  x 4 km ) is used, and a set n u m b er o f  
trees are sam pled at each grid  intersection . T h e  
com bined  data from  all the sam ple stands are then 
con sidered  to be in d icative o f  the total p op ulation  o f  
trees in the co u n try.

In  B ritain, the principal aim s n f the survey arc to 
establish  w h eth er or not dam age is present and to relate 
any dam age foun d to sp ecific  causes as far as is possible. 
T h e  sam pling design is therefore aim ed at coverin g as 
w ide a range o f  con d ition s as possib le. C o n seq u en tly , 
the plots are not represen tative o f  the total population  
o f  rrees in the co u n try , and the data m ust not be 
interpreted as b ein g  so. In both approaches, only □ 
sm all p roportion  o f  the trees in a stand are assessed 
(usually 24). A t presen t, there is little inform ation to 
indicate w h eth er a sam ple o f  this size is representative 
o f  the stand.

T h e  results fo r a n u m b er o f  countries are g iven  in 
T a b le  3. C a re  should  be taken in in terpretin g these 
figures because o f  the d ifferences in assessm ent 
techniques betw een  d ifferen t countries and, tn some 
cases, d ifferences in the assessm ents th rou gh  tim e in 
in d ivid u al countries. In W est G erm an y, it is apparent 
that dam age increased su bstan tia lly  b etw een  1983 and 
1984, but that the rate o f  increase w as less in 1985 and 
T986, In S w itzerlan d  and the N eth erlan d s, dam age has 
increased through the period 1984 to 1986. In G reat 
B ritain , it now  (1986) appears that the con d ition  o f  the 
trees exam ined in the su rvey can on ly  be classed as 
m oderate’ 3.

D am age is not restricted  to E urope. F orest decline is 
o ccu rrin g  in N o rth  A m erica. A ir  p ollu tio n  is know n to 
h ave affected  trees in som e areas, p articu larly  in 
C a lifo rn ia  w h ere  ozone and oth er photochem ical 
oxidants are im portant. O zo ne has also been identified  
as one o f  the prim ary causes o f  the ill health  o f  Eastern 
w hite pine (Pimts strobus) in the east o f  the U S A . In the 
1980s, a w idespread  and severe decline o f  R ed  spruce 
{Picea rttbetis) and, to a lesser exten t, P itch  pine (Pinus 
rigida) and S h o rtleaf pin e (Pam s echinata) has been 
noted” ’’ 7. T h e  decline in som e areas bears striking 
sim ilarities to that occu rrin g  in parts o f  E u rop e in that 
there is a progressive loss o f  fo liage, invasion by 
secondary pathogens and, in m an y cases, m ortality.

S evere  d ieback o f  Japanese red cedar (Cryptomeria  
japanica) has been reported from  Japan w here it is 
believed  to be associated w ith  dam age b y oxidan ts173.
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T a b l e  3 . F o re s t d am ag e  a ssessm en t in  five E u ro p e a n  co u n trie s .

83

0-

84

10°,, 

85 86 83

11

84

N eedle/leaf loss

-25".,
85 86 83

26-6o "„ 

84 85 86 83

61-

84

100°,,

85 86

U n ite d  K in g d o m

Sitka spruce 65 83 45 28 12 39 6 5 15 1 0 1

N o rw ay spruce 71 84 32 26 15 36 3 1 31 1 0 1

Scots pine 49 74 25 29 18 41 16 7 32 5 1 3

W e s t G e r m a n y

N o rw ay  spruce 59 49 48 46 30 31 28 32 10 19 21 20 1 2 3 2

Pine 56 41 43 46 32 38 41 40 10 20 15 13 1 1 2 1

Silver fir 25 13 13 18 27 29 21 22 41 45 50 49 8 13 16 11

Beech 74 50 46 40 22 39 40 41 4 11 13 18 0 1 1 1

O ak 85 57 45 39 13 35 39 4 i 2 9 16 19 0 0 1 1

O ther trees 83 69 69 65 9 24 23 25 8 7 7 9 0 1 1 1

S w it z e r la n d

N o rw ay  spruce 65 63 50 28 29 36 6 6 12 1 2 2

Pine 50 35 34 3 i 47 43 16 13 19 1 5 4
S ilver fir 62 60 47 27 28 36 9 8 13 2 4 4
L arch 64 66 39 28 23 44 7 7 12 1 4 5
Beech 74 69 52 23 27 40 3 3 7 0 1 1

O ak 71 60 37 28 33 50 1 6 II 0 1 2

M aple 86 86 73 11 11 25 2 1 1 1 2 1

A sh 84 77 57 13 20 36 3 2 7 0 1 7

N e th e r la n d s

N o rw ay  spruce 62 48 49 28 41 34 7 9 12 3 2 4
Scots pine 34 48 50 5 i 36 33 12 14 13 2 2 3
Corsican  pine 57 40 19 34 42 29 8 15 40 1 3 12

D ou glas fir 50 33 17 39 43 27 9 22 45 2 2 11

Beech 71 72 68 24 21 26 4 6 5 1 1 2

O ak 57 40 30 38 39 42 5 19 20 1 2 9

L u x e m b o u r g

N orw ay spruce 79 84 87 17 12 10 3 3 2 2 1 1

O ak 59 77 81 34 20 16 6 3 2 2 1 0

Beech 66 70 67 28 28 27 5 5 6 1 1 1
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Possible Causes of Forest 
D am age

M any hypotheses have been put forw ard in an attem pt 
to explain the observed dieback o f  trees in E urope and 
N orth  A m erica. In some cases, the decline is attributed 
to a single factor, in other cases a com bination o f factors 
is believed to be involved. Som e o f these hypotheses 
invoke air pollution as a prim ary or secondary factor, 
others do not. Several com m only attributed factors are 
discussed below .

Forest m an agem en t practices

It has been argued that m uch o f the decline can be 
attributed to the effects o f  changing from  broadleaves 
to conifers over the past few centuries37. It is suggested 
that the change from  deep-rooting broadleaves to 
shallow -rooting conifers has led to the com paction o f 
the deeper layers o f  the soil, thereby increasing the 
susceptibility o f trees to drought. W hen com bined w ith 
the increased acidification associated w ith conifers, 
these sem i-natural processes could lead to a marked 
increase in the susceptibility o f  trees to other stresses. 
W hile this argum ent m ay help to explain the decline o f 
some managed stands o f conifers, it fails to explain 
either the decline in areas where there have always been 
conifers or the decline o f  broadleaf forests. 
Furtherm ore, the change from  broadleaves to conifers 
occurred over several centuries, yet whereas some 
sym ptom s o f forest decline have occurred in the past, 
the w idespread and severe decline observed today 
appears to have developed w ithin the last 40 years.

A n  attem pt has been made to evaluate the role o f 
managem ent in forest damage in W est G erm an y27. T h e  
study concluded that although m anaged forests were 
m ore susceptible than unm anaged forests to large-scale 
damage by w ind, snow and insects, there was no 
evidence o f  a link w ith forest damage. T h is  finding is 
consistent w ith the results o f the 1984 W est G erm an 
forest damage survey. Sim ilarly, no evidence has been 
found o f a link between m anagem ent and beech health 
in Sw itzerland58. M anagem ent practices can therefore 
be ruled out as a prim ary cause o f  the decline currently 
observed over m uch o f Europe.

It is im portant to rem em ber in this context that, as 
tree stands age, there is a considerable am ount o f 
m ortality as a result o f  com petition for light, nutrients 
and water. T h is  occurs in both natural and managed 
stands. C onsequently, suppression must be taken into 
account when exam ining the health o f  individual trees 
w ithin a stand.

L o n g -te r m  clim atic  change

T h e  evidence for the effects o f  long-term  clim atic 
change on tree health is lim ited. L on g-term  clim atic 
trends have occurred in central Europe over the last 100 
to 200 years and although they are poorly defined, two 
periods o f m arkedly increased tem peratures (1890-1900 
and 1940-1950) are apparent165. A nalysis o f long-term  
records in the form  o f mean m onthly precipitation or 
tem perature records is un likely to yield  inform ation o f 
value to the present problem  as extrem e values are 
norm ally o f  m ore im portance to tree health (see below). 
H ow ever, reconstructions o f m onthly soil moisture 
deficits m ay be useful. It is possible that factors such as 
a change in the frequency o f frosts or in the am ount and 
frequency o f  precipitation are im plicated but the 
im pact o f  such trends is very hard to evaluate. T h e  
general opinion is that long-term  clim atic effects have 
had little im pact on tree health up to the present 
tim e.

E x tr e m e  clim atic  conditions

It has been suggested that drought triggers forest 
dam age, and past periods o f  decline o f  both Silver fir 
and N orw ay spruce have been associated w ith low 
rainfall in the grow in g season38. H ow ever, that study 
assumed that the present forest decline in Europe is no 
different from  declines that have occurred in the past. 
M ost forest scientists disagree w ith this, the present 
decline being considered m uch m ore severe and 
widespread. In Europe, the droughts o f  1976, 1983 and 
1984 caused severe stress to m any species o f trees, 
particularly beech. D rou gh t has also been im plicated in 
the decline o f  Red spruce in N orth  A m erica96 and it is 
thought to interfere w ith root regeneration, resulting in 
the loss o f efficiency o f  w ater uptake140 and 
drought-associated root dam age may enable invasion 
by fungal pathogens. D rou gh t may also indirectly affect 
the levels o f  soluble sugars in the bark and cam bium  (as 
a result o f  defoliation and subsequent reflushing) w hich 
may predispose the trees to fungal or insect 
infestations192.

F rost and w inter cold have also been associated with 
forest decline. In particular, m agnesium  deficiencies 
either occurring naturally or induced by air pollution 
may result in the reduction o f  the frost-hardiness o f 
trees. C onsequently, when severe frosts occur (as they 
did in parts o f  W est G erm any in 1979, 1981, 1982 and 
1983), severe damage or even death may result142. 
D am age to trees in Britain has been associated with 
sudden fluctuations in tem perature, w ith typical 
sym ptom s being the death o f  needles and shoots during 
the dorm ant season. W in ter damage may also occur
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when freezing conditions are accom panied by strong 
w inds, resulting in the desiccation o f  conifers. T h is  was 
particularly m arked in some areas o f  Britain in early 
1986, and it is believed to have been a m ajor factor in 
the increase o f  dam age reported in Britain in 198692. 
T h e  p ossibility that some other factor predisposes trees 
to damage by both frost and w inter cold processes 
cannot be ignored.

Gaseous pollutants

M any gaseous pollutants are know  to injure trees. Som e 
o f these are generated from  a single source and have 
only local effects, others m ay be derived from  
num erous sources or have effects over large areas or 
both. O f  the gases that affect w ide areas, three are 
generally considered to be im portant. T h ese  are 
sulphur dioxide, the nitrogen oxides and ozone. O ther 
gases (e.g. peroxyacetylnitrate) do occur, but it is not 
known w hether, in Britain, these reach concentrations 
likely to damage trees. T h is  account concentrates on 
S O ,, N O x and 0 3. It is im portant to distinguish at the 
outset betw een acute and chronic effects. A cute effects 
occur as the result o f a single episode, when 
concentrations are sufficiently high to damage the plant 
tissues. C h ron ic effects, w hich also involve dam age to 
the plant tissues, occur over longer time periods and are 
caused by lower concentrations. C h ron ic exposures are 
most likely to result in severe stress to the plant; acute 
exposures may kill the plant. T h e  distribution o f 
chronic pollution through time is im portant. I f  the 
pollution is episodic, as is frequently the case, then the 
plants may be able to recover between occurrences o f 
high concentrations, as has been shown for aspen and 
Jack pine in Canada85.

S 0 2 is known to damage plants, but experim ental 
w ork using fum igation cham bers has suggested that the 
concentrations that are required to induce visible foliar 
damage to com m on forest trees rarely occur in Britain 
at the present time. H ow ever, the concentrations that 
do occur may affect grow th when com bined w ith other 
pollutants. T rees  m ay be indirectly affected by S 0 2 
through soil-m ediated effects, and experim ental w ork 
on the effects o f  dry deposition o f  S O , on spruces has 
shown that the mineral supply (particularly o f  calcium  
and m agnesium ) may be adversely affected103.

T h e  mean annual S 0 2 concentrations recorded in the 
Black Forest and in some parts o f  Bavaria are generally 
less than 40 pg n r 3, well below  the concentrations 
required to damage trees. Elsew here in G erm any, 
notably the F ichtelgebirge o f  north-east Bavaria, S 0 2 
concentrations are known to reach levels that are likely 
to injure plants and the gas is probably involved in the 
damage in such areas. In central H esse, daily average

S 0 2 concentrations during a 7-day period in January 
1985 w ere 800 pg-3 w ith peak levels o f  1600 pg n r 3
194. T h is  episode m ay well have injured trees in the 
area.

A  m ajor argum ent against S O , as a pervasive cause of 
the forest decline is the presence o f  dam aged trees in 
areas w ith low S 0 2 levels. F o r exam ple, a particularly 
badly affected area in W est G erm an y occurs around 
Freiburg, w here the annual mean S 0 2 concentration is 
only 12 pg n r 3. H ow ever, peak hourly values may be 
m uch greater. T h e  differences betw een mean annual 
values (w hich are the values that are com m only shown 
on maps) and peak values (w hich m ay be the values that 
actually cause the damage) makes it very difficult to 
com pare regional levels o f  pollution. T h e  relationship 
betw een chronic and acute damage is extrem ely hard to 
evaluate, and generalisations are probably im possible59. 
H ow ever, damage by S 0 2 certainly occurs in some 
areas (such as parts o f  eastern Europe), although its 
extent is probably fairly small in relation to the total 
area now  being affected by forest decline.

Recorded levels o f  N 0 2 are generally well below  
those known to cause damage to trees, and the gas can 
be ruled out as a prim ary cause o f  the damage. 
H ow ever, it should be rem em bered than N 0 2 is an 
im portant precursor for ozone.

O zone is currently thought to be involved in the 
dieback observed in several countries (notably 
G erm any and the U S A ). Concentrations o f 0 3 are 
known to reach p hytotoxic levels over m uch o f Europe, 
and an exam ination o f the m icroscopic damage to 
N orw ay spruce needles in the Black Forest has shown 
sym ptom s typical o f  damage by ozone19. H igh 
concentrations o f  0 3 occur more frequently at higher 
altitudes, where dam age to trees was first observed and 
is still most severe. H ow ever, the spread o f damage to 
low er altitudes and to relatively 0 3-tolerant species 
such as beech and oak suggests that the effects o f  0 3 
alone are insufficient to explain the occurrence o f  the 
dieback everyw here.

A n increasing num ber o f  experim ents are show ing 
that grow th o f both conifers and broadleaves is 
significantly greater in charcoal-filtered air (i.e. with 
low S 0 2 and 0 3) than it is in am bient air. T h ere  has 
been some im portant w ork on the interaction o f  0 3 with 
other pollutants, particularly ‘acidic m ist’ 18’39’ 105. It is 
believed that 0 3 affects the perm eability o f  individual 
cell w alls, easing the removal o f  ions from  the leaves by 
acidic rain and mists. T h e  effect o f  the interaction 
between 0 3 and acidic mist is still controversial as some 
w ork in Britain23’ 175’ 176 and the U n ited  States47’ 147 has 
failed to reproduce the G erm an results exactly. 
Furtherm ore, the sym ptom s produced in laboratory 
experim ents by this com bination o f pollutants are
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different from  those found in the fie ld 114. Recent 
w ork113 suggests that the rate o f  leaching o f  ions 
depends on several factors, in cluding seedling vigour, 
soil nutrient content and the pH  o f the m ist. T h is  may 
be the reason for the apparent differences in the results 
obtained by different workers.

Som e pollutants m ay interact w ith clim ate to cause 
dam age. In particular, S 0 2, 0 3 and N H 3 are all believed 
to reduce the frost hardiness o f  conifers, although by 
different m echanism s23’54’ 108. G iven  that S 0 2 and N H 3 
em issions are likely to be highest in periods when frost 
is most likely, the reduction in frost-hardiness m ay be 
significant in some areas where high concentrations o f 
these gases occur. Increases in frost sensitivity are 
considered by some to have been the initial factor 
leading to forest decline.

A  m ajor problem  w ith m uch o f the w ork on the direct 
effects o f  gaseous pollutants is that m any studies deal 
w ith single gases or unrealistic concentrations. 
R ecently, there has been increasing interest in the 
sim ulation o f  realistic conditions, using relatively low 
concentrations o f  a com bination o f pollutants. Existing 
studies indicate that some pollutants may w ork 
together, w ith trees being m ore sensitive to m ixes o f 
gases than to individual pollutants. F or exam ple, 
N orw ay spruce seedlings are known to be m uch less 
sensitive to individual gases than to com binations o f  0 3, 
S 0 2 and N O x 76. M any o f the results from  such 
experim ents are difficult to interpret because o f 
differences in experim ental technique. A  further 
d ifficu lty  is that there is now evidence that there m ay be 
rapid selection w ithin a population o f  trees towards 
pollution-tolerant individuals13. T h is  w ill have 
considerable effects on the application o f experim ental 
results to trees grow ing in polluted environm ents.

A cidic rain

T h e  possibility that acidic mists, acting in com bination 
w ith gaseous pollutants, dam age trees has already been 
discussed. Sim ilar findings have been reported for 
interactions betw een acidic rain and gaseous 
pollutants33’39. T h e re  have also been suggestions that 
acidic mist and rain could directly damage trees. A t 
present, there is no evidence that rainfall less acidic 
than pH  3.0 can dam age the foliage o f  mature trees126 
although there is evidence o f  increased m ortality when 
seedlings o f some species are treated w ith precipitation 
at pH  <  4.0133. In some species, it is possible that 
irrigation w ith acidic precipitation containing sulphate 
and nitrate could induce increased grow th as a result o f 
the increased availability o f  nutrients123. H ow ever, 
there are other possible m echanism s by w hich acidic 
rainfall could damage trees. In particular, stem flow

acidities can be very high and m ay cause marked 
acidification o f  the soil at the bases o f trees57.

Experim ental w ork has suggested that acidic 
precipitation increases the rate o f  rem oval o f  nutrients 
from  the canopy. T h e  problem  here is in establishing 
w hether the nutrients are being rem oved from  w ithin 
the foliage or w hether they are derived from  the 
solution o f  nutrients already on the foliage surface109. 
A t the present tim e, this question has not been 
answered.

Soil acidification

A cidification  o f  the soil, w ith consequent increases in 
the concentrations o f  p hytotoxic elem ents such as 
alum inium , has been argued as the cause o f forest 
decline in W est G erm an y and elsew here188’189’190. T h e  
hypothesis has been questioned on the grounds that 
damage occurs on a w ide variety o f  soil types, some o f 
w hich are w ell-buffered  against acidification. H ow ever, 
soil acidification may be im portant for certain species: 
beech roots have been found to be m uch m ore restricted 
in acidic soils than in base-rich soils72. Beech is known 
to favour less acidic soils and it is thought that the 
better supply o f  nitrogen, phosphorus, calcium  and 
m agnesium  and the absence o f  toxic levels o f 
alum inium  and manganese m ay be responsible144. In 
acidified soils, the roots o f some trees such as beech are 
restricted to the A  horizon o f the soil and any that 
penetrate lower dow n show signs o f  injury. 
Experim ental w ork suggests that the presence o f 
alum inium  in these acidic conditions m ay be im portant, 
although some scientists have failed to find any 
evidence that trees are suffering from  alum inium  
toxicity97’ 161. T h e  increase in stream alum inium  levels 
that has occurred in acidified areas suggests that 
alum inium  m ay be readily leached from  acidic soils, 
indicating a possible m ethod by w hich concentrations 
o f  alum inium  in the soil m ay be kept com paratively 
low.

T h e  dynam ics o f  alum inium  w ithin a forest 
ecosystem  in the U n ited  States have recently been 
exam ined186. Concentrations o f  alum inium  in various 
parts o f the ecosystem  could be d irectly  related to the 
m ovem ent o f  w ater through the soil, the concentration 
o f dissolved organic carbon and the pH . T h e  
concentration o f  alum inium  in precipitation averaged at
0.012 m g I 1. T h is  increased to 0.14 m g l-1 in throughfall 
and 0.45 m g H  in the lowerm ost horizon o f the soil. 
M uch  o f this remained w ithin the soil, and the mean 
concentration in the stream was only 0.14 m g I 1. L arge 
variations in the concentrations o f  alum inium  in the soil 
were found, and the m easured concentrations also 
varied according to the type o f  instrum ent used to
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record them. T h e  study indicates that m uch more 
research is required before the role o f  alum inium  
released by increased acidity can be evaluated.

A s already intim ated, the im portance o f elevated 
alum inium  levels as a direct consequence o f  soil 
acidification in the recent forest decline is unclear. 
T h e re  are three ways in w hich alum inium  could affect 
plant gro w th 159. F irstly, there could be a reduction in 
the uptake o f  divalent cations as a result o f the presence 
o f  alum inium  in the root tissue. Secondly, alum inium  
could cause a breakdown in the normal grow th and 
functioning o f  the root cells. T h ird ly , increased levels 
o f alum inium  in the im m ediate vicin ity  o f  the roots 
could result in an increase in the num ber o f  anion 
adsorption sites, thereby reducing their availability to 
plants. T h e  interactions w ith alum inium  are extrem ely 
com plex but, in general, it appears that conifers are well 
able to w ithstand the levels o f  alum inium  com m only 
encountered in acidic soils119’ 159’ 160.

Excess nutrients fro m  the  
atm osphere

T h is  phenom enon is thought to be im portant in 
Sw eden and the N etherlands, although it m ay well be 
significant in other areas w ith high em issions o f 
ammonia or high rates o f  nitrogen deposition. T h e  
basic argum ent is that increased deposition o f  nitrogen 
is leading to tree dam age. T h e  increases may be the 
result o f  nitrates derived from  interactions between 
nitric oxides and the atm osphere, or they m ay be the 
result o f  em issions o f  ammonia.

Am m onia is released from  a variety o f  sources, the 
m ost im portant in Europe being farm slurry. A bout 20 
per cent o f  the am m onia that is em itted is deposited 
w ithin 5 km o f the source, the rem ainder being 
converted into am m onium  com pounds. T h e  
ammonium /am m onia can have a variety o f  effects on 
the soil. T h e se  include: i) the acidification o f  the soil 
w hen the am m onia is converted (via am m onium ) into 
nitrate20, ii) the supplanting o f  some im portant nutrient 
ions such as M g 2 + , K *  and C a2* by am m onium , 
leading to shortages o f  these ions157, iii) the enrichm ent 
(eutrophication) o f  n utrient-poor regions, and iv) the 
encouragem ent o f  acidification by enhanced deposition 
o f  S 0 2, w hich arises as the result o f the rate o f 
deposition o f  S 0 2 being greater on needles that have a 
less acidic surface because o f  the presence o f  the 
am m onium .

T h e  acidification o f  the soil as a result o f  ammonia 
and am m onium  deposition appears to be a 
self-regulating process in that nitrification stops or at 
least becom es severely inhibited at pH  levels o f  less 
than 4 .1. In parts o f  the N etherlands, soils have reached 
this level and do not appear to be becom ing more

acid ic157. T h e  im pact o f  am m onium  seems to be related 
to the presence o f  other nutrients in the soil, and it has 
been suggested3 that trees on soils that are poor in 
nutrients w ill not grow  w ell if  the N H ^+ /K  _ ratio in the 
soil is greater than five.

N itrogen  may also be supplied as nitrate or directly 
taken up in the form  o f N 0 2. N itrogen dioxide can 
either be beneficial or toxic to plants, depending on the 
dosage that is received. A t relatively low 
concentrations, it provides an extra source o f  nitrogen. 
A s the concentration increases, the beneficial effects are 
out-w eighed by the toxic effects. In this context, it is 
im portant to place atm ospheric inputs o f  nitrogen into 
perspective. In Britain, the application rate, when used, 
is norm ally 150 kg N  h a 1 (applied as 350 kg urea ha-1). 
A pplications o f  N  m ay be necessary every 3-4 years on 
some peaty soils. (N .B . N itrogen  fertilisation is 
relatively rare in Britain because o f  the cost and the 
need for frequent applications). A tm ospheric 
deposition o f  nitrogen in Europe varies from  about 10 
kg N  ha-1 y r 1 to over 60 kg N  ha-1 yr-1. N itrogen 
fixation by plants can supply even greater am ounts o f 
nitrate, w ith fixation rates o f  50 to 200 kg N  ha-1 being 
reported for R ed alder in the western U nited 
States12,4.

A lth ough the increase in the am ount o f  nitrates 
available to plants m ay im prove grow th as a result o f 
fertilisation, problem s may arise. T h ese  occur when 
nitrates are made available in autum n, as the 
carbohydrates that are required to supply the energy for 
the breakdown o f the nitrates into a form  suitable for 
use by the tree m ay not be replaced by photosynthesis. 
A s a result the w inter hardening o f  the tree m ay be 
adversely affected. T h is  is thought to be o f  im portance 
in the decline o f  Red spruce in some parts o f  N orth 
A m erica24. In addition, the rise in the assim ilation o f  
nitrogen requires increased supplies o f  m agnesium , 
potassium , phosphorus, m olybdenum , boron and 
w ater129, and deficiencies in these m ay lead to stress. In 
particular, an abundance o f  nitrogen m ay cause a 
reduction in the grow th o f roots relative to the grow th 
o f shoots, resulting in a reduction in phosphate uptake 
relative to n itrogen125. T h is  m ay lead to phosphate 
deficiency. Increased levels o f  nitrogen are also known 
to inhibit root m ycorrhizas173 and increase the 
susceptibility o f  the roots to fungal infections such as 
Pythium, Rhizocionia  and Phytophthora90.

T h e re  is little evidence that excessive levels o f 
sulphur are involved in the forest decline. H ow ever, it 
has been argued that levels o f sulphur in N orw ay 
spruce needles at a site in Belgium  m ay be toxic135. I f  
good grow th is to be m aintained, nitrogen to sulphur 
ratios in foliage should remain below  eigh t196. M ore 
work in this field is required.
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Nutrient deficiencies

N utrient deficiencies can occur naturally as a result o f  
the geology o f an area. H ow ever, pollution m ay cause 
additional problem s. A s m entioned above, damage by 
pollution may lead to the loss o f  nutrients from  tree 
leaves and needles. T h e  acidification o f  the soil may 
also lead to increased loss o f  nutrients through 
leaching81’ 187. T h e  latter process is m ore im portant as 
the nutrients are being lost from  the ecosystem , 
whereas, in the case o f  foliar leaching, the nutrients 
enter the soil and m ay be taken up again by the plant. A t 
present, there is only lim ited evidence that increased 
foliar leaching is accom panied by a reduction in the 
nutrient content o f  the foliage58, although accelerated 
leaching m ay be accom panied by foliar deficiencies o f 
m agnesium  and calcium  if  the soils are poor in these 
nutrients18. U ptake by  plants w ill be im peded in cases 
where the roots are dam aged, and there is some 
evidence that soil acidification may be accom panied by 
such dam age122. In addition, ozone may interfere 
indirectly w ith root m icrobial associations 148, although 
the im plications o f this are yet to be fu lly  assessed. Root 
injury has been found on a num ber o f  dam aged spruces 
in W est G erm any, and m ay lead to nutrient 
deficiencies178.

D eficiencies o f  m agnesium  have been reported in 
trees show ing evidence o f  decline. C h lorotic  spruce 
needles have been found to have m uch lower (20-70 per 
cent) m agnesium  levels than healthy-looking needles196. 
M agnesium  deficiencies have been recorded on acidic
soils at higher altitudes (c.700-1000 m) in W est
G erm an y166 and foliar m agnesium  deficiencies are 
widespread in other parts o f G erm an y139 (Plate 2). A  
threshold appears to exist at approxim ately 0.3 m g g-1, 
below w hich needle chlorosis occurs. As
m agnesium -deficient needles are associated w ith a 
breakdown in the basic physiology o f  the tree,
accelerated foliar leaching o f  m agnesium  and calcium  
has been suggested as a possible cause o f  the forest 
decline in some parts o f  E urope17’ 141. D eficiencies in 
both o f these nutrients may predispose trees to damage 
by photochem ical oxidants76’ 199.

O ther nutrients may also be im portant. Cadm ium , 
lead, copper, zinc and manganese may all be leached 
from needles and leaves follow ing damage by air 
pollution74. Prelim inary w ork in Hesse, W est G erm any, 
indicates that the manganese content o f  N orw ay spruce 
needles is negatively correlated w ith the percentage of 
crow n defoliation, suggesting a link between the tw o70. 
H ow ever, more w ork is required before any 
cause-effect relationships can be determ ined.

Uptake o f  am m onium  is norm ally accom panied by 
the release o f  potassium , m agnesium  and calcium 157. As

these may then be leached from  the soil, deficiencies 
may arise, leading to stress in the plants.

T h e  frequent association o f  sym ptom s o f forest 
decline w ith nutrient deficiencies suggests that some 
sort o f relationship is involved. F ollow in g the finding 
that the decline was occurring on calcareous soils, the 
nutrient deficiency hypothesis lost favour. H ow ever, 
the calcareous soils that are particularly affected are 
often poor and the availability o f  nutrients may be 
rather low 163’ 199. T h e  recovery (both reductions in 
discoloration and increases in the num bers o f  needles 
retained on the tree) o f  m any plots follow ing 
fertilisation91’93 is also indicative that problem s 
associated w ith nutrient deficiencies m ay be involved 
w ith the forest decline.

T ra c e -m e ta l accum ulation

T h e  effects o f  increased concentrations o f  potentially 
toxic metals such as alum inium  have already been 
noted. T h is  section is concerned w ith the possibility 
that the atm ospheric deposition o f heavy metals m ay 
have an adverse effect on tree grow th. Lead has been 
proposed as a possible cause o f  dam age to trees in W est 
G erm an y51’52. T h e  lead in question is trialkyl-lead 
w hich is form ed in the atm osphere from  the lead 
em itted in car exhausts. T h e  theory has been strongly 
criticised191 on the basis that the m ethods used in the 
determ ination o f the concentrations o f  lead are subject 
to a good deal o f error. In addition, the concentrations 
recorded seem m uch higher than w ould be expected 
from  a know ledge o f  the original em issions and 
subsequent evolution o f trialkyl-lead. D ifferences in 
the lead levels in foliage on exposed and unexposed 
trees have been reported from  the western slopes o f  the 
Egge M ountains in W est G erm an y5, but m uch more 
inform ation is required before the role o f  lead can be 
determ ined.

In general, it appears that the concentrations o f  heavy 
metals in damaged trees are extrem ely low and can 
therefore be discounted17’ 198. A  further argum ent 
against heavy metals as a prim ary cause o f  the dieback is 
the lack o f  damage in areas w here pollution by heavy 
metals m ight be expected, such as around the refineries 
in the Stolberg and Rhineland areas o f W est 
G erm an y137. T h e re  is no doubt that heavy metals can be 
a problem  locally and it has been argued that the poor 
grow th o f Sitka spruce in some parts o f  south W ales 
could be because o f  toxic levels o f heavy m etals28. 
H ow ever, there is no evidence that they are involved in 
the forest decline currently affecting many parts o f 
Europe.
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R adioactivity  and other radiation

In W est G erm an y, it has been proposed that forest 
decline can be linked to em issions from  nuclear power 
stations1*9. T h e  hypothesis is based on the tentative 
observation that the highest degree o f  forest dam age in 
B aden -W iirttem berg occurs in the vicin ity  o f  the 
G undrem m ingen nuclear pow er station. T h e  
hypothesis can be rejected on the basis o f  two 
independent studies. F irstly , in the area around 
G undrem m ingen the damage is not concentrated 
around the pow er station185. Secondly, there is no 
relationship betw een the distribution and extent o f 
damage and the suspected sources o f  radioactivity16.

H igh-frequen cy electro-m agnetic radiation has also 
been proposed as a posssible factor inducing stress in 
trees86. T h e  energy associated w ith the 
electro-m agnetic fields created by the radiation may be 
sufficient to induce relaxation and resonance 
phenom ena in trees and this in turn m ay result in 
disturbances to the ion fluxes w ithin needles. M uch  
more experim ental w ork is required before this 
hypothesis can be assessed.

Viruses

Viruses have been proposed as a possible cause o f  the 
decline o f  conifers in E urope63’ 105, but this has not been 
w idely accepted ow ing to the lack o f  supporting 
evidence128. T h e  claim rests principally on electron 
m icroscope studies w hich, w ith present know ledge, 
cannot be un am biguously interpreted. V iruses have 
been isolated from  declining beech in W est G erm any 
and the investigation o f their role clearly presents an 
im portant, albeit difficult, field o f research.

Fungi

It is generally agreed that the forest decline is not 
prim arily being brought about by fungal pathogens. 
T h e re  is, how ever, considerable discussion on the role 
that fungi may perform  in conjunction w ith other 
factors such as air pollution or w eather extrem es. For 
exam ple, in G erm an y there is currently a vigorous 
debate over the part played by needle-inhabiting fungi 
in the developm ent o f a needle-reddening sym ptom  
that has been observed in certain parts o f the country. 
Som e have argued for the im portance o f  fungi like 
Lophoderutium piceae and Rhizosphaera kalkhoffn  on 
trees stressed by ‘ frost shock’ 145’ 146, w hile others 
dispute this and maintain that the fungi are o f  no real 
consequence29’ 167.

T h e  interaction o f  air pollution w ith fungal and 
bacterial diseases is a m atter o f  obvious interest in 
connection w ith forest decline. A ir pollution does not

necessarily lead to an exacerbation o f disease, as the 
direct effect o f  the pollutant on the pathogen m ay be 
m ore im portant than its effect on the plant. T h u s  tar 
spot o f  sycam ore is absent from  highly polluted areas 
because o f  direct inhibition o f  the causal fungus 
Rhytisma acerinum by sulphur dioxide14. In contrast 
there is evidence that the same pollutant stim ulates the 
spruce needle pathogen Rhizosphaera kalkhoffii and 
increases its dam aging effect upon young trees182. M any 
o f the claims for a synergistic effect o f  air pollution and 
fungal pathogens are inadequately docum ented87. N o 
critical data have as yet been produced for areas o f 
w estern Europe affected by forest decline but there is 
evidence for a link between air pollution and increased 
incidence o f  root rot fungi like Heterobasidion annosum 
(Fornes annosus) and Arm illaria  spp. in countries such 
as the U n ited  States95.

One fungal disease that has aroused considerable 
concern during the mid 1980s is a serious dieback o f 
pine caused by Sphaeropsis sapinea in the southern part 
o f  the N etherlands42. L ines o f  research include an 
exam ination o f the effect on host and pathogen o f the 
high levels o f ammonia w hich are known to occur in 
that part o f  the country.

D rough t is a very im portant abiotic factor in relation 
to interactions w ith fungi and several scientists have 
draw n attention to the ability o f  stem and root 
pathogens to prolong and intensify the poor condition 
o f  trees that w ould have recovered quite quickly from  
drought stress alone. T h e  situation is even further 
com plicated by the fact that in many places, periods o f 
drought are likely to coincide w ith the occurrence o f 
high concentrations o f  pollutants, particularly ozone.

Pests

A t present, there is no evidence that pests are the cause 
o f the forest damage observed in central Europe. 
H ow ever, they are clearly associated w ith trees that 
have been subjected to stress, and it appears that m any 
species have taken advantage o f  trees dam aged by air 
pollution (Plate 4). A s w ith some fungal attacks, the 
main problem  is in establishing w hether insects are the 
prim ary cause o f  a tree’s decline or w hether they are 
infesting trees that have already been weakened or 
injured by some other factor. F or exam ple, the 
Southern pine beetle (Dertdroctonus frontalis) and the 
larger 8-toothed spruce bark beetle (Ips typographic) 
both initially attack dam aged trees rather than trees in 
full health6. Such attacks may be a specific response to 
chem icals (such as ethanol and terpenes) produced by 
trees under physical or toxic stress71’72. T h ese  m ay 
either attract or discourage insect infestations. Volatile 
terpenes are known to act as a m ajor signal to some
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species o f  insects infesting con ifers19S whereas ethanol 
may either attract some species (such as the am brosia 
beetle (Xyloierus spp.))u l or discourage them , as with 
the ceram bycid beetle Mottochamiis alternaius1*1. O nce 
attracted to an area by the presence o f  unhealthy trees, 
the insects m ay start to attack healthy trees and they can 
then be classed as a prim ary cause o f  tree decline.

Several trends are apparent in the dynam ics o f  the 
populations o f forest pests6. T h e  frequency o f 
sim ultaneous outbreaks in various species in Europe 
has increased from  about once every 14 years in the late 
18th century to about once every 6 years since 190032. 
In addition, species that used to be rare now occur 
sufficiently frequently to be classed as pests65. T h e  
causes o f  these trends are unknow n, but clim atic 
change, m anagem ent practices and air pollution have all 
been suggested.

Insect pests can interact w ith pollutants in several 
w ays66. T h e  quality o f  the food plant m ay be changed in 
such a w ay as to increase its attractiveness to pests. 
Pollutants them selves m ay affect the pests in a num ber 
o f ways to their advantage. Pollutants m ay also affect 
the natural enem ies o f  the pests. Several different 
responses to pollution exist66, depending on the level o f 
contam ination. Som e species such as one o f the T o rtrix  
moths (Exoteleia dodecella) and the Pine shoot moth 
(Rhyacionia buoliana) may occur in large num bers close

to a pollution source163. H igh densities in polluted areas 
can be achieved by a num ber o f  m echanism s, in cluding 
having high tolerances to am bient pollution levels, 
avoiding contam ination by the pollutants, exploiting 
badly dam aged trees and exploiting environm ents 
w here their predators have been reduced. O th er species 
peak in areas w ith m oderate pollution, e.g. the bark 
beetle Phaenops cyanea and the 6-toothed pine bark 
beetle (Ips sexdentattis), again by various means. 
A ltern atively, species such as the bark beetle 
Pilyokleines curvidens m ay occur in forests that have 
been subject to some pollution stress but they are 
absent from  areas w ith high to m edium  pollution levels. 
T h e  situation is extrem ely com plex and involves many 
interactions. As an exam ple factors affecting the 
occurrence o f  outbreaks o f the Pine bark bug (Aradus 
cinnamomeus) in Finland are shown in F igure io 83. 
A lth ough some experim ental w ork has been done (for 
exam ple S O , treatm ent increases the susceptibility o f 
N orw ay spruces to w oolly aphid (Adelges) 
infestations107), m uch m ore w ork is required before the 
role o f insects in forest decline can be fully 
determ ined.

T h e  relationship between fertilisation by nitrogen 
and insect pests is fairly well established. Fertilisation 
results in increased rates o f  grow th o f insects and 
increased birth rates164. L o w  levels o f  nitrogen are

Eigurc to. T h e  role o f air pollution in the developm ent o f Aradus outbreaks. (Source: H eliovaara, K . and Vaisanen, R . (1986). 

Industrial air pollution and the pine bark bug, Aradus cinnamomeus Panz. (H ct., A radidae). Journal o f  Applied Entomology 101, 
469-478).
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m atched by reduced levels o f  feeding by insects, 
together w ith slow  rates o f  grow th, long developm ent 
tim es and poor su rviva l115. Insect infestations may 
therefore occur in areas where there is increased 
deposition o f  nitrogen. W hether this is the result o f  the 
levels o f  nitrogen or the w ater content o f  the 
leaves/needles (the two are closely related170) remains 
unclear.

M ultiple  stress

T h is  is probably the most popular hypothesis at the 
present time. N o  single m echanism  is seen as 
responsible for the tree decline, rather the decline is the 
result o f  the cum ulative effects o f  a num ber o f stresses. 
T h ese  may vary betw een different areas142. T h e re  is a 
grow ing am ount o f  evidence that some factors 
predispose a tree to damage whereas others incite or 
contribute to the dam age121. Predisposing stresses are 
those that operate over long time scales, such as clim atic 
change and changes in soil properties. T h e y  place the 
tree under perm anent stress and may weaken its ability 
to resist other form s o f stresses. Inciting stresses are 
those such as drought, frost and short-term  pollution 
episodes, that operate over short time scales. A  fully 
healthy tree w ould probably have been able to cope 
w ith these, but the presence o f  predisposing stresses 
interferes w ith the tree’s m echanism s o f natural 
recovery. C o n tributin g stresses appear in weakened 
plants and are frequently classed as secondary factors. 
T h e y  include attack by some insect pests and root 
fungi. It is possible that all three types o f  stress are 
involved in the decline o f  trees.

A n exam ple o f a m ultiple stress hypothesis is 
provided by the ‘explanation’ o f  N orw ay spruce decline 
on acidic soils at high altitudes in W est 
G erm an y17’ 142’ 143. It is proposed that during periods o f 
high pressure in sum m er and early autum n, high 
concentrations o f  ozone build  up. T h e  ozone causes 
physical damage to the needle cells and, w hen rainfall 
occurs, nutrients such as m agnesium , calcium , 
potassium  and zinc are leached from  the needles. T h e  
high acidity o f  the rainfall also results in increased 
leaching o f calcium  and m agnesium  from  the soil. A n 
inadequate supply o f  m agnesium  reduces the efficiency 
o f chlorophyll synthesis in the needles, a process that is 
o f crucial im portance as a result o f  the intensive 
photo-oxidation o f  chlorophyll that occurs at high 
altitudes. T h e  m agnesium  deficiency also results in 
lower rates o f  physiological activity in the needles and 
increases the frost susceptibility o f  older needles. 
Consequently, when frosts occur after long periods o f 
com parative w arm th, as occurred in 1979, 1981, 1982 
and 1983, severe damage m ay occur and latent diseases

in the trees m ay be activated. In north-east Bavaria, this 
process m ay be aggravated by the presence o f  high 
levels o f  sulphur dioxide. F urth er com plications may 
occur as a result o f  the w idespread occurrence of 
pathogens such as the needle-cast fungi m entioned 
previously. Com binations o f  stresses, such as that 
described above, m ay well be the principal cause of 
forest decline, a view  that is receiving an increasing 
am ount o f  backing from  experim ental w ork16’ 113.

The Cost of Forest D am age

T h e  econom ic im pact o f  the forest decline is obviously 
o f considerable interest but very little inform ation is 
available. T h e  effects can be divided into those 
occurring as a result o f declining yield and those 
brought about by the release o f  large volum es o f  tim ber 
over a relatively short period o f  tim e. Both the owners 
o f  the standing tim ber and the w ood-processing 
industry are likely to be affected. F urth er effects may 
occur on the infrastructures o f  regions w here forestry is 
a m ajor source o f  incom e, and additional problem s may 
arise through the decline o f tourism  in badly affected 
areas and the decline o f ‘protection ’ forests.

M ost attem pts to establish the cost o f  the damage 
have used m odelling. T h e  value o f the m odels is 
severely lim ited by the absence o f  suitable data. L ittle  is 
known about the actual relationships between dieback, 
recovery and increm ent loss. H ow ever, inform ation is 
now available on the relationship betw een needle loss 
and increm ent49’73’ 112. Som e exam ples are shown in 
Figure n .  T h e re  appears to be a linear relationship 
between needle loss and increm ent reduction for needle 
losses o f  10-50 per cent. H ow ever, for more severely 
dam aged trees, there is now evidence that increm ent 
losses increase substantially when more than 50 per 
cent o f the needles are lost158. T h is  is consistent with 
physiological studies w hich indicate that one o f the first 
responses o f  a tree under stress is a reduction in its 
annual increm ent. It must be em phasised that the 
relationship betw een crow n density and increm ent 
remains controversial. T h is  is because increm ent is 
affected by several factors, o f  w hich crow n density is 
only one. C row n  diam eter and crow n length must also 
be taken into account9’ 162.

T h ere  is also little inform ation on the effects o f  air 
pollution on w ood quality. T h e  available evidence is 
rather conflicting and probably depends on the exact 
nature o f the material under test. G enerally, the quality 
o f  the w ood appears to be unaffected, although in some 
cases there may be slight reductions in m echanical
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Figure i i .  Increm ent reductions associated w ith  crow n needle 

loss ( " „ )  (From : D o n g, P .H . and K ram er, H. (1986). 
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strength169’ 184. In addition, it seems that w ood from  
dam aged trees is drier than that from  undam aged trees, 
and this m ay affect its storage properties. T h e re  is also 
evidence that dam aged trees (particularly beech) are 
m ore susceptible to fungal attacks w hich m ay discolour 
the heartw ood, thereby substantially reducing the value 
o f  the tim ber57.

T h e re  is no indication that the increase in w ood 
supply resulting from  sanitation felling has 
significantly influenced market prices. T h is  is because 
there has been a tendency to reduce the rate o f  fellin g o f 
undam aged trees, w hich com pensates for the 
unplanned felling brought about through sanitation 
work. H ow ever, there m ay be problem s locally, 
particularly in areas w here the damage is greatest. In 
such areas, the local m arket capacity may be saturated 
and it m ay not be econom ic to transport tim ber to 
distant m arkets. T h e  alternative is to store the w ood 
but, as already stated, w ood from  dam aged trees tends 
to be drier than w ood from  undam aged trees. T h e  use 
o f  techniques to postpone decay m ay then add 
significantly to the costs o f  storage.

T h e  im pact o f the decline o f  ‘protection forests’ is 
easier to assess. T h ese  forests occur predom inantly in 
the high m ountains and are m aintained to prevent 
avalanches and reduce soil erosion. T h e  econom ic 
im pact o f  the decline can be assessed in terms o f 
provid ing alternative protective measures. T h ese  
include techniques such as terracing, barriers for 
retaining debris and structures designed to deflect 
avalanches, all o f  w hich are costly to erect and 
maintain.

Research by the Forestry  
Comm ission

T h e  existence o f forest decline on the European 
mainland has been established w ithout doubt, although 
the causes remain unclear. T h e  F orestry Com m ission 
has therefore started several m ajor research 
program m es w ith the objectives o f  im proving 
knowledge o f  the state o f  health o f  B ritain ’s trees and 
investigating the effects o f  am bient levels o f  air 
pollution on the grow th o f im portant tree species.

T h e  m ajor tree survey has been directed towards 
conifers as damage was first recognised in these in 
central Europe. In 1986, it involved the survey o f  a total 
o f  141 plots o f  Sitka spruce, N orw ay spruce and Scots 
pine throughout Britain (F igu re 12). N orw ay spruce 
has been badly dam aged on the continent and it is 
therefore useful as a link w ith surveys elsewhere. Sitka 
spruce has been included because o f  its im portance as a
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Figure 12. A pp roxim ate location o f  plots assessed in the 1986 forest health (air pollution) survey undertaken by the Forestry 

Com m ission.

•  S itka spruce

♦  Scots pine

■ Norway spruce

□ N o rw ay sp ruce  
( > 5 0  y e a rs  old )
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com m ercial tree species in Britain and Scots pine 
because o f  its widespread distribution and im portance 
in private plantations. In the 1984 and 1985 surveys, an 
upper age limit o f  45 years was im posed as trees are 
com m only harvested w ithin 50-60 years o f planting in 
Britain. In 1986, the survey was extended to include 
older N orw ay spruce, up to n o  years old. T h is  was 
done as there is evidence from  G erm any that it is the 
older trees that are affected first. T h e  figures reported 
in 1986 are sim ilar to those being reported from  some 
continental countries.

In 1985, a study was begun w ith the aim o f 
developing a m ethod o f assessing beech by recording 
the incidence o f all the features by w hich this species 
m ight be expected to show ill-health. T h ese  include 
various sym ptom s w hich have been associated w ith the 
decline o f  beech in W est G erm any: leaf yellow ing, 
prem ature leaf fall, leaf shape and leaf rolling, crow n 
thinness, abnorm al branching patterns and insect and 
fungal damage. Early leaf yellow ing, crow n thinness 
and abnorm al branching were observed quite 
frequently. N one o f the observed damage was 
considered to be outside the range expected for beech in 
the U K , particularly in view  o f the effects o f the series 
o f  droughts in 1975, 1976, 1983 and 1984117. H ow ever, 
damage by pollution was not ruled out as a possible 
cause o f  some o f the sym ptom s and further studies are 
underway.

In 1986, an investigation was begun into the health o f 
hedgerow  ash and oak. N o  results are yet available.

T h e  effects o f pollutants on trees are being 
investigated in an experim ental project started in 1984. 
O pen-top cham bers are being used to grow  trees in 
filtered air and in am bient air. T h e y  also allow  the 
response o f trees to precisely determ ined levels o f 
pollution to be investigated. T h e  study has a num ber o f 
aims, including establishing w hether trees are being 
affected by am bient levels o f  pollution in various parts 
o f the U K  and the long- and short-term  concentrations 
o f pollutants required to induce damage in trees. T h e  
main species involved in the trials are Sitka spruce, 
N orw ay spruce, Scots pine, European beech and oak, 
although other species are being exam ined where 
appropriate. T h is  study is likely to be particularly 
valuable because o f  the care w ith w hich plant material 
under test has been selected and as a result o f  the large 
num ber o f cham bers involved (16 at each o f three 
sites).

Conclusions

Forests are subject to a w ide variety o f  stresses o f  w hich 
air pollution is only one. Evidence from  the European 
m ainland strongly suggests that air pollution is 
involved in the decline o f  forests that has been observed 
there over the last few  years. In Britain, detailed 
m onitoring projects are under w ay to ensure that i f  a 
decline sim ilar to that on the continent does occur, it 
will be identified in its early stages. A cidification  has 
been occurring at an accelerated rate in areas such as the 
Pennines since the Industrial R evolution. T h e  
introduction o f the tall-stack policy follow in g the Clean 
A ir A cts o f  1954 and 1962 has led to m arked decreases 
in pollution in urban areas but may have contributed to 
pollution at remote sites in Britain and in Scandinavia. 
T h e  presence o f trees in these areas may enhance the 
deposition rates o f  acidity, leading to a decline in water 
quality. A cidification  o f  freshwaters has certainly 
occurred in several places, although the role o f 
afforestation in this process is far from  clear.

T h e  forest decline on the continent has continued 
throughout the early 1980s, and is now affecting both 
conifers and broadleaves. T h e  area affected has also 
increased. T h e  causes o f the decline are still unknown, 
but one o f the m ost likely explanations is a m ultiple 
stress hypothesis involving air pollution as an inciting 
or predisposing stress, adverse soil conditions as a 
predisposing stress and short-term  clim atic factors as 
inciting stresses. A lth ough adverse w eather conditions 
may have triggered the decline, it seems probable that 
this decline w ould not have occurred if  the trees had not 
already been weakened by air pollution or some other 
stress.
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