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Forest Health Surveys 1987
Part 2: Analysis and Interpretation

J .L . Innes and R .C . Boswell 

Forestry Commission

Abstract

T he crown appearance of five British tree species, Sitka spruce, Norway spruce, Scots pine, 
oak and beech, was assessed in 1987 using param eters such as crown density, am ount of 
needle or leaf discoloration and crown dieback. D istinct spatial patterns exist in the crown 
param eters relaung to three of these species. T he appearance of Scots pine, oak and beech 
generally deteriorates towards the north  and west of Britain. T he two spruce species do not 
show this trend. T he appearance of the trees is statistically related to a wide variety of 
environm ental variables. Some of the explanatory variables examined in the analysis are 
pollutant levels and there is a general increase in the crown densities of Scots pine, oak and 
beech w ith increasing levels o f most pollutants. This is entirely consistent w ith the many 
experim ental studies that have shown that at relatively low levels o f atm ospheric pollution 
the growth of plants may be stim ulated. T he variables used in the study are all highly 
inter-correlated, placing severe lim itations on the extent to which the statistical associations

can be interpreted .

Introduction

T he results o f the 1987 survey of forest health have 
already been published (Innes and Boswell, 1987). The 
aim of this part o f the report is to in terpret as far as 
possible these results by attem pting to establish the 
cause(s) of the low crown densities and the crown 
discoloration observed in five of our most im portant 
tree species: Sitka spruce, Norway spruce, Scots pine, 
beech and oak. T he low densities and the discoloration 
were observed during the 1987 survey which was 
undertaken between late July and early September 
1987. Some problem s arising from  a second survey of 
forest health carried out in 1987 are discussed in 
Appendix I.

T he results presented in Part I have given rise to 
concern as the overall figures for crown density and 
crown discoloration are similar to those published in 
European countries where forest decline is believed to 
be a major environm ental problem . M ost scientists 
now consider that a variety of stresses are responsible 
for this decline although the relative im portance of 
different stresses remains uncertain. In  some cases, 
there is good evidence that air pollution is the primary 
factor causing injury to trees (e.g. M atem a, 1982;

K eller, 1984; Roelofs et a l., 1985) and in many others, 
strong circum stantial evidence suggests that air pollu­
tion is at least involved (e.g. Feiler, 1985; Fliickiger et 
al., 1986). Consequently, this report places particular 
em phasis on the possible effects o f air pollution on 
crown density and other crown param eters. However, 
many other factors affect the appearance of tree crowns 
and it is im portant not to ignore the extent to which 
these have affected the present appearance of our trees.

Rationale for the Current Approach

Crown density is the basic index used in surveys of 
forest health throughout Europe. It is influenced by a 
num ber of factors, of which pollution is only one. 
Consequently, there is a major problem  in separating 
any changes in crown density attributable to pollution 
from those attributable to other factors. The situation 
is fu rther com plicated by indirect effects of pollution: 
while the levels o f pollution at a particular site may not 
affect a tree directly, they may affect either the 
response of the tree to some other factor affecting 
crown density or they may directly affect that factor 
itself.
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Trend Analysis

As a result o f the difficulties m entioned above, it is not 
possible to infer a pollution effect from  the summ ary 
statistics alone. Instead, it is necessary to see w hether 
any pattern  is present in the data, either spatial or 
temporal.

At present, no com m ent can be made on the 
temporal changes seen in crown density in Britain over 
the period 1984-1987 other than to say that a substantial 
proportion of the changes is attributable to changes in 
survey technique and observer perception. Major 
changes in observer perception occurred between 1985 
and 1986 and it is believed that substantial changes also 
occurred between 1986 and 1987. T he latter can be 
attributed  to the introduction of a detailed training 
course and the use of a m ore com prehensive set of 
photographic standards. It has not been possible to 
quantify the extent o f these changes in perception and 
it is therefore impossible to determ ine the extent o f any 
real change in crown condition over the past 4 years.

Even now that the problem  of changes in observer 
perception has been largely resolved it is likely that it 
will be impossible to m ake a confident statem ent on 
tem poral trends in forest appearance for some con­
siderable time. This is because substantial year-to-year 
variations in crown density are thought to occur, 
particularly in broadleaves. W hen such variations 
occur in conifers, they are likely to have persistent lag 
effects (Innes, 1988). Lag effects may also occur in 
broadleaves, bu t they are yet to be fully evaluated. 
O ther countries face the same problem s, particularly 
those that do not have a fixed reference point (such as a 
photograph of an ideal tree) which they can use as a 
standard through time.

Consequently, the emphasis currently has to be 
placed on spatial trends. Forest health surveys provide 
data on the appearance of forests over a broad geogra­
phical area. If  pollution is an im portant factor affecting 
the appearance of trees, then it m ight be expected that 
in those areas with high levels o f pollution, the 
appearance of the trees will be worse. T he basic 
approach used in this study is an attem pt to use any 
pattern in the d istribution of crown density and crown 
discoloration to identify an association with one or 
more variables, ranging from  topographic indices, 
such as distance from  the sea, to indices of pollution 
such as the rate o f nitrate deposition. Particular 
em phasis has been placed on determ ining w hether any 
association exists between the patterns of individual 
pollutants and the pattern of crown density and crown 
discoloration.

T h e limitations o f analysis by association

One of the most widely accepted techniques for 
determ ining w hether or not an association exists 
between a target index and one or more variables is 
m ultiple regression and its associated correlation 
analysis. However, the approach has a serious lim ita­
tion and this m ust be considered when examining the 
results presented in this report.

M any of the variables that we have used are highly 
intercorrelated. Consequently, while significant statis­
tical associations may be dem onstrated, these do not 
necessarily imply that there is a functional relationship 
between the explanatory variable and the crown para­
m eter. T he reverse is also true. T he absence of a 
statistical relationship between a crown param eter and 
an explanatory variable does not rule out the possibility 
that a functional relationship exists between the two.

This problem  is com m on to all studies of this type 
although here it is aggravated by the absence of any 
visual feature of the tree that can be specifically 
associated w ith pollution. A great deal o f w ork is 
currently underway which is aimed at identifying any 
biochemical or physiological param eters that m ight 
provide an indication of potential pollution impact 
(e.g. Cape et a l., 1988).

Geographical Variation in Crown 
Condition

In order to determ ine any spatial pattern  in the indices 
used in the forest survey, m aps have been prepared 
showing the distribution of various crown indices in 
each of the five species. T he maps were prepared using 
the mean of a particular index for each site, and 
interpolating to a 20 by 20 km  grid (Figures 1 to 5). T he 
accuracy of these maps is dependent on the density and 
distribution of sample plots. T he most reliable maps 
are those for Norway spruce and Scots pine. Sitka 
spruce is relatively rare in the south-east and the 
accuracy of the map east o f a line from  Bournem outh to 
Scarborough is therefore questionable. F or the two 
spruce species, we know that tree age is related to 
crown density (Figure 6). In order to make maximum 
use of the available data, the effects of age have 
therefore been removed using simple regression and 
the maps of the adjusted crown density indices are also 
presented.

Both broadleaf species have very few plots (31 for 
oak and 29 for beech) and the sample sizes may well be 
inadequate for the type of presentation and analysis 
adopted here. T he maps for these two species should
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Figure I . Patterns of crown indices in Sitka spruce: 
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■  1 8  0  +  See Table 2 for derivation of indices.

1 5! 0  < 1 8 . 0
1 2. 0 < 1 5. 0

■  9 . 0 < 12. 0
■ 6 . 0  < 9 . 0
■  < 6. 0

c.



Crown density 
index

50
40
30
20
10

< 50
< 40
< 30 
< 2 0
< 10

a.

Crown density 
index

'50
40
30
20
10

b.

<50
< 40
< 30 
< 2 0
< 10

Figure 2. Patterns of crown indices in Norway spruce:

a. crown density

Discoloration k- crown density after taking age into account
SCOre C. crown discoloration.
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Figure 3. Patterns of crown indices in Scots pine:
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Figure 4. Patterns of crown indices in oak:

a. crown density

b. crown dieback

c. browning of leaves

d. yellowing of leaves.

therefore be viewed w ith considerable caution as it is 
possible that some of the patterns apparent on the maps 
for oak and beech are an artefact of the low density of 
sam pling points. W e are currently  reviewing tech­
niques for quantifying the accuracy of the maps and 
fu ture reports will cover this problem  in m ore detail.

Possible Factors Affecting Crown 
Appearance

A wide variety of factors could be responsible for the 
patterns shown in F igures 1 to 5. These explanatory 
variables can be divided into several types depending 
on w hether they are specific to individual trees (e.g. 
differences in crown density according to genetic 
constitution), sites (e.g. distance from  sea) or groups of 
sites (most climatic and pollution factors). In the 
following analysis, a wide variety of such variables have 
been used and their derivation is described in the 
following sections.

M easured topographic variables

In an attem pt to predict climatic variables for sites 
w ithin Great Britain, W hite and Smith (1982) 
m easured a num ber of indices which were considered 
to reflect the geographical position, site topography 
and the effects of the sea at each location. As climate is 
know n to have a strong influence on tree grow th, the 
same variables were assessed for each of the 264 plots 
used in  the survey. T he variables, and their derivation, 
are as follows:
i. G rid easting (EAST). Taken from  O rdnance 

Survey maps to the nearest 100 m. In both this 
and the following index, the origin is the south­
west corner o f OS square SW , i.e. to the south­
west of L and ’s End.

ii. G rid north ing (N O R T H ). Taken from  O rdnance 
Survey m aps to the nearest 100 m.

iii. D istance from  sea (DFS)! D istance from the plot 
to the nearest point where the sea is more than 10 
km  wide, to the nearest km.

iv. Elevation (ELEV ). Average altitude of plot, to 
nearest 1 m , read from  1:50 000 O rdnance Survey 
maps.

v. Slope due east or west (SLOW ). T he angle of 
slope between two points w ithin 0.5 km  east and 
west of the plot. W esterly slopes are negative, 
easterly ones are positive.

vi. Slope due north or south (SLOS). As for SLO W , 
with northerly  slopes positive and southerly 
slopes negative.
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£
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Figure 5. Patterns of crown indices in beech:

a. crown density

b. crown dieback

c. browning of leaves

d. yellowing of leaves

e. frequency of rolled leaves.

vii. Change of slope through the site (VERT). A 
m easure o f the degree o f convexity or concavity of 
the slope which the plot is on.

viii. Change of direction of contour line passing 
through the site (H O R ). A m easure o f w hether 
the plot lies in a valley (one extrem e) or on the 
brow of a hill (the other extreme).

ix. T he ruggedness of the site (RUG). Equivalent to 
ELE4 o f W hite and Sm ith (1982). Based on the 
sum o f the four differences in altitude from  the 
plot to  the highest, or lowest, location within 10 
km  in each of the north-w est, north-east, south­
east and south-west quadrants.

x. D istance to the west coast (D FSW ). This index 
provides an indication o f oceanic im pact at the 
site and is m easured to the nearest I km .

xi. D istance to the east coast (D F SE ), m easured to 
the nearest 1 km .

xii. H ighest elevation at any distance due west 
(H EW ).

xiii. H ighest elevation at any distance due east (H EE).
xiv. Average slope of the plot (SSLOPE). T his is an 

extra index not used by W hite and Sm ith (1982).

D erived  clim atic data

W hite and Sm ith (1982) used the above indices to 
estimate a num ber o f climatic variables. H owever, not 
all of these are thought to be relevant to tree growth. 
Very often, those that are can be characterised by a few 
relatively sim ple variables (D enton and Barnes, 1987). 
In this analysis, mean seasonal precipitation and 
tem perature indices have been calculated using the 
m ultiple regression equations presented by W hite and 
Smith (1982). T h e  models provide a good indication of 
m ean air tem perature for each season (93-96 per cent 
variation accounted for). M ean rainfall is less good 
(65-67 per cent variation accounted for), reflecting its 
high degree o f spatial variation.

Equations for mean wind speed were also provided 
by W hite and Sm ith (1982) but the models account for 
very little of the variation and have not been adopted in 
this study. W ind is known to be an im portant factor 
affecting tree growth in Britain (see, for example, 
Pears, 1967 and Dixon and Grace, 1984) and the use of 
some index such as that proposed by M iller et al. 
(1987), based on a com bination o f the rate of tatter-flag 
destruction and altitude, is being investigated. W ind 
speed will be included when a suitable index has been 
identified. F or the present analysis, as w ind speed is 
essentially controlled by geographic and topographic 
factors, the inclusion o f these in  the analysis should 
take any wind effects into account.
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Figure 6. Relationship between crown density 
and stand age in

a. Sitka spruce

b. Norway spruce.

A g e  ( y e a r s )

A g e  ( y e a r s )
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M odelled pollution variables (based on em ission  
data)

D etailed inform ation for a large num ber of pollutants 
has been supplied by the M odelling and Assessments 
G roup at the U nited K ingdom  Atomic Energy 
A uthority  at Harwell. A trajectory model was used to 
estim ate the pollutant concentrations and rates of 
deposition at each of the 264 plots. T he variables used 
are listed in T able 1. W hereas some of the modelled 
patterns of pollu tant distribution fit m easured data 
quite well, o ther models (e.g. that for ammonia 
deposition) have a relatively poor fit. T he model for the 
distribution  of mean annual ozone levels is currendy 
under considerable debate and lacks any detailed 
verification. As more m easurem ents become available 
for the U nited K ingdom , it is likely that a num ber of 
refinem ents will be m ade to all the models. In  addition, 
it will be possible to m ap peak ozone concentrations, 
which may have more biological significance than 
m ean annual concentrations. Full details o f the trajec­
tory model and the derivation o f the pollution levels are 
given in D erw ent et al. (1987).

M odelled pollution variables (based on deposition  
m easurements)

D ata for pollu tant concentrations in rainfall were 
obtained from  W arren Spring Laboratory. T he data 
from  the secondary netw ork for 1986, the first year of 
operation, were used. This netw ork consists o f 60 bulk 
precipitation collectors (i.e. those which are contin­
uously open) located throughout the U nited K ingdom . 
T he sites used in the netw ork were chosen to provide 
details o f the regional patterns of precipitation com ­
position (Devenish, 1986).

T he data from  the 60 sites have been used to develop 
spatial models o f deposition. T he actual deposition 
field was calculated using the Meteorological Office 
1941-70 m ean annual precipitation d a ta . Using interpo­
lation procedures, deposition figures were calculated 
for each 20 by 20 km  square in the U nited K ingdom  by 
staff at W arren Spring L aboratory, and it is these data 
that have been used to represent the deposition of 
pollutants at each plot. T he pollutants used in the 
analysis are listed in Table 1 and maps showing their 
distributions are given in Appendix 2.

T he values in the deposition field do not take into 
account any deposition of pollutants that may occur as 
a result of cloud water coming into contact w ith trees (a 
phenom enon known as occult deposition). This is 
im portant at higher altitudes (Dollard et a l. , 1983) bu t, 
as yet, there is insufficient inform ation to enable this 
form  of deposition to be incorporated into the depos­
ition field. T here are also indications that the concen­

tration of pollutants in rainfall increases with 
increasing altitude b u t, again, there are insufficient 
data to incorporate this phenom enon into the present 
analysis. W hen such inform ation becomes available, it 
will, of course, be incorporated.

Regression and Correlation Analysis

As stated above, the basic techniques used in this study 
are sim ple and m ultiple correlation analysis and m ulti­
ple regression analysis. T he correlations between the 
measured tree indices (Table 2) and the range of 
explanatory variables are given for individual tree 
species in Figures 7 to 11. As in Figures 1 to 5, various 
crown param eters have been examined.

Sitka spruce

T he correlation between crown density and stand age is 
readily apparent, with density decreasing w ith increas­
ing stand age. T he only other significant (p <  0.05) 
correlation for crown density is w ith the north-south 
slope in the vicinity o f the plot (SLOS). Crown density 
is higher where the lie o f the land is south-facing than 
where it is north-facing. T he am ount of discoloration 
within the crowns increases w ith increasing distance 
from the west coast.

Norway spruce

As with Sitka spruce, there is a clear correlation 
between crown density and stand age. N o other 
variable is significantly correlated w ith crown density. 
Similarly, none of the variables used in this study are 
correlated w ith crown discoloration.

Scots pine

T he patterns of correlation are totally different for 
Scots pine. M any of the variables are significantly 
correlated w ith crown density, although no corre­
lations were found between discoloration and any of 
the variables. Crown density decreases northw ards and 
westwards and this is reflected in the climatic corre­
lations, w ith crown density being lower in areas with 
higher rainfall and lower tem peratures. Crown density 
is also lower at higher elevations, on steeper slopes and 
in more rugged terrain.

M ost o f the modelled pollutant levels are signifi­
cantly correlated with crown density, with crowns 
being denser in areas w ith higher levels of pollution. 
T he exception is w ith long-term  ozone levels: crown 
density is lower in those parts o f Britain with higher 
mean ozone concentrations. T he correlations with the 
measured deposition data indicate that crown density
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T able 1. Pollution data used in analysis

From  H arw ell Laboratory (all values are modelled):

HNOx Mean annual concentration of oxides of nitrogen (ppb).
H N 02 Mean annual concentration of nitrogen dioxide (ppb).
H H N 03 Mean annual concentration of gaseous nitric acid (ppb).
HNae Mean annual concentration of nitrate aerosol (ppb).
H N 03 Mean annual concentration of nitric oxide (ppb).
HNH3 Mean annual concentration of ammonia (ppb).
HNH4ae Mean annual concentration of ammonium aerosol (ppb).
H S02 Mean annual concentration of sulphur dioxide (ppb).
HS04ae Mean annual concentration of sulphate aerosol (ppb).
H N 0 3 r Mean annual concentration of nitrate in rain (mg N l -1 ).
H S 04r Mean annual concentration of sulphate in rain (mg S l -1).
HN H 4r Mean annual concentration of ammonium in rain (mg N I -1).
HtdryS Total dry deposition of sulphur (kg S h a -1 y r-1).
HtwetS Total wet deposition of sulphur (kg S ha 1 yr ').
H 03 Mean annual ozone concentration (ppb).
H dryN 03 Dry nitrate deposition (kg N ha-1 y r-1).
Hw etN 03 Wet nitrate deposition (kg N ha 1 y r-1).
HdryN H4 Dry ammonium deposition (kg N ha-1 y r-1).
HwetNH4 Wet ammonium deposition (kg N h a-1 y r-1).

From  Warren Spring  Laboratory:

WHc Precipitation weighted annual mean hydrogen ion concentration (p.eq l -1 ) for 1986.
W Hd Wet deposited acidity (g H + m -2) for 1986.
W S04c Precipitation weighted annual mean non-marine sulphate concentration (p.eq l -1) for 1986.
W S04d Wet deposited non-marine sulphate (g S m -2) for 1986.
W tS04c Precipitation weighted annual mean total sulphate concentration (|xeq l -1) for 1986.
W tS04d W et deposited sulphate (g S m -2) for 1986.
W N 03c Precipitation weighted annual mean nitrate concentration (p.eq I -1 ) for 1986.
W N 03d Wet deposited nitrate (g N m -2) for 1986.
W NH4c Precipitation weighted annual mean ammonium concentration (p.eq-1) for 1986.
W NH4d Wet deposited ammonium (g N m -2) for 1986.
WdryS Modelled dry deposited sulphur deposition (g S m -2) for 1983.
W S02c Modelled near-surface sulphur dioxide concentrations (p.g S m -3) for 1983.

Som e o f  these measures were combined in an attempt to reduce the size o f  the data set:
HtwdS HtdryS +  HtwetS
H w dN 03 H dryN 03 + HwetNCB
HwdNH4 H dryH N4 + HwetNH4
TS HtdryS + HtwetS +  W tS04d -  W S04d

This enabled HtdryS, HtwetS, H dryN 03, H w etN 03, H dryH N 4, H w etNH 4, W tS04d and W S04d to be excluded from the analysis.
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T ab le  2. D erivation of reponse variables used to 
represent crown condition (all indices are site means)

Crown density

Crown density is scored in 10% classes with class 0 
representing no reduction in density and class 9 being 90-100% 
below that of a ‘perfect’ tree. For the index, class 0 was taken 
as 5, class 1 as 15, class 2 as 25 and so on. It is important to 
note that as the index increases in value, crown density 
decreases.

Crown discoloration

Crown discoloration is scored in 4 classes: 0-10%, 11-25%, 
26-60% and >60% . For the index, class 0 was taken as 5, class 1 
as 18, class 2 as 43 and class 3 as 80. A high index therefore 
indicates a large amount of discoloration in the crown.

Crown dieback
Crown dieback was scored in 4 classes: 0, 1-10%, 11-30% and 
>30% . For the index, class 0 was taken as 0, class 1 as 5, class 
2 as 20 and class 3 as 45. A high index therefore indicates a 
large amount of dieback in the crown.

Leaf-rolling
The frequency of leaf-rolling was assessed in three classes: 
none, rare or common. For the index, these were scored as 0, 
1 and 2. The degree of rolling was assessed in four classes: 
none, light, moderate and severe. For the index, these were 
scored as 0, 1, 2, and 3.

increases w ith increasing concentrations of some pollu­
tants, but not with total deposition. This reflects the 
gradients in concentration and total deposition, the 
latter being strongly influenced by total rainfall.

O ak

Crown densities in oak are lower in areas with more 
rugged terrain and in areas with higher sum m er 
rainfall. D ensities are generally higher in those areas 
w ith higher modelled levels of pollution. T he excep­
tion is again w ith mean ozone levels, w ith crown 
densities being lowest in those areas with high long­

term  levels of ozone. W ith the m easured pollution 
data, correlations exist w ith pollutant concentration in 
rainfall bu t not w ith total deposition.

T he extent of crown die-back is greatest in areas with 
high sum m er rainfall and cool sum m er tem peratures, 
otherw ise, no signficant correlations were found.

Browning of leaves decreases w ith increasing dis­
tance from  the east coast and is higher in areas with 
higher rainfall acidity. T he only correlation obtained 
for leaf yellowing is w ith a topographic variable, with 
yellowing being greater on concave slopes.

B eech

Crown densities of beech are strongly correlated with a 
num ber of pollution variables, w ith densities being 
highest in areas w ith higher modelled levels o f pollu­
tion. Mean ozone levels again show the reverse, with 
crown densities being lower in areas with higher 
long-term  ozone levels. In  contrast to Scots pine and 
oak, correlations exist between both concentration and 
total deposition of the m easured pollutants, the excep­
tion being w ith levels o f am monia deposition.

Crown dieback increases with increasing distance 
from the east coast and is higher in more rugged areas. 
I t is also greater in areas w ith higher rainfall. T he only 
pollutant variable that dieback is correlated with is 
total modelled am m onia deposition, w ith dieback 
being greater in areas with higher levels of total 
ammonia deposition.

Browning of beech leaves decreases with increasing 
distance from the east coast but shows no relation with 
distance from  the west coast or distance to the nearest 
coast. It is also greater in areas w ith lower levels of 
modelled am monia deposition. Yellowing of leaves is 
not significantly correlated with any of the variables 
examined.

T he extent o f leaf-rolling was recorded in 1987 and 
the degree of this increases eastwards and also increases 
in areas with higher spring tem peratures. It is lower in 
areas with higher sum m er rainfall.



Figure 7. C orrelation diagram s for: a. crow n density  and b. crow n discoloration o f  Sitka spruce.
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Figure 7a. Sitka spruce -  crown density
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Figure 8. C orrelation diagram s for: a. crow n density  and b. crow n discoloration in N orw ay spruce.
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Figure 8a. Norway spruce -  crown density
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Figure 9. Correlation diagrams for: a. crown density and b. crown discoloration in Scots pine.
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Figure 9a. Scots pine -  crown density
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Figure 10. C orrelation diagram s for: a. crow n density , b. crow n d ieback, c. brow ning and d . yellowing in oak.
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Figure 10a. Oak -  crown density
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Figure 10b. Oak -  crown dieback
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Figure 11. 
in beech.

C orrelation diagram s for: a. crow n density , b. crown d ieback, c. b row ning, d. yellowing and e. frequency of leaf-rolling
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Figure 11a. Beech -  crown density
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Figure 11b. Beech -  crown dieback
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G enera l

Exam ples of some of the relationships between crown 
density and other variables are given in F igures 12 to 
15. Four variables, long-term  ozone concentrations, 
m easured hydrogen ion deposition, m easured nitrate 
deposition and mean air tem perature (A pril-June, °C) 
have been selected to show the range of relationships 
that are possible.

T he sim ple correlations reveal a complex pattern  of 
co-variation which is difficult to sort out. H owever, an 
attem pt was m ade to do so using m ultiple regression 
analysis. F or each species data set, a step-wise regres­
sion was run . T he results are presented in Table 3. For 
each step-wise regression, only those variables that 
explained a significant am ount o f variation in the target 
index have been included (i.e. the step-wise process

T ab le  3. M ultiple regression equations for crown condition param eters

Variance
S itk a  Spruce accounted for

Crown density 
0.91 + 0.5465 AGE + 0.664 SLOS 43%

Yellowing of current needles
-5 .3 4  + 0.0636 VERT + 0.00252 HEW  
-  3.7 HN H3 41%

Yellowing of older needles 
2.62 +  0.1708 W Hc -  12.7 W N 03d 
+ 12.02 JM rain 34%

Browning of current needles 
2.86 + 0.01359 HOR 9%

Browning of older needles 
-6 .9 5  +  0.00492 HEW  + 0.0598 VERT 18%

Total discoloration 
4.861 + 0.02189 DFSW  11%

Variance
Scots pine accounted for

Crown density
76.2 -  5.09 AJairt + 0.268 SSLOPE 35%

Yellowing of current needles
10.73 -  1.066 JM airt -  0.002299 HEW  18%

Yellowing of older needles 
5.596 + 0.0825 SSLOPE 13%

Browning of current needles
-1 .5 2  + 0.0362 VERT -  0.0512 SLOW 
+ 0.357 H N 0 3  21%

Browning of older needles
5.004 + 0.00335 ELEV 5%

Total discoloration
5.204 + 0.00811 ELEV 8%

N orw ay spruce 
Crown density

2.2 +  0.4172 AGE -  0.2228 DFS 
+ 0.2982 SSLOPE + 0.0317 HOR

Yellowing of current needles
5.2 + 0.1457 W Hc -  0.0982 W N 03c
-  41.1 W Hd 

Yellowing of older needles
4.272 + 0.1066 W HC + 1.639 WdryS
-  0.0802 W N 03c -  0.187 W S02c 

Browning of current needles
0.52 +  0.428 AJairt +  0.0311 SSLOPE 

Browning of older needles 
5.879 -  4.38 W N 03d + 0.01873 AGE 

Total discoloration 
8.13 + 0.02955 AGE + 0.0576 WHc
-  6.16 W N 03d -  0.329 AJairt

51%

30%

48%

15%

17%

28%

O ak
Crown density 

28.89 + 0.02759 HEW  -  0.4509 WHc 
Browning of leaves 

4.83 +  0.02237 W Hc -  0.1279 WdryS
-  0.00388 DFS 

Yellowing of leaves
16.74 -  0.0636 VERT + 0.01715 DFS
-  0.000552 RUG -  0.243 WdryS 

Crown dieback
-41 .71  + 112.3 JSrain + 0.1017 AGE 
+ 0.028 DFSW

60%

60%

55%

47%

Beech
Crown density 

42.47 -  0.3653 WHc -  0.0248 ELEV 
Browning of leaves

12.64 -  0.02707 DFSE 
Yellowing of leaves 

Not significant 
Crown dieback
40.9 + 0.02637 DFSE + 0.00923 HEE 

+ 10.33 W NH4d + 0.1891 VERT 
Extent of leaf-rolling 

-1 .9 4 9  +  0.1986 AJairt 
Degree of leaf-rolling 

-1 .9 3 9  + 0.1975 AJairt

71%

25%

63%

28%

27%
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was stopped when the F-ratios ceased to be significant).
Very little can be said about the regressions because 

of the problem  of m ulticollinearity in the data. Suppose 
for example that a given pollutant is highly correlated 
with some environm ental factor such as tem perature, 
and both  affect crown density. If  only tem perature is 
included in the regression, its im portance will be 
overestim ated and a steep regression slope will be 
derived. I f  only the pollutant is included in the 
regression, its effect will be overestim ated. I f  both are 
included, their slopes will be reduced, im plying that 
they both have weak effects. In such situations, it is 
im possible to say, w ithout other experim ental evi­
dence, w hether the effect on crown density is due 
entirely to tem perature, entirely to the pollutant or 
partly to both.

T he m ulticollinearity resulted in the coefficients 
being highly unstable, as is typical of such data. Ridge 
regression provides a means of looking at data of this 
nature (Belsey e ta l., 1980; F reund and M inton, 1979). 
T he m ulticollinearity in the data set results in inflated 
variances of the regression coefficients. T he degree of 
inflation can be reduced by introducing bias, the 
underlying principle o f ridge regression. T he am ount 
of bias that has been introduced into an equation is 
represented by the value k on the horizontal axis o f the 
ridge plot. Examples of these plots, using k values from 
0 to 1 in steps of 0.05 are given in F igure 16. T he 
coefficients are standardised and therefore the coeffi­
cients for k =  0 are different from  those given in Table 
3. In the upper p lot of F igure 16, the sym m etry 
between total su lphur deposition (TS) and m easured 
hydrogen ion concentration (W Hc) indicates a high 
correlation (actually 0.609, p <  0.001) and the two 
coefficients com pensate for each other. This suggests 
that only one should be used in any regression model. 
In the lower plot, the coefficients are more stable 
relative to each other and they are therefore more 
reliable. As a result of the instability o f the regression 
coefficients, the models should not be used to predict 
the likely effects of any changes in pollutant levels.

Principal Components Analysis

In cases where the regression coefficients are highly 
unstable, a com monly used approach is to reduce the 
num ber of explanatory variables using principal 
com ponents analysis. T he main com ponents are then 
used as variables in a m ultiple regression analysis.

This approach was tried with the forest health data 
set, but yielded no useful results. Two main problem s 
arose. F irstly , with most o f the principal com ponents,

it was im possible to single out any particular explana­
tory variable that was influencing it. In  those 
com ponents where the im portant variables could be 
identified, the com ponent explained a negligible 
am ount o f the variation in the data set. Secondly, the 
m ultiple regression equations that were developed did 
not explain significantly more variation in crown 
density than the regressions using the original explana­
tory variables (Table 4). Consequently, this particular 
approach was not taken any further.

Table 4. Results of principal com ponents analysis 
and regression using the crown param eters and 
grouping the variables

S itk a  spruce
Component 1 2 3 4 5 6
Percentage variance 45 13 11 6 4 3
Multiple regression analysis of the components on crown 
density indicated that PC6 accounted for 25% of the variance 
in crown density. Using the main data set, 43% of the variation 
was accounted for.

N orw ay spruce
Component 1 2 3 4 5 6
Percentage variance 52 9 9 6 4 3
PC6 accounted for 6% of the variation in crown density. Using 
the main data set, 51% of the variation was accounted for.

Scots pine
Component 1 2 3 4 5 6
Percentage variance 48 13 9 5 4 3
PCI and PC2 accounted for 32% of the variation in crown 
density. Using the main data set, 35% of the variation was 
accounted for.

O ak
Component 1 2 3 4 5 6
Percentage variance 52 11 9 6 5 3
PC I, PC2 and PC4 accounted for 50% of the variation in 
crown density. Using the main data set, 60% of the variation 
was accounted for.

Beech
Component 1 2 3 4 5 6
Percentage variance 46 13 12 6 5 4
PC I, PC2 and PC4 accounted for 66% of the variation in 
crown density. Using the main data set, 71% of the variation 
was accounted for.
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A Composite Index of Forest 
Condition
Principal com ponents analysis was no help in grouping 
explanatory variables such as climatic factors or pollu­
tants which m ight influence tree health. N evertheless, 
principal com ponents analysis m ight still be useful in 
grouping the response variables which characterise tree 
appearance, thereby producing a com posite index of 
crown appearance at each site. T he biological validity 
of such an approach is unknow n: it is likely that at least 
some of the indices used to assess crown appearance are 
unrelated. How ever, others, such as degree of leaf 
rolling and crown density m ight be expected to be 
related, and the approach may help to identify particu­
lar regions where there are problem s.

F or conifers, crown density, degree of yellowing in 
current needles, degree of yellowing in older needles, 
degree of browning in current needles, degree of 
browning in older needles and total discoloration were 
aggregated. In oak, crown density, degree of 
yellowing, degree of browning and degree of crown 
dieback were used. In beech, crown density, degree of 
yellowing, degree of brow ning, degree of crown die­
back, am ount o f leaf-rolling and degree of leaf-rolling 
were used.

T he first two com ponents for oak and beech have 
been m apped on to a 20 by 20 km  grid (Figure 17). As 
they are principal com ponents, they are rather more 
difficult to in terpret than the straightforw ard maps of 
individual indices.

In the case of oak, the first com ponent essentially 
reflects all the crown indices. H igh scores are associ­
ated with low crown densities, low levels of discolor­
ation and high crown dieback indices. T he second 
com ponent is prim arily determ ined by the am ount of 
yellowing in the crown, w ith browning and dieback 
also being im portant. H igh absolute scores indicate 
relatively higher am ounts of yellowing, browning and 
dieback. W ith both these com ponents, high scores are 
therefore associated with trees in poor condition.

W ith beech, high absolute scores in the first 
com ponent indicate low am ounts of leaf-rolling, high 
crown densities and higher levels o f browning. H igh 
absolute scores in the second com ponent reflect low 
am ounts of crown dieback, high crown densities and 
higher levels o f browning. Essentially this means that 
the trees in areas w ith high scores for com ponent two 
are in better condition than in areas w ith low scores.

For each species, the com ponents were regressed 
against the variables used in the step-wise regressions 
described above. W ith the conifers, the am ount of 
variation accounted for by the significant variables in 
the step-wise regressions was relatively small (Sitka

spruce 29 per cent, Norway spruce 37 per cent and 
Scots pine 17 per cent). W ith oak, 81 per cent o f the 
variation was accounted for in the first com ponent and 
63 per cent in the second. W ith  beech, the figures are 
41 and 73 per cent, respectively (Table 5). These 
figures are rem arkably high, suggesting that the expla­
natory variables used in the analysis (or other factors 
that are highly correlated w ith these variables) are 
responsible for most of the variation seen in the 
com posite indices. H owever, the regressions suffer 
from  the same problem  as before: multicollinearity. 
This means that the coefficients are again unstable, 
severely lim iting any potential for in terpretation or 
prediction.

Discussion

T he results presented above provide an indication of 
the com plexity of the problem  of establishing whether 
pollution affects those param eters com monly used to 
characterise tree health. Statistical associations have 
been dem onstrated between a num ber o f variables and 
these param eters. Any in terpretation  of these associa­
tions m ust necessarily be subjective, although the 
viability of some of the relationships may be indicated 
by independent experim ental work.

T here are two elem ents to the data. T he first consists 
o f the variation that occurs from  year-to-year and is 
caused by short-term  factors such as insect and fungal 
attacks, extrem e climatic conditions and high pollution 
episodes. These may be particularly im portant for 
param eters such as crown discoloration. T he second 
elem ent is the long-term  condition of trees, determ ined 
by factors operating over longer time-scales, such as 
soil fertility, including long-term  soil acidification, 
exposure to wind and persistent insect or fungal 
problem s. In  the literature on pollution, effects are 
often separated into acute (caused by short-term  
factors) and chronic (caused by long-term  factors) and 
this provides a useful distinction in the present context.

Short-term  elements may have effects that last for a 
long time: defoliation of a spruce in one year will be 
evident for a num ber of successive years. This means 
that in some cases, crown thinness today may be the 
result o f short-term  effects acting at some tim e in the 
past.

Short-term factors

T he Forestry Commission is actively involved in forest 
protection and its pathology and entomology advisory 
services spend a considerable am ount o f time 
inspecting dam aged trees. F rom  these observations, it 
is possible to draw up a general picture of w hat has
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Figure 17. Distribution of principal component scores for oak and beech. Only the first two components have been shown.
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T ab le  5. Principal com ponents analysis o f oak and beech crown indices

O ak
Component

1 2 3 4

Crown density 0.5770 0.3798 -0 .0501 0.7214
Browning -0 .3960 0.6261 -0 .6691 -0 .0594
Yellowing -0 .4706 0.4848 0.7171 0.1710
Crown dieback 0.5374 0.4782 0.1888 -0 .6685

Variance accounted for 51.4 28.0 13.3 7.3

M ultiple regression analysis for first two components 

First component:
0.458 -  0.00908 W Hc + 0.003887 AGE -  0.1037 ODairt -  0.00553 SSLOPE + 0.0000999 RUG (81%)

Second component:
3.178 -  0.01452 VERT -  0.1234 JM airt -  0.008 SSLOPE -  0.0434 WdryS -  0.01136 SLOW  (63%)

Beech
Component

1 2 3 4 5 6

Crown density -0 .3164 -0 .3845 0.2775 0.7946 0.2086 -0 .0160
Yellowing 0.0432 -0 .2933 -0 .8739 0.2560 -0 .2877 -0 .0069
Browning 0.3453 0.4999 0.1866 0.4733 -0 .6093 -0 .0055
Crown dieback 0.0147 -0.6491 0.3460 -0 .2654 -0 .6232 0.0027
Frequency of 

leaf rolling -0 .6228 0.2209 -0 .0434 -0 .0774 -0 .2389 -0 .7059
Degree of 

leaf rolling -0 .6250 0.2151 -0 .0453 -0.0521 -0 .2387 0.7080

Variance
accounted for 37.9 27.66 17.03 11.45 5.56 0.4

M ultiple regression analysis fo r first two components 

First component:
1.53 -  0.1398 AJairt +  0.00612 W Hc -  0.000939 DFSW  (41%)

Second component:
1.908 -  0.001652 DFSE + 0.01024 W Hc -  0.01012 VERT -  8.66 W Hd (73%)
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happened in any given year. In addition, the surveyors 
involved in the crown assessments were asked to note 
any cause of dam age that they observed. This latter 
source of inform ation is less reliable than the first as the 
surveyors (who are trained in forest surveys rather than 
in entomology of pathology) may fail to either observe 
or identify a particular condition. T he two sources of 
inform ation are separated below. It should be noted 
that while the condition o f a tree may be explained by a 
specific pathogen, the reason for the attack in the first 
place may not be know n. This is particularly im portant 
in the present context as interactions between pollution 
and both insect attacks and fungal infections are known 
to occur. U nfortunately, the precise nature of these 
interactions rem ains uncertain.

S itka  spruce

Generally, the advisory services noted no adverse 
climatic effects on large trees (>  5 m) during 1987. The 
green spruce aphid Elatobium abietinum was particu­
larly abundant in many areas and, in Scotland, the 
damage that it caused to Sitka spruce was the worst 
since the mid-1970s. Damage by Elatobium  was identi­
fied in 12 of the 57 Sitka spruce survey plots although 
this is probably an underestim ate of its actual fre­
quency. T he effects that the insect attack had on the 
crowns is unknow n, but it may have been severe in 
some individual cases. Damage by the pineapple gall 
woolly aphid Adelges abietis was identified at nine sites, 
but this insect was unlikely to have m arkedly influ­
enced crown density.

Norway spruce

N o climatic effects were noted during 1987 but there 
were widespread reports o f damage by Elatobium. Such 
damage was identified in three out of the 80 survey 
plots, w ith severe damage being noted in one.

Scots pine

Scots pine plantations above 250 m  above sea level 
continued to show the effects o f attacks by the fungus 
Brunchorstiapinea (a cause of shoot dieback), the needle 
cast fungus Lophodermium seditiosum and the pine shoot 
beetle Tomicus piniperda, acting singly or in com bin­
ation. T he persistence o f these attacks means that they 
are having a long-term  effect on Scots pine at high 
altitudes. Lophodermium seditiosum was less com mon in 
1987 than it was in 1986, bu t the effects o f the needle 
cast induced by the 1986 attacks are still evident in the 
form of low crown densities in affected trees.

Oak

N o widespread disease or problem s of climatic origin 
were noted in oak. However, serious defoliation by

caterpillars o f the green oak tortrix  m oth Tortrix 
viridana early in the season was noted particularly in 
the south-east and some trees had failed to recover by 
the tim e of the survey in A ugust. As noted in Part 1, 
insect damage was recorded in 59 per cent o f the trees 
assessed in the survey.

Beech

T hroughout m ost o f B ritain, there were severe attacks 
by the beech leaf m iner Rhynchaenus fagi which 
resulted in extensive browning of leaves. Additional 
discoloration was caused by an above average incidence 
of the fungus Gloeosporium fagicolum. T he survey 
indicated insect damage in 54 per cent of the beech 
crowns.

Long-term factors

T he majority of the climatic and pollution variables 
used in  the analysis can be taken as representative of 
long-term  factors that m ight affect tree condition. O f 
course, individual episodes o f pollution act in the short 
term  bu t, for a num ber o f reasons, it is not yet possible 
to assess the effects o f such events on the trees used in 
this survey. In  Scots pine, the analysis reveals a broad 
pattern  of decreasing crown densities towards the 
north  and west o f Britain. This is consistent w ith our 
existing knowledge of this species (W hite, 1982). 
A lthough it is difficult to say w hether it is tem perature 
or rainfall that is the controlling variable, results from 
the Swedish surveys of forest health suggest that 
tem perature is the major control on Scots pine vitality. 
Site fertility may also be im portant, bu t as there are no 
data available on the soil conditions at the sites, this 
cannot be assessed.

O ak and beech show a similar pattern  to Scots pine, 
although the pattern of correlations with climatic 
factors do not suggest a direct climatic control. This 
may be partly attributable to the relatively small 
sample size, which will increase, the effect o f any 
confounding factors. T he natural range of beech is 
centred on the south and east (Godwin, 1975) and its 
appearance, as judged by the data presented here, 
steadily deteriorates outside these areas. Oak occurs 
naturally throughout Britain, and the gradients in 
appearance are rather more difficult to in terpret.

As stated above, the pattern  for Norway spruce and 
Sitka spruce is rather different. T he crown densities of 
these two species seem prim arily to be determ ined by 
tree age and topographic factors. W hen age is taken 
into account, the d istribution of crown density in Sitka 
spruce is very irregular. Discoloration increases with 
increasing distance from the west coast: an unsurpris­
ing finding in view of the m aritim e origin of the 
species.

43



In the case o f Norway spruce, crowns are thinnest in 
north  Scotland and the Lake D istrict when age is taken 
into account. T here is also an area with th inner crowns 
along the south coast of England. T he regressions 
indicate that trees on steeper slopes or in m ore exposed 
situations have thinner crowns. Crown densities 
improve w ith increasing distance from  the sea, consis­
tent w ith the continental origin o f the species. Discolo­
ration is generally low across the whole of the country.

Observer bias

It m ust be borne in m ind that the use of observers 
operating regionally may have resulted in some regio­
nal bias. T he available inform ation suggests that this 
factor was insignificant in 1987, bu t the im portance of 
m aintaining field checks on the observers is clear.

T he role o f  pollution

Several correlations between indices of crown condi­
tion and pollutant loadings have been identified. W ith 
some species, these have indicated that the crown 
density is higher in areas w ith high levels o f pollution. 
T here are several reasons why this could be the case. 
F irstly , high levels of pollution occur in those parts of 
the country where the climate is thought to be most 
suitable for tree growth and it is possible that any 
effects of pollution are insignificant in relation to the 
effects o f climate. Secondly, it is possible that the 
deposition of sulphate, nitrate and am monia is having a 
fertilising effect on the trees, thereby stim ulating 
growth. Acidic deposition has been seen to have a 
fertilising effect in a num ber of Scandinavian studies 
(Abraham sen el a l., 1976; O gner and Teigen, 1980; 
Tam m  and W iklander, 1980; Tveite and A braham sen, 
1980). In W est Germ any, tree growth in many areas is 
considerably above that predicted from growth models 
developed in the 1940s (E ichkorn, 1986; Spelsburg, 
1987) and this has been tentatively attribu ted  to 
increased levels of nitrate deposition. M ost o f these 
studies have suggested tha t, in the long term , the 
benefits of increased growth may be m ore than offset 
by the adverse effects o f soil acidification and a 
reduction in the trees’ resistance to frost.

T he correlations with ozone are equally difficult to 
in terpret, not least because the predicted values at 
present lack detailed verification. Long-term  mean 
ozone concentrations (i.e. background levels) are 
believed to be greatest in the more remote parts of 
Britain (A non., 1987). This means that there is a 
possible difficulty in separating climatic effects from 
any effects attributable to background ozone in species 
that favour the south and east. T he maximum back­
ground level predicted at any of the sites was 29 ppb

(parts per billion). This concentration is below the 
m inim um  that is thought to cause dam age to the tree 
species used in this study. H owever, the existing 
knowledge of threshold concentrations is based on 
short-term  fum igation studies, and it is possible that 
background concentration levels, which are believed to 
be increasing (A non., 1987), have had some effect on 
sensitive p lant species. As this has not been tested, no 
further com m ent can be made.

M uch m ore is know n about the effects of high 
short-term  concentrations of ozone (see Guderian
(1985) for a full review). T he spatial distribution of 
such events in the U nited K ingdom  remains very 
uncertain because of the lack of m easurem ents and 
existing m aps are considered to be too crude for the 
type of analysis used in this study. T he available 
evidence suggests that there are regional variations in 
the tim ing, frequency, duration and intensity of ozone 
episodes, bu t that these cannot as yet be quantified 
(A non., 1987). Sites in northern  Britain are thought to 
receive shorter episodes, and the intensity of the 
episodes may be lower. A good indication of the 
inter-annual variation in the effect of ozone on an 
indicator species (Bel-3 tobacco) has been provided by 
Ashm ore et al. (1978) and Anon. (1987), who showed 
that in 1977, damage was greatest in north  Wales and 
central Scotland whereas in 1978, it was greatest in  the 
south of England. Inform ation on the short-term  
concentrations in Britain in 1987 will be available later 
in 1988 and will be used to assess possible effects on the 
trees examined in this study.

Future W ork

It is proposed to continue the two surveys in 1988 (both 
the survey described in this publication and the survey 
carried out as part of the EEC-wide investigation of 
forest health). Plots lost through storm  damage or 
felling will be replaced using the existing sampling 
criteria and any obvious gaps in the d istribution of the 
plots will be filled.

An increasing am ount o f pollution data is likely to 
become available in 1988 including m ore inform ation 
on ozone levels. T his will clearly increase the ability to 
clarify any association between tree condition and 
pollution levels. A t the same tim e the use of additional 
m ethods of assessing tree health is currently  being 
considered. Crown density is a useful general measure 
of tree health bu t it would clearly be an advantage if 
o ther, m ore specific, assessments, including ones of a 
biochemical or physiological nature, could be made.
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Conclusions

This study has dem onstrated that statistical associa­
tions exist between the patterns of various crown 
indices and various independent factors, ranging from  
climatic conditions to levels of individual pollutants. 
U nfortunately, in terpretation of these relationships is 
extrem ely difficult because of the inter-correlations 
between the independent variables.

Some broad patterns in the crown appearance of 
Scots pine, oak and beech are evident. In  all three 
cases, crown density decreases towards the north  and 
the west. W ith oak and beech, crown dieback increases 
towards the north  and west. A similar pattern  is not 
present in either Sitka spruce or N orway spruce. It is 
likely that the observed patterns prim arily reflect the 
influence of climate. H owever, levels of pollution may 
also be affecting these patterns and strong correlations 
have been obtained between the levels o f some pollu­
tants and crown density. T he correlations suggest that, 
if  anything, the deposition of some atm ospheric pollu­
tants is having a fertilising effect on trees, improving 
the density of their crowns. T he exception is with 
background ozone concentrations, high levels o f which 
are associated w ith low crown densities. T here is no 
experim ental evidence that would validate this finding.

M uch of the w ork presented in this report has been

of an exploratory nature and the techniques used to 
analyse and present the results will be refined. A large 
am ount o f data has become available this year, both as a 
result of doubling the size of the survey and as a result 
o f the m uch better inform ation on regional pollution 
levels that is now available. W e will be undertaking 
further analysis o f the 1987 data as yet m ore environ­
m ental inform ation becomes available, the results of 
which will be presented in fu ture survey reports and 
publications in the scientific press.
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Appendix 1

Specific Problems Arising from the 1987 Survey

T here are substantial differences between the results of 
the main survey and the results of the grid survey. At 
least two possible reasons for this can be offered. 
F irstly , the distribution  o f sites for particular species in 
each of the surveys is very different. T he m ain survey 
deliberately aims to achieve as wide a coverage for each 
species as possible and therefore includes plots that are 
suboptim al for a given species. By contrast, the grid 
survey reflects the distribution  of each species w ithin 
the country and therefore the m ajority of sites will be in 
areas where that species grows best.

Secondly, the age d istributions of the trees are very 
different. F or Sitka spruce, Norway spruce and Scots

pine, all the trees assessed in the grid survey are less 
than 60 years old, and the m ajority (84 per cent) are less 
than 40 years old. In  the m ain survey, only 41 per cent 
o f the trees are less than 40 years old. Given the strong 
relationship between crown density and age in the two 
spruces (Figure 6), the grid plots would be expected to 
have higher crown densities and this is borne out by the 
data. T he broadleaf plots in the grid survey cover a 
m uch wider age range than the main survey plots and 
the differences between the two surveys are probably 
attributable to the high proportion of grid plots in the 
south-east.



Appendix 2

M aps Show ing P a tte rn s  o f P o llu tion  in  G reat B rita in

(W arren  Spring  L ab o ra to ry , 1986j S. C oster, personal com m unication; G. C am pbell, personal com m unication .)

Figure A l.  Precipitation weighted annual 
mean hydrogen ion concentration (peq 1 '), 
1986.

F igure  A 2 ,  W et deposited  acidity 
( j H *  m  ■), 1986 (using annual 
average rainfall 1941-1970).
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8 0  -  100

? Figure A3. Precipitation weighted
mean total sulphate concentration
1986.

ABOVE 100

4 0  -  60 
BELOW 40

annua)
(M-eq 1 ') ,

t
^  . F igure A 4 .  W et deposited  total su lphate 

t  (g S in -2 ), 1986 (using annual average 
^  rainfall 1941-1970).

ABOVE 1 .20  
1.00 “  1 .20 
0 .8 0  -  1 .00 
0 .6 0  -  0 .8 0  

BELOW 0 .6 0

50



f

f

f ig u re  A S .  P recip ita tion  weighted annual
m ean n itra te  concentration  (p e q  1 ') ,  1986.
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figure A6. Wet deposited nitrate 
Cg N m-2), 1986 (using annual average 
rainfall 1941-1970).
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Figure A l .  Precipitation weighted annual
mean ammonium concentration (p.eq l -1),
1986.
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