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Abstract Quantitative measures of visible injury
are proposed for the protection of the aesthetic
acceptability and health of ecosystems. Visible
indications of air pollutant injury symptoms can
be assessed rapidly and economically over large
areas of mixed species such as native ecosystems.
Reliable indication requires close attention to the
criteria for assessment, species selection, and the
influence of other environmental conditions on
plant response to a pollutant. The estimation of
fluoride-induced visible injury in dicotyledonous
species may require techniques that are more var-
ied than the measurement of necrosis in linear-
leaved monocotyledons and conifers. A scheme
is described for quantitative estimates of necrosis,
chlorosis and deformation of leaves using an ap-
proximately geometric series of injury categories
that permits rapid and sufficiently consistent de-
termination and recognises degrees of aesthetic
offence associated with foliar injury to plants.
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Introduction

Ecosystem health or environmental well-being is
a desired condition that is established in much
air pollution control legislation, and the concept
has been advocated as being useful for commu-
nication between scientists and the non-scientific
public (Costanza et al. 1992; Rapport et al. 1995).
There are many components and indicators of
ecosystem health; there is not a direct correspon-
dence between a pollutant exposure and changes
in each of these indicators, and they may all be in-
fluenced by environmental conditions other than
the pollutant of interest (Ashmore 2005; Paoletti
and Manning 2007). Neither is there a generally
accepted procedure for detecting the minimal en-
vironmental change that may be used for testing
the impacts of particular pollutants (Lindberg and
McLaughlin 1986) or the responses of receptor
ecosystems (Chen and Goldstein 1986; Rapport
et al. 1995). In an attempt to identify suitable envi-
ronmental monitors, Kratz et al. (1995) proposed
that ‘ecological signals in the structure of ecologi-
cal variability observed in space and time’ could
indicate ecosystem health or response to stress.
However, the limited information available meant
that there were ‘no general laws that allow us to
predict the relative magnitude of temporal and
spatial variability of different types of parame-
ters across the full diversity of ecological systems’
(Kratz et al. 1995).
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In practice, detection of the minimal change in
some plant attribute that can be attributed to a
pollutant is difficult due to the variation in that pa-
rameter attributable to other causes that produce
mimicking responses or symptoms (Weinstein
et al. 1990).

Human well-being incorporates the notions of
avoidance of injury to components of ecosystems
other than humans (Tingey et al. 1990) and the
avoidance of offensive or objectionable conditions
or the creation of nuisance (e.g. United States
Congress 1980), whereby the sensory perceptions
of humans are used to prevent or limit the ex-
tent of olfactory, auditory or visual offence or
discomfort. Whilst quantitative limits have been
developed for odour and noise in some jurisdic-
tions, there are few regulatory guidelines for pre-
venting the impairment of visual amenity. Visual
offence may be assessed only as the reduction
in sight distance due to particulate matter (e.g.
Queensland 1997). In contrast, the US Congress
(1980) established that within specified areas (e.g.
class 1 wilderness areas), air-quality-related val-
ues must be protected from deterioration. Such
deterioration includes the occurrence of visi-
ble injury attributable to pollutants (Davis and
Orendovici 2006). For wilderness areas in the
Rocky Mountain region of the USA, Schoettle
and Moir (1998) recommended that the accept-
able extent of foliar lesions in coniferous and
deciduous species should be less than 5% of the
leaf area. In contrast, there is a lack of definition
regarding the impairment of the visual quality of
vegetation in general land use areas. Nevertheless,
visible injury to vegetation is often a source of
offence to citizens, and it needs to be quantified,
especially where injury occurs at ambient pollu-
tant concentrations that comply with air quality
guidelines (Paoletti and Manning 2007).

The quantitative measurement of sensory of-
fence is difficult (Gostelow et al. 2001), and vary-
ing degrees of offence may be taken by different
observers to a given level of visual impact. Even
though visible injury is accepted as a descriptor of
pollutant effects (Smith et al. 2003; Weinstein and
Davison 2003), a quantitative description does not
appear to be available for the loss of visual
amenity in vegetation. This paper describes a

rapid method of vegetation injury assessment that
takes account of visual amenity.

Biological indication

Although Horsfall and Cowling (1978) lamented
that visible injury assessment had been dismissed
by some plant pathologists as primitive, subjective
and unscientific, the approach is an attractive tool
for the indication of stress as it can be applied
rapidly and cheaply at a large number of loca-
tions (Feder and Manning 1978; Manning and
Feder 1980; Zonneveld 1982; Weinstein et al.
1990; Manning 2003; Weinstein and Davison
2003). Where the effects of pollutants are not
severe and where large populations of plants oc-
cur over a suitable area, the assessment of injury
may be based on the percentage of individuals
or leaves that express visible injury (Chappelka
et al. 2003; Davis and Orendovici 2006). If these
conditions do not apply, attention may be directed
to the quantitative assessment of injury within
individual plants or individual leaves. The hetero-
geneity of field environments may greatly compli-
cate the relationships between the extent of visible
injury and the physiological responses to pollutant
exposure (Hill et al. 1958; Weinstein et al. 1990;
Schaub et al. 2005; Paoletti and Manning 2007),
so any test must be applied with caution, and
appropriate calibrations of assessments must be
applied (Steubing 1982; Bussotti et al. 2006).

Statistical techniques, including before-after-
control-impacted comparisons (Underwood 1994)
and dose–response relationships (Weinstein and
Davison 2004; Ashmore 2005), can be applied to
enhance the analysis of complex environmental
situations and to increase the confidence of envi-
ronmental decision-making processes (Heck et al.
1988; Smith 1994; Michener 1997). While statis-
tical analyses may be able to detect small mean
changes in a large population (Underwood 1994;
Michener 1997), changes predicted on the basis of
individual estimates are much less precise (Smith
1994). Therefore, distinct changes are commonly
required for reliable statistical indication, and it
becomes critical to identify the most sensitive
components and attributes of an ecosystem and to
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adopt assessment techniques that may not rely on
the central statistics of a population.

The time scales over which different organi-
zational scales should be assessed vary greatly
(Osmond 1988; Huggett et al. 1992b), and this
aspect must be considered carefully in the selec-
tion of the most appropriate biological monitoring
technique (Michener 1997). Monitoring may be
passive, where naturally occurring organisms are
sampled (Weinstein and Davison 2003), or active,
where plants are introduced into the environ-
ment in a pre-determined condition (Arndt et al.
1985, 1987; Weinstein et al. 1990; Franzaring et al.
2007). Passive indication using small samples of
plants has the disadvantage of variability of
genetic composition within taxa and of environ-
mental situation, but it does not require invest-
ment in the maintenance of monitoring subjects
(Weinstein and Davison 2003). It is also possible
to focus attention on the most sensitive mem-
bers of a population rather than attempt to de-
termine the mean response for the population.
As a result, passive monitoring is well suited to
the evaluation of natural or extensively managed
vegetation areas where variations in the responses
of individual plants in a population to pollutant
stress can be used as an indicator of response
(Lacasse and Treshow 1976; Malhotra and Blauel
1980; Chappelka et al. 2003; Davis and Orendovici
2006).

Species attributes for biological monitoring

The major elements of species selection in re-
lation to biological monitoring have been listed
by Arndt (1982) and discussed in detail by
Weinstein et al. (1990), Huggett et al. (1992a) and
Mayer et al. (1992), but they can be regrouped and
summarised as follows:

(1) The species response should be highly sensi-
tive, responding to very low exposures of the
pollutant being monitored.

(2) The species should respond quantitatively
and precisely to pollutant exposure.

(3) The response of the species to a given pol-
lutant should be readily distinguished from

responses due to other pollutants and natural
environmental stresses.

(4) The distribution of the species should
encompass the area to be protected.

(5) The species should be responsive to
pollutants throughout the growing season.

The species and attributes measured and the
intensity of sampling will vary greatly, depending
on the purpose of measurement of response to a
pollutant (Smith 1994). Because it is often difficult
to relate plant response directly to pollutant ex-
posure (Ashmore 2005), even intensive sampling
may not provide results with a high predictive
value. On the other hand, repeated observations
on a small sample of species or plants over a
number of years may be sufficient for monitoring
the effects of pollutants on plants.

If the detection of peak concentrations of a
pollutant is important (Smith 1994), a desirable
system is one that responds rapidly and sensitively
but undergoes a permanent change. The functions
of an organism with such properties are likely
to be unstable in a fluctuating environment, the
characteristics of the organism may change sys-
tematically with time, and the organism may not
persist under extreme conditions, even those of
natural origin. If an integrated record of exposure
is required, then maintenance of structural and
functional integrity of the organism in a fluctu-
ating environment and a quantitative response to
dose or exposure time are essential (Mayer et al.
1992). Clearly, a single organism is unlikely to
simultaneously and satisfactorily record both peak
and integrated pollutant exposures.

Sampling and analytical convenience is also a
major practical determinant of both the species
and locations selected, particularly where sam-
pling must be frequent or access to the area of
interest is limited. Consequently, the relatively
few indicators of environmental stress, including
pollution, that are in practical use tend to be gross
and nonspecific (Mayer et al. 1992), such as the
observation of visible injury symptoms in plants
(Jacobson and Hill 1970; Bussotti et al. 2003;
Weinstein and Davison2003).

The correspondence between a particular form
or extent of injury and an ambient pollutant
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concentration will depend on the plant species be-
ing examined and also on the conditions of expo-
sure, including the combination of concentration
and exposure time (dose), temperature, humidity,
light intensity, water availability and wind condi-
tions (Weinstein and Davison 2004). Therefore,
visible injury assessment should not be used to
indicate ambient pollutant concentrations unless
detailed information is available concerning the
responses of the species or variety in question
(Weinstein et al. 1990).

On the other hand, the responses of different
species with similar sensitivity to a pollutant can
be combined to provide a general indication of
the extent of effects, and these patterns of effects
can then be compared with measured or predicted
ambient concentrations of the pollutant in ques-
tion. In addition, species with different levels of
sensitivity to a pollutant should show consistent
differences in symptom expressions between loca-
tions where the ambient pollutant concentrations
may vary substantially.

Injury assessment procedures

Quantitative assessment

Quantitative assessments of visible injury to plant
leaves caused by pathogens, insects and herbicides
are long-established (Cobb 1892) and have been
used extensively to evaluate the severity of disor-
ders and the efficacies of treatments (Large 1966;
Horsfall and Cowling 1978). Quantitative descrip-
tions of visible pollutant injury are less numerous
but have been applied in Europe for general pol-
lutant effects (Arndt et al. 1987) and for ozone
in Europe (Ashmore et al. 1980; Karlsson et al.
1995; Lorenzini et al. 2000; Bussotti et al. 2003;
Novak et al. 2003) and North America (Feder and
Manning 1978; Smith et al. 2003). Estimates of flu-
oride injury to monocotyledon leaves have been
based on estimates of the lineal extent (Feder
and Manning 1978; Weinstein et al. 1990) or the
percentage of leaf length affected (Klumpp et al.
1995, 1996). For dicotyledonous species, the area
affected is a more relevant measure, but accurate
measurement of the injured leaf area is slow or
difficult, and injury expression may vary between

species (Flagler 1998; Vollenweider et al. 2003;
Weinstein and Davison 2004). As a result, injury
may be estimated visually by counting the per-
centage of leaves showing injury (Moore 1943;
Karlsson et al. 1995; Davis and Orendovici 2006)
or by placing leaves in defined injury categories.

For general foliar pathology, Boone and
Westwood (2006) used four categories, each span-
ning a 25% injury range, to assess the effects of
power station emissions on vegetation. The US
Forest Service (Miller et al. 1996) and Chappelka
et al. (2007) described ozone injury by a variant of
the Boone and Westwood (2006) approach with
subdivision of the category of least injury. Injury
increments of 20% were used by Moraes et al.
(2002) to indicate pollutant responses in tropical
tree species. Klumpp et al. (1994) used 5% in-
crements of leaf area to describe necrotic injury
due to ozone, peroxyacyl nitrate and organic com-
pounds in Nicotiana tabacum, Urtica urens and
Petunia hybrida, respectively.

Categories ‘based on equal ability to distin-
guish, not on equal disease’ were used by Horsfall
and Barratt (1945) to describe disease injury. An
injury scale of 100% was divided in geometric
order around 50%, so that the upper limits for in-
jury categories were 0%, 1%, 3%, 6%, 12%, 25%,
50%, 75%, 87%, 94%, 97%, 99% and 100%.
Horsfall and Cowling (1978) pointed out that
many injury assessment scales, developed inde-
pendently over nearly a century, had a logarithmic
base which was consistent with the mechanism
of human perception. The Horsfall and Barratt
injury scale was adopted for the estimation of
ozone injury to dicotyledonous species in Europe
by Bussotti et al. (2003), while an abbreviated in-
jury scale was adopted for the assessment of insect
injury (Tomkiewicz et al. 1993) and ozone injury
in Europe (Lorenzini et al. 2000) and in North
America (Innes et al. 2001; Smith et al. 2003). A
disease assessment scale for describing the extent
of foliar injury due to potato blight in the UK
(Moore 1943) was identical in form to the Horsfall
and Barratt scale except for an additional category
at the lower injury end. The relationships between
the extent of injury and recording categories for
different approaches are compared in Fig. 1.

Horsfall and Cowling (1978) and Steubing
(1982) stressed the importance of calibration of
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Fig. 1 Comparison of median foliar injury for assess-
ment categories developed by Horsfall and Barratt (1945),
Moore (1943), Tomkiewicz et al. (1993), US Forest Service
Miller et al. (1996), Lorenzini et al. (2000), Boone and
Westwood (2006) and in the present work

observers. Ashmore et al. (1980) reported that
there was acceptable correspondence between ob-
servers in their estimates of percent leaf area in-
jury due to ozone. For ozone injury affecting less
than about 50% of foliage area, Lorenzini et al.
(2000) and Bussotti et al. (2003) found that the
correspondence between different assessors was
close, but there was greater variation with more
extensive injury and a tendency to overestimate
the extent of injury. Novak et al. (2003) obtained
satisfactory assessments by using the same as-
sessor and by comparing assessments against a
standard. These studies suggest that quantitative
visual assessments can be made with acceptable
precision, given the application of modest calibra-
tion measures.

A visual amenity scale

An injury scale was developed for Australian and
New Zealand plant species, chiefly dicotyledo-
nous, in situations where it became necessary to
evaluate the degree of offence taken by different
members of society. Environmental controls are
commonly designed to protect the members of
a population or the processes most sensitive to
the environmental stress. Therefore, in order to
develop a systematic approach to the occurrence
of offence, it is useful to describe different types
of observers.

With respect to visual effects, the most sensi-
tive individuals may be those with a commercial

or close personal interest in the appearance of
vegetation. For example, professional observers
should be expected to detect small changes in
the appearance of vegetation, but they may not
allow themselves to be offended even by extensive
injury; they are skilled but disinterested observers.
On the other hand, a commercial horticulturist
may be affected materially and thereby is capa-
ble of being offended if injured plants or plant
parts become unsuitable for sale. The manager
of a conservation reserve is likely to be offended
if the appearance of vegetation is impaired and
also because this visible injury may reflect other
changes that are much more difficult to measure.
A domestic gardener may be offended if plants are
unsuitable for exhibition or enjoyment either in
situ or as cut flowers or foliage. It is also recog-
nised that domestic gardeners may have a close
attachment to vegetation that triggers sensitive
responses to changes in plant condition.

Many people who do not have a personal or
professional interest in plants do not notice injury
until it is very obvious, or they do not associate
the injury with an air pollutant. However, once
alerted to the occurrence and extent of injury,
they can recognise the form of injury and discern
relatively small differences in its extent. These
may be described as casual observers for their first
introduction to injury or inexperienced observers
if they have recently become acquainted with the
injury. A further category of observers may be
described as uninterested in that they express
concern at the appearance of vegetation only
when very extensive injury has occurred, and once
the condition improves somewhat, their interest
dissipates.

The boundaries between the levels of per-
ception that may be associated with the various
groups of observers are diffuse, and observers may
change in their response to visible injury once
they become aware that the injury may have been
caused by an air pollutant. As a result, the clas-
sifications of observers must be very general.
Environmental protection regulations are often
designed to protect the interests of a typical mem-
ber of society. For example, the general land use
air quality guidelines for fluoride in Australia and
New Zealand (ANZEC 1990) were developed
with the intention that a typical domestic gardener
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Table 1 Symptom code
for visible injury to
vegetation, with
particular reference
to fluoride

Category Necrosis, chlorosis or Undulation or Leaf profile
anthocyanin accumulation cupping of lamina
% leaf length or area degrees of arc

0 0 Nil (0º)
1 1–2% Very slight

(<30º)

2 3–5 % Slight

(30–60º)

3 6–10% Distinct

(60–120º)

4 11–25% Marked

(120–180º)

5 26–50% Severe

(180–240º)

6 51–75% Very severe

(240–360º)

7 > 75% Extreme

(>360º)

would not be offended by the extent of injury
occurring in fluoride sensitive plant species at
ambient fluoride conditions that conformed to
the guideline value for general land use. Lower
guideline concentrations were specified for fluo-
ride sensitive commercial species, and lower con-
centrations again were specified for conservation
areas where it was considered that any risk to
the well-being or appearance of any organism was
unacceptable.

Visible injury categories

Injury categories were selected to enable rapid
assessment and to reflect the range of value judg-
ments that may be associated with the concept
of aesthetic environmental harm as it has been
described here. For each category, the value in
Table 1 indicates the range of injury expression in
the assessed leaves associated with that category.

The resulting scale of injury (Table 1, Fig. 2)
is almost identical to that proposed by Horsfall
and Barratt (1945), except that the boundaries for

the injury categories were based on percentages
of leaf area that were judged to be convenient
for both estimation and quantitative description,
namely 0%, 2%, 5%, 10%, 25%, 50% and 75%
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Fig. 2 Relationship between percentage of leaf area
affected by chlorosis, measured by systematic dot grid
counting, and injury category estimated by rapid visual
inspection for individual leaves of C. camphora. Solid dia-
monds individual data points, open squares mean measured
leaf area affected by chlorosis for the leaves assigned to
the designated category, open triangles median leaf area
affected by chlorosis for each injury category
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of leaf length or area. Whereas the Horsfall and
Barratt method establishes the average extent of
injury throughout the plant, the greatest expres-
sion of injury within a cohort of leaves was se-
lected in the present work. This approach was
adopted for three reasons:

(1) The most-affected leaves on a shoot attract
the attention of interested observers.

(2) In many situations, the distribution of injury
within a seasonal cohort of leaves is not
uniform, and the position of injured leaves
within the seasonal growth often identifies
relatively short periods that could be asso-
ciated with natural stress events, or it could
lead to an investigation of possible pollutant
exposure events.

(3) Assessment of injury in the most promi-
nently affected foliage in each cohort is much
more rapid than the estimation of the total
percentage of leaf area affected in the whole
plant.

Table 2 relates the injury category (column 1)
and the extent of injury in the portion of leaves
giving rise to the assessment (column 2) to the
extent of injury in the plant or the canopy as a
whole (column 3), to indicators of the nature of
recognition that may be associated with this injury
(column 4), the degree of offence that may be
taken by observers of the injury (column 5) and to
possible commercial or ecological consequences
of injury (column 6). The differences in values
between columns 2 and 3 reflect the different
proportions of leaves in a cohort that might ex-
press injury where pollutant exposure is episodic.
These relationships are included because of the
need to recognise that there is an aesthetic compo-
nent to the effects of air pollutants on vegetation
(Haddow et al. 1998). There is no assumed re-
lationship between the different assessments of
response, such as visible injury and loss of com-
mercial yield, but it is useful to quantify the level
of injury at which different observers might rea-
sonably be expected to take offence at the occur-
rence of visible injury. Typical combinations of
symptoms for Eucalyptus citriodora as presented
in Table 3.

Symptom assessment

Necrosis

Where visible injury can be assessed rapidly
and reliably and where leaf length is relatively
constant, a direct quantitative scale of injury
can be used. For example, the median length
of the necrotic portion of leaves has been used
to describe fluoride injury in Gladiolus species
(Amaryllidaceae; Feder and Manning 1978;
Weinstein et al. 1990) and tropical grasses (Oliva
and de Figueiredo 2005), while Klumpp et al.
(1995) estimated necrosis in Hemerocallis leaves
to 1% of leaf length. In Australia, species of
Xanthorrhoea carry narrow leaves that may be
up to 1.5 m long, and they are generally very
sensitive to fluoride (Doley 1986). Tip necrosis is
characteristic of fluoride injury, although the soil-
borne pathogen Phytophthora cinnamomi may
also lead to extensive leaf necrosis in this genus.
The New Zealand species, Cordyline australis and
Phormium tenax, have leaves up to 1 and 2 m
long, respectively. In C. australis, the boundary
between necrotic and living tissue is relatively
even, but in P. tenax, it is usually very irregular,
so that the median length of necrosis is used to
derive the extent of injury. Both of these species
exhibit fluoride-induced tip necrosis at 90-day
average ambient fluoride concentrations of less
than 0.5 μg m−3, the general land-use guideline
(ANZEC 1990), making them useful indicator
species (Weinstein and Davison 2003; Doley et al.
2004).

The patterns of occurrence of necrosis caused
by fluoride are quite different from the dispersed
necrosis associated with ozone (Flagler 1998).
Dicotyledonous species may exhibit fluoride-
induced necrosis at the leaf tip in species with
predominantly linear venation (e.g. Callistemon
spp.), uniformly along the margin (e.g. some
Eucalyptus spp.) or irregularly around the mar-
gin (e.g. Vitis vinifera; Doley 1986). The pattern
of development of necrosis depends on the leaf
venation and the consequent pattern of accumu-
lation of fluoride (Weinstein and Davison 2004).
Uniform marginal necrosis can be quantified
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relatively easily as the percentage of leaf area
affected, but the estimation of irregular necro-
sis is more difficult and requires practice. Where
they can be distinguished, tip and marginal necro-
sis in dicotyledonous species should usually be
estimated independently.

Chlorosis

Foliar chlorosis is a common response of plants
to pollutant exposure (Flagler 1998), but quan-
titative descriptions are uncommon, such as the
assessment of ozone injury in white lupin leaves by
an imaging chlorophyll fluorometer (Guidi et al.
2007). Pathological chlorosis has been assessed
in a pasture legume by photography and image
analysis (Tucker and Chakraborty 1997) and in
wheat by chlorophyll meters and digital image
analysis (Robert et al. 2005). Localised chloro-
phyll concentration and chlorophyll fluorescence
parameters can indicate physiological stress, as
in cadmium-affected oilseed rape leaves (Baryla
et al. 2001). These methods provide detailed data
for experimental studies or for species such as field
crops with genetic and environmental uniformity,
but instruments must be applied directly to the
leaves, and the procedures are time-consuming
and relatively expensive. The required effort ren-
ders detailed instrumental methods less suitable
for large-scale field surveys that may encompass
many wild species and varying site conditions.

Because the plants selected for quantitative
indication of fluoride injury have mostly been
monocotyledons such as gladiolus (Weinstein
et al. 1990; Klumpp et al. 1996) or Hemerocallis
(Klumpp et al. 1995), fluoride-induced chlorosis
has been quantified less often, for example, in soy-
bean (Bustamente et al. 1993) and tropical grasses
in which the first response is chlorosis followed by
tip necrosis (Oliva and de Figueiredo 2005). The
scales of injury for chlorosis in these studies were
coarse, indicating only slight and general chloro-
sis alone or in combination with necrosis. Four
categories (0–20%, 21–40%, 41–60% and >60%
of leaf area) were used by Moraes et al. (2002)
to describe the development of chlorosis in the
absence of necrosis in potted saplings of Psidium
guajava and Psidium cattleyanum in Brazil after
16-week exposure periods.
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In some species, including many from the
Australian genera Eucalyptus, Acacia and numer-
ous rainforest species, chlorosis may be a much
more sensitive indicator of fluoride injury than
necrosis (Doley 1986; Doley et al. 2004). As with
necrosis, the patterns of distribution of chlorosis
are closely related to the patterns of leaf venation
and the distribution of fluoride within the tis-
sues. One of the challenges with the estimation of
chlorosis resulting from fluoride injury is that the
distribution of chlorotic tissue may be much less
regular than is common with necrosis. In addition,
the degree of chlorosis varies with both the extent
of injury and between species.

An injury scale for chlorosis was adopted with
categories of chlorotic injury equal to those used
for necrosis (Table 1). The fraction of the leaf
area affected by chlorosis is assessed as the per-
centage of leaf area that would be occupied by
completely chlorotic tissue if the leaf is divided
into completely green and completely chlorotic
tissues. The area of chlorotic tissue is estimated
independently of that affected by necrosis. Three
factors influence the estimation of chlorosis. First,
the distribution of chlorosis may be relatively reg-
ular, at the leaf tip or along the leaf margins, or
it may be distributed irregularly in the interveinal
tissues; second, the intensity and demarcation of
chlorosis may vary both with location in the leaf
and between leaves; third, there are varying asso-
ciations between the occurrence of chlorosis and
photosynthetic responses or necrosis (Doley 1986;
Baryla et al. 2001; Robert et al. 2005).

The precision of chlorosis assessment was in-
vestigated in a sample of 50 leaves from Cinnamo-
mum camphora growing near a fluoride source
and exhibiting a range of symptom severity. Each
leaf was placed into an injury category as defined
in Table 1, using a rapid visual estimate that was
completed within 5 to 10 s. Subsequently, the area
of each leaf affected by chlorosis was estimated
by counting the elements of a systematic dot
grid that lay over tissues judged to be chlorotic.
The number of points over chlorotic tissues was
then adjusted to take account of the degree of
chlorosis at the different points, and this value
was expressed as a percentage of the total area of
the leaf. Depending on leaf size, each grid point
represented between 0.3% and 1.0% of leaf area.

Figure 2 shows the percentage of chlorotic tis-
sue in leaves allocated to injury categories by
rapid assessment, the mean percentage chlorosis
for the sampled leaves and the median injury per-
centage for the category for an operator with no
training in the assessment of injury in this species.
The difference between the sample mean and cat-
egory median is an indication of the bias in the
rapid estimation of injury for leaves allocated to
each injury category. For injury categories 2 and 3,
the differences between the means and category
medians were small (1%), but they increased to
4% in category 4 and about 10% in category 5
(Fig. 2). That is, rapid estimation tends to overes-
timate the extent of chlorosis for leaves expressing
injury to more than 25% of their area, but it is
more accurate for injury between 2% and 10% of
leaf area.

Individual observers showed consistent differ-
ences in the results of visual estimates of the
extent of chlorosis (Fig. 3). In the test shown, an
inexperienced observer (2) tended to overesti-
mate the extent of chlorosis as compared with
a more experienced observer (1), but the two
observers maintained consistent differences in
assessments over the range of injury tested.

When injury estimates were allocated to cat-
egories, the differences between operators were
small over most of the range, and the errors in
allocation were similar between an experienced
and an inexperienced observer across the range
of injury assessed (Fig. 4). Part of the difference

y = 1.0841x + 1.3843
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Fig. 3 Comparison of estimates of chlorosis in leaves of C.
camphora made by an experienced observer (observer 1)
and inexperienced observer (observer 2) using systematic
dot grid counting
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Fig. 4 Means and standard deviations of injury categories
in C. camphora obtained by rapid visual estimates by an
experienced observer (1) and an inexperienced observer
(2) within injury categories measured by dot grind counting

in injury assessments may be associated with the
differences in evaluation of chlorosis (Fig. 3).

Cupping or buckling

Deformation is one of the most sensitive expres-
sions of fluoride injury in some species of Euca-
lyptus (including Corymbia) (Myrtaceae) and in
some conditions may occur in the absence of ei-
ther chlorosis or necrosis (Doley 1986). If cupping
is due to fluoride, it may be expressed uniformly at
the margins along most of the leaf length (e.g.
in some species of Eucalyptus) or it may be con-
centrated at the tips of phyllodes in some Acacia
species. Many other species, especially those with
small, thick and flat leaves, may not exhibit cup-
ping or buckling, while other species may have
naturally cupped or undulated leaves.

The estimation of leaf deformation resulting
from fluoride injury in susceptible species is not
simple because the expression of the symptom is
not always uniform over the length or width of the
leaf, and it often varies substantially between adja-
cent leaves. As a result, judgments of deformation
are more subjective than those for chlorosis, but
the symptom is very characteristic and sensitive
for some species, and its severity can be related
to fluoride exposure during foliar expansion.

Expressions of fluoride injury in Eucalyptus cit-
riodora, a species that is very sensitive to fluoride
(Doley et al. 2004) are indicated in Table 2. If the
pollutant concentration and exposure conditions

are similar between successive growing seasons,
there is usually an increase by about one injury
category in the extent of necrosis, but not neces-
sarily chlorosis, in one-year-old as compared with
current season foliage. However, it is common
for seasonal differences in the patterns of release
of a pollutant and in plant growing conditions to
influence the occurrence of injury.

Interpretation of injury symptoms

Field recording

In the application of the injury code in the field,
the extent of a particular injury symptom is esti-
mated for the leaves showing greatest injury on
representative branches or plants, and this figure
is applied to the species in question at that loca-
tion. The fraction of leaves that is included in the
assessment will vary, depending on the uniformity
of distribution of symptoms throughout the cohort
of leaves. For example, in Pinus species, fluoride
injury appears typically as terminal necrosis of
needles and its development tends to be uniform
or sometimes progressive throughout a needle
cohort because it depends on the accumulation
of fluoride to a concentration that causes tissue
death (Weinstein and Davison 2004). In many
species of Eucalyptus, where the most sensitive
fluoride injury symptoms are associated with the
short period of leaf expansion and chlorophyll
organization, adjacent leaves that are similar in
age may show markedly different symptoms be-
cause expansion may be inhibited in a smaller
leaf whereas chlorophyll synthesis may be most
affected in a slightly larger and more mature leaf,
and a fully mature leaf may show no symptoms at
all (Doley 1986).

Selection of the maximum expression of injury
avoids the difficulty of estimating the proportion
of injured leaves in a plant canopy, and it assists in
identifying pollutant exposure events. The extent
of injury commonly varies even within leaves, and
an average injury estimate is used. For example,
marginal chlorosis and necrosis may be irregular
in their occurrences throughout a leaf, and injury
is assessed as an average percentage of the area
of the most affected leaves. Depending on the
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species and exposure conditions, the leaves as-
sessed may range from 10% to 100% of the cohort.

Expression of injury on a majority of branches
or plants in a particular exposure situation is
adopted because air pollutants would be expected
to cause similar injury to all leaves of a similar age
and exposure situation on one plant.

Where there are clear differences in the extent
of injury to foliage at different positions on an
annual shoot, the portions of seasonal growth may
be recorded separately, together with the possible
causes of injury. The actual ages of foliage at the
time of an inspection will vary between species,
depending on their major season of growth.

Injury due to pollutants

The injury ratings for necrosis, chlorosis, cupping,
anthocyanin accumulation and insect or disease
injury are applied independently in each determi-
nation, following a convention first used by Cobb
(1892). An overall Injury Category is assigned to
a species at a site on the basis of the highest injury
category across all criteria. This is adopted in
order to identify the extent of injury that could be
attributed to all stresses, including non-pollutant
stresses such as drought, storm winds, disease or
insect attack.

An Emissions Injury Category is assigned for
symptoms or for that portion of a symptom ex-
pression that is attributable to an air pollutant.
The contribution of emissions to the total injury is
estimated where there are considered to be clear
differences in the amount of injury attributable
to natural environmental stresses and those asso-
ciated with the emission source. In addition, the
combination and relative expression of different
symptoms is of considerable assistance in diagnos-
ing pollutant injury in different species. All these
considerations may result in a moderation of the
estimate of pollutant injury from that recorded in
the field survey.

Factors affecting assessment

Foliage age

Foliage is classified as 0 (current season), 1 or
2 years of age if appropriate. Deciduous species

have only a single leaf age class; in many ever-
green species, previous season leaves are shed or
may begin to deteriorate soon after the current
season shoot has completed expansion but in
some conifers and rainforest species, several co-
horts of leaves may be retained. Where older
foliage is judged to be senescent, assessment is
usually restricted to current season foliage.

For evergreen species, including conifers, the
injury code should be applied separately for fo-
liage of different ages because of their differences
in pollutant exposure and sometimes in injury
expression. For example, current season leaves
may be uninjured whilst one-year-old or older
leaves may show injury or may show a different
combination of symptoms from those in current
season leaves. For species in which progressive
fluoride accumulation leads to tip necrosis, there
may be a progressive increase in injury with leaf
age and one-year-old foliage often shows injury
of one category higher than the current season
foliage.

Position and orientation of foliage

Patterns of injury distribution at both large (hun-
dreds of metres) and small scales (metres) should
be consistent with the causal agent. For example,
the large-scale pattern should show a reduction
in the extent of injury that reflects the distance
from the source of pollution, patterns of wind
speed and the constancy of wind direction, partic-
ularly during the growing season. Small-scale pat-
terns should also reflect the direction and speed
of winds from the pollutant source, the density of
foliage in the crown of the plant and the existence
of obstacles to air movement. The directional pat-
tern of pollutant injury distribution around a plant
will be identical with that due to wind effects in the
prevailing down-wind direction from the emission
source, so it may be extremely difficult to separate
pollutant and non-pollutant effects, such as salt
spray or desiccation.

Therefore, a careful examination of the distrib-
ution of injury around a large plant, such as a tree,
is essential, bearing in mind the effects of small-
scale ground relief and the conformation of vege-
tation on the direction and speed of local winds.
In these situations, relevant information on the
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location of foliage should be included. Where such
information is not indicated, the injury records
should relate to general estimates of condition for
a complete plant crown or for a group of small
plants.

Mimicking symptoms

The use of plants as biological indicators of pollu-
tion requires that the symptoms of pollutant injury
can be distinguished from those of other environ-
mental stresses. Several environmental conditions
induce visible symptoms similar to those caused
by pollutants, so the appearance of a particular
category of injury does not necessarily mean that
it is due to a pollutant (Flagler 1998; Weinstein
and Davison 2004). In particular, the effects of
drought and storm winds may be very similar to
those of fluoride exposure, and chlorosis induced
by fluoride may closely resemble symptoms of
iron or magnesium deficiency.

Cupping or buckling of the leaf lamina may
occur as a result of viral infections associated with
leaf chewing and sap sucking insect attack, but vi-
ral deformation and chlorosis tends to be irregular
in their distributions with respect to the pattern
of venation and not confined to the leaf margins;
Leaf-chewing insects that attack young expanding
leaves may also interfere with normal expansion
processes and these leaves may become cupped
or buckled. In these situations, the deformation
is usually associated with characteristic chewing
injury and is not distributed regularly between
leaves of a similar age.

Discussion

For many members of the public, the combined ef-
fects of all pollutants and all stresses may be more
important than the effects of each constituent
of a pollutant mixture, whereas for emitters, the
effects of the pollutant for which they are re-
sponsible will be of principal concern. Regulators
may be interested in biological monitoring as a
supplement to other means of pollutant assess-
ment. These three social groups are likely to have
very different and possibly irreconcilable require-

ments of biological monitoring, so an acceptable
technique or techniques must be developed for a
clearly defined purpose.

The use of visible injury symptoms for indi-
cating or monitoring pollutant stress may be crit-
icised on the basis that changes in molecular,
physiological and tissue functions may occur at
exposure levels that are less than those resulting
in visible injury, and that visible injury is regarded
as a coarse and unscientific means of assessment
(Hill et al. 1958; Horsfall and Cowling 1978).
However, the benefits of rapid assessment have
long been recognised (Croxall et al. 1952; Large
1966) and visible injury assessment has been ac-
cepted as a field survey technique for the esti-
mation of the effects of regional ozone exposure
on indicator plant species (e.g. Manning 2003;
Smith et al. 2003). The extent of foliar necrosis
or chlorosis has also been used for describing the
distribution of pollutants in general (Moraes et al.
2002; Boone and Westwood 2006) or the more
local effects of fluoride (Weinstein et al. 1990;
Klumpp et al. 1994, 1995, 1996).

An extensive comparison of different combina-
tions of assessors and tasks (Lorenzini et al. 2000)
showed that the judgments of inexperienced asses-
sors were acceptably accurate and precise at cate-
gories accounting for up to 20% of individual leaf
areas. Allocation of leaves to correct categories
for injury classes 5 and 6 (where injury affected
20–30% and 30–40% of leaf area respectively) was
less certain. Very similar results were obtained in
the present study when chlorosis was assessed in
C. camphora.

It is relevant that Cobb (1892), Moore (1943),
Horsfall and Barratt (1945) and the present
scheme use a single injury class between 25 and
50% because of the difficulty of estimating per-
centage areas within that range. These calibration
studies indicate that injury categories of different
size are appropriate. Where aesthetic, commercial
or ecological effects are the predominant con-
cerns, there is little purpose in recording small
differences in injury between 75 and 100% of the
leaf area. For this reason, the present scheme is
truncated as compared with that of Horsfall and
Barratt (1945).

In many injury assessment procedures, one
symptom is selected, for example, the leaf area
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affected by necrosis (Bussotti et al. 2003). In later
work on the assessment of ozone injury in na-
tive vegetation in Europe, Bussotti et al. (2006)
drew attention to the uncertainties associated with
the variability in symptom manifestation between
species. For the assessment of fluoride injury in
Australian and New Zealand vegetation, it is nec-
essary to use a range of symptoms because symp-
tom expression varies so much between species
(Doley 1986). In addition, the sequence of ap-
pearance of injury symptoms with exposure of
leaves to fluoride varies between species and
also between stages of leaf development within
a species. Therefore, it was considered appropri-
ate to construct a system of recording injury that
could be applied independently for each symptom
and which allowed the most severe expression of
injury to be identified.

One difference between the present scheme for
assessment of injury and those currently used is
the confinement of attention to the leaves within
an annual cohort that show the greatest injury.
This recognition of a particular injury category
may involve a variable proportion of the total leaf
population, is indicated in Table 2. This procedure
was adopted because it is easier for an observer
to make a consistent estimate of the amount of
injury in the most affected leaves than to estimate
the percentage of total plant leaf area affected
by a particular symptom. It is interesting that
the early assessments of rust on wheat plants by
Cobb (1892) were restricted to the flag leaf and
the one below it in order to provide a more con-
sistent sample.

Field application of this scheme of injury as-
sessment permits the most sensitive expressions
of different symptoms in different species to be
combined in the construction of contours of injury
distribution around a pollutant source. If these
differing symptoms appear to the same extent at
the same location, then they can each be associ-
ated with a particular ambient fluoride concentra-
tion. For example, the most sensitive expression
of injury in one species (e.g. Xanthorrhoea john-
sonii) may be tip necrosis, whilst in another
species (e.g. E. citriodora) it may be marginal
chlorosis and cupping of developing leaves (Doley
1986). Tip necrosis is likely to reflect the long term
exposure as it is the result of redistribution of

fluoride towards the leaf tip and the subsequent
periodic death of tissues (Weinstein and Davison
2004). Therefore, tip necrosis may be most readily
associated with long-term air quality guidelines,
such as the 90-day average (ANZEC 1990). In E.
citriodora marginal chlorosis and cupping reflect
the ambient fluoride concentration over a period
of a few days to two weeks during the expansion
and greening of that leaf. As a result, the envi-
ronmental sampling of developing E. citriodora
leaves is more restricted and may reflect 7-day
or even 1-day average fluoride concentrations.
Once the leaves have matured, they are much
less sensitive to fluoride injury and the symptoms
expressed are tip and marginal necrosis associated
with longer-term fluoride accumulation. Although
E. citriodora may show tip and marginal necrosis
at 30- and 90-day average fluoride concentrations
lower than the air quality guidelines (Doley 1986),
chlorosis and cupping may occur in the absence
of tip necrosis, especially in current season leaves.
An advantage of this method of recording symp-
toms is that fluoride exposure events can be iden-
tified, sometimes to within 2 or 3 weeks, even
without the assistance of ambient fluoride mea-
surements.

Assessment of the extent of injury must take
account of leaf age as symptoms such as necrosis
may increase in extent with age, whereas buck-
ling and sometimes chlorosis may not vary once
the leaf has reached maturity. In addition, a dis-
tinction must be made between chlorosis that is
due to fluoride and that associated with senes-
cence or nutrient deficiency. For many species,
the detailed patterns of distribution of fluoride-
induced chlorosis are characteristic in contrast to a
more general distribution of chlorosis in senescing
leaves.

Air quality guidelines for fluoride in Australia
and New Zealand are expressed at four time inter-
vals between 1 and 90 days (ANZEC 1990). It is
convenient that a simple continuous relationship
can be established between averaging time and
guideline concentration (Doley 1986) so that in-
termediate exposure times and concentrations can
be evaluated. As a result, the effect of fluoride ex-
posure on plants can be expressed as a continuous
response to these variables, even though the most
effective symptom may vary with exposure time.
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This means that different symptoms expressed in
different species can be combined for identifica-
tion of the extent of injury at a particular location.

Lorenzini et al. (2000) estimated that inexperi-
enced observers could make an estimate of the ex-
tent of necrosis in individual leaves in about 11 s.
In the present study, injury estimates on individual
leaves of C. camphora could be completed in the
laboratory within 5 to 10 s. Estimating injury in the
most affected group of leaves in an annual cohort
is slower in the field because of the need to select
the sample and then make an estimate on several
leaves. However, a determination for one species
at a location can be completed within 1 min where
there is relatively uniform symptom development
within a plant. Where symptom expression varies
with location around a plant crown or if the fo-
liage is inaccessible, more time is required. Even
where more than one estimate must be made for
a species at a single location, visual estimation al-
lows many more estimates to be collected and pro-
vides for variation in sensitivity within a species.
Field experience shows that more than 300 injury
estimates can be made at about 30 sites distributed
over an area of approximately 2 km2 in 1 day.

The collection of injury data from numerous
sites provides valuable input for spatial databases
(e.g. Bytnerowicz et al. 2002, 2007; Batzias and
Siontorou 2006). When injury distribution pat-
terns are plotted, contours can be drawn to en-
close the extremities of occurrence of a particular
grade of injury, and this outer limit represents
the lower percentage of leaf area injured for that
grade. For example, the outer limit of distribution
of category 2 injury (2% to 5% affected) rep-
resents injury to 2% of the area of the selected
leaves. Depending on the proportion of the leaf
cohort that is injured, this may represent between
about 1% and 5% of the total leaf area (Table
2). As a result, this expression of injury is con-
servative with respect to the likely effects of foliar
injury on plant growth and reproduction.

Evaluation of the degree of offence taken by
observers is more difficult than establishing the
extent of injury. Professional observers should
not register offence because their responsibility is
to record the extent of injury. Casual observers
can recognise severe injury, but they may require
training in order to recognise the more subtle

signs. However, once alerted to the occurrence
of injury, former casual observers may become
much more sensitive to offence, especially if they
believe that the injury has not been made known
to them at the appropriate time. It is considered to
be useful that the extent of injury that attracts the
attention of interested but untutored observers
is category 4 or more than 10% of the area of
affected leaves. This value equates approximately
to the extent of injury that occurs when fluoride-
sensitive plant species are exposed to environ-
ments that just meets the ANZEC (1990) air qual-
ity guidelines for fluoride.

The injury assessments described here can be
combined with general forest health evaluations
that assess foliage density, branch dieback, the
vigour of vegetative growth and reproduction (e.g.
Solberg and Strand 1999; Stolte 2001) to provide
additional detail on the effects of air pollutants
on ecosystems. While reproducible injury assess-
ments can be made after a modest amount of prac-
tice, it is appropriate to echo the caution offered
by Weinstein and Davison (2003) that it is often
difficult to distinguish between pollutant and non-
pollutant causes of injury to vegetation.
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