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PREFACE - %+DE014523443*
~’

Biological monitotig with plants comprise~ 1OW-COSJeffect.iye methods to
estimate levels of air pollutants and their impact on biological receptors. Plants
show an integrated response.to contamination and other environmental factors.
For many years now, they have been used to evaluate the uptake and enrichment
of air pollutants in bio@ plant injury and damage and’crop losses. In particular,
plants relevant for. human nutrition and animal food were exposed to air
pollution in addition to indicator plants such as lichens and mosses. Biologic~ .
monitoring with pltits is of practical value in assessing exposure and risks
caused by various air pollutants. The uptake of pollutants in pl~sdoes not only
ailect plant Me but also nutrition and food cycles. Contamination of nutrition
and food influences human’uptake of compounds and contributes -in addition to
air pollutants - to the total human exposure.

Total hwpan exposure’ can only be estimated by looking at the individual
exposure routes - air, food, drinking water, dermal contact. The critical organs
in the human body - the organs were adverse effects are first obsetied - are
usually not accessible for investigation in living individuals. Therefore,
knowledge of the uptake in edible plants and-of the contamination of anind
food can give a hint to potential exposure risks for humaus. On the other hand,
indicator plants such as lichens and mosses possess efficient accumulation
capacity for many air pollutants. Their exposure, therefore, can lead to detailed
statements on the integral air pollutants.

This report-is an update of @e MARC Report No. 32 “Biological Monitoring”
and a fist volume referring to a WHO project on biological monitoring. The
monograph reviews comprehensively the existing literature on biolo~”cal
monitoring of air quality with plants. This review includes consideration of all
plant species that :are currently, or have a poteni~- of, being used as
bioindicators of air pollution. This review is intended to serve as a background
paper for the derivation of guidelines <or the use of biolotica.1motitors ~ air .
pollution control.

The report was prepared at ‘the Monitoring and Assessment Research Centre,
MARC, at King’s College in Londo% a WHO Collaborating Centre for
Environmental Monitoring and Assessment. The work was supported by the
-United Nations Environment Programme (UNEP), the Division of Operational
Support and Envkhnnental Health at the WHO, and the Ministry for the
Environrnen~ Nature Conservation and Nuclear Safety (BMU) of Geqmy.
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A forthcoming report yithin the WHO project will provide a review of the
methodological guidance for the drawing-up of guidelines on the use of
biomonitors (plants) with respect to their relevance to human health impacts.

I
‘.

,.
Dr Dietrich Schwela
World Health Organization
Departnient of Protection of the Humag Enviropnient
Occupationrd and Environmental Health Programme ‘
Geneva “

Profes<or Dr Peter Williams
Monitoring and Assessment Research Ceritie
King’s College ,
London

., .,

Dr Angela Mulgrew
Monitoring and Assessment Research Centre
King’s College ~” ‘
London
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I INTRODUCTION

1 Background

In 1986, the Monitoring and Assessment Research Centre, ~C, at King’s
College London - University of Londou supported by United Nations
Environment Programme, prepared and published a technical report on
Biological Monitoring of Entionmenkd Contaminants Using Plants @n-ton,
1986). This report highlighted in detail the ficreasing awareness of the effects of
pollutants on plants and their potential as biomo$torslbioindicators of air
pollutants in the terrestrial environment. ,

Physico-chemical measurement of air pollution levels is an objective and
accurate method. It is essentiaI for the accumulation of air quality data for the
analysis of s@ndards, interrelating effects, source reductions and general air
pollution control. This enables the formulation of policies and regulations
necessmy for the protection of humans, animals and plants.

The ‘response of plants to elevated concentratio~ of air contaminants is
modfied by other enviromqental factors and by the physiological status of the
plant. Monitoring the plants directly assesses the integrated effects of these
factors and contamination. Tingey (1989) emphasised that “there is no better
indicator of the status of q species or-a system than the species or system itself”.
Physical and chemical methods do not provide sufficient information on the risk
associated with an exposure.

In contras~ biological methods allow direct assessment of risk from an
exposure. Biological data can be used to estimate the environmental impact and
potential impact on other organisms including humans. Often biological data
have not necessarily been collected continuously, iustead this can be performed
periodically. Biological monitoring is generally less expensive than other
methods and is ihus particularly suitable for Iong-term monitoring over large
areas without deploying sophisticated and high maintenance equipment.
Biological monitoring has been defined as “the systematic use of biological
responses to evaluate changes in the environment with the intent to use this
information in a quality “control programme. These changes often are due to
anthropogenic sources ,...” (Matth&vs, 1982). ‘Biological monitoring of air
pollutants can be passive or active. Passive methods observe plants growing
naturally within the area of interest. Active methods detect the presence of air
pollutants by placing test plants of known response and genotype into ‘the study
area.

A distinction is increasingly being made between using organisms as
bioindicators and biomonitors in air pollution studies. According to Tingey
(1989) “a bioindicator is an organism or biological response that reveals the
presence or absence of an air pollutant by the occurrence of typical symptoms

9
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or measurable responses. A biomonitor provides information on de presence of
the pollutant and attempts to provide additional information about the amount
rmd intensity of the exposure.” Similar definitions were outljned by Market et al.
(1997). .

The concept of bioindicators is of centd importance in.biological monitoring.
Certain pla@ species ‘&ehighly sensitive to particular air pollutants amj show
specific responses to pollution effects (for example the formation of brotvn
upper surface speckle by ozone). These indicator species can be used to detec~
recognise and monitor the presence or absence of pollutants. Considerations in
bioindicator selection are sunuparised by Tingey (1989) and are presented in

, Boxl.1. .
. .

~-
.

!

Box 1.1 Selection of bioin~cators

The selection of bioindicatora should consider the following factors: ‘

● be easily measured and describe responses of concern

within the ecosystem

● have a distinct response which is capable of predicting how the

species or ecosystem will respond to the stress; . .
● measure the response with acceptable accuracy and precisio~

● be based on’kowledge of the pollutant and its characteristic+

8 consider the final use of data.

,>“ ‘.,

Bioaccmmdative indicators-are frequently regarded as biomonitors. Plants can

also act as bioaccumulative igdicat~rs b; acc-&mlatingair Pollutants from their
surroundings -without necess&ily displa-yingan obvio-w r[sponse. Analysis of
their ‘tissues provides an estimate of environmental concentrations of the
pollutants (for example mosses are frequently used to monitor heavy metal
deposition).

The earliest and .cmrenffymost recognised eff~cts of a@nosphericpollutants on
, plants was revealed by correlations between plaht species distributions with

particular pollutants. A common example was the discovery of ‘lichendeserts’ in
parts of the UK.

10

. . . “



,,, ..,;,
\...

~,
k,’,,

2 Project scope $t.
~ecwent project bti&ontiese aspeckofbioloQcd motitotigmd updates . ~,
and reviews progress in this topic over the past ten years. Activity in this field 1 ~1.
has accelerated over the last decade with the development of intematiordy co- ~ ~” ;
ordinated monitotig networks, unilateral long-term monitoring research
prograrmnes in addition to new legislation. In “general, investigations, which
examine effects, which are not suitable for monitotig purposes, have not been
considered”in this review. There is a growing awareness of tie importance of
particular plant groups and communities in their own right and a vast amount of .
literature is concerned with impact assessments of air pollution on plants. The
significance of such studies is appreciated but the current review focuses on
biological monitoring as a practical management tool in detecting and assessing
air pollution. .,

The re~ew &ides each chapter by pofiutant type since methods used are
,,.. ,

generally dependent on the type of pollution. under investigation. For this
propose, air pollutants axe categorised into metals, gaseous and organic

.,
,,

compounds. Heavy metals are generaUy non-acidic particulate and include
lead, zinc etc. Gaseous pollutants included nitrogen oxides, ydph~ dioxide,
ozone (volatile organic compounds and nitrogen oxides, once emitted, undergo

;,
,..

chemical transformation in the atmosphere in the presence of sunlight to form
. .

ozone) and fluoride. Orgauic and synthetic chemicals include substances such as ,“ :

dioxins, polycyclic aromatic hydrocarbons and organochlorines. Radionuclides ‘ ‘
and the indirect impact of air pollution - acidification of soil and water, will not
be considered in the current retiew. ‘ ,,., f
Each chapter is subdivided into plant. groups. The review includes all pkint

. ,.

species; Which are cuently or have potential of being used as ‘,~‘,
biomonitors/biojndicators of air pollution. ,These will primarily be lichens,

,..,-
bryophytes (i.e. mosses), bigher plants (such as trees, shrubs and crops), al~e

. ..”.,

and fimgi. Where applicable, comments on monitoring design are included in
:’>.,,

each section. ,.

The review focuses exclusively on terrestrial environments omitting freshwater
/,.,

or marine habitats.
-.

!.
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HEAW METALS
j,”

1 Bryophytes :.’P,.,.[-
1.1 Introduction

,,;.
1:<

Bryophytes include mosses ,md liverworts but most literature on air pollution
};’ ,’
,

monitoring centres on mosses. Bryophytes can indicate the presence of elements ,.
and their concentration gradients. The use of bryophytes constitutes an effective
‘methodin& pollution monitoring for many reasons:

.. ,

●

●

●

●

●

●

●

Mariy species are widely distributed and grow in a range of habitats.

Bryophytes are small and easy to handle. . ‘ . ,.:,<

Most of them are evergreen”and can be skeyed all year romid.
.,, .,-,..,. ,,,:,

Bryophytes lack a cuticle and a root system and obtain nuirients as
,.:;:

. ...,
particulate and in solution directly from atmospheric deposition. They have ,.+.: .,

good bioaccunmlating ability, pimticukirly for heavy metals, where metal ,.. ,,-

concentrations reflect deposition without tie complication of additional
:.
,.. , ,,,. .-,,

uptake via a root system. ,,.. .,,

Comparisons of fresh samples with herbarium specimens enable retrospective
;Jj,<,.,;.. .,:.:, ,.;- .,,..,,

analysis of metal polhtion.
,,, .”..,, ;!-.’,
-,‘;

,<!’
The ability of bryophytes to accumulate elements in very high concentrations :. .,,,,. .-.,

!.,,,”,
aids chemical analyses of the tissues and may facilitate the detection of ,,. .

,’”
elements present in very low concentrations in the entionment. :,-. .,,. ..-., ..?”

.,’.,:,,:,.}’
The annual mowth increment is usuallY easier to detect in mosses than

:,.,.’, ,,“:.,,!.. , ,,,,
lichens and ~osses are often believed more desuable for temporal studies
(this is particularly true o~Hylocomium splendens).

Some studies have been carried out to compare the effectiveness of &ferent
biological samplers as biom,onitors.Kansanen and Venetvaara (1991) compared
the capability of hvo mosses, an epiphytic Iiche& pine bark samples, pine
needle litter, earthworms, and moths in asse~singairborne chromium and nickel
dust near a ferrochrome and stainless steel works in Finland. The two mosses
and the lichen were the most effective biomonitors’ at low and moderate
depositions. None of the biomoqitors worked effectively at high deposition
loads. Moss and epiphytic lichens were found to be the best indicators for zinc
(Z@ and ahuuinium (Al) in a study of biological indicators around the
R@mmkki steel wo& in northern Finland (lvM&erjee and Nuortevrq 1994).

Most methods in heavy metal ~ monitoring employ bryophytes as
bioaccunmlators and involve sample collection followed by laboratory analysis
techniques to deteet actual levels. Bioindication of heavy metal deposition by
the use of bryophyte distribution techniques and physiological effects is rrue.

13
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This section is subdivided depending on the geo~aphical scale of the survey,
into multi-nation+, national,. regional and urbanhndustrial areas. National
studies are mostly part of wider muki-nation@ monitoring .,programmed.
Urbanhdustrial area studies de? with urban areas and point source emissions.
Spatiid studies and temporal stuhes are considered. -

Table 2.1 summarises the surveys reviewed i.hthis section. The @pe of smvey, ”
species used and metals analysed are compmed. ,,

The majority of kti’dies have been multi-element investigations and few have
been re.%rictedto a particular.meti except where-diilerent methods of analysis
were required. Transplantation ‘techniquesare discussed separately. Comment is

- limited to monitoring metal deposition from the atmosphere using bryophytes
and will not exaniine in detail the effects of metals on bryophytes.

Since Burton’s review in 1986, approaches to moss .monitofig of heavy metal
deposition have changed little in principle. Refinements have been made in
monito@g desi~ in terms of standardised sampling and reduction of error and
variance. As may ~be expected new developments in chemical aualysis have
occurred.

.,

,’ ‘,
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Table 2.1 Comparison of parameters used in various aerial heavy metal studies using mosses as biomonitors

Scale of Species Elements No, of sites Type of survey Author
survey

Multl-national

Multi-national

Pleurozium
schraben

Hylocomium
splendens
Pleumzium
schrebem”

Multi-national
splendens

w
la National

(Sweden) splendens

schreben

(Norway)

National
(Norway),

National

splendens

Hylocomium
splendens

Hvlocomium

National
~Nonvay)

,,, ,---
..’,

As, Cd, Cr, Cu, Fe, Ni, Pb, V, Denmark-185
Zn Finland -534

Norway-522.
Sweden -839

As, Cd, Cr, Cu, Fe, Ni, Pb, V, As above
Zn

&., Cd, Cr,,Cu, Fe, Ni, Pb, Zn Standard
reference sites

!
,.

Approx. 1000
forest inventory
plots

t
Ag, Al, As,Br, Cd, Cl, Co, Cr, 512
Cs, Cu, Fe, 1,La, Mn, Mo, N~,
Ni, Pb,’Rb, Sb, Sc, Se, Sm,
Th, V, Zn

Al, As, Br,”Cd,Co, Cr, Cu, Fe,, 523
1,Ni, Pb, Sb, Sc, Se, V, Zn ,.

Al, As, B, Ba, Be, Bit Ca, Cd, 495
Co, Cr, Cs, Cu, Fe, Ga, Hg,
La, Li, Mg, Mn, Mo, Na, Ni, Pb,
Rb, Sb, Sr, Te,Th,~,U,V,Y, Zn

Hg , 198

:..-.-“.? ,.-= ,---- ,. .,! “.,.,
,,

.,

.!

.,

Spatial and
tempo~l

Spatial and
temporal

Spatial and .
temporal

Spatial and
temporal

Spatial and
temporal

Rasmussen eta/. 1988

Ruhling 1995

UN ECE 1993

Berries 1990.

Schaug et al. 1990

Spatial and ‘“ Steinnes et a/. 1994
temporal

Spatial and” Berg et e/. 1995
temporal

,,

‘ Spatial and Steinnes and
‘ temporal ~ndersson 1991

.. ,..
:.’: -, . --- .--; ----- >------....,,-

. . ,,
,..
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Table 2.1, (continued from page 15)

Scale of Species Elements . No. of sites Type of survey Author ,

National
(Netherlands)

Pleurozium
schrsberi

Al, As, Ba, Br, Ca,,Ce, Co, Cr, 66
Cs, Cu, Fe, Hg, 1,K, La, Mg, .
Mn, Na, Ni, Pb, Rb, Sb, Sc,
Se, Sm, Th, V, Zn .

Cd, Cu, Mn, Pb, Zn . 56

‘Spati~ and
temporal

Kuik and Wolterbeek
1995

Regional
(Nigeria) >

Kakulu 1993 ~Polytnchum
junipennum

Spatial

SpatialRegional
(Poland)

Pleurvziumr
schrebem” -
Hylocomium ~
splendens

Pb, Cd, Ni, Zn, Cu 2 Godzik and Grodzinska
1991

,.

Cd, Cu, Fe, Mn, Ni, Pb, Zn -9Urban and -
+
a industrial (India)

Spatial Gupta 1995
de;tiwlaturn,
Bryum argenteum,
Sphagnum sp.

Cr’ ”.’ Approx 30Urban and
industrial.
(Sweden)

Hypnum
cuprassiforrrrae

,Spatial and
temporal

B’srnes1990,

,

Urban and
industrial ,
(Canada)
Transplants
(Greenland)

Isothecium Cd, Cr, Mn, Ni, Pb, Zn 62 Pott and Turpin 1996
stolonifenlm

Sphagnum Cd, Ce, La, Nb, Nd, Pb, Th, U, 12
Zn

Spatial Pilegaard 1993 ,,

Transplants
(Quebec)

Pleurozium
schrsbem”

Hg 4 spatial Evans and Hutchinson
1996

Cd, Co, Cr, Cu, Fe, Mn, Ni, 47 ~ Spatial and Gailey and Lloyd 1993
Pb, Zn temporal . .

Transplants
(Scotland)
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1.2 Monitoring design ~

The importance of planning when initializing a biomonitoring programme of
trace-element air pollution is emphasised by Wolterbeek and Bode’ (1995).
Successfid cryptogram monitoring is achieved when, contaminant burden is
readily distinguished”from background levels ~ the plants. Certain jmportant
parameters have been considered in heavy metal monitoring utilising.
bryophytes, which are discussed below: It is noteworthy that many of the
following comments are also applicable to the monitoring of aerial deposition of
heavy metals using lichens unless specificity to mosses is expressed. ,,

1.2.1 Method selection ‘

A major choice lies between using techniques which employ indigenous species
or ttanspkmted species. This will ultimately affect the &pe of species selected
and to some extent the chemical analytical techniques employed.

Comparisons of techniques utilising indigenous and transplanted samplers are
summarised in Table 2.2 (taken from GaiIey and LIOYCZ1993).

Factors which should be considered in methodology selection include fiance
and resources, desired accuracy of resuhs, study time-scales, size of study are%
extent and ,@e of pollution.

1.2.2 Species selection

In metal deposition biomonitoring, specie: selection criteria include the
availability of the species, its tolerance, its bioaccumulation characteristics and
ease of sampling (Wolterbeek and Bode, 1995). Additionally, the species
utilised and its effectiveness will depend to an extent on the elements to be
monitored.

Puckett (1988) reviewed the applicability and mechanisms of mosses and
lichens as biomonitors of metal deposition. Ectohydric mosses with no
ditlerentiated water conducting systeu enabling direct absorption over the
entire plant surface; are more appropriate than endohydric mosses possessing
differentiated water conducting systems and cuticle-like surfaces. The use of
epigeic mosses (mosses growing naturally on- the ground) has been
recommended in Scandinavia for-assessment of heavy metal deposition”on a
regional scale (Steinnes et al., 1993). Pleurocarpous species, otherwise known
as. the carpet-forming mosses or feather mosses, are’ probably the most
commonly utilised group (Table 2.1). However, element concentrations in
caspet forming mosses may be elevated by soil-blown dusts. Such
contamination and possible misinterpretation of results would be particularly
heightened in seasonally arid count&s (RUbling,1995). ‘

:,

..
,,

, ,,

:’

,.

‘.

.,,.

.,<,.
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Table 2.2 Comparisons of indigenous samplers and transplants in
heavy, metal deposition’rnonitoring (from Gailey and Lloyd,,. 1993)

Indigenous (in situ) sampling Transplants

Results of pollution patterns can be
obtained within a few days. ,

Results deinonstrate pollution in
, previous years. -

Accumulation levels are usually
above detectable levels due to
longer exposure time.

Minimal supervision and risk from ‘
vandalism. .,

“Costs acquired from transport to ,
sites and chemical analyses.

Potential shortage of indigenous
samples.

Pollution deposition rates difficult to
estimate:

Metal concentrations reflect
influences from other factors such as
age of plant, metal content of
substrate and lot@ contamination.

A survey period of a year is required to
allow for effects of seasonal variation.

Results illustrate pollution only over the”
sampling period.

Concentrations of accumulated levels
may be undetectable over shorter
sampling period. .

Potentia[ risk from vandalism. .

Additional qosts froin materials, 4

increased transport and more sampler
preparation.

Density of sampling sites, samplers and
their position under the control of
investigators.

Deposition rates calculated from .
controlled exposure time.

Pollutant concentrations in plants can
be more directly related to airborne
pollution. -

Plants-maybe stressed or undergo Plants come’ frorri relatively ‘clean’
morphological/physiological environments. ‘
changes, which affect uptake, by .
long-term exposure to certain
pollutants.

Markert and Weckert (1989) investigated the suitability of --Polytrichzan
fo~osum as a passive biomonitor of heavy metal deposition. Moss samples
from the forest under study showed seasonal variation in metal content. The
authors concluded that sample collection of this species should be widertaken in
the last week of September if comparable results between regional suweys are
to be obt~d. This study highlighted that species type and sampling period
should be considered prior to initiating a moss monitoring programme.

The signal-to-noise ratio was suggested by Wolterbeek et al. (1996) as a means’
of assessing the quality of a biomonitoring survey. ~e authors used Iarge%cale

Is
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biomonitoring surveys of trace-element air contamination to illustrate the utility
of such an approach. The investigators used survey variance as the signal and
the survey noise was defined by measurement of local variance per site. The
most significant conclusion ‘from this study was that the ‘selection of the
biomonitor species should be based on minimisation of the signal-to-noise ratio
rather than on minimisation of the noise level of the surve~.

1.2.3 Site selection

The density and location of sampling sites will depend very much’on the type of
survey. Larger scale surveys covering larger axeas will obviously require more
sites than studies investigating point emission sources (Table 2.1). h the latter,
sites are frequently spaced aIong transects or gradients in relation to the
pollution source. Intensity of sampling sites should be adequat= to detect
gradual changes along the study area. If indigenous species are to be utilise&
the number and location of sites will depend on the natural distribution of the
species. Iftranspl+tation techniques are used, choice of sites is at the discretion
of the investigator. .’
At the sampling site, attention should be given to the substrate since this may
affect the elemental composition of the study species. Other considerations
include safety and ease of access of the site.

To overcome noise variation the development,of strict criteria in site selection ii
necessary. For example in large-scale surveys in Europe, sampling sites were
selected in areas remote from roads, large population centxes and @dustrial
plants in order to ident@ areas susceptible to long-range ixansported pollutants
(Ruhling, 1995). Samples Som forest ecosystems are usually taken from
openings in the canopy, not directly exposed to throughf-all precipitation.
However, some species are found in sheltered areas where they may not be
freely exposed to aerial deposition and’measured levels in the sample may not
adequately indicate pollutant levels. This highlights the need to choose locations
where exposure to atmospheric pollutants is not reduced.

Sources of heavy metals other than atmospheric deposition which can contribute
to metal concentrations in moss samples include (Steinnes, 1992):

● Natural cycIing process, particularly the deposition of emissions from marine
sources.

. Root uptake in vascular plants and subsequent leaching from the tree canopy,
understorey vegetation and leafli~er.

● windblown mineral particles.

Ideally an accurate interpretation of results from large-scale moss surveys

,’
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and Nikodemus, 1995). This can be under@en ,using multivariate analyses
techniques such as factor analysis (e.g. Sloof and Wolterbeelq 1991). .

In bioaccumulation monitoring studies, the-standardisation of sample collection
preparation and analytical techniques has ~een recommended &ucke& 1988).
In terms of collection this could include the general area of co~ection (e.g.,.

.,
,, - ‘.

forest), tie speciiic area of collection (e.g. position on tree) and the quality and
quantity of sample. Sample preparation v@es for example in washing and
drying procedures. Differences also exist in the analytical chemical methods
adopted.

1.2.4 Chemica[ analyses “ ,-

Resuh.s &e more usefid when background elemental levels are obtained
(Seawar& 1995). Generally, a large number of elements is chosen for analysis
because the benefits of obtaining large amounti of datzi outweigh the extra
et%orgespecially when the extent of fieldwork is independent of he number of
elements chosen for aqalysis (Wolterbeek and Bode, 1995). Contiation
during collection should be avoided. Replication of samples is recommended for
accurate results. Consistency of measurement units aids comparative studies.

The choice of analy&calmethod will depend on the purpose of the respective
survey. Some analytical methods are non-des~-ctive (e.g. neutron activation)
and are usefbl for repetitive surveys such as b~eline studies. Samples can also
be archived and used at a later date for additional analysis. Destructive’

- techniques include- atomic- absorption spec~omeh-y and inductively coupled
plasma aualysis. ‘.

Steinnes et al. (1993) compared methods previously used in heavy metal
deposition stw+es h Nonvay (instruinental neutron activation analysis (IN&)
and atomic absorption spectrometry (AAS)) ,with other multi-element
techniques. The alternative anz$tical techniques investigated were inductively
coupled plasma emission spectrometry (ICP-ES) and inductively ,coupled
plasma mass spectrornetry (ICP-MS). IN&4 produced much higher values for
N% Al tid Fe compared with ICP-ES and ICP-MS. The former technique
measures total content while” the other tecbnigues are based on leaching
procedures. On consideration of the’methods’available for moss monitoring in
Norway, Steinnes et al. conclude that ICP-ES works well for Fe, ~ Pb ‘and
@to a lesser extent for Vand Ni and but is not satisfactory for Cr, Cd and As.
ICP-MS analysis proves’a good method for all of the above except As and Cd
where less satisfactory results were observed. In conclusio~ ICP-MS was
regarded & a valid alternative to INAAIAAS analysis of Hylocomium
splendens samples witi me Norwegian monitoringprogramme at the time.,.
A similar stqdy was conducted by Frontasyeva et al. (1994). Epithermal neutron
activation analysis (ENAA) was compared with conventional INAA and
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ICP-MS. ENAA produced promising results for expansive multi-element . ~“ ‘
analysis of mosses used in monitoring atmospheric deposition. :,~

~’-;
1.3 Multi-national surveys } -

Techniques using indigenous moss populations “to identi& and monitor
,., .:,,

geographical patterns in heavy metal atmospheric pollution are well established ,,,
in Europe. Precise element concentrations are often not reported and techniques t

are applied as a practical tool in establishing and characterizing deposition
.’, ,
‘->

sources. Such long-te~ larger scale monitoring is extremely usefid and also
. .,

enables transboundrny ameliorative action to be taken. Most programmed are
ongoing, allowing comptisons over the and space to be made.

In a joint Nordic projecg Rasmussen et al. (1988) used moss analysis as a
‘,’

means of ident@ng sources of airborne pollutants and mapping metal
deposition in northern Europe (Demnar~ FirdanL Norway and Sweden). In
1985 Hylocomium splendens ~d Pleurozium schreberi samples were collected
from openings in coniferous forest or young plant+ions, not directly exposed to ‘,

througbfall precipitation. Tl@three youngest fidly developed segments of the
moss were used for analysis. Atomic absorptio% neutron activation or
ICP techniques were used to detetie V~OUSme~ ~oqcen~tio~- Lead (pb), . “
arsenic (As), cadmium (Cd) and vanadium (V) ~oncentrations in samples ,.

showed, a steep gradient from SOUtito nom .Fennosc~di% with @$est levels
in the south decreasing towards the north. Nickel @i), chromium (Cr), copper , ‘.
(Cu) and iron’(Fe) and to an extent zinc (Zn) concentrations showed weaker ~~, ,,
gradients. This pattern was attributed to long-range transport of air pollutants ,.,’
~om the densely populated areas in the south. In non-forested areas such as
alpine and agricultural regions, metals originating from soil dust such a@s, Cr,
@ Fe and V were present in high concentrations in the collected moss
samples. The importance of larger local emission sources was also revealed.

Ruhling (1995) reported on a comparable study in northern Europe carried out
in 1990-91 as part of a large-scale heavy metal monitoring programme covering
21 European countries. By, mapping results, conclusions’ on heavy metal
deposition in northern Europe were drawn and comparisons yith past studies
made. Sources of long-range. ~spotied ~ po~ution were identified
andregional atmospheric deposition of heavy metals was characterised. Ahnost
ten locally important emission sources’of heavy metals and the extent of these
emissions were established. Metals showed similar gradients from south to
north as indicated by Rasmussen et al. (1988). Heavy metal concentration levels
have displayed a decrease over the last two decades. The authors attribute this
to improved filter techniques and response to new legislation. These studies
clearly emphasised the effectiveness of moss survey technique as a biological
tool in long-tenq large-scale monitoring initiatives.

.



The UN ECE Convention on Long-range Transboundary Air Pollution (1993)
produced a manti for integrated monitoring with a programme phased between ‘
1993 to 1996. The overall purpose of the pro-e is monitoring and
assessing effects from air pollutants in the environment. Numerous countries are
involved.in the programme but Sweden”wasappointed lead country and FinIand
took responsibility for data handlhg. Nordic countries have a high profile within
the fi-amework’particularly in the development of methods. Monitoring metal
concentration of mosses is included in the programme. Detailed sampling
procedures were prescribed in the manual. A general outline is provided below

●

●

●

●

●

●

●

Three composite samples should be collected from either Pleurozium
schreberi or Hylocomium splendens species.,.

Samples. should be retrieved from areas no< exposed to direct througbfall
water - ideally in forests or open heathland or peatland.

Sampling period should be early summer.”
. .

Contamination shoiild be minimised during sampling.

Only green shoots from the three most recent years should be included h the
analysis.

Chemical tialysis should be undertaken usingA4S /ICP/neutron-activation.

Metals As, CL Cr, @ Fe, ki, Pb, Zn should be monitored.

1.4 National surveys , ‘

Sweden is very experienced in moss monitotig techniques aud has been using
mosses as a means of studying heavy metal deposition every five years since
1975 (Beme~ 1990). Sampling and analysis is carried out iu much the same
way as &e stsidies mentioned above. Mapping levels of metals in mosses has
i.llustmted the geographical distribution and Iong-teqn changes in metal fallout.
The amount of fallout is quantitatively estimated from the growth rate of
Hylocomium, which grows at the same rate in northern and southern Sweden
according to the equatiorc .’

metal deposition (mg m-2y-l)= metal content in moss (mg kg-l)
x average giowtb rate (0,15 kg m-2y-*)

This assumes, however, that mosses possess’ 100%’efficiency in metal uptake “’
fi-omthe atmosphere. Comparisons of fhllout estimates with heavy metal values
in precipitation were good for Pb, Cd, @ Zn and V. Correlations with levels of
Cr and Ni were less satisfactory and tbi~was attributed to mosses concentrating .
these’metals from other sources besides atmospheric deposition (Bemes, 1990).
The author concluded that in point emission source studies, where metals tend,
to be deposited in particulate form rather than through precipitatio~ moss
analysis provides m adequate picthre of total fallout. .
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Schaug et al. (1990), Steirmes et al. (1994) and Berg ei al. (1995) used the
moss technique for mapping atmospheric deposition patterns of metals in
Norway. Pilot stu$es carried out in the 1970s determined the most appropriate
species and analytical techniques. Hylocomium spendens was chosen for a
number of reasons, most of .wbich are mentioned in Section 1.1. ‘The
investigators reported on res~ts from nation? surveys carried out in 1977, 1985
and 1990. Elements monitore~ number of stes and date of study are provided
in Table 2.1. As the studies progressed the sampling network was altered to
enable more accurate descriptions of areas of high deposition rates (i.e. the
south), The Norwegian surveys diifereil from the multi-national ones discussed
earlier in that many more elements were investigated. This was achieved by
modification of tbe analytical techniques.

This ongoing programme enabled national spatial and temporal patiems in
heavy metal deposition to be presented as isopleth maps. Al@ough some
variation occurred over the survey years, statistical analysis enabled the
following pollution sources to be defined (elements in brackets derived their
main contribution from some other factor) (fioxnBerg et al., 1996):

●

☛

●

●

●

Long-range transported pollutants from other parts of Europe V, (Cu), ZI.L ‘
(Ga), & CL Mo, CL Sb, Se, Ag, Hg, Tl, Pb, Bi

Mineral particles, mainly windblown dust from local soil: Li, Al, (V), Cr, Fe,
(Co), ~Y,Lz ThyU

Local point sources: Co, Ni, Cu ‘ ,

Marine enviromnenti (L-i),B, N% Mg, C% Sr

Root uptake in vascular plants from soil, and subsequent ‘transfer to mosses
by lea&ing horn living& dead plant materiak (Mg~, (Ca), I@ (Cu), (Z@,
Rb, (Sr), Cs, Ba.

Most long-range transported elements present in “southern Norway had ~
decreased by 1990 to 70 to 50% of 1977 levels.

Spatial and temporal trends of atmospheric deposition of mercury (Hg)_in
Norway were. investigated using moss samples ~d peat samples, respectively
(Steinnes ‘and hdersso~ 1991). The distribution of Hg in moss is difFerent
from the previously studied elements in that it did not appear to be associated
with long-range atmospheric transport or point sources. ~g showed a much less
pronounced south-north gradient than other elements and the authors suggested
that dry deposition of Hg may be important atnorthem latitudes.

Moss techniques were reported by Kuik and Wolterbeek (1995) in the
Netherlands as part of a larger European study. This 1992 study was compared
to previous accounts using epiphytic Iichens samples from the same -area in
1986 to 1987, Average moss cticentrations tithe 1992 study were significantly

,,,
,,!.

,,, ,
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‘ lower than those observe&in lichens in 1986/87; Application of Monte Carlo-
Assisted Factor Analysis to the data proved an effective method of determining ,
and ckmracterising diilerent heavy metal sources throughout the couhtry. Major
sources were classified as:

● Crustal material “Al,Ce, Cr, Fe, L& Sc, Sm Th.

● Sea aerosol: NrLBr, I.

. Z’incindustry Zn, Pb, Hg, &> Co, Sb.
,.

● Metallurgical processes or retise incineration Sb, V, Se, Co, Pb, Hg, Fe, Ni,
La. \’

. Oil combustion and processing of oil products: Cr, Ni, Co, Fe, V.

. 1.5 Regional surveys ●

More intensive regional b~ed investigatioxisking natural growing mosses as
biomonitors of heavy metal pollution have been undertaken. ResuI@tend to be ‘:” . ‘
classified into zones v@hin, the region allowing identification of sources.
Description of the heavy metal status within the region,can be made.

The epiphytjc moss Polytrichum juniperinum and the bark of Azardirachta
indica produced comparable results when used to deten@e the atmospheric
metal in a north-eastern region of Nigeria (Kakulu, 1993). Three polIution zones
for Pb and Zn (biglL medium and low) were evident witithe re~on (Table
2.3). l?b and Zn levels in moss samples showed ranges of 10‘to 241 pg g-l and
28 to 123 pg g-l dry weight respectively. ~ Fe and ‘Mn moss levels where
highest in the big towns. Fo~ example, mean Cd, (pg g-]) MrL (pg g-l) and Fe
(mg g-l) @ the l@h pollution zones were 0,41, 97 and 12.7, respectively,
whereas mean metals concentrations in ~- weight moss samples in the \low
pollution zones were 0.1, 37.8 and 5.6, respectively. Ni and Cw did not show
si&ificant concentration &adients between, the l&ger towns (Jos, Maiduguri
and Bauch.i) and smaller.to~ and villages. The author concluded that Pb, Zn
and Fe were responsible for the greatest hea~ metal pollution burden in the
study area. Sources of these and other metals m the high pollution zone were
attributed to fossil .fiel burning due to industrialisatio~ automobile exhaust
emissions and incineration of domestic wastes due to urbanisation. Vehicle
emissions, small metal works and incineration of domestic wastes accounted for
the presence of metals inlhe less polluted areas.

.
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Table 2.3 Mean Pb and Zn levels in mosses in sites of different pollution zones
within the north-eastern region of Nigeria (from Kakulu, f 993)

Site Zone Concentration in pg g-’ dry weight

. Pb Zn

Jos - High “201 84

Maiduguri . High 241 123

Bau&i High 190 98

Potiskum Medium “ 106 49

Gombe Medium 89 56 ,

Wikki Low 10 28

Gubi Low 16 33

Godzik and Grodzinska (1991) used Pleurozium schreberri and Hylocomium
s@endens to gauge the heavy metal burden in Mazurian I+ndscape Parlc
Mazurian Lake District Pokm& in comp@on to the relatively polluted Ojcow
Nationrd Park and the ‘cleanef Bialoweza National Park. Metal levels in
Mazurian Landscape Park were significantly lower than in the other parks. For
example, the Pleurozium from the Ojcow National Park was found to
accumulate 14 times as much lead and cadmium. The authors concluded that the
relatively unpolluted character of the landscape park in combination with its
unique flora and fauna is justification for its promotion to a higher conservation%
national park status. This is a primary example of the application of moss
monitoring techniques as a practical management tool. Another relevant
outcome of this study was the observation of Hylocomium splendens as a better
copper accumulator than Pleurozium schreberri. ‘ a

Winner (1988) reviewed studies related to metal concentrations and mosses in
North America. These studies were mainlyregionally based.

1.6 Urban and industrial SUrVeYS .

Moss techniques have been applied to measure heavy metal levels and trends
within and around urban and industrial areas. Tlese studies can analyse
temporal andlor spatial trends in heavy metal deposition and results we -X

. generally expressed as pollution gradients. Within the gradien~ metal levels in ~
&e loci ‘m&s populations are seen to decrease with increasing distance from
the suspected source.

.

In Swede% long-term metal fallou~ particul~ly of Cr has been mapped using
moss analyses as part of the monitoring programme operated by Vwersborg-
TrolUWtan Regional Air Quality Association. Samples of the carpet moss.
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Hypnum cupress~ormae from appro~ately thirty sites in the vicinity of the
‘ works have been collected every three years since 1973 (Bemes, 1990). lithe

early 1970s chromium levels at Trollhattan reached 205500 m@g dry weight

d moss in the immediate vici&~’ of the plant. Less polluted areas of Sweden
showed moss levels of 3 n&kg at this time. Chromium emissions horn
“Trollhattan fell in. the late 1970s but this coincided with the initiation’ of
chromium alloy manufacture at Vargi5n.Since then, high emissions.from Vargon
have been reduced ad the Trollhattan plant has been closed down. Bemes
(1990) reported other similar monitoringprogmnnnes in Sweden..,
Gupta (1995) analysed three moss species in an assessment of non-point
sources of heavy metrd contamination in Sbillong, Meghalaya State, north-
eastern India. Plagiothecium denticulatum (from stones and cemented surfaces)
and Bryum argentkum (from asbestos roofs) were collected from four sites

:.. within the urban area and four from the ottkirts. Sphagnum sp. was collected
, from one site where it was found in a forest edge, tw,okm away fio,mthe city . .

centre. Results (Table. 2.4) showed that Sphagnum sp. reflected Cd &d Zn . .,. “ ‘..

concentrations better than the other two even in the suburban areas.
P. denticuhtum appeared to be the best accumulator of lead. AU species
accumidated manganese effectively. An urban-suburban gradient was obtained
for lead and zinc in P. denticulatum and for cadmium in B. argenteum. This
study provided a good baseline dataset for fktnre moss monitoring in hli~
where data. is lacking. It will allow comparative studies between other ,urban
areas.

Tissue analysis of&e woo&.ud epiphyte Isothecium ktolonijerum was used to
report atmospheric trace-element deposition in the Fraser Valley, B.C. Canada
from 1960 to 1993 (Pott and Twp@ 1996). By studying herbtium samples

/ available from the 1960s, significant reductions of varying degrees of C& Cr,
Pb, Ni and Zn leve~sin moss samples from 1960 to 1993 were observed. The
authors provided several reasons for the decline. There had been an obvious
shift in the area from a resource and manufacturingbased economy in the 1970s
towards a service-btied economy in the 1990s. ~.e closure of heavy industries,
new emission control Iegislatio& ‘reduction in fossil fbel combustion and
significant decreases in leaded petrol consumption contributed to the ;eduction
in metal deposition. Only manganese (Mu) showed a significant increase over
the survey years. This was attributed to the introduction of
methylcyclopentadienyl manganese trictibonyl as an anti-knock additive” to
petrol in the1970s.

, i
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Table 2.4 Metal concentrations in three moss species in urban and
suburban sites in Willong, India (from Gupta, 1995)

Element

,,

Concentrations (pg g-l)
>,

P. denticu;atum

Urban

7
Cd 1.25

Cu 45.38

Mn 397.19

Pb 66.38

Zn 40.05
,“

1.7 Transplants

Suburban

1.08

37.73

503.6

52.27

24.36

B. argenfeum

Urban

1.98

30.70

‘ 308.54

40.74

15.28

Suburban

1.30

24.68

333.17

35.07

14.97

Sphagnum ~: ; ,
,,.. . ,

Suburban .:.’ ,,

2.01.
.,.,,..
-..

25.18
-,,
.>. ,:

639.08 .,

28.42 ! -’ ”,” ‘
;.,: ‘ ,’, ~

92.34 .:/.: ! .’:’~’ ,,. ‘,,. .,, \ ,,
,. .,.-’:, ‘.,
,,-1

,,

Transplantation is an expe.mental technique where study plr@s are transferred,
.,,“,,., .’ ~

along with their original substrate, from unpolluted control areas to suspected or
...) :.

“,, :“.’,
known pofluted areas. The effects and responses of the transplants are

....,:,.,.. ,, ,/b,,,’.,.>..,, ,. !.,,,
subsequently examined after a measured time scale and compared to the control . . .‘:,.,;,
areas. Conclusions on pollution levels anwor nature of tie po~utik wi~

,,, ;.

respect to exposure time can be composed. In terms of aerial metal monitoring
.~-,

using transplants, levels in tissues rather than effects are measured before and
atler the exposure period. . .

Pleurozium schreberri showed elevated Hg concentrations when transplanted
from control sites to Roundtop Mou@in and Mt. Trembhmt in southern Quebec
despite their distance from known point sources of mercury (Evans and
HutchinsoL 1996). Mercury values in the Ronndtop Mountain and Mt.’ 1

Tremblant summit sites were 248.3 and 174.0 ng g-] representing increases of
129 and 61% respectively. ‘l%iswas attributed to long-range transported Hg
deposition.

,.

A similar approach is the moss-bag technique which involves using Sphagnum
,>,,

or Rhynchostegium species in nylon or muslin (0.07 to 0.9 mesh cm-l) bags.
Exposure times are usually shorter with this method prior to elemental analysis.

,,, .5
,., ,

This metho~ althou@ applied to the terrestrial environment is used more ,,

extensively in the detection of heavy metals in the aquatic environment. The ,:

techd.iqueis based on the high cation exchange capacity of mosses. ;,, -,.
The effects of exploration activities associated with a niobium-mineralisation in .;,
Sarfartoq, south-west Greenland were illustrated using the moss-bag technique ,,

(Pile~d, 1993). Samples of Sphagnum girgensohnii were collected ftom a !. ~.
remote unpolluted area in southern Sweden. Metid concentrations in the pre-

.,

exposed bags were measured (i.e. backgroWd levels). Metal levels were
,~!..,,

determined from’moss bags at twelve sites, set at three difXerentperio& before
major dust producing activities; dwing intensive drilling activi~, and after work

~$’
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was completed. Concentrations of Nb in particular, especially in sites close to . ‘
the outcrop, were elevated during the period ‘of I@hest dust production.
However, examination of the indigenous flora indicated that pollution existed
near the outcrop prior to drilling; with elevated concentrations in Nb, L% Ce, Th
and U. This study emphasised the importance of pre-operational monitoring in
assessing the scale of effects at such sites. It ako provided good baseline data

,‘ for i%rtherexploration works and acted as a scopihg study for the sensitivity and
appropriateness of methods.

Gailey and Lloyd (1993) conipared the suitability of four different biomonitors
in assessing short-distance ahd short-term changes in airborne metal
contamination in Armadalej central Scotland. This formed part of an -
environmental epidemiology study of respirator cancer. Sphagnum moss bags
produced more consistent results than the transplanted ~chen Hypqgmmia
physodes @ached to its twig substrate. Indigenous Hjnum cupressforme
provided better results than the indigenous lichen Lecanora conizaeoides.
Sampling sites were positioned along a gradient fi-om a steel foundry in the:..

6 town. Metals investigated ‘are shown in Table 2.1. AU samplers showed a
. general decrease in metal content from the foudry, indicating a declining . . . ‘ e,, -

pollution gradient ftom t@ source. Statistical analyses of temporal data implied
that meteorological factors and the steel fonn&y were more important pollution
sources than the brickwork, the other main’industryin the towq. .

Kirchhoff and Rudolph (1989) described a sandwich technique for the
continuous monitoring of air. pollutants ‘tith the bryophyte Spha&wm
magellanicum, collected from a bog in Germany. The sample was washed and
transferred to the field sandwiched between two layers of plastic screen and
suspende~’ by the edges only, ih a plastic holder. The method allowed the
installation of- a heater, in the holder, permitting winter use. Results
compatible with those obtained from rainfall trapped at the same sites.

were

:.
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2 Lichens

2.1 Introduction

Lichens meeffective biomotitors ofmetidepositioi htiattiey possess may
similar characteristics to bryophytes (Section’1.1). Lichens are slow growing
and assimilate metals at a rapid rate but release them at a low rate. Metal
concentrations in lichen thalli have been shown to correlate with atmospheric
levels (&n-to% 1986). ‘Lichenswere first used as bioaccurmdative indicators in”
relation to point emission sources, where decreasing metal concentrations ti .
species correlated with increasing distance from the source (l%n-to~ 1986).
Lichens have also been used to assess deposition patterns apd heavy metal
burdens for larger scale monitoring purposes. Their application as
bioaccumulators on the multi-national and national scale is not as established as ,
itis for bryophytes. The role of lichens in multi-national monitoring programmed
is primarily in relation to gaseous air pollutants.

Some important aspects ~ the design of progmmmes utilising lichens for the
biomonitoring of airborne heavy metrd pollution me considered briefly at the
beginning of this section. Their application on national, regional and
urba.nhdustrial scales &e presented. Transplantation techniques are also ,
discussed. The uptake, retention and toxicity of heavy metals in lichens are not
treated in detail here. A comprehensive review of these aspects is provided in
Tyler (1989) and Tyler etal: (1989).

2.2 Monitoring design

Most of the cominents in Section L2 are applicable to lichen monitoring for
metal deposition. Some additional remarks ‘wepresented below.

2.2.1 Species selection t

In lichens, metals can accumulate to high levels by trapping insoluble particles
(Tyler, 1989), extracelhdar ion exchange processes @ch~dso% 1988), ,,’
adsorption aud<active uptake (&d et al., 1989). Sloof (1995a) also indicated
the importance of passive processeslin, the uptake and release of Co and Zn.

,,

Burton (1986) reviewed some of these mechanisms in different species. The
author stressed the need to consider the di%ierencesin morphology and ion

,,. ,
,-, ,

exchange properties between different lichen species when selecting a species
for atmospheric heavy metal monitoring. ~j

The nature and form of the metals under study is impotit k the selection of , .
.-

species in that this often determines whether the lichen will die, show symptoms ,.; ,
or accumulate without apparent harm (llichardsonj 1991). The chemical ;,, ,

properties of an element and its associated particles tiect its accumulation by a . :,

biomonitor. ,The sensitivity of lichens to elevated tissue concentrations of heavy
metrds varies greatly between species, populations and elements (Tyler, 1989).

~.,. . .
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Obviously species with the ability to bioacm.umdatehigh metal concentrations ‘
without apparent damage are more benefici~,in biomonitoring studies.

In metal deposition studies, fructose (shrub-like) liche~ have been
recommended since these forms are easier to separate from the substrate in
comparison to foliose (leaf4ike) ~d crustose (crust-forming) licheis (Pucke~
1988).. For example, foliose Parrnelia w% chosen over crustose Lecanora
species in the Netherlands (Wolterbeek and Bode, 1995).

Box 2.1 Lichen species useful for the indication of heavv metals

.

:..

‘(from Kov&s, 1992a)

Acarospora strigafa C. squamosa Parmelia polydactyla

Aiectoria capillans

A. nigricans

A. ochroleuca

A. sarmentosa

A. tremonti

Caloplaca aurantia

C. trachyphylla.

Cetraria cuoullata

C. delisei

C. islandica

Cladonia alpestns

C. arbr..kcula

C. convoluta

C. chlorophaea

C. crisfatella

C. de formis

C. furcata —

C. gonecha

C. impexa .

‘C. mitis .

C. rangiferina ,

C. ste//atis

C. sylvafica -

C. r.mcialis

Corniculana aculata

C. divergens .

C. muricafa

Dermafocarpon
miniafum

Evernia mesomorphs

E. prunasfri ,

Hypogymnia “‘
enferomorpha ‘

H..physodes

Lasallia papulosa

Lecanora a~phoplaca

L Conizaeoides

L frusfulosa

L. novomexicana

Lefhana vulpjna

Micarea frissepfa

Parmelia borrei

P. caperata

P; chlorochroa”

P. conspersa

P. fuliginosa .

P. plittii

P. rudecfa

P. sulcafa

P. saxafilis

‘P. faracfica

Peifigera canina

P. rufescens ~.

Pseudoevemia fufuracea

Ramaiina duriaei

R. farinacea

R. sfenospera

‘Rhiyoplaca
melanopfhalma

Sphaerophorus fragilis

Sfereocaulon evolutum

S. nanodes

S. pascale

Umbilicaria grisea’

U. hirsufa .

0. mammulafa

U. polyphylla

U. pusfu)afa

U. sporodochroa

Varrucarfa nigrescens

,, “ ‘,*

,,
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As mentioned previously (Section 1.2.2), availability of species within study
areas often determines the selection of a species. Sloof and Wolterbeek (1993)
discussed the possibility pf interchangeability of lichen species within polluted
areas by interspecies calibration.

Several lichen species are appropriate for the bioindication of heavy metal
expostie (Box 2.1 from KOV4CS,1992a).-

2.2.2 Sample collection andpreparation ~ -

Vmious sampling strategies ae employed during collection. Some sampling .“
strategies are more specific than others. Standardisation of collecting
methodologies would allow more appropriate comparisons to be made between
surveys.

In epiph~c lichen studies, some kvestigators co~ect O~Y from one tree
species, oxers from numerous tree species wi~ a spec~ed rrmge- SOme
investigators specify collection height of lichens from trees e.g. 1.5 to 2 metres
above ground. Others believe that sampling from all mound the tree is important
whiIe others do not. Some samplers specfi composite lichen volumes while
some do not.

Wolterbeek and Bode (1995) discussed the possible substrate Contributions to
lichen elemental concentrations. This may vary ‘dependingon species, substrate

‘ type and element. Jn tie Netherlands lichens are sampled from protruding rims
of rough bark in an attempt to minimise effects of excessive stem flow and build
up of soil and bark particles at lichen attachments.

Bargagli (1990a) demonstrated that the younger, more external’ part of the
thallus (corresponding to biomass produced the previous year) contained lower .
concentrations than the older, more internal part. Jn a study of abandoned mines
in Italy, Bargagli (1990b) used the outermost three to five mm part of Parmelia
sulcata thalli for the following reasons:

. It is easily distinguished by its colour and lack of rhizinae.

. It has known age (about one year). ‘
● The’outermost zone is +ost completely devoid of rhizinae add as a result

has little connection viith @ebark,

● Physiologically, it is the most activeportion of the thallus. ‘ .

Similarly in another lichen biomonitoring stqdy in Italyj Loppi et al. (1994) used
only the external part of Parmelia caperata.

Variations in cleaning procedures can yield diHerent results. For example,
Bennett et al. (1996) co-ed that f%ilureto remove excess matter from lichen
samples affected elemental determinations.
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2.2.3 Chemical analysis “

The need for method standar&ation has been expressed above (Section 1.2.3).
For the provision of accurate results and error minimisatioq the Standards,
Measuremen~ and Testing Programme of the Eiuopean Commission has .
proposed the use of lichen certified reference materials. This is the tir:t stage of
a certification procedure as part of overall quality control in the analysis of
lichen material throughout Europe (Que.wmvilleret al., 1996). .,

Other aspects of quality contiol such as expedience of investigator, sample
replication and awareness of local variations should also be applied. Wolterbeek
and Bode (1995) treat these aspects in detail. ,

2.3 National surveys,

The gradient metho~ based-on decrem’ingmetal concentrations in species with ‘
increasing distance to source must be be applied witl caution in large-scale
surveys as unknown sources may contribute to metal content in lichens.

In the Nethe&mds, elemental concentrations in Parmelia sulcata obtained
duriig two national lichen surveys undertaken over a five year period were
presented as maps of geographical concentration patterns @loof and
Wolterbeelq 1991). A standard, sainpliug technique was utilised throughout.
Healthy samples were taken from pH neutd bark substrates such ,m as& alder,
elm, ox poplar and wilIow. Lichens were collected fiorn all around the tree at
heights between 1 to 2.5 m above giound. Samples were collected from open
locations removed from fiu-ms and motorways.. Application of tqget
transforrnatioh factor analysis, enabled the determination of elemental source
profiles and source contribution. For example factor group Al, Cr, Fe, Mn, Sc
and Th were associated with crustal material, N~ V and Co with oil combustion
processes and & Cd, Sb, W agd Zn with zinc smelters and/or electronic
industry: Changes in the aerial heavy metal levels and their distribution were
evident over the five-year period. Sloof (1995a) recommended the use of
Monte-Carlo-assisted factor analysis (K.& et al., 1993) as a retirement to data
analysis of the 1986/87 lichen data imtenns of source apportionment.

2.4 Regional surveys

Herzig et al. (1989) evaluated,passive monitoring usirig Hypo~nia physodes
in the Swiss Midlands. This method was compared to the, Calibrated Lichen
Indication Method (which uses an index called IAP18, Chapter III, Section 2.3)
as a qualitative and quantitative measure of individual air pollutants. Pb, Fe, C%
Cr, total sulphur (S), Zn and phosphorus (P) concentrations in lichens showed
good correlations with L4P18 values. Good correlations between Pb and Cu
deposition gradients and Pb and Cu accumulation in Hypogymnia physodes
were observed. The investigators recommended the combined use of the
Calibrated Lichen Indication Method and passive biomonitoring method as an
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integrated biological air pollution monitoring system in Switzerland. By
concentrating on human-toxic trace-elements measurements of risk to human
health could be assessed. Both methods complement each other and can be
applied to spatial and temporal monitoring on larger scales.

Analyses of indigenous lichen species, Parmelia praesorediosum and Ramalina
stenospora, in south-west Louisiana demonstrated spatial and temporal changes
in airborne heavy metal levels and distribution throughout the area (Thompson ,
et al., 1987 and Wrdther et al., 1990a). The first survey took place in 1983/84
(Thompson et al., 1987) and the second in 1987/88 (_V@theret al., 1990a).
Contour maps, ~aphs and three-dimensional plots representing mean
concentrations over the eighteen stations indicated higher element
concentrations near the metropolitan and indu$rial areas than in the background
sites. The results also demonstrated dramatic decreases. in metrd levels and
distribution over time, which were attributed to reductions in industrial activity
from 1982 to 1988. Discrimjnant analysis obtained statistical differences in
element concentrations in lichens between stations up to 10.4 km from source
(group 1) and stations beyond this distance (group 2). The authors showed a
straight-line relationship for Fe and Zn concentrations with the distance from
industrial corridor and concluded that their similar slopes imply a common
origin and similar rate of washout for these elements (Thompson et al., 1987).
Enrichment factors for each element were investigated by dividing the mean
concentrations of group 1 stations by the mean concentration of the background
stations.

Residence times for Al, Fe, Hg and Zn were calculated according to the
equations:

~= @.t where G = cgmcentrationat time t

CU= Oli@al concentration

1. = loss rate constant

TR = Id/?u TR=Residence time assuming loss rate
from lichens was dependent upon

“ to@ concentration in the lichen
and not upon time.

Residence times were postulated to be independent of background values and
dependent on originrd concentrations. The mean Me residence times for Al, Fe,
Hg and Zn were 1.7, 2.0,2.3 and 3.5, respectively, which correspond to mean
residence times of two to five years proposed by Nieboer and Richardson .
(1981). This suggests that lichens are expected to show a decrease in elemental “
content a year or two after exposure to an emission source ceases.
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2.5 Nationalpark surveys

Increasing reserwch has been conducted into, the effects of air pollution on
nationd,parks in the US. ‘l%isprobabl yrelatesto concemregarding thetbreat
Gfair pollution ilom nearby cities. Furthermore,.such relatively unpolluted areas
represent background sites and provide good baseline data. The application of
lichens as bioaccunmlators of heavy metals in this type of monitoring is
illustrated below. .[
Observations of Hypogymnia physodes and Evemia mesomorphs at eighteen

localities in tie Isle Royale National Park, ~chigan between 1983 and ‘1992
demonstrated the temporal and geographical pattern of elemen~ in the area
(Benne& 1995). Results of sixteen elemental analyses were compared to the ‘
sequence of element concentrations in the earth’s crust. .@ Pb, Se and sulphur
(common ai@ollutants)for example ranked higher in Iichen,tissue than they did
in the earth’s crust. Heavy metal elements ~s.ociated with atmospheric
deposition increased over @e nine-year study period to a greater extent than
non-met~c elements. Geographic distributions of anthropogenic elements were
elevated around known local pollution soufkes and some elements (e.g. sulphur)
reached toxic levels in lichens. The author recommended this metho~ i.e. .
employing more than one species and analysing elemental data in aggregate
rather than kdividually, & a-i appropriate indication of early stages of air
pollution wi&n less polluted areas. “ ‘

Frenzel.et al (1990) observed higher burdens of As, Cd, Cu and Zri in Alectoria
sarmentosa in Mount Rainier National ParlGWashington than in a control site
(Olympic National Park).’ Industrial sources near to Mount Rainier National
Park were thought to be the cause. In contrast higher levels of Pb were
obtained in Olympic National ParlGwhich were attributed to dispersed regional
and global so~ces.

Comparisons of lichen tissue metal levels ‘in the aforementioned natiomd park
studies are presented iq Table 2.5. Despite slight &fferences in methodologies
and difFerent lichen species; Isle Royale National Park showed consistently
higher tissue element levels than the other two parks.

2.6 . Urban and industrial surveys

Urban and industrial studies generally entail spatial biomonitoring such ~
distibution/fall-out patterns and correlations with distrmcefrom source.

.

:..
,

.-,.‘.
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Table 2.5

Ele-

ment

As -

Cu

Cd

Pb

Zn

,

Comparison between three nation?l parks in US in terms of
mean lichen element concentrations (ppm) from all sampling sites.

Mt. Rainier

Alectoria
sarmentosa

i.43 (0.39-0.47)

0.99 .(0.96-1 .03)

0.03 (0.03-0.03)

6.75 (6.35-7.1 8)

14.99 (14.5-15.5)

Olympic Isle Royale

Aleciorfa Hypogymnia.
sarmentosa physodes ~

0.26 (0.224.29) 3.96

0.73 (0.69-0.76) 7.91 [5.19-10.63]

0.01 (0.01-0.02) 0.65 [0.27-1 .04]

7.70 (7.31-8.1 ‘1) 29.7 [19.5-40.0]

10.2 (9.7-10.6) 89.1 [82.3-101 .6]

(value) denotesrangeofvaluesfromsamplepoints
[value]denotesrangeofmeanvaluesfromthreeyearsofstudy

Evernia
mesomorphs

4.20 [2.65-6.25]

0.45 [0.27-O.6fl]

10.5 [5.3-15.7]

32.9 [29.1-35.2]

2.6.1 Urban sources

The application of lichen biomonitoring in three urban surveys in different
continents is compared in Table 2.6. Species utilise~ number of sampling sites,
type of analyses and thalli metal concenhations are expressed. Details of each
study are provided in the text where the increasing importance of statistical
analyses ~ such studies is apparent.

A distinct dMerence in metal concentrations in lichen tissue behveen industial
and urban zones was evident in the’Baton Rouge arerq Louisiana (Walther
et al., 1990b). Levels decreased. with increasing distance from the city.
Concentration ranges (pg g-l) are shown in Table 2.6. Discri.minant analysis
indicated insignificant di.tTerences in metal levels behveen the two lichen
species, and average values of the two species were used to construct three
@mensio~ and contour ploti of metal concenhations in the area. Industrial
activity and urban treflic were responsible for the observed heavy metal trends.

Levels of atmospheric CL Cr, CL Hg, Ni, Pb and Zn around Pistoia in central
northern Italy were assessed using the widely distributed indigenous lichen
Pannelia caperata (Loppi et al., 1994). Concentration ranges (pg g-l) are
presented in Table 2.6. Distribution maps and cluster analysis indicated similar
distribution patterns and fall-out patterns for CL Pb and ZIL with maximum
values observed in the cenlre of Pistoia. Cd was a by-product of lead and zinc
smelting industry in the area. Fertiliser and pesticide use in plant nurseries
explained correlation betieen Zn and Cd south east of town.
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Table 2.6 Comparisons of Ii&en biomonitoring studies in three urban areas
from three continents - A. Baton Rouge, Louisiana
(Walther et al.: 1990b), B. Pistoia, Italy (Loppi et al., 1994) ,
and C. Kampala, Uganda (Nyangababo,” 1987).

Parameter

Lichen species

No. of sampling
locations

Sample
collection

Chemical
analyses ‘

Data analysis

.

Mean metal
“concentrations

(P9 9-’)

AI

Cd

Cr

Cu’

Fe

Hg

Ni

Pb

‘Zn

●’ - rangereprese

)

A

Parmalia
maesorediosum
Ramalina
stenospora

11”

Oak tree -
collection of all
sides, differing
heights -

—

Atomic absorption
spectromeby

Univariate
(ANOVAj

Multivariate
(discriminant .
analysis)

Contour .
maps/three .
dimensional’plots

. .

Study areas ~
,,

B c

Parmelia caperafa Calyrneferes
usambaricum’

,.
30 10

Oak tree >80cm Not specified
diameter, “
collection at height
1.5-2.0 m

Atomic absorption Atomic absorption
spectromet~’ spectrorhetry

Univariate Univariate
(correlations, (correlations)
coefficients of Syhthetic
variation) Pollution Indices
Multivariate
(cluster analysis)

Distribu~on maps ‘
using SURFER
programme

120-7237 ,

0.24-0.95 2.31-4.94** s

0.944.07
1

3.0-53 5.40-15.30

170-10105 8360-13400”

0.05-0.18 ‘

1.19-4.59 71.30-79.6”

10.0-342 5.50-24.80 ‘ 148-24&”

56-421 43.0-734.7

Sthe mean concentration in rural area in comparisonwith
mean concentration in urban area
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Correlations, cluster analysis and distribution maps demonstrated an association
between Cr and Ni7 which was attributed to metal-plating industies in the
southern part of the study area. The authors used coefficients of variation for
each element (Garty and Ammq 1985) as a relative measure of dispersion of
particles, Cu showed a low coefficient of variation implying it was dispersed
relatively consistently as small p~cles over tie s~dy area. ~e~, tie
analysis indicated that most metal levels were modest in comparison to heavily
polluted areas. Fertilisers and pesticides, which produced the relatively high
zinc concentrations, posed the biggest pollution threat int.he area.

The degree of heavy metal contiation by heavy industry and motor vehicles
in Kampal~ Uganda was indicated by metal bioaccunmlation in the lichen
Calymeferes usambaricum (Nyangababo, 1987). Heavy metal concentrations in
lichen tissue were higher in tbe rural area tlxm in the urban area (Table 2.6).
Pb levels were higher than those obtaihed tsvo metres from a highway in
northern Nigeria (Kapu et al., .1991),’ suggesting a heavy metal burden from
traflic within the study area. The author applied Grodzinska’s (1978) synthetic ‘
pollution indices for mosses to the lichen data. This used standardised metal
values divided by the number of elements to calculate a pollution index at each
site. The author used these values to classify the-sites into clean and heavily-
contaminated, which corresponded to the metal concentration ~gradient.
However, it is debatable whether these methods would ident@ intermediately
polluted sites as distinctly.

The species mentioned in Table 2.6 appear to be adequate biomonitors of heavy
metal pollution patterns. The extent of data analysis is important. Multivariate
analyses are usefid in ‘grouping’sites and metals, making conclusions easier.
The surveys varied in their choice of metals for analysis, which ultimately
depends on knowledge of the local area and pollution sources.

2.6.2 Line pointsources

!.. .
,.

!.,

,.,

‘..

,., ,.

Kapu et al. (1991) used the bioaccunmlative properties of Parmelia sp. to

assess the aerial fallout of heavy metals from traffic in Zari% northern Nigeria.
Metal coricentratio~ in .epiphytic lichens, with the exception-of Fe, decreased ~ ~ .
significantly with distance from Zaria&maru-Sokoto Highway but showed ho .,,

significant diiTerencealong the residential road in the Samti Campus, Ahmadu
,’ :

Bello University, Zmia ‘(Table 2.7). The former area was therefore suffering
,,

from aerial heavy metal dispersion and contamination. Such studies are vital in
developing countries where heavy metals pose a serious health risk. ,.
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,
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Table 2.7 Mean concentrations (pg g-l) of heavy metals in’lichans along A.
Zaria/Samaru-Sokoto Highway and B; residential road in the
Samara Campus, Ahmadu Bello University, Zaria.

Ele- -1 Study area
ment .,

A (distance from highway (m)) B (distance from road (m))

2 ‘ 10 ‘ 30 ,45 60 2 10 30 60 “90

Cr 50.0 11.0 5.0 5.0 1.6 s 3.3 5.0 5.3 5.3 5.0

Cu 8.5 ‘ .11.0 2.9 2.3 1.6 “ 6.0 5.3, 4.8 , 6.6 6.3

Fe 308 294 307 310. 296 307 316 318 311 315

Pb 115 88.8 8.4 6.9 2.5 3.0 6.3 3.8 2.5 1.3

Zn 9.0 6.0 5.0 5.3 4.6 4.6 6.3 5.4 4.5 4.9

2.6.3 Industrial point sources ,.,

O)Speciesdistribution
,>

Lichen distribution studies in relation to me& are rare in comparison’to their
use in gaseous’ air monitoring. St. Clair et al. (1995) compared lichen
communities in two sections’ of Anaconda-Pintler wilderness are% ,Montana.
Only 21 species, of which two were regarded as serisitive,were observed in the
sites located in the area between a defunct copper smelter and tie wilderness
boundary. Ln compmisow 161 species and 17 indicator species were fouhd in
the sites across the rest of the’ wiIdemess drea. Wind blown dust and
contaminated soil conta&ng Ni, As, Cu and Pb from the smelter were thought
to be responsible:.

@ Bioacamubtion .
(,>

Nash and Gries (1995) summarised various’ studies utilising lichens as
bioaccuniulators around yoint” sources in arctic/boreal localities. All examples
showed signiilcantly lower lichen concentrations in. sites removed from the ,
industrial point source. ‘ . .
In.a study of trace-element concentrations in Parmelia caperata @ Parmelia
rudecta in tie vicinity of a coid-tired power plant ,neaxWashington D.C. no
significant differences in concentrations were apparent in lichens at distances
ranging from 1.6 to 20 km from the plant’(Ohnez etal., 1985). Vmious re~ons
for this’ apparent anomaly were proposed, e.g. fall stacks, and preference of
lichens to collect large airborne particles of similar composition 10 their crustal
materiaI.
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In their comparison of the suitability of a variety of plant species as
bioindicators of steel works in coniferous forests in Raahe, FinkmL Mukherjee
and Nuorteva (1994), found that Grodzinska’s (1978) pollution index system
could be applied using the lichen Hypogymnia physodes. The pollution index of
site j (Sj) was calculated according to the following equation

. .

Sj=~Kij

1 ,,

Xij-Xi
where: Kij = —

xi
,

IG = content of i toxic metals in site j.

X= mean of i toxic metals in all sites. ~

Calculated indices were correlated with forest condition and lichen quality. For
etiple, at a distance of one km from the steel works, a pollution index of 4.39
corresponded to extremely serious forest damage and Iichen poor are=: In
contras~ at a distance of 10 km an index of -0.63 was found, in accordance with
a ‘healthy forest’ and lichens ‘slightlyaffected by air pollution’.

The pattern of air polhtion in the vicinity of an aluminiumsmelter in Yugoslavia
was investigated using epipliytic and Iithophytic lichens (Hypogymnia caperata,
Diploicia canescens and Lecanora expallens) (Jovanovic et al., 1995).
Epiphytic lichens were absent from the immediate zone around the smelter.
Correlations existed between the elemental composition in the lichens and air,., ?..
pollutants associated with the works. Metal concentrations in lichen tissue
decreased with increasing distance from ,fhesmelter. On comparison with other
biological indicators (grasses and pine needles), lichens proved more effective
in terms of bioaccumulative characteristics. This work provided good baseline
data for future biomonitoring programmedin this area.

Relatively low levels of trace-metals were found in Parmelia caperata samples
around the Travale-Radicondoli geothermal area in Italy (Loppi and Bargagli,
1996). High correlations of many elements with Al, a common indicator of
crustal material, implied soil dust was a source of these metals. B and Hg,
common geothermal pollutants, were correlated to distance from geothermal
sources. B concentrations ranged from 5.1 to 22.1 pg g-l and Hg from 0.062 to
0.555 pg g-l. The other major con-ant associated with geothermal pollutio%
As, appeared to be derived fhm power plant sources and neighboring thermal
springs. .,

In Idaho, inverse relationships between C~ Cr, Zn and P- concen&tions in .
Rhizoplaca melanophthalma and d@ance from phosphate refineries were
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obtained (lXlhnan, 1996).More intensive monitotig of this semi-arid area was
recommended. ,.

The epiphytic lichen Parmotrema madagascariaceum was qsed to assess
atmospheric trace-element contamination to Venezuekm cloud forests (Gordon
et al.j 1995). Increasing Pb’from leaded gasoline was proposed as the greatest
risk to the forests due to the lack of abatement procedures ‘such as those
adopted in temperate regio~. ,

Several, studies have concentrated on the spec&c biomonitoring of aerial
mercury. These are discussed below.

In an abandoned mining area around Mount lupiat~ Italy, mercury levels in the
indigenous lichen Parmelia sulcata were used to assess mercury emissions to
enable subsequent environmental reinstatement of the area (Bargagli, 1990b,
Bargagli et al., 1989 and Ferrara et al., 1988). Mercury conGenlrationsin lichen
tissue within the study area ranged from’0.31 pg g-] to 7.80 pg g-*.Mercury
concentrations in the lichen had a highly significant exponential relationship (p

- < 0.001) witi dishce from one of the plants and a’very highly significant
relationship with mercury content. in stiace soil (p < 0.0005). The latter
suggested that lichens accumulated Hg from degai.siug.mf nearby soils.
AItium assays (indicator of crusthl derived material) implied that soil
particles are trappedrby P. sulcata but did not show a correlation with mercury.
Liche~ soil and air sampling concluded that the main sources of gaseous
mercury were large piles of roasted cinnabar, geothermal power plant emissions
and veritilation systems of mineshafts. P. sulcata was recommended for further
monitoring h the area. Other metals did not show similar patterns to Hg. Zn
levels in the lichen were possiblya res@t of long-range atmospheric transport.
Fe and Mhlevel$ were atibuted to acchulation of soil particles.

Dispersion: of Hg from volcanic eruptions ‘in Hawaii was investigated by
measuring concentrations of the element’‘in the lichen Stereocaulon vulcani
(Davies and Notcu% 1996). Mercury concentrations ranged from< 8 pg g-] to
59 pg g-l with most values below background atmospheric levels for the island.
Elevated. mercury levels, (tyvicebackground levels) were associated with two
local irregular sites. This data proved more beneficial in assessing dispersion
and sources of Hg than previous physico-chemical air monitoring.

2.7 Transplants

Transplantation exercises tie rarely undertaken on a large scale and are mainly
- focused around point source emissions:Examples of their application in various

countries.are illustrated below. ,,

Vester~d et al. (1986) compared transplantion data from 1977 and 1982 to
assess the effect of changing from oil-fired open-hearth fiu-nacesto electric-arc
furnaces in a Danish steel factory. Hypogymnia ‘@ysodes samples removed
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from Pinus sp. 7.6 km ,fioxn the works were exposed for seven months at a
height of 1.5 m on wooden stands at twelve transplant sites in the viciuly of the
works in 1977 and in 1982. Regression analysis was used on jhe data.

Metal concentration was related to distance from source by’foIfowingequatiorr

y=axb+~ where y= concentrations in lichen (pg g-l)

. x= distance from pollution source (m)

c = background concentration (pg g-l) i.e.
before transplantation .

~b = COIIStitS

Metal concentration in lichens and bulk precipitation were related by following
equation

~.=b where ~y= concentrations ~ lichen (Kgg-l)
,

x= concentrations in ftiout (pg g-l )

%b= COIIStantS
-,

Lichens showed a decrease in metal content with increasing distance from -
source, Comptison of regression lines showed that Cr, Cu and Pb had
decreased significantly between survey years 1977 and 1982. Relationships .
between lichen and bulk precipitation -data showed that metal uptake of lichen
was not proportional to the’ concentrations measured in bulk precipitation
although direct proportionality was observed when each station was considerecL
individuaUy. The difference in relative up@kein lichens between 1977 and 1982
was attributed to changes in the particle size distribution of the emission.

In Israel, Garty arid Hagemeyer (1988) carried out a s,irnilarimpact assessment
study by comparing metal content in lichens transplanted within the vicinity of a
coal-fired power plant before (1979/80) and after (1983/84) ‘initiation of
operation of the plant. Twigs containhigRarnalina duriaei were suspended &om
a variety of local trees at ten sampling locations, ranging from four to thirty km
from the plant. In comparison to the previous ex&nple, this survey covered a”
much greater, area and spanned urbw agricultural and rural territories.
Furthermore, slightly different statistical analyses were employed. Duncanst
multiple range tests compared metal concentrations in lichen thd.i between
sampling locations in each study period. Correlations and We-way analysis of
variance (ANOVA) showed that Cr levels in the region had increased, regional
Cu and Zn concentrations had decreased and regional Ni remained the same.
However, some local elevations in metal concentrations in lichens were
apparent (e.g. Ni levels iuoreased from 7.7 pg g-l to 33.6 pg g-l at a Iocal nature
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rese~e site, 9.4 km away from the plant). Reduction in Cu and Zu levels were
attributed to changes in agricultural practises in the region.

Potential improvement in@ qudty in Indiana Dunes National Lakeshore Paik
was examined by tr&splanting Hypogymnia physodes (Bennett et al., 1996).
T& species was formerly present in the park and its impoverishment has been.,
attributed to air pollution. The lichens. attached to small branches, were
positioned on atificial trees at four sampling locatio~ across 333 @ north to
south. Tissue concentrations of 20 elements were analysed every year for three
yeas. ANOVA and Tukey’s Single-Degree-of-Freedom Test for Non-Additivity
showed that the transplanting process itself” did not. effect lichens. Most
elements showed elevated concentrations in Iichens’at Indiana Dunes compared
to control sites and some elements increased significantly over the three-year
study period. Increased mortality behveen tie second and third year was
attributed to the deleterious effects of sigoiticant increases in a number of
elements, synergism of Z% Cd and K and exceedauce of maximum,
concentrations of some elements. Although transplant degsity was not intensive,
the study w=able to illustrate general trends@ the area.

Biological p~eters other than element bioaccumulation in thalli have been
performed to assess heavy metal conkiminationiq transplants. III Israel, inverse
relationships “wereobtained betsveenPb and Cu content and ATP concentration
in transplanted lichen thalli. Additionally, the degradation of chlorophyll-a to
phaeophytin-~ expressed as a~atio, was inversely correlated to levels of Cu, Pb
and 2%in lichen (Garty et al., 1988).
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3 Fungi
,.

3.1 Introduction . .
Burton (1986) found that the use of macrofungi in monitoring atmospheric
deposition was rare, however a few metal bioaccunmlation studies using
macrofungi in relation to urban and industrial sources had been reported. Burton
(1986)’ also concluded tlat the use of microfungi for monitoring contamination
was limited due to the time consumingprocesses involved. -

Very few accounts of monitoring of heavy metal deposition using fimgi were
found in the current review. However, interest in their use in monitoring g~eous
pollutants appetis to have increased (Chapter III, Section 3).

3.2 Bioaccumulation

Kowics (1992a) dedicated a chapter to fimgi as environmental indicators.”Thisis
summarised in the following paragraphs.

The following fimgal groups have been used in I.ieavy metal accumulation
studies, the most effective listed firsti

. organic matter (compost) decomposes (e.g. Agaricizs arvenis, Lycoperdon
giganteum)

● mycorrhiza forming fungi (e.g. Amanita rubescens, Boletus edulis)

● wood decomposes (e.g. Pleurotus ostreatus, Polyporus betzdinus).

In a study in a forest in Hungary, species fi~m the above three-groups were
examined in terms of their elemental composition. Wood decomposes

,.
\
i ,
i“
i
j’.
!’
!

‘,’

,,,,., ,- -,.,,:,
,, : ~ j .::.\,’;,., contained lower concentratio~ than representatives from the other groups. ‘,<,.,:j.,,,.,,..,,,. :, -’f.:1>.[.,.:,’,...,.’ ,,...,. Certain heavy metals zwe‘excluded’by fimgi and are absorbed only in small

,.,,.:.>$-’-;,,.,, ->.. , ,:‘::~e,r,; ,~,.,.,.< , quantities, depending on the species. A study was carried out in an area exposed . ~
/ , ,,.:.,,<..4.....1 to iron containing spoil banks in the north-eastern-central momitains, ‘Hungary.

:,
,, ...., ,,.

, ,.:-.,?j,.;,C., .;,‘::., Various heavy metal concentrations were examined in spoil samples, Co@nuS ‘“. ~
, ‘ ,:,,’T: :,;2,’ .,..,: comatus ,stems -and Coprinus comatus. caps. A selection of the results is ~. ‘‘,, :.:;j, .,, ,,’: ,I!.,’?i,f.,,

‘‘.,, ;. ,,., =.
presented in Table 2.8.,,,,,,,

,,.....,
,:, ‘,., .~j~

, -, ,,,.,,
,“,, .-. “, Table 2.8,’?”,,.:,, .!.. ,:f The chekal compositionof ‘Copfirws comatus (pg g-l dry weight)

,,:’ .<,;,.,.,,. (from Kovacs 1992a)
,,,,,’ .. .,, ,. :’.!
‘,:, ,’<4~:.’,+.,,,,,;,.,,,,,.; ;~,.C.( Element Red spoil Coprinus comafus stems Coprinus comafus caps., ,.,:,.,;. , .,.,..:+(,, ,. ,,,:<$.,..?.. :;,: Cd 16.1 0.3 0.8

‘,/
.,

J,>,,.;:+:“, ,:::!l,’::.,.,.,,,,,> Fe 92962 1646 918.1 ..
,’./,;,;. . 1.:.‘;-,*
. ..,,’ , ,r\,,;?I

Ni 87.7
,>”.

,“f,., ,,’ ;~.,;.;,I 1.4 1.4,,,. ., ‘,
, .:., ,’,.,,,,,.+’$,>=, .,.,,4,, Pb 48.1 0.0 - 0.0
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Results showed that only iron was present in high concentrations in the spoil
and in the fimgi. Cadmi~ nickel and lead were present in high concen~ations
in the spoil but were in ve~ low to non-detectable concentrations in the fungi.

Although many fongi species maybe ‘suitablefor heavy metal indicatio~ certain
indicator species should’ be chosen for comparability between regions
Knowledge of the species requirements, accu&lating abilities and habitat is
desirable and its distribution should be widespread.

,.
In an intensive study of total mercury.content in vegetatiori in On&io, Hg levels
were higher in mushrooms than in the other plant types studied (i.e. mosses,
lichens,. and tree species). Mushrooms accumulated 144.39 ng g-] Hg- @
comparison to 37.03 rig g-l in lichens and 75.32 ng g-) in pleurocarpous mosses.

3.3 Species distribution .-

“Little published literature exists witi regard to fungi distribution patterns in
response to aerial metal conkznination. However, in Finlhn~ Helander (1993)
reported on the responses of “pineneedle endophytes to air pollutants, Ni, Cu
and sulphuric acid emitted from an industrial complex at H~”avalta. The
number of pine needles infected with ,endophytes ~d iilso the number of
needles infected specifically with Cenangium ferrucinosum were ;igrdlicantly -
higher at increasing distances from the factories.

.. ●

,-
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4 Higher’plants

,.

.’, ,.,

4.1 Introduction

Fjigher plants have appeal as indicators in ~ pollution monitoring in highly
polluted areas where lichens and mosses tie often absent. Higher plants act as
biomonitors in the assessment of aerial heavy mekd contamination by means of ~
their bioaccumulative properties. Therefore, mainly analytical approaches are
used in monitoring of metals.

Metal aerosols pollute’ soil and plants. Higher plants not only intercept
pollutants from atmospheric.deposition but also accumulate aerial metals from
the soil. Aerial heavy metal deposit are taken up from the soil by plants via their “
root system,,and translocated to other regions of the’plant.

.
Particle deposition on leaf surfaces may be affected by a variety of fictors,
inchding particle size and mass, wind velocity, leaf onentatio% size, moisture
level and surface characteristics @ache et al., 1991). The deposited particles
may be washed by rain into the SOS,resuspended or retained on plant foliage.
The degree of retention is influenced by weather conditions, nature of pollutant ,
plant surface characteristics and particle size (Harrison and Chirgawi, 1989).
Haxrison and Chirgawi (1989) demonstrated experimentally the sigoi.ficanceof
folk accumulation and tradlocation of air derived metal pollutrmts. The foliar
route was found to be of similar importance to the soil-root pathway.

Heavy metal absorption is governed by soil characteristics such as pH and
organic matter content (Csintakm and Tuba 1992; Jones 1991). Thus, high
levels of heavy metals in’ the soil do not always indicate similar high
concentrations in plants. The extent of accumulation and toxic level will depend
on the plant and heavy metal species under observation. In an investigation of
CL Cm Ni and Pb uptake,fiom air and soil by Achillea millefolium (milfoiI) and ,
Hordeum vulgare (barley) in Denmar~ Pilegaard and Johusen (1984)
concluded that Cu and Pb plant concentitions correlated with aerial deposition
but not with soil concentrations. In contms~ Ni tid Cd content in the plants
con-elated with deposition and soil content. The distribution patterns and
budgets of heavy metals with forest trees growing at codminated sites in ,
Germany were investigated by Truby (1995).

The intemretation of analytical data is therefore complicated by many factors.
‘“!:, :1.,’ ~’:;,, ,.. ,, However; me~ accumulation in plants can reflect ‘tie relative extent of the“‘1. -’:, ~;.,.,.=,7: , ,+,i~.. burden and its dispersal.,,’ <g,.:.,,. ,,.( ‘,;,.3,, :.,.1.. ,:,,. <,,.1,> Plants also demonstrate morphological and physiological responses to heavy. .,;;,,.,,,:-,j,,,,,::,,:., ,, , I;.:lj metal pollutioq some of which maybe utilised in bioindication.:. -,: },.,,,.,.-(t~f,.
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4.2 Monitoring design

4.2. I Species selection

For convenience, species- selection can be separated into two groups:
herbs/grasses and treeslshrnbs. Sensitive species are more appropriate where
the measurement of plant effects and respoxises are to be used as bioindication
of air pollutants. Accumulative bioindicators tend to be more tolerant to metal ,.,
loading. ‘

4.2.1.1 Herbs and grasses “ ,‘.
Kotics (1992b) recommended the use of ruderal plants as bioacciumdative
indicators due to their ability to accumulate metals in high quantities without
visible injury. Ruderals are also widespread plants enabling comparison
between regions. Pilegaard and Johnsen (1984) chose to study metal up@e by
rnilfoil (Achilles rnillefoilium) because of its,large surface area.

Some plant species may be more efficient in retaining atmospheric metal
pafticles than others. A me~ure of &is efficiency can be resolved by calculating
air accumulation factors (AM’) according to the following equation.

‘AAF (m3g-*)=PAc (pg g-l @ weight)/CA (pg m-3)

Where PAc = atmospheric contribution of the metal in plants

CA = concentration of the metal in the atmosphere.
/.

In their study of tropical plants growing in an industrial area of’India, R.ao and
Dubey (1992) discovered that the degree of accumulation ditTeredsubstantially
between the five species under study. Bathe, et. al. (1991), in their study of
metal concentrations in grasses in relation to a mimiciprd refise incinerator,
suggested’ that the nature and area of the leaf surface would affect foliar
deposition, The same authors recommended @at this is grounds for the use of
consistent sampling of the same plant species at similar times of year and same
Me cycle stage during plant biomonitoring siuveys.

4.2.1.2 Trees and shrubs

Both coniferous and deciduous trees can be used in the detection of aerial heavy
metal pollution. Coniferous trees indicate pollution over a longer time period.
Growth rings may reflect annual variations in”metal concentrations in the
surrounding environnient. .
Broad-leaved’ tree species regarded 5s sensitive to metal contamination include
Betula pendula, Fr&inus e.zcelsior, Sorbus aucuparia, Tilia cordata and

‘ Mahqdomestica (Kowics, 1992c). Numerous bioaccunndative indicators exist.
Same examples hiclude Ailanthus glandulosa, Celtis occidentals, Salk alba, -
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Tiliatomentosaj Sambucusnigra, Quercus roburand Fagussilvatica (Kov5cs,
1992c). Populus nigra sp. Italica (Italian poplar). has been recommended as a
particularly suitable bioindicator of heavy metal burden in Europe (Kovdcs, ‘
1992c). Amongst many of its appropriate features, this species is genetically
homogeneous, easily identifiable and ubiquitously distributed. Robinia
pseudoacacia (black locust tree) was recommended as a suitable bioindicator of
heavy metal contamination in Hungary (jLovAcs,1992c). ,

The leaves of Rosa rugosa have been reported as effective detectors of rare
elements (Kovhcs, 1992b).

Coniferous trees are oilen regarded as better temporal bioindicators of
environmental contamination%as their wood type reduces @e lateral lmnsfer of
contaminants between rings (Zayed et al., 1991)

As tvith herbs and grasses, tree leaf surfaces may govern &e extent of
accumulation of particles. In Greece, Sawidiset al. (1995)’studied a selection of’
tree species as biomonitors of Zn and Cu. The investigators discovered that the
strongest metal accumulators possessed rougher surfaced leaves which gave rise
to the effective trapping and retention of particles.

.
4.2.2 Site selection

The size of the area under study will generally determine the spatial distribution ‘ -
of sampling sites. The depth of the study will determine the density of sampling
locations. Site selection will also depend on the type of sampler. Site selectioxi
criteria should be consistent throughout a stiey.

In the Netherlands tree-bark samples were collected from locations arranged
along six straight line transects across the country (Kuik and Wolterbee~
1994). This can be achie~ed relatively easily for tree sampling because .
tree/forest locations are readdy ideitiiied:

In larger scale surveys, for example on tie nation~ sc~?, location of sites new
point sources of air pollution. is avoided. For example, in a national study ‘in
Poland, Dmuchowski and Bylnerowicz (1995) chose sampling sites at least two
km away from direct emission sources and at least 300 m from highways.

4.2.3 Samplingperiod

For comparative studies it is imPo~t bat samP~g is ~de~enat tie s~e.
time of the year to reduce variabihty. Chemical composition of foliage varies
witi’ season rind rainfall (Taylor et al., 1990). .This is imporpmt when sampling
aunuals and deciduous trees.

Standard sampling of heavy metal accumulation in Populus nigra in central
Europe is c@ed out in August. For most deciduous species this is the time of
veax when metrd content ‘inleaves will be highest. Sawidis et al. (1995) found,., ., :,:/:f,, ,.’.,

f ,..,.~, , &her mean Cu and Zn concentrations in autumn. compared to spring in the,.., ,;; ,-,, ,
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foliage of a variety of tree species. Only the evergreen species, Ligustrum
japonicum, which possesses a two year leaf ageing process, show”ed
insignificant seasonid ‘differencesin Cu and Zn content.

4.2.4 Sample collection

~ Throughout a monitoring programme, sample collection ~houldbe standardised.
The same plant parts’ from consistent plant heights from the same species of
simikwheight should be utilised. .

4.2.4.1 Pkzvtparts ‘

Metal content will vary d~pendiig on which part “ofthe plant is sampled. For
example, in herbaceous plants, roots ahd le&es retain higher metal
concentrations than stems apd hits (Kotics, 1992b; ‘Csintalan ~d Tub%
1992). me extent of accumulation in different plant partswill vary with species
and the natore of the element. Chemical composition varies not only with the
age of the plant itself but also with the age of the Ieaflneedle. Second year.
needles of brdsam and spruce cont&ed significantly higher Hg levels than first
year needles during an intensive sampling study in Ontario, Canada (Rasmussen
et al., 1991).

In trees, metal concentration in needleslleaves have ibeen recorded which are
three times that in twig tissue of the same branch (Rasmussen et al., 1991).

In coniferous trees two-year-old pine needles tie commonly an~ysed.

Tree bark is appropriate in indicating longer term air pollution. Bark is exposed
to air pollutants either directly from the atmosphere or from stemflow. The
changes in the chemical composition of the surface layers can be documented.
Kuik and, Wolterbeek (1994) proposed the use of tree bark samples as
biom@tors of heavy metal pollution in ,the Netherlands.’ Their use was
recommended for larger scale surveys because of their greater availability
compared.to lichens and mosses. The collection of a Iatge number of samples is ‘
more beneficial for the amlysis of data by factor analysis (Knik and
Wolterbee~ 1994). The same authors suggested that field sampling procedures
of tree bark were simpler and less time-consuming than tlose practised for
lichens and mosses. Bark flakes of about five mm thickness at 1.5 m above
ground level were cut. Bark sampling also does not damage the tree,
&oikoIkine& 1997).

Zayed et al. (1991) used an incrementedcorer to remove Wlem samples $om ,
black spruce for Al analysis.-By dividing wood samples into two-year sections
possible temporal “changes may be determined. However, in a study of.
distribution patterns. of heavy metals in forest trees on contaminated sites .in
Germany, Truby (1995) found rio relationship between the.radird distribution in
the tree rings and the historical heavy metal deposition.in the area. The author

,..
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&erefore recommended that xylem ~gs sho~d not be ufised ‘in the
determination of air pollution history at forest ‘sites.

4.2.4.2 Collection procedures

Kowics (1992c) repo~ed on standard sampling methodology for Populus nigra
accumulation studies in centd Europe, Eight branches are removed at height
5.5 m of solitary unshaded trees. Three one-year shoots are cut from each
branch and one leaf is removed fiorn each of these. This results in a total of 24
leaves fir analysis of heavy metal content. Similar standard procedures are
conducted on Robinap~eudoacacia in Hungary.

Lin et al. (1995) used twenty one-year old shoots from branches about five to
six m above grotid for analysis of metal concentration in balsam fir Foliage ih
Quebec.

4.2.5 Analysis

Soil often contains hig$er metal concentrations than exposed” parts of.
‘herbaceous plants and thus root analysis is’ fieque.nily recommended during
contamination ‘assessmentexercises (KOV5CS,1992).

Replication is vital since pollutant concentration can vary even within species
(Taylor et al., 1990).

An assessment of within-site ‘variation in metal content in the study has been
recommended by some authors (Rasmussen et al., 1991; Lin et al., 1995). In
soythem Quebec, Lin et al. (1995) ~ested variability in the elemental
concentration in balsam fir needles between-individual trees at the same site.
Coefficients of variation of.< 50% for all elements were regarded as acceptable.

/
Great vmiation exists between sample preparation in terms of washing
procedures. Priority attention to this issue has been given to leaf samples in
particular. Analysis of washed leave samples provides elemental concentration
in leaf tissue. Alternatively, elemental content of unwashed leaves will reflect
Ieafsurface aud leaf.tissue content.

Analytical procedures are similar to those applied to moss and lichen samples,
e.g. atomic absorption specfrometg (AAS), neutron activation bnalysis (NAA)
and inductively coupled plasma mass spectrophotometers (ICP-MS). Standard
quality control procedures are regularly applied to these laboratow techniques.
For example Lin et al. (1995) used standard reference material, NBS-SRM
1575 (pine needle) durin~N&4 measurements of metal burden in forests.
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4.3

The

.

‘National surveys
.

following paragraphs discuss three national surveys -constituting very
diflierent sampler types and approaches. Studies are concerned with sources and
patterns of pollution rather than actual metal concentrations.

In the. Netherlands, ‘a.pslysisif metal content. in tree-bark samples indicated
trepds in heavy nietal concentrations in the country (Kuik ~d Wolterbee~
1994). Application of factor analysis supported evidence regarding pollution
sources highlighted in previous lichen surveys-(Sloof and Wolterbee~ 1991]. A
criticism of bark sampling in aerial heavy metal deposition monitoring is ~ the
lack of distinction between. contributions from soil ~d airborne sources..In the
Netherlands study, factor analysis established metal -contribution from soil.
Generally, eleme@ concentrations in bark were lower than those observed in
lichens @ the 1986/87 survey. For exanple, Ni mean concentration in bark was
11.0 pp~ which represented a barkllichen ratio of 0.6?. However, some
elements displayed higher concentration in bruk than “lichen samples. For
example, Cd showed a mean bark content of 3.1 ppm and a baddlichen ratio of
1.07. Until fairly recently, the use of tiee bark ip biomonitoring had been
restricted to smaller scale ‘wban aid indtitrial areas. This Dutch study
demonstrated the potential of this biomonitor on a larger scale. .

A national survey of trace-metal content in the leaves and roots of Taraxacum
oficinale (dandelion) in Poland demonstrated the value of this plant as’ a
bioindicator of airborne contriminatiori (Kabata-l?endias and Dudkz 1991).
Performance of Analysis of Variance, .Tukejs test of siguilicance and multiple
regression on the data revealed distribution patterns in daudelion metal content
throughout the country. In general, trace-metal concentrations in leaves and
roots were highe~ in the indus.tialised south-western part of Poland than in the
rural north-east. Calculation of the ratios of metal concentration in leaves and
roots in ‘thewhole country, &e south-west and north-east provided an indication
of which metals originated-from airborne pollution. AUratios where greater than
1 and statistically significantly hjgher element concentratiofi were observed in
dandelion leaves compared to root samples. Ratios increased from north-east to
south-west for C& Pb and Zn,inpIying a significant aerial input of these metals
as opposed to root uptake horn soil and translocation to leaves.

A diiferent “approachwas used in a later Po~sh survey where analysis of Scots
pine needles were used to characterise metal contamination in the “cotiiry as a
whole ‘and in the city of Warsaw @muchows~ and Bytnerowic~ 1995). Three
zones of Cu pollution were mapped throughout the country, four zones were
apparent for Pb,’ five geographic~ zones of pollution were established for Zn
and Cd and six zones represented As pollution. Zones are summryked in Table
2.9. This survey did not utilise statistical techniques but the use of ‘digital
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mapping and database production proved an effective alternative in evaluating
possible threats to humans and the environment;

Table 2.9 Zones of heavy metal pollutionin Poland - mean metal levels (ppm)
and percentage of Poland represented by that zone.

Zone

1

II

Ii

Iv

v
VI

Zn

pm

<70
71-
100
1o1-
130
130-
250
>250

0/0

62.0

29.6

4.2

3.6

0.6

Cd

ppm

-=0.5

o.5-
1.0

1.o1-
2.5

2.51-
5.0

~5

0/0

91.2
4.6

2.9

1.1

0.3

Pb

ppm

<10

10-20

26-30

>30

Cu

‘%/0 ppm

I

94.1 <5

5.1 5.1-
10

>10

0.2

O!O

99

1

As

ppm

<0.3

0.3- ,
1.0.

1.1-
2.0

2.1-
3.0

3.1-4

>4.1

%0

50.7
42.8

4.5

1.5’

0.45
0.1

An array of vegetative lypes were used to establish regional and temporal
changes in atmospheric deposition patterns of Zn, @ Pb qnd Cd in Norway
over the decade 1982 to 1992 (13erthelse&1995). The study concentrated on
forest and ombrotrophic bog sites located in southern and central Norway.
Temporal and spatial variations were determined by the calculation of ratios
between metal concentratio~ in 1992 and 1982, supplemented by t-test
aualysis. All element levels m plants were elevated in southern Norway in
comparisoii to the central region of the coimtry., ,

Ratios of approximately 1 and the lack of significant t-tests suggested little
change in ZrL Cd and Cu levels in plants over the study period. However, this
did not reflect the decrease ip deposition of these metals in southern Norway
between 1982 and 1992. This was explained by enhanced root uptake of these
metals from long-term contaminated soils subjected to heavier air pollution b“
the south. In contras~ Pb levels in plants strongly reflected both decreased
atmospheric Pb deposition from 1982 to 1992 and increased deposition in
southern Norway. Therefore changes in Pb concentrationwere reflected much
more quickly than changes in concentrations of other atmospheric contaminants.

This study demonstrated the aptness of even the simplest statistical analyses in
drawing conclusions on a mtional scale. Only’the exposed plant parts were
analysed in the s$udy and it might have proved advantageous to also analyse
roots to support inference5regarding the role of roots in element uptake.
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4.4 Regional surveys

Most regional surveys are associated with forest ecosystems over large areas.
Tree bark and foliage are commonly used as bioindicators of heavy metal
contamination in forest studie5.

Poikolainen (1997) used bark samples from Scots pine collected along seven
transects in northerir Finland (Lapland) to illustrate heavy metal distribution
trends in the area. Heavy metal concentrations were reasonably low throughout
the region, and high Cu, Ni and Cr concentrations were only associated with
emissions-from the Kola Peninsula and indusfiy in sout&west Lapland.

Huhn et al. (1995) analysed bark samples from 60-year-old Scots pines to
evaluate heavy metal deposition in forest ecosystems in central Germany in

;..
6 ‘comparison to background forest sites. Correlations and factor analyses

‘revealed four metal groups. Fe, Ni, Cr, Cu and ,Pb were emitted as industrial .
dust- and fly ash and accuniulated well in bask. Zu and Cd were associated”. ‘;
together and Mu and Hg formed the other two,groups. The authors proposed the
methodolo~ as a diagnostic tool in monitoring &pollution damage to forests.

Metal analysis of balsam fir foliage demonstrated that trace-metal damage to
forests in southern Quebec was not severe @in et al., 1995). Trace-element
content v&ied with forest location and elevation. . .

4.5 Urban surveys ‘

By analysing Pb and Cd levels in rose-bay leaves (Nerium oleander),
Hemandez et al. (1987) characterised the ci~ of Madrid, Spain into four
different areas of contamination. Levels ofPb ranged tlom 13.63 ppm in the
lowest contamination zone to 74.25 ppm in the very high contamination zone. .

A selection of tree species w6re sampled from 12 sites throughout ~essaloniki
, ci~, Greece, to assess their value as biomonitors of heavy metal pollution

(Sawidis et al., 1995). Trees nearer the city centre contained higher metal levels
than trees 15.h away. Cu ,showed a narrow mean concentration range from 5
to 10 mg kg-l ahd showed little variation between tree species. Pb content
ranged from <1.5 to 4.5 mg kg-%mdwrk’highest-in Populus alba (w~te poplar)
and Populus niger (black poplar). Poplar leaves also contained the highest Zn
concentrations. Overall Zn displayed mean concentrations fi-om 19 to
85 mg kg-l.

Gradients of pollution of Cu, Pb and Fe were demonstrated in Naples, Italy, by
aualysing metal content in leaf surfaces and tissue of Quercus ilex (Holly oak)
(Alfani et al., 1996). Metal concentrations were significantly higher in leaves
from roadside sites than in leaves collected ftom town squares, which in tuin
were significantly higher than concentrations measured in urban park trees.
Positive correlations between Pb, Cu and Fe concentrations in leaf tissue and
leaf surface demonstrated the significance of deposition to leaf tissue content.
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::.<,,,,,’ii........~.$ ,: +., This supports the theory that aerial deposition to leaves is an important source~,, , .,.,,”~:.> .i,, .: .,,,,,.,~:j,~ of metal contamination in leaves. Further evidence was the lack of correlation
,.:,s.., ;,~:,.v~~<: behveen metal content in leaves and in soil. Soil samples possessed a higher, .~,,,,. ,

*, ‘, ,:’~.,?,,..,, .,‘..,:-: metal burden than leaf samples. The authors postulated that soil was an
,, ,+f#.,;,::; .!,f. ~f appropriate indicator of Iong-term metal deposition but its utility is limited in tie,,. , ... .,/

+,, :.,,.,, ,.,,,..,.., ,,., wkessment of metals which are highly mobile or major components of soil.

The epiphytic monocot of the genus Tillana%iahas been used as an effective
biomopitor of trace-metal pollution “in Latin America. Tillandsia species are
common throughout Latin America and are similar to lichens and mosses in that
their roots do not play an absorptive role. Instea& Tillandria absorbs water and
nutrients directly from the air by means of dchomes present on the leaf surface.
‘Tillandria-capt-medusae was analysed for CL Pb and Cd hi-monthly in San
JOS6city, Costa Rica to provide an oveiview of the atmospheric heavy metal
burden in the city (Brigbigna et al., 1997). Metal concentrations were higher in
the urban sampling area and extem’al leaves were more exposed to air than
internal ones. Highest metal concentrations corresponded to the dry season. The
extremely high Pb content in leaves in comparison to the other two metals
confirmed that vehicular trafEicwas the most important source of air pollution
within the city.

4.6 Line point surveys

Pb accumulation in leaves is a direct reflection of its deposition level- It is a
non-essential plant element and deposition and accumulation on plant leaves is
its primary route of uptake. Therefore analysis is not complicated by tbe root
uptake and translocation processes apparent for other metals. Furthermore,
analysis for Pb is made easier by the fact @at concentrations are ofien
unaffected by washing procedures. For e~ple, Hemandez et al. (1987)
discovered that the amount of Pb measured in samples of rose-bay leaves
showed no difference when the samples were washed or unwashed prior to
analyses.

In Madrid, Spa@ Hemandez et al. (1987) found significant positive correlatiori
between lead levels in rose-bay leaves and traffic density at sites. However,
Sawidis et al (1995) in ‘i’hessaloniki reported that Pb levels were not
proportional to traflic density, and higher levels of Pb were associated with sites
near road junctions.

Other specific studies “havebeen undertr$en directly in relation to highways and
their effects on plants. Albasel and Cottenie (1985) found that Cu, Zn and Pb
concentrations in plants decreased. with increashig distance from major
highways in Belgium.. Concentrations of, Pb were particularly pronounced in
comparison to control plants in rural areas. In FinIan& Ylaranta (1995) found
that the lead concentration of wheag Italian rye grass and lettuce was 1.5 to 3
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times higher 22 m ~om the roads under study than in plants 200 m from the
roads.

4.7 Industrial surveys

Several studies have been undertaken in relation to heavy metal burdens and
zones. of influence with respect to industrial point sources. ‘Trees and forests,.

‘particularly in association with forest decline, appear to be examined more
tlequently than other Iugher plants. Samp~g stations are generally situated
Along transects at increasing distances ffom the point source in kqown wind
directions.

In a study of heavy metal burden in air, soil ruxlplants’around a zinc smelter in
Im@ Agrawal et al. (1988) did not observe statkticidly significant correlations
between heavy metal content ii the.air, soiSand plants. Local topography and
microclimate of the study area also played a role ti” the dispersion of heavy
metals. However, in general the zone of influence of&e smelter extended to ~
seven km. The leaves of the four plant species analysed (Mangzyera spp.,
Acacia spp., Triticum spp. and Brassica spp.) showed great variation in heavy
metal concentration depending on species, metal type and sampling site.

A variety of .bioindicators were used to determine heavy metal fallout from a ‘
steel works in northern Finland along two sam@ingtransects (Mukherjee and

‘NuortevZ 1994)1@though ‘~e authors concluded that Hypogwnnia physodes
and Pleurozium schreberi were more appropriate bioindicators for most of the
selected. metals, the May-lily (tiaianthemum” bl~olium)was a highly-effective
bioaccumulator of Cd from the tion and steel works. Other bioindicatori under
investigation included bk.ch (Betula pubescent), Scok pine (Pinus sylvestris),
NoWay spruce (Picea abies) and Vaccinium sp. These showed generally higher
AIYFe and Zn concentrations in sampling aieas within close vicinity to the steel

‘ works in comparison to sampling sites at a distance of >6 km.

‘In another Finnish study, copper showed a pollution gradient along Scots pine
(Pinus sylvestris) forest stands growing 0.5,4 and 8 km from a copper-nickel
smelter in Harjatita (Hehnisaari et al., 1995). Mean copper concentrations in
one-year old pine needles in 1992 were 8.74,-20.04 and 210.53. mg/kg at
distances of 8,’4 and 0.5 km from the smelter respectively. Analysis of Pinus
sylvestris fine root samples implied that root uptake ~m the SOSwas the
primary route of copper. Copper accuqdationwas sigmficantly higher in the
roots than in the leaves and copper concentrations in the leaves elevated
significantly when the roots appeared to become saturated. This study
demonstrated the significance of long-term heavy metal accumulation in the soil
and its effects on soil processes and vegetation. The same smelter was

‘investigated by Koricheva,and Haukioja (1995) who discovered an exponential
decrease in CILNi, Fe and Zn concentrations’in the leaves of Betula sp. with
distance from the factory.

. . .
,. - ‘,
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In terms of point sources of W-pollution and vegetatio% less work has focused
,,

on incinerators than on other industi.al emission sources. Elemental analysis of
grasses in the vicinily of a municipal refhse incinerator in the United States
fo~d that concentrations of CL Fe, Hg, Mo, Pb and Zn were highest within
100 m of the incinerator @ache et al., 1991). Of these metal species, all but Hg
showed in~erse relationships with logarithmic distance downwind. Hg showed a

,,
.,

linear relabonship with distance downwind. However, no soil or root analysis’ ,,

was undertaken during tie swey. which m~es it ~c~t to distintish “’ ~‘
between the cond-ibution of metals from root uptake and from direct aerial ,,, ”. .
deposition. This study is of si~cance in that incinerators are otten located m
rural areas where contaminated vegetation may be used for pasture or ediile,
crops. , ;

The prirnluy sovrce of Hg in the aerial PA of a plant is: like Pb, generally ~ -
:,-.

thought to be via aerial deposition and not via translocation ‘hndroot uptake ,, :“
(Zhang et al., 1995; Bathe et al., 1991). Plant parts accumulate Hg from
interception of wet and dry precipitation and absorption of gaseous Hg.

4.8 Response methods

It has. been obsewed that aerial heavy metal pollution has biochemical
physiological effects on plants. Effects on growth have also been detected in .;,

response to air pollution. Many parameters can be affected by heavy metals. ,,

Toxic heavy metals may effect germination%young or old trees, stem growtl+
..
j,’

leaf formation root growth, floweringhding, plant growth rate and biomass,
photosynthesis, transpiration mineral nutrition and secondary metabolism etc.
(13reckleand Kahle, 1992; Csintalan and Tub% 1992). Some of these responses ‘.
may be useful in the bioindication of aerial heavy metal contiation where

,,

elemental analysis proves too expe~ive or time consuming.

Most response techniques used in bioindication are in relation to gaseous
,,
\-

pollutants but some emphasis has been placed on physiological responses with :, -’‘, .
regard to metal pollutants. Most studies are in relation to industrial sites where a f - ,,

combination of air po@ants may be emitted. It is often difticult to determine if
~., ,, .,

single aerial pollutants such as sulphur dioxide (S02) or a combination of
..~,

I.’. ,;,

pollutants including metals are more importaut in producing observed
1,
....’

deleterious effects on plants. Effects WY be additive, “synergistic or $-’:,1, .,.,:-,,
antagonistic. > ,,,

Examples of the limited number of studies which include plant responses to
~j’’.::::: ::’:.
j,. .-.

aexial metal depositions in the field are discussed briefly below. Most of these
,, .,,

,,, .,---,, .’,

are’ controlled field study or in vitro experiments whereby seeds are sown in
,,
‘ ,.

known contaminated areas or artificially enh+ced contaminated locations. It is / f :.;’-”
assumed that high levels of heavy metals in the soil medium will produce similar

,,, :.

effects as atmospheric heavy metal pollution. Frequently such culture
>-.,.., ., ,:.,.., .,.-,.,:.‘,..<,,: .,},;. .,., $.-,,..;,,,,,,;.’,.. .. . ., ,,- ,-,,:~,,
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experiments are primarily aimed at determiniog threshold toxicity of poUutants
to plants.

In the industrial area of Shoubra Elkheima near Cairo, heavy metal
contamination of soil and vegetation has occurred. In a study of the are% seeds
of clover (Trl~olium pratemse) and Egyptian mallow (Malva parvljlora) were
sow-n in pots which were placed in nine fields at each of three sampling
locations at increasing distances from the industrial pollution sources (Ali,
1993). A selection of injurious responses were observed in plants at the two
locations within the vicinity of the industrial area in comparison to the control
station. These include: a reduction in chlorophyll content an increase in the
number of plants with visible damage and in the area of injured leaves; a
reduction in leaf number; a reduction in plant growth and weight. Much of this
visible injtuy maybe attributed to SOL NOXand ozone pollution. However, Cd
and Pb were present in the vegetative parts of the crops in elevated quantities
and may be partly responsible for the observed effects. The lack of specificity of
the aforementioned responses J.imits their utility as diagnostic tests of heavy
metal contamination. Accorditlg to Ikrcsanyi (1992), changes in chloroplast
number and volume represent @picalplant damage due to salts of hea~ metals.
The same author describes other cellular effects exerted by the salts of heavy
metals.

In SlovakiZKodrik(1994) measured root biomass and length in,Norway spruce
(Picea abies) at four sites of varying emission regimes. Although destructive,
this method is appropriate as a measure of ecosystem health.

The combined effects of acidic aud trace-elements on in vitro pollen
germination and tube growth in a variety, of higher plant species was
investigated by Cox (1988), This acts as a potential bioindication method of the
effect of air pollutants on reproduction processes.

Breckle and Ka.ble (1992) reported on a range of gTowth responses, mineral
uptake and transpiration rates of beech seedlings to increasing exposure of Cd
and Pb in isolation and in combination in the soil medium. Dose-response levels
were comparable to metal concentration levels in German forests. Direct uptake
of heavy metals through the leaf after deposition is an important route,
especially for Pb, although this investigation was primarily concerned with
effects of I% and Cd on trees after root uptake. However, the measurable effects
discussed in this paper, such as root elongation and architecture and leaf
development, may still be appropriate in biomonitoriug.

Toxic symptoms in response to Ni exposure to roots were displayed by cultured
tomato plants under controlled experimental conditions in a study undertaken by
Prokipcak and Ormrod (1986). The Ieaflets nearest the main stem appeared to
be the most sensitive to Ni tieatment. In a study of the response of a selection of
crop plants transplanted to the vicinity of a copper smelter in Poland, older
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leaves were a.fEectedfirst (Fabiszewski et al., 1987). Typical Ni-injury in
tomato plants was visible as interveinal chlorosis followed by necrosis
distinguishable as ‘d beige patches of dead tissue surrounded by dmker
brown or purple pigmented tissue’. It is noteworthy that chlorosis is often not
specific and can vary with the time of year (Saxe, 1996). Decreases in growth
response parameters such as led, stem and root weight, leaf area and plant
height were also observed with increased Ni exposure to the roots.

4.9 Transplants

Transplantation exercises are. not as common using higher plants as they are
utilising lichens and mosses. However, a limited demonstration of thek tie as
transplants is provided below.

Pilegaard and Johnsen (1984) used transplantation to study the extent of heavy
metal uptake by Achilles millefolium (rnilfoil) and Hordeum vulgare (barley)
through their leaves and roots. Plants were grown in pots and exposed at areas
of different aerial heavy metal deposition for 75 days prior to analysis.

Horse bean (Vicia faba minor), blue lupine (Lupinus angustlfolius), oat (Avena
sativa) and red fescue (Festuca rubra) were grown in a greenhouse prior to
transplantation 800 m horn a copper smelter for two weeks. Acute chlorosis
associated with a reduction iu chlorophyll-a and chlorophyll-b in leaves was
significantly different from the control plants remaining in the greenhouse. Red
fescue was the most sensitive species under investigation.

57



\,

5 Conclusions

:..
,

Plants have tie ability to indicate the presence of elements and their
concentration gradients. Mosses and lichens are -particularly effective
biomonitors of aerial heavy metal contamination because of their
bioaccunndative properties. These plant gsoups are amemble to biomonitoring”
because they are Widespread easy to handle and they lack a cuticle and root
system thus reflecting directly aerial heavy’metal deposition. Most surveys use
passive monitoring and active. monitoring -is used i.nfiequently. Anaiysis of
indigenous mosses are currently used iq international and national monitoring
programmed, particularly in Europe. Techniques are applied as a practical tool
in establishing and characterizing deposition sources. Such long-te~ larger

i scale monitoring is extremely usefbl and also enables transboundary
ameliorative action to be taken. Both lichens and moss techniques have been
applied to measure hea~’ metal levels and trends titbin and around urban and
industrial areas. These studies can aualyse temporal and/or spatial tiends in
heavy metal deposition and results are generally expressed as pollution
gradients. Within tie gradient metal levels in the local moss populations are
seen to decrease wiih increasing distance from the suspected source.

The use -of fungi in the monitoring of heavy metal pollution is limited but some
fimgal groups are better bioaccumulators thti others.

Higher plr@s have appe~ as indicators in air pollution monitoring in highly
polluted areas where lichens and mosses are often absent. They are primarily
used as bioaccumulators. The use of higher plants in the assessment of aerial
heavy metal contamination is hampered by their inherent ability to absorb
metals from the soil. Inteqxetation of results should therefore.be handled with
caution. However, metid accumulation in plants does reflect the relative extent
of the pollution burden and its dispersal. Analysis of leaves and needles are
common techniques but tree bark has also been used in heavy metal
biomonitoring. It is often usefbl to include analysis of plant roots as a means of
assessing pollution contributions from SOL

The use of physiological and b~ochemical parameters in &e bioindication of
heavy metal contamination is not routinely practised. Some.responses of higher
plants to heiwy metal contamination have potential. Very few examples of using
species distribution and mapping methods in the assessment of heavy metal
pollution exist.

It is important. during metal biomonitoring programmed that background
concentrations are established. The design of a monitoring programme will
involve the selection of appropriate species, sampling locations, sample
collectio~ sampling frequency, metals to be analyse~ chemical technique and
data analysis.
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III GASEOUS POLLWANTS

1 Bryophytes

1.I Introduction

Bryophytes are generally easier-to identi$ and are as-equally susceptible to air
pollution as lichens, yet less attention has been paid to their use iq gaseoti air
pollution monitoring. A reason for this may be the larger number .of lichen
species (particularly epiphytic species) available for air pollution monitoring
(Adams and Preston,’ 1992). Most, studies are dissociated with regional and
urban sulphur dioxide. (S02) contamination. On a national and multi-national
monitoring scale, bryophytes are used more as bioaccuundative indicators of
aerial metal contamination than as bioindicators of gaseous air pollution. -

Most literature regzirding gaseous pollutants and bryophytes, is concerned with>,
measuring. and assessing impacts of pollution on bryophyte communities as a
valuable ecoloQcal group, in their own right. Hallingback and Tan (1996)
discussed the TUCN/IAB Bryophyte Committeest commitment to endangered

/’ bryophytes” and. presented a skeleton action plan for these species. The ,
conservation and protection. of these ‘key-stone’species was ‘emphasisedand air
pollution was listed ai one of the major threats to species. Biomonitoring of air
pollution impacts on bryophytes therefore plays a role in biodiversity and
conservation. Most of the published Iiteratye on research with regard to
b~ophytes and gaseous air pollutants concentrates on pollutant effects and
harm and ‘little is ayailable in terms of their role as biomonitors and

.“. . bioindicators. However, such work may still be used to ascertain pollution
# problems and indicate potential Ihreats to other biological systems kcluding

. humans. ,. -

Standard practices such as sampling, analysis and species selection in bryophyte
monitoring are underdeveloped incomparison to lichen monitotig.

1.2 Sulphurdioxide (SO~ ‘

1.2.1 Species distribution

1.2.1.1 Regional
,.

Adams and Preston (1992) presented comprehensive evidence of long-term ~
effects of gaseous pollutants, particularly S02, on bryophyte distribution in the .
UK. The methods, patterns and correlations discussed highlight air pollution
trends and much of the infofroation is highly applicable to gaseous pollutant .
biomonitoring using bryophytes. In order to draw their conclusions, the authors
collated evidence from various sources. Analysis of the quatemary sub-fossil
record demonstrated that the reduction in Sphagnum cover in peat profiles

.
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corresponded with the presence of soot deposits due to the advent of the .
industrial revolution. Bryophyte distributions determined from the British
Bryological Socie@ mapping scheme from 1960 onwards Wd herbarium
collections at national and local scales appemed”to be correlated with Iong-term ‘.
direct air monitoring data.

The national recording scheme revealed bryophyte species which had been
adversely affected by atmospheric”pollution on a national scale (Table 3.1).
More intensive distribution studies in the heavily polluted London and Essex
areas enabled the ,development’ of m epiphytic bryophyte sensitivity scale
(Table 3.2), similar to the highly recognised lichen zonation scale drawn up.by
Hawksworth and Rose (1970). It is important to note that the position of a
species on the scale will vary with humidity’in the area and acidity of the bark
substrate. Epiphytic species may be indirectly affected by the soil through
influences on the bark chemistry, as demonstrated by Gustaflson and Eriksson
(1996) in aspen POpUIUS tremula ,@ Sweden. Some species may Prefer
limestone to trees. In additio~ it would be diflic~t for this scale to consider the
effects of events such as short seasonal elevations in S02 associated with
prevailing winds. It is difiicult to distinguish between the response of moss
communities subjected to a few severe air pollution events or continued chronic
exposure. It would prove diflicult to develop a scale to include mosses in
polluted environments, which may be protected aat the effects of air
pollutants if located in sheltered areas such as deep valleys (f@ner, 1988).
(Details of Hawksworth and Roses’ scale are discussed in Section 2). Although
not as detailed or as accurate as the lichen scale, the proposed bryophyte scale
lends itself as a positive biomonitoring tool.

National and local lists (Table 3.1 and 3.2) showed relatively good correlation.
Disparities may be due to, factors other than S02, w~ch may cause local
vmiation. Furthermore, local species decline due to localized high S02 levels
may not be reflected on the national scale.

The same authors also reported similar reductions in the distribution of
terrestrial and saxicolous bryophytes in relation to high S02 levels.

As is the case yvith lichens, recent declines in S02 levels are reflected in
bryophyte recolonisation to formerly polluted areas. However, the sequence of
decline in species associated with S02 pollution may not be as marked in
bryophyte recolonisation for several reasom: ‘ -

●

●

●

Inconspicuous species may have simplybeen missed in previous studies.

Bryophytes have shown a slower r~sponse to reduced S02 levels than
lichens. ‘

Species may colonise areas where they were not previously found.

.’
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●

●

Species may not recolonise areas where tiey were previously found because
of changes in habitat. In a study of epiphytic bryophytes in Groningen,k the
Netherlands, (van Zante% 1992) certain species (e.g. Leucodon sciuroides
and. Orthotrichum lyelli) became scarce ~ areas of relatively good air quali~’
due to Dutch Elm Disease. These species rely on vulnerable Ulmus sp. for
survival, illustrating the importance of available habitats even in improved aii
pollution conditions.

Increasing levels of other atmospheric pollutants such as nitrogen oxides and
ozone may reach threatening levels.

Recolonisation processes depend on the mobility of the species and the
proximity of sourcepopulations.

Tabie 3.1 “ .Bryophytespecies whi.~h appear to have been most adversely
affected by atmospheric pollution in terms of distribution at a
national scale, UK (from Adams and Preston, 1992)

Epiphytes Epiliths o Species which can grow
as epiphytes or epiliths

Cryphaea-heferomalla Gnmmia affinis Anfibichia curfipendula

F;llania dilafafa G. decipiens Leucodoo sciuroides

Neckera purnila G. Iaevigata

Orthofnchum Iyellii G. orbicularis

O. obtusifolium .G. ova/is

O. schimperi .

0. speciqsum ‘

O. sfrarnineum

O sfriatum

0. fenellum

Torfula Iaevipila

U/ofa crisps var. Crisps ‘ -

U.“crisps var. Norvegica ‘
,.

,Changes in bryophyte cover in forest ecosystems in.response to air pollution
have been reported.-In Estoni% two groups of moss in Scots pine forests were
obsemed moss whose distribution depended on the level of air pollution and
those whose distribution was more dependent on other factors such as climate
and soil (Wide’and Mar@ 1996). Bryophyte cover also increased in thickness
along a pollution gradient from the polluted riorth-east to less polluted south-
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west. In a study of bryophyte communities in two Atlantic forests in Brazil,
higher percentage cover and biomass of bryophytes were observed in tie least - ‘
polluted forest (RebeIo et al., 1995).

.
1.2.1.2 Urban and industrial r

In a Finnish study of effects of metal, chemical and fertiliser plants on forest
floor vegetation in the vicinity of the plants, the common forest bryophytes
(Hylocomium sp. Pleurozium. dicranum) were more sensitive than lichens.
Further away from the factories Ceratodon purpureus and Pohlia nutans
became frequent (VaisaneU 1986).

Huber (1992), found that bryophyte species disdbution in the Swiss Canton of
Basel-Stadt was similar to that in the proximity of a cellulose factory.
Furthermore, the area of suspected good @ quality in the Canton contained
similar species distribution to an area 200 m above the cellulose factoxy.

In Romani~ the zone of influence on b~oflora of the industrial Alba district ‘
extended to a distance of 20 km (Plama@ 1986). The main atmospheric burden
was from SOZ ~

Winner (1988) reviewed the responses of bryophytes to air pollution by
presenting aq overview of North American studies in this field. Types of studies

,,;, ,.

I
,,

::,
,.’,
.,>.

.!

: ,.

include deterdnation of impact zones, Indices of A@ospheric Purity (TAP) ,.

methods, bioaccunmlation and physiological responses to gaseous air pollution.
,<, >

IAP methods have been applied to moss communitiesb much the same way&
.,

to lichens (Section 2.2.1.2). JAP values have been calculated and mapped with
,,

respect to urban areas and point emission sources. Zones have been determined
representing changes in bryophyte communities relative to the location of an air

,

pollution source. According to Winner (1988), IAP values should be regarded
,-

tentatively and cannot be compmed between ~erent sites for the foflofig
reasons: ,,
.“ All ch~ges in moss communities are too often attributed to air pollution

alone, whereas other environmental factors such as elevatio% humidity and
.“. ,

temperature may have an effect. .-,
. Cities generfiy have higher temperatures and fewer appropriate substrates

.,
,.

@n rural areas.
,,,

i

● IAP may not- be an accurate measure of the complexity of bryophyte
communities.

71
(



.. ..

TabIe,3.2 ~”Epiphytic bryophytes that showed poor or restricted gro~h dufing
the maximum phase of S02 pollution, or were ,exterminated,.with

‘ their approximate equivalent S02 thresholds (taken from. Adams and
Preston 1992)

Mean winter Approximate Species Last or only date
S02 (pg ms) pollution zone* recorded

Epping Outer
forest Essex.

Pure 9-1o #Antitrichia curtipendula C 1800 1874

<30 -

c 35

c 40

#

c 50

c 60

9
9

9

9

9-8

8

8

8-7

7

7
7

7-6
6

6

6’

6

6

6-5

5
5

5’

5
5

5-4

4

Orthofrtchumsprucei

0. schimperi

O. tenellum

Ulota crfspava~ crisps

Orthotrfchum.sfriafum

‘Zygodonconoideus

Neckera pumila

Tortulapapillosa

U/ofa crisps var.
norvegica”

#Anomodon viticulosus

#Radula cornplanata

Leucodon sciumides

Orthotrichum lyellii

Cryphaea heteromalla

Frullania dilafata

#Homalia
tnchomanoides ‘

Porella platyphylla

Isothecium myurum ‘ ‘

Tortula Iaevipila

Ne~kera complanata-

Zygodon viridissimus

Orthotrichum ati%re

O. diaphanum

Homalothecium
sericeum

Hypnum mammillatum

C1800

c’1800

1885

1890

1932
C 1890

1885

.1898

C 1800

1923

1973

C 1890

1885

C 1980

1866

1873

1870 ‘

1874

1870

1886

1874

1874
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Table 3.2 (continued)

Mean winter Approximate Species Last or only date
SOZ (pg ma) pollution zone* recorded.

Epping Outer
forest Essex

c 70 4 Hypnum cupn=ssifomre
vac cuprassiforme

4 Dicmrum scoparium extant

4 Isothecium
,

myosumides

4 Bryum capilla;

4-3 “Dicranoweisia cinata

C125 3 Hypnum cupressifomre
vac resupinafum

3 Lophocolea
hefemphylla

,
c 150 2-3 Ceratodon purpweus

# Species which maybe limited by factors other than specific sensitivity to SOZ
● Hawksworth and Rose (1970)

1.2.2 Transplants and effects

The biochemical and physiological effects of S02 on bryophytes will not be
discussed here. Recent reviews in this area are presented by Brown (1995), “
Kovtics (1992a) and Winner (1988). A recent review of transplantation
exercises using bryophytes can be found in Brown (1995). These studies are
concerned with assessing effects of air pollutants on bryophytes rather than their
use as biomonitors.

A technique that was not mentioned by Bwton (1986)’ was cryometers.
Cryometers were developed. in Japan to measure phytotoxic air pollution
(Taoti 1973). Mosses were placed in small, transparent plant chambers and
two chambers were placed at a study site. One chamber was filled with arpbient
air and the other exposed to tiltere~ pollution free air. In this way the “presence
or absence of ambient rk pollutants could be detected.

1.3 Nitrogen and its compoun~ N, NO=andNHj)

Much of the pubkhed literature inrelatiop to inorganic nitrogen (N), acid rain
and bryophytes is concerned with the effects of this type of deposition on
bryoflora. This research is gaining profile in response to the coincidence of
reduced atmospheric S02 levels and increases in nitrogen deposition and acid

.
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. .
rain. However relatively few’ attempts have been made to use b~ophytes to
directly monitor nigogen deposition.

The following paragaphs attempt to highlight aspects which maybe suitable for
monitoring pusposes in the Mnre. Due to their dependence. on atmospheric
inputs of nutrients, total N content in bryophyte tissues can reflect atmospheric
iIlpUtSof N.

Press et al. (1986) chose two ombrotrophic hes dominated by bryophytes to
study the ecological significance of increased atmospheric nitrate deposition in
the UK Sphagnum sp. transplanted to a relatively polluted site from a non-
polluted site showed an increase in tissue nitrogen concentration and reduced
growth in the pol@ted site. The authors concluded that elevated nitrogen ‘~- .
deposition in the polluted area might be affecting the grow@ and metabolism of
ombrotrophic Sphagnum sp. ,

Comparison of bryophyte tissue- N content in herbarium samples. and field
samples collected @ 1989 illustrated temporal N deposition trends in the UK
(Pitcaim etal., 1995). The study demonstrated incre-mingN deposition levels
appakent throughout the UK and potential harm to the ecosystems themselves.
Percentage incr~ase in tissue ‘N content at a range of sites of varying pollution
climates corresponded ~ti, atmospheric increases in ~ levels. Certain sites
remained unpolluted over the thirty-yeti-penod (e.g. Beinn Eighe National
Nature Reserve in Scotland) and showed insignificant elevations in bryophyte
tissue concentrations. A 6270 increase in tissue N content of ombrotrophic
Sphagna at Moor House, Cumbri~ is of concern. The relationship, between
tissue N content with atmospheric,N inputs was expressed as: NBW= 0.62
+0.022 NDQi.e. tissue N increases at 0.022 mg g-l dry wei@ per kg total N
deposited. The authors.reco~ended the application of this equation as a rough I
measure of atmospheric N deposition in areas where monitoring equipment is.,
impractical.

Mtipaa (1995) proposed changes of forest floor moss biomass as an early
waning indicator of atmospheric N and S deposition in; boreal forests. In ‘a
study of acidic depositio~ experimental plots of boreal forest in Finland were
exposed to annual treatments of ammonium sulphate over a four year period.
The forest floor mosses, dominated by Pleurozium ichreberi and Dicranum
polysetum, were more sensitive to N and S deposition thim vascular plants.
Biomass of bryophytes decreased by 60% over ‘the study period and N content
in moss tissues wai greater”than in the control areas. Although this experiment
was not undertaken under natural conditions, such experiments are valuable in
enhancing our knowledge of the response of bryophytes to N deposition if they
are to be used as biomonitorhig tools.

Woolgrove and Woodin (1996) analysed tissue-N content in the late snowbed
bryophyte, Kiaeria starkei, collected from sites in the Scottish Highlands.

.-
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Results comesponded with the atmospheric N loads to which the bryophyte was
expose~ which due to acid flushes during snowmelt and the sensitivity of the
species pose a ,tieat to these snowbed species. -

Urban and industrial point source studies in relation to nitrogen oxide pollution
gradients are limited. A study of the distribution of epiphytic b~ophytes in
Naha City in Japan showed that few species were found in the city centre where
‘N02 levels were >0.02 pprn (Inui and Yamagucti 1996). An interesting
observation of this study was the lack of correlation between IAP values and
NOZ concentration. If bioindication of NOZ pollution using bryophytes and
lichens is to develop, additional research into the applicability of indices and
methods used in S02 monitoring should be encouraged.

1.4 Other gases

In contrast to Burton’s (1986) review,’little published literature was found in
relation to fluoro-compounds and bryophytes. With regard to ozone (0s),
literature is concerned with the effects of this gas on bryophytes since they are
regarded as an important ecological group. An open chamber fiunigation
experiment of the effects of elevated Os concentrations on forest floor moss
cover was undertaken by Stanosz et al. (1990). Significant negative correlations
between moss cover (predominantly Ditrichum pusiIlu@ and 03 concentrations ‘
were demonstrated. In the w Sphagnum recurvum and Polytrichum commune
were qxposed to long-term chronic Os concentrations (Potter et al, 1996). Both
species showed a reduction in growth when exposed to 03 in comparison to
control experiments. Sphagnum appeared to be more sensitive to fnmig”ation
than Polytrichum. Fumigation studies will enable effects to be determined which
could possibly be used as bioindication responses, sbce bryophytes may be
more sensitive to 03 than hi-@er,economically important plants.

,. :
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.,
2. Lichens

. . .

2.1 Introduction

Lichen communities growing on tree bark (corticolous species) and walls and
rocks (saxicolous species) show changes in response to air pollutants,
particularly”sulphur dioxide (S02), fluoro-compounds (F), deposition of nitrogen
compounds ~d ozone (0s). Lichens ‘are particularly useftd in indicating
pollution loads over long periods (Richardso~ 1988).

Literature on lichens and air quality is vas; to the extent that the Lichenologist
publishes updated abstracts of the literature periodically (e.g. Henderso~ 1994; ‘
1995; 1996z 1996b). Seaward (1993) examined the history and fhture of field
studies copcerned with lichen and SOZair p“allution.A useful overview of recent
developments in the use of lichens as bioiudicators up to 1990 wmprovided by
Richardson (1991). Numerous, books have been published in this area “;”
(Richardso~ 199%Nash and Wirth, 1988).

Wi.U-Wolf (1988), undertook a review of North American air poIlution
monitoring studies using lichens and/or bryophytes. The review revealed that
most studies focused on lichens”on’trees in eastern deciduous and coniferous
forests around a point source of low-moderate level pollution.

Burton (1986) found that the tie of lichens h gaseous pollutant monitoring was
based mainly Ori species distribution observations and to a lesser extent on
chemical analyses and lichen” transplants. Recent developments show an
increased emphasis on the $e of biochemical and physiological responses as .
indicators of air pollutio~ probably due to tecQnolo@caladvancement.

This section initially highlights some aspects of monito~g design in gaseous air
pollution monitoring using lichens. Few regional monitoring surveys have been
undertaken using lichens and surveys are very much centred around urban and
industrial areas.

2.2 Monitoring design >

2.2.1 Monitoring method s~lection

Several gaseous air quality monitor@gmethods utilising lichens are available.
Monitoring can be qualitative or quantitative and employ single indicritor
species or community changes.-The choice of method depends on the purpose
of the survey, the size “ofstudy areq resources available and the desired detail
of the output. Air quality assessments, which observe species distribution
patterns, are well recognised. Data on changes in lichen occurrence Ad
abund~ce at species and community level are subjected to varying degrkes of
aualyses andused to produce maps, identi& zones andfor indices of air quali~.
Otler methods reviewed rwephysiologicalhiochemicrd responses as indicators

,
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of air pollutio~ and lichen health has been used as an indicator of air quality
degradation. By analysing element content born lichen samples at @erent
distances from a pollution source, the type of pollution and the size of the falIout .
zone can be determined. Transplantation techniques are fi-equentiy used to
assess air qualitj impact in an area.

The’ bakis of these methods is presented in the following paragraphs. Their
application and development on multi-national, national, regional and urban
scales are illustrated in Sections 2:3 to 2.6. ,

,.:
.,!,

2.2.1.1 Mapping

Most species distribution investigations involve mapping. Distribution mapping.- ---
of common and sensitive lichen species is a relatively ~imple and inexpensive
method of air quality monitoring. The method distinguishes areas-with v-g
degrees of pollution. Studies can be in relation to point emission sources such as
power plants and smelters, a general source area such as an urban area or
iudustrkd complez or as a means of producing baseline data of a previously
unsurveyed site or in pre-development appraisals (Showm~ 1988). Species
distribution monitoring can investigate spati@ or temporal patterns. It is more
useful with prior knowledge of lichen sensitivity to air pollutants and historical

..

and/or natural or control data of the study area.
.,
‘.. ,,

Distribution patterns can include presence or absence of species in response to a
:.

pollution gradien$ reductions in cover of species and recolonisation of species
): ,’

associated with improved air quality. Distribution studies often include
investigations of the health of the lichen ffera.

Showman (1988) reviewed North American lichen mapping research up to
u..,
.,

1986. This review advised on aspects of stidy area determinatio~ ,,’ :
reconnaissance, site selectio% data collection and final distribution mapping.

,,.

These considerations are paramount in the effective execution of a biological
monitoring programme.

A major difficulty in lichen distribution studies in air quality moti~oriug is the
,,

fact that the measured parameters (e.g. abundance/presence/absence/diversity) ,’
can be attributed to several factors other than changes in air quality. Other .;.

factors include unfavorable habitat conditions, historical reasons, competition . .

pressures, or anthropogenic impacts other than@ pollutio% such as landscape -
,. ,,

t.
changes. ,-
A practical progression of species distribution maps was the development of

,’

zzone mapping. Zone maps class~ areas using the number and type of lichen
Species preseng which indicate the extent tand/or distance from the pollution
source. Burton (1986) reviewed the earliest zone mapping studies. Hawksworth
and Roses’ (1970) qualitative scale of relating mezuiwinter S02 concentrations

,,

(wgm-3)with certain epiphytit Ijchen assemblages on acidic and basic tree bark !“ ‘; “,’,,
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remains the key paper on zonal mapping and is cited and utilised extensively in
the literature. Ten zones were”devised, with zone 1 species indicating SOZ
levels >170 pg m-3and zone 10 representing ‘@-@’. Although the scale has
proved effective in monitoring the spread and extent of S02, doubts have been
cast on its application in, ~eas encountering reduced levels or qualitative
changes in air quality (Ricli~dso~ 1988).

2.2.1.2 Index ofAtmospheric Purity

Calculations of Indices of Atmospheric Pm-@ (LAP)examine the effects of a
pollutant. source on lichen conuhuhities. It is a quantitative phytosociological
approach requiring the collection of data such as frequency andlor percentage
cover and a factor of tolerance to toxicity. IAP values ~enerally increase as
communities become more, complex further from the pollution source. These
values can also be plotted on”amap, which in turn can be used to determine IAP
zones. Burton (1986) reviewed the yse of Indices of Atmospheric Purity in air
quality monitoring. ,,

Showman (1988) highlighted”the importance of site selection in this type of
smvey to ensure that lichen patterns are due to air quality dHerences rather than?
lichen substrate variations. Will-Wolf (1988), in her review of quantitative
approaches to air quality studies, concluded that IAP iu&’cesrely on overall
linear declines of species‘in communities ~ected by air pollutants. Therefore
their eficacy as measures of community change are limited when pollutant
gradients are shallow, where species dominance shifts are as impomt as linear
declines. On comparison-with other phytosociological methods, .Wirth (1988)
suggested that due to potential error associated with Q (refer to Section 2.3.1.4),
regions which are inherently species poor with the same, emission impact as
lichen rich regions will have lower IAP values. The same author believes that
the IAP method is not adequate in differentiatingbetween pollution and climatic
impacts.

Modifications of the LAPand developments of new indices are discussed below
(Section 2.3.1).

2.2.1.3 Phytosociological methods

Phytosociological methods in aii pollution monitoring study plant communities
rather than single indicator species. Air pollution ~ters community structure,
,which is reflected by ch~ges in the community composition aud coverage.
Wirth (1988) reviews the advantages md disadv~tages of tie
phytosociologicil approaches to monitoring temporal and spatial changes in air
quality. The method lends itself better to temporal monitoring than spatial. It is “
adept at diiTerentiating between cliinaticledaphic aid air quality impacts on
lichen specieslcommunity distribution. However, quantitative data collection is
inherently more labour intensive, especially over large study areas. The same - ~:’ .

‘,,

\
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review presented a phytosociological sensitivity scale (1 to 14) to (acidic) air
pollution in southern Germany (Box 3.1), but tolerance values for particular air
pollutants were not available. This method is not recommended in obtaining
actual pollutant concentrations, but more as an early warning system in
environmental protection and in revealing relative changes in aii quality over
time. .-

2.2.1.4Resporise qlethoc&

Additional information in lichen monito~g studies can be gained from
observing morphological cfi~ges and the health status of lichens. Quantifiable
physiological changes can be examined as a measure of pollution sfress. The
advancement of laborato~ techniques has aided the development of such
procedures.

1: resistance low, 14 resistance high
\

I Lobarietum pulmonanae subass of Lobariaamplissima

I Nephromeium Iaevigafi
~ Gyalecfefumulmi

) Usneefum florido-neglecfae

14 Ramalinetum fastigiafae

$ Parmeliefum acefabuli wifh Anapfychia cilians

j Usneefum fil~endulae -

5-6 Physietum adscendenfis with Physconia disfotta, Physics sfellaris, Ph.
aipolia

3, Bacidia rubella -Aleurodiscus-ass.

3 Leprariefum’ candelaris )

7 Perfusatiefum hemisphaencae.

3 Parmeliefum ceperafae (Flavoparmelia capercda damaged, ifpresenf)

3 ‘:Pyrenulefum nifidae
.,

3 Opegraphefum vermicelliferee

3-10 Potinefum aeneae ‘

10 Hypogymnia physodes-Parmelia sulcataamm

11 Chaenofhecetum ferrugineae

12 Bulliefum puricfafae

13 Lecanoreturn conizaeoides

14 ““ Pleurococcefum vulgans “
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2.2.1.5 Element bioaccumulation

V&-ious studies have demonstrated good correlations between non-metallic
elemerital content in lichens and atmospheric deposition levels of these elements
(Burtonj 1986). For example, stdphur concentrations in lichen tissue have been
correlated to S02 contruyination imtie atmosphere (Garty, 1985). Monitoring
elemental accumulations in lichens does not monitor actual. effects but can
indicate areas of lesser or greater deposition. This method can indicate areas of .
impact in advance of other detectable effects.

2.2.1.6 Transplants

Transplantation exercises are fiequentIy used to demonstrate or assess effects of
gaseous air pollution on lichens transplanted from a clean to a polluted .
environment. The Iranspkmtation concept has been discussed in Chapter II with
regqrd to heavy metal contamination. Most of the’ same principles apply to
gaseous air pollutant assessment. The use of transplants requires some prior
knowledge of the influence oftiansplaqtrtion on the measured response.

2.2.2 Species selection

Diflierent lichen species are chosen for air pollution monitoring depending on
tleir tolerance to air pollutants. The sensitivity of lichens to air quality has
facilitated their utilisation as important tools in air quality monitoring. KOV5CS
(1992a) summarised the physiological and morphologic~ features of lichens,
which make them.more sensitive to air pollutants than higher plants. Features
include the absence of a cuticle, low chlorophyll content and lack of excretion.

Awareness of the sensitivity of lichens is important in their ijmction as
bioindicators, particukmly in mapping studies and transplantations. Richardson
(1988) claimed that ‘the best way to comince non-biologists of their (lichens)
value,is by establishing how, why, and at what levels, air pollutants are harmfid
to lichens’. Sensitivity coefficients -are frequently used in the calculation of

, pollution related indices (Brakenhiehn and Qinghong, 1995).

Steubing (1983), cited by Kowics (1992a), Summarised the critical S02
.

concentrations for various lichen species published by dtierent authors. Jn
general “these authors show comy~son with Hawksworth and Roses’ (1970)
qualitative lichen sensitivity scales (discussed below). These scales of
sensitivity have been supported and coi-relatedwith the results of conkolled
laborato~ fumigation results (Nash, 1988).

Empirical laboratory and field fumigation exercises to establish actual sensitivity
values of Iicheis to air pollution have often proved unsuccessful (Richardso%
1988). This is due to a combination of maintaining the metabolic activity of
lichens in the lab, the need for sophisticated monitoring equipment and

:.. simulating low doses over a. long period of time. The advent of open top
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fiunigation chambers used for air pollution effects on field-grow plants show
promise for lichenologists (Richardso& 1988). These systems overcome many
fumigation problems in allowing the control of air quality by adding and
subtracting pollutants without creating unacceptable environmental changes. In
this way absolute valqes of lichen tolerance ahd relative importance of partic~m
gaseous pollutants over longer time periods in field situations can be
determined. Bates et al. (1996) used open-air fumigation to investigate lichen
colonisation in a newly pkmted forest subjected to S02 and 03. Small
environmental changes may still be observed in open top chambers. These
iqclude higher than ambient temperatures, reduced rainfall and unnatural wind
speeds (Coils, 1997).

A comprehensive review of the physiological responses of lichens to laboratory
air pollutant fiunigations is presented in Fields (198S). Various gaseous
pollutants were investigated which tiected lichen physiological processes in the
apparent order of sensitivity! nitrogen fixation > potassium ion effluxhotal
electrolyte leakage > photosynthesis, respiration > pigment status. This may aid
the selection of parameters in monitoring programmed but the application of
laboratory results to actual field studies should sdll be used tentatively.

The sensitivity of a species may vary to an extent on tie subs&ate type. k
response to air pollutiou species growing on basic substrates will persist longer
fh~ species growing on acidic substrates (Hawksworth and Rose, 1976). b- the
Liphook forest fiunigation projec$ Bates et al. (1996) found that the three lichen
species under investigation (Evemiaprunastri (L.) Ach., Hypogymniaphysodes
(L.) Nyl. and Lecano{a conizaeoides Nyl.) showed an obvious preference for
Norwav smuce over Scots p.jne,the latter containing the most,acidic bark. The-. . .
sensitivity of Iichen species may be attributed to other factors such as the
tolerance of the contained -algal stmins, morphology and water relations
@ichardso~ 1988).

Eight ecological groups of lichens are presented in KOV5CS’(1992a) review of
Iichen$ role in environmental protection. Attribute: of these groups may account
for the tolerance of diferent Iicheps.’Additionally, dif6erentreproductive stages
of epiphytes show varying pollution sensitivities.

It has been hypothesized that the sensitivities of epiphytic lichens VW”between
re@on’s.For example, Richardson (1988) suggested that the wetter climates of
Sweden and Ireland make species more sensitive to S02 than they would be in
England.

2.2.3 Sampling methods

Various sampling methods are available in lichen monitoring, depending on the
nature of the method deployed and desired output. Some sampIiug
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methodologies used to es~ate or measure lichen presence ador, abmdance
are presented below.

.2.2.3.1 Lichen cover

Estimation of lichen cover in relation to pollution patterns is a common
procedure andmay involve total lichen cover or individual species cover. Some
exercises are more time-consuming than others.

.Quantitlcation of lichen cover has been undertaken using quadrats and/or
photographs. Addison (1984)Y in a study into the influence of ,oil sands
extraction and ~processing emissions on lichen cover of transpl@ed
communities, used a 15 x 20 cm gray-card quadrat and photography. In this

,study lichens were also moistened to minimise errors arising from different
lichen hydration s~tes at the t@e of sampling. The author’concluded that when
practicing this technique? lichen cover must be I@ to overcome measurement
errors. ..
Bates et af. (1996) used two methods to estimate percentage thallus cover of the
bark in their assessment of lichen colonisation in the Liphook Forest fumigation
project Hampshire, England. For Hypogymniaphysodes and Everniaprunastri,
thallus aea, was determined from” thalli numbers and diauieters, and for
Lecanora conizaeoides a scale of one to five corresponding to percentage
thallus cover of the bark was used.

‘Global average cover (GAC)’i: sometimes estimated A a me~ure of ~chen
abundance. This is measured as the average cover of lichen species on all trees
sampled (Legr&d et al., 1995).

Sampling of trunk ep~phyteswas detailed in the manual of integrated monitoring
(UN ECE 1993). Three methods have been prescribed for the estimation of
epiphyte cover.

●

●

●

Line method. Lichen cover is read at four levels (60, 90,120and 1,50cm) in
relation to tnmk circumference. This is achieved by tying a measuring tape
(mm)’ horizontally around the tree wi~ zero to the north and figures
increasing clockwise. Overall cover ofeach species is the mean of individual
levels values. ~ -

Point method. A permanent transparent plastic tie (e.g. 30 x 40 cm)
divided into uniformly spaced points is placed on either side of the tree
trunk. Reported cover is the mean of the percentage of points occupied by
each species at each sampling location.

Visual estimate. Visual estimates of lichen cover can be taken between
selected trunk heights.

Correlations between percentage cover, of total lichen vegetation ‘md a
, particular S02 level may be erroneous due to the inclusion of toxitolerant .,

f’ .
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species. Selection, observing antior mapping of either
toxitolerrmt species associated with a particular S02 level
successful in terms of pollution monitoring (Seaward, 1993).

2.2.3.2 Lichen frequency

toxiphobous or
would be more

Kov~cs (1992a) suggested a method for estimating lichen species frequency on
a tree trunk. An area of 30 x 130 cm at height approximately 150 em above
ground is chosen. By dividing the area into forty subsections, the number of
sections in which the species is observed is determined. A score can be applied
to this data.

Lichen frequency on its own is rarely correlated to pollution contamination. This
parameter is usually determined for other index calculations such as Ml%.
Species frequencies are easilyexpressed as maps of the study area.

2.2.3.3 Lichen diversity ,

Some authors have demonstrated correlation of species diversity with pollutant
concentrations (Seaward, 1993). In the Netherlands, Van Dobben and De
Bakker (1996) obtained stronger correlation between the number of epiphytic
lichen species per 5 x 5 km2 grid square and measured S02 pollution than with
number of species per sample point or species abundance measurements and
S02 concentration.’Species richness is easily obtained from distribution and/or
L4P mapping studies.

O~er parameters used in lichen distribution and mapping studies in particular
include species density (i.e. number of species per unit squared) and luxuriance-
density values (Showmu 1988). .,

2.3 Su@hur dioxide (SO~

2.3.1 Species distribution

2.3.1.1 Multi-national surveys ,.

Epiphytic lichen monitoring is prescribed in the manual UNECE International
Co:ouerative Promamme on Integrated Monitoring under the Convention on

~.
;,~.
,’
1
;’-
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I
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... .
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,

.,

.. .,,,,

. ..-

Long-range Trm~bounda)y Air ‘Pollution. The ~nitoring programme was “ ~ ;
initially in response to, increasing awareness of acid rain but now covers other
air transported pollutants. Lichen coverage (refer to Section 2.2.3.1) and thalli
vitality (Section 2.3.3. 1) were proposed as bioindication parameters of ‘noxious
gases and chemistry .of precipitation, tbroughfidl, bark and stemflow’. The

,!

manual provides prescriptive details on the recommended methodology to be ,-
canied out at one to five year intervals (UN ECE, 1993). Some key ,,

considerations are summarised below. ,-
,,1,
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●

●

●

●

,.
During tree plot selection extreme habitats such as sheltered depressions or
wind-exposed heights should be avoided.

At least one widely distributed species should be utilised witliin a country or
a region for temporal and spatial comparability.

Select sample trees thaf &e ~sibly healthy and have stable bark.

Observations should be made at a trunk hei~t. of 50 to 200 cm. All species
types within this area sho~d be noted in adchhon to those receiving acover
value. “

Surieys are supplemented with me~urements of certain pendulous fichens,
which are a us~ti gauge of pollutant levels.

.-,

The manual defied the following lichen Pollution-Sensitivity Index (PSI):

where: D = mean cover per tree

Q = emptical sensitivity factor for each lichen species

i = plot or area ‘,,

( j = lichen species .,

High index values indicate a Iii@ abundance of sensitive species, which implies
a low pollution effect.

Standardised site selection criteri~ sampling methods, data presentation and
quality con~ol measures as prescribed in”this manual are key to integrated
multi-national air pollution monitoring programmed. This is a reflection of the
increasing role of biomonitoring in air pollution monitoring..

2.3.1.2 National surveys

Sweden is particu@rly experienced in the use of lichens in air pollution
monitoring. Lmg-term monitoring within the Swedish National Environme@al
Monitoring Programme (PMK) is undertaken in much the”:ame way as the UN
ECE collaborative studies. Lichen cover’ is estimated by the line method
described in Section 2.2.3.1. Permanent” marl@g of sample trees ahd
observation points enable co@mous monitoring of the same lichens.

Poor correlations behveen lichen occurrence and measured po@tants in an area
imply that other factors may .be responsible’for lichen trends. In this way the
iniportance of air pollution in an area in relation to other environmental factors
can be assessed. An array of statistical approaches has been implemented to
assess such situ@ions. Brakeihiehn (1996) and Brakenhiehn and Qinghong
(1995) reported on PMK results and applied First, Principal Components
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1:

Analysis (PCA) and partial Redundancy Analysis (RDA) to the data. Weighted
{,’

Mean Sensitivity (WMS) was used as the most effective index of air quality j.,,”

‘s ‘ +$$[(K*Uj)/N,]

r,
1
t .,

.i-l j-l :,

where 1$=

Dlj =

j=

Ni=

:., .
sensitivi~ coefficient for the jfi species. ,,,

number of individuals of the jti species along a circle !,,t ,.
at the iti Ievet .’. ‘ ‘ “

,.
,., ,

1,2,. ...s. the number of species along the circI%
,,, ..-,
;.,.

total number of individuals of all species at the iti level. ,,
,>

Each species was allocated a sensitivity coefficient (on a ten point scale) based
,,,. ,

on its tolerance to pollutant deposition (Mdtengren et al., 1991). For example,
the relative tolerance Hypogymnia physodes was assigned a ~ value of 2

,,
.,

whereas the more sensitive Alectoria sannentosa had a Kj value of 7.

Lichens were more strongly influenced by climate and geographic location than
,,

pollutant deposition. The ~erent groti rates of Pinus sylvestris between
north and south may be responsible. Bark loss due to faster growth rates in the
south favours rapid colonisers (e.g. Hypogymnia physodes) over slower
colonisers such as Biyoria and Usnea. The authors believed that refinements to ,.

Swedish sampling methodology should be made.
,,

Increasingly, species distribution stu~es are concerned with mapping
‘..,-

re-colonisation in areas. This is in response to a decline in S02 levels since the ,’
1970s and increases in other pollutank such as NO. and NHg. In ‘1988/89 Van ,,

Dobben and De Bakker (1996) updated previous sweys of epiphfic liche~ ~
the Netherlands. Only 17% of the previous area was covered but sampling
design was such that a representative picture of lichen bends stice tie 1970 to
1973 study (De WiS 1976) wk obtained. Sophisticated statistical anilyses such

,,,
,.

as RDA were employed in the recent Dutch study enabling more quantitative
.,
. ..-.

relationships between direct air quality measurements to be determined. TWO ‘~ ‘‘
major ~erences between surveys were apparenti

. Lncreases in species diversity in the later survey, attributed to decreases in
,,

S02 levels.

● Increase in the number of nitrophytic species such as Physcia caesia in
1988/89, probably due to bark pH ador F@.

2.3.1.3 Regional surveys

The Calibrated Lichen Indication Method is a standard method of evaluating
,.,
..”

biological effects and total air “pollutionin the Swiss midlands (Herzig’et aL, .. .,

1989). It evolved as the result of comparisons betweemtwenty variations of the “



I./@ calculation and techtical emission data. The model, JA.P18 was selected
because it produced the highest correlations. The model is based. on the
tiequency of forty selected lichen species. Five zones of effect have been,
categorised which correspond to five zones of total dir pollution (Table 3.3).

Table 3.3 Five classificationzones correspondingto degree of injuryto
lichen flora and level of total air pollution (Heczig et aL, 1989)

,/

Lichen zones Emission zones

Lichen desert, Critical air pollution

Inner struggle zone . ‘High air pollution ,

Outer struggle zone Medium air pollution

Transition zone ‘‘ Low air pollution

‘Normal zone Very low air pollution

Osaka plain in Japan was divided into three areas.for the purpose of assessing
lichen distribution patterns @ relation to air pollution (maiply SOZand N02) in ,
the region (Ekunada et al., 1995). Frequency and cover of five ~digenous lichen
species were mapped. Lichen frequency was me~ured as the percentage of
trees possess,bg a specitic lichen species of all trees @ each grid u@. Lichen
cover was categorised according to three classes s 1/3, > 1/10 to 1/3 and Q , “
1/10. Phaeophyscia limbata displayed relatively I@h tolerance. Frequencies of
this species peaked at intermediate S02 concentrations (7 to 8 ppm for this
region) and were depressed at low and high ‘pollution’areas. In contrast
Lecanora puiverulenta proved a better bioindicator, decreasing in frequency
with increasing distance ffom the central, po~uted tieas. Conclusions were
easily diawn with respect to S02 pollution. However, this study revealed the
comparative lack of knowledge in te~. of NOZ contaminatio~ despite NOZ
levels reaching three time$ that of S02 m the Osaka plain.

2.3.1.4 Urban apd industrial surveys .

Despite some regional studies, lichen distribution in relation to urban studies is
still ~e most common application. Additionally, lichens continue to be
frequently tied to estimate air pollution influences of industrial sources.

Nui.r and McCune (1988) undertook comp~sons of lichens, tree SO* ~d
foliar symptoms in deteckg air pollution in a polluted area of IIJinois and a
‘cleaner’ area in Indiana. Differences betvieen the tsvo sites were most
pronounced in lichen resuhs; which reflected sever$ years of air pollution.
Foliar symptoms tended to indicate ccmditions of the current year. Species
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richness, toti. cover and species composition were greater in the least polluted
site.

Despite criticism, IAP methods have been practiced exte~ively in air pollution
monitoring, particularly in” mapping studies. In Thessaloniki, Greece
(Diamantopoulos et al., 1992), IA% for twenty one sites were calculated.
according to Leblanc and DeSloovers’ (1970) formula

IAP=+~(Qxf)

where n = number of species present ai a site

f= frequency (cover) of the species (scide of 1 to 5)

Q= ecological index of each species i.e. the mean number

of other lichen species growing tith the species

under study in the sumeyed area

In association with this, a site-by-species mati was subjected to Detrended
Correspondence Analysis (DCA) (Hill and Gauch 1980) and Polythetic
Divisive Technique Two-way Indicator Species Analysis (TWINSPAN) (Hill, ~
1979). The results of the ordination and classification anaIyses and IAP
calculations were compiirable, enabling separation of J.ichenspecies into three
groups and sites into four zon’es.Zone A represented the most polluted sites,
with Zone D depicting least polluted sites. IAPs ranged from Oat zone A to,37
at the least polluted site within zone D. Lichen groups 1 to 3 succeeded each ‘
other and were characterised by varying degrees of pollution. Zone A showed
an absence of epiphytic lichen flora. Zone B was characterised by group 1
lichen species dominated by Physcia aa!scendensand Xmthoria parietina and ‘
lacked group 3 species. The relative frequency of group 1 species is lower and
group 3 species are still absent in zone C. In zone D, lichen group 3 species
dominated.

,’-,,

.,.
!, ,.!;

,. .
,., :; ., jj Few physico-chemical measurements were available for the s~dy area and”.!,,.,,. ,e,~,.

conclusions on pollution levels were based on the distribution of lichen zones. A
.,. ,

~’-, .;,~
,,:;,’;,,. ,. ,.,q,.,,,,.J noteworthy obsemation was the association of the foliose lichen Hypogymnja
,“?.‘ .;F;,

physodes with only tbe least polluted sites. In contrast this species has been
,,

.,,. ,”,- ‘$.J,.:,,:>,,-,. ,,, ,,.,.$,,,.;;:,,:; ,.,;f.;.3 documented as having moderate tohigh tolerance to ,S02 pollution (Hawkswofi
1

.,,.,,.,,,.:,.,.:: .-,!f,;, and Rose, 1970). .,,
f,,,.,

,., ,>~$.: .,’..,
1 Ammanu et al. (1987) discussed a slightlymotied form of the IAP, sometimes

,,

/: , ,’,t?., ,, ..,“; !,,.,,ti referred to as the Ammanu method. Herzig and Urech (1991) cited by Loppi et” ~.
, ,!,.:,, !1,:,~j+;!

,.
?,, .,., .,,,.,,,::r,..0 al. (1996) illustrated the reliability of this method in monitoring total air

; :,>~!-,!,,,,,, ,,; f.6/.., pollution and recommended its use in alliance with standard sampling’
,.

,,, ,.. ,}j
?. ,’,:,,,.,,#,;: procedures practiced in Italy. Kumer et al. (1991) applied this methodologyin a

.’
,, .,. ..... -,,,>,, J.

,:,!-,-”.,’.,,,,‘;$j‘, -.,.;
}.“\
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study of air pollution in the Ferrara area (north-east Italy) and Loppi and
Corsiui (1995) adopted it in a study of air quality in the town of Montecatini
Terme,.”CentralItaly. Loppi et af. (1996) applied it in Arezzo in central l@ly and
Loppi (1996) used it in a study of geo@ermalair pollution in cen?nl Italy. The .
method was as follows:

,,

1 to 4 trees were chosen at each sampling station

a 30 x 50 cm grid, divided into 10 “tits of 10 x 15 cm was placed on the
trunk of each tree at a height of 120 to 200 CQ in the part of the bole with
the highest lichen density ‘ -

all the lichen species were fioted together with their frequency (F), i.e. ‘tie
number of grid units in which the species was present \’

L4P was calculated for each grid as the sum of all the frequencies present
@W=ZF)
Reported IAPs for each station were taken as the maximum value calculated.

Zone maps of air.,qu-tity were constructed either by a function equation using
maximum and mmunum L4P inlues (lGuner et al., 1991) or by the plotting
programme SURFER (Loppi and Corsini; 1995). Kiuner et al. (1991) detected
seven classes corresponding to difilerent levels of air pollution. Loppi and
Corsini (1995) and Loppi et al. (1996) detected four zones - Zone A very high
pollutio~ Zone B: high pollutio~ Zone C. moderate pollution and Zone D: low
pollution. Lichen sensitivities in these studies showed compliance with similar
urban studies. Both studies suggested that vehicular tratlic was the main source
of air pollution in the study areas. This emphasised the transition from S02
breed pollution to NO. and CO in tow and cities, and ~ effectiveness of the
Ammann method in detecting other pollutads besides SOZ. .

Iniprovement in air quali~ in north-west London in 1989 was reflected by
recolonjsation of some epiphytic lichen species since 1980 (Hawksworth and
McManus, 1989). Recolonisation in response to decreased mean winter S02
levels of 130 pg m-3 to 29 to 55 pg m-3 appeared not to follow the normal
sensitivity scale sequence “(Hawksworth and Rose, 1970). Instead .@e
recolonisation process exhibited ‘zoneskipping’,where species did not return in
the sequence that they disappeared. An assemblage of zone 4 to 5 species failed
to colonise where more sensitive zone 5 to 7 species had. SOZlevels had fallen
so rapidly over the’stidy period that the con@ions necessary for inwion of
zone 4 to 5 species did not occur. ” ,,.

A lsvelve year study of epiphyte recolonisation of Quercus robur in south-east
England revealed that recolonisation of oaks M lower than for other tree
species’such as Salix (Bates et al., 1990). This was attributed to the high bark . ,
acidity, of older London oaks preventing recolonisation of even the relatively

.-

88 ‘



,,” ‘ , l’..,;

\

tolerant species. ‘Othertrees composed of basic bark possessed higher builering
capacities.

Recolonisation surveys in response to ameliorating S02 levels in qrban areas are
complicated by an array of factors. Recolonisation is at%ectedby the rate of S02
decrease, nature and age of the substratwq lichen form (foliose species appear
to be more successful in recolonisation than crustose species), competitive
nature of Iiche% extent of agrochemicals and other pollutants in the area
(Seawar~ 1993).

A detailed study of lichen communities in the viciuity of a coal power station at
La Robl~ Spa@ revealed three areas of contamination (Alfonso aud Rodrigueq
1994). Little air pollutant data was available but the thee areas were
characterised.below

,..
,: .,,.,
},;’
,

j,

,.~,,
... ,.
.,,
:...:

,,’,

.: ),..

“ ~ ,.‘. ,.
;,,, ,., .:;3. ,
..-, . ,.
.,. .
.,, . . ,

●

●

●

Area I represented the most polluted area. A total of 38 di13erent lichen .’~”,, ‘.,,::
species were observed. For Quercus pyrenaica, IAP, global average .’ ,’.,,. . .. .
coverage (GAC) and species richness index ranges were calculated at 3.0 to ,,,’,

6.0 x 10-*,6.0 to 11.0 and 0.2 to 0.5, respectively. Species development was
f“.+ ,. ,’,,
:...’..,., ,/;‘,

poorer than in the other areas. ,.:~

Area II contained 57 lichen species. This area obtained intefiediate indices
.~.,:,,,.,.,, .

,.. ,:’.~’,~’.,:
values in cornprnison to the other areas. . ~

,..
>, ‘,, ;,.

Area III was the least polluted are% supporting 64 well-developed lichen
. ...,

species. Highest indices were.also obsemed. IAP values fell in the range 11.9
to 15.8x 10-*,GAC ranged ftom 21.0 toQ6.2 and species richness from 0.7
to 1.0. ,“

For Mm-e monitoring of the are% the authors recommended a selection of
valuable bioindicators for three phorophytes used @the study.

2.3.2 Sulphur content
i

Lichen sulphur (S) concentrations are often measured in association with trace
element accumulation studies.

Bruteig (1993) studied atmospheric sulphur and nitrogen deposition in Norway .-
as part of an ongoing programme established to monitor deposition and effects

,.

of long-range transported pollutants on vmious ecosystems and organisms; The
,,, .,,,, ,

author highlighted the importance of sampling strategy and’presented detailed
,,

procedures for sample collection aud analysis, which took place h 1990.
,
:2

Sulphur content in Hypogymniaphysodes ranged from 0.046 to 0.183V0sulphur
of lichen dry weight. Regression analysis demonstrated that sulphate deposition

,,.

accounted for most of the variation in measured iulphur concentration.
..-

Burton (1986) concluded that sulphur isotopic ratios provided a useful method
,,,

of assessing main sources of S in lichens. Takala et aL’ (1991) undertook a
large-scale sulphur isotope study of epiphytic and terricolous lichens in non-

;>
,. ’,-,,.,
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polluted areas in F’inkmd. The lichen species Hypogymnia physodes showed . .

highly significant correlation between S isotope composition and S content.
>.- ‘..

.

A regional gradient in lichen S content was obse~ed by an intensive stpdy in ‘
. . eastern Canada (Ziikshek et al., 1986). I@hest concentrations (959 pg g-l)

were observed near a smelting comple~ and decreased progressively heading
east to, 329 Kg g-l within the remoter areas of the region. Thalli S content
displayed agreement with sulphate deposition measm.ements in the study area.
Lichen S concentrations k eastern Canada in comparison to north-western
Canada reflected the higher po@ion tkrden in the east.

,,
2.3.3 Response methods

.
2.3.3. I General lichen health

Reduction in fertility, injured thalli and absence of young thal.liare indicative of
air pollution degradation (Wetmore, 1988). Other external changes listed by
Kotics (1992a) included change in tballus colour, reduction’in thallus size and
changes in the thickness of the th~us. (

The contained algal part of lichens is responsible for lichen sensitivity between
species (Richardson 1988). Jncreases in the number of dead and pkismolyzed
algal cells and decreases in size and number of regenerative algal cells have
been used to measure lichen injmy in respoqse to air pollution (Kov6cs, 1992a).

The same author also”presented a @blewhere the rate of degeneration of lichen
thalli due to S02 pollution was correlated to damage to higher plants. For
example, a rate of lichen degeneration of 10 to 35% represented chlorosis and
necrosis of the leaves of conifers and cultivated plants. Increasing rate: of
degeneration implied greater impacts on agriculture, sylviculture and
horticulture.

Many European countries utilise vitality scales in assessing the health of lichen
thalli (UN ECE, 1993). Five vitality classes are exjxessed

1. normal
.

2. slight -ge’

3. distinctdamage
4. severe damage .

5. dead. ~ ~ ‘

Caution should be exerted in lichen health studies to ensure that damage is the
result of air pollution and not of other environmentalfhctors.

2.3.3.2 Physiological ond biochemical effects

Some commenp on physiological and biochemical e’ffectsof air pollutants on
lichens were mentioned in Section 2.2.2. Physiological and biochemical
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responses of lichens can be assessed by laboratory and field studies. Field !
studies under natural conditions are necessary in determining long-term effects :,
of air pollution on lichen metabolism. The basis of laboratory experiments is to
con.firn under controlled conditions the implied effects observed in the field. ‘ ~:’
Brown (1995) details the interpretive problems associated with cryptogam ..
physiology when measuring characters such as gas exchange, chlorophyll.

.!

stability rmd free radical protective systems in the laboratory. Fields (1988)
provided a comprehensive overview of the physiological responses of lichens to

,,

air pollutrmt fumigations. Browg” (1995) details the interpretive problems
associated with field fiunigation studies. K whole spectrum of literature ,is .,
available with respect to air pollutant @mage to lichens. This includes .-’

Richardson (1988, 1991), Kowics (1992a), Seaward (1993) and Calatayud et al.
.,,

(1996). The following paragraphs will concentrate on effects on lichens, which ‘‘ ‘ ‘ ,
are applicable to biomonitoring in the field.

In ~jeka City, Croati% the extent of cell membrane damage in lichens was ,.
correlated wi~ established lichen pollution zones (Alebic-Juretic and Arko- ~’‘.
Pijevac, 1,989).The laboratory procedures are detaiIed in the paper and entailed ,,
measuring electrolyte leakage (mainly K+ ions) from the prepared. lichen

..:,’

specimens, and specific conductivity @ leachate when immersed in deionised :.’
water. Parmelia tiliacea collected,from sites in the lichen desert and struggle

,< >,’,,,

zones showed the highest specitic conductivity and K content in the Ieachate.
,:

Comparison of lichen species at a coastal control site, 25 km away from Rijek%
,.
.’

showed that the most sensitive species, Parmelia perlata, exhibited the most ::
membrane damage whereas the most resistant species, P. Smatilis, was ,,.

regarded as healthy. Results were tentatively correlated with SOZ
concentrations. Humidity plays a role in lichen damage measured as electrolyte ,,, ,,

leakage, which is significant in semi-tid and arid locations (Rope and Pearson, ,<’,-,,. ,
1990).

,..
,, ,”, ,,.,

A s,jmilarinvestigation w=’ undekken within the city of Biel, Switzerland (von
Arb and Brunokl 1990). Various physiological responses were measured in
naturally growing lichens collected from sites with five defined pollution
zones. Annual growth rate of Parmelia sulcata was seven times higher and
statistically greater in the low pollution zone thah in the critical total air .
pollution zone. Tran3fer of C-assimilates from algal to fimgal part of the lichen
decreased significantly (fifteen times less) between the urban and suburban
zones. Chlorophyll-a content in lichens increased si@cantly within the higher
pollution zones in’the city and was attributed to elevated NO; em”ssion from
vehicles. Marked changes in the rate of net photosWthesis and dark respiration
were not as evident between varying pollution levels.

Silberstein et al. (1996a) used a variety of physiological parameters to
distinguish relative sensitivities of two lichen species (Xmthoria parietina rmd
Ramalina duriaei) in Israel. By transplanting R. duriae from clean locations to
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,.

polluted areas where X parietina persists, comparisons ,between @e species
were made. The possible protective mechanisms of Xmthoria parietina ‘are

“ discussed @ Silberstein et al. (1996b). The dMerent physiological responses
observed between the two, species- may provide further use of lichens as
bioindicato~s. These ~e listed below “
●

●

.“‘

●

:..
# ●

●

Red autofluorescence in photobiont cells indicate healthy cells. Changes in ,
colour to brow orange and then white under the W microscope indicates
increased polhtion damage to the algal cells. X parietina in the polluted and
clean environments exhibited red hhtofluorescence, whereas only R. dun”ae
from the clew site demonstrated red autofluorescence.

Chlorophyll degradation was represented by the ratio of optical density at
435 and 415 mu (OD 435/415) in. pigment extracted with dimethyl
.wdphoxide (Ronen and GahnL 1984). R: duriae showed a reduction in OD
435/415 ratio from the clean to po~ted site. This parameter has been
suggested as more appropriate than chlorophyll-a content (l$ardish et al., ‘

1987).

A significant decrease in photosynthetic rate (measured by photo-acoustic 1,

spectrophotometry, Ronen et al., 1985) was observed in transplanted R.
duriae. This was not consistent with results obtained by Vori Arb aud
Brunold (1990).

Electrolyte and potassium Iekge from lichen membranes can also be used
as an indicator of S02 contamination as mentioned previously.(AIebic-Juretic ,>- ‘,

and Arko-Pijevac, 1989). Silberstein et al. (1996a) fofid a significant
increase in electrolyte Ieakage in R. duriae from the clean to polluted
location.

ATT content (Silberstein et al. 1990) decreased significantly only in
tmnsplanted R. duriae. Kardish et al. (1987) discovered similar trends when
R. duriae was transplanted from a clean site to a selection of monitoring
sites. ATP, content in lichen thalli decre~ed with increasing pollution at one
site. IrI the same study ATP content preyed a much more sensitive indicator
of pollution damage than chlorophyll degradation despite the more time-
constig procedures involved:

The benefit of the latter two parameters is that ~ey are related to the whole
lichen and not just the photobiont. The other parameters are indicative, of ~
changes in the algal part only (Silberstein et al., 1996a). -

The production of stress-ethylene by Iichens”is another potential physiological
respons’ewhich could be used in bioindication of air pollution in communities in
their natural habitats or as a measure of dtiage in lichen transplants. ‘

lh concl~io& alterations to biochemical, and physiological mechanisms are
usefid early detectors of air pollution. However, natural-conditions may also
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affect many internal processes and the inclusion of healthy specimens within the
monitoring programme is always advisable. -

2.3.4 Transplants .

The following section addresses recent lichen transpkmtation studies only in the
context of bioindication andlor biomonitoring of air pollution.

In the city of Cordob% Argentina, the tichen Ramalina ecklonii was
transplanted to 24, dKTerenturban sites along three transects of varying trfic
‘density (Levin and Pigna@ 1995). Lichen samples collected from a ‘clean’site
north-west of the city were hung in nylon bags at a height of three m for eight
weeks, ,prior to analysis. ChlorophyU pliaeophfi conjugated dienes

‘ concentration%soluble protein content and thalli sulphur content were used as
bioindication of air pollution in the study area. Assessment of the effectiveness
of each” parameter would have been uselld. Although di.iYerencesbetween
transects were observed, no indication of decreasing effects from distance from
pollution sources or pollution gradient was apparent. A potentially usefid
Pollution Index (PI) for each transplant was employed in the study defined as

‘ follows:

PI= (Pa/Ca + St/SJ * CDt/CD~

where Pa= phaeoph~-a concentration (mg g-) dry mass) .

Ca = chlorophyll-a content (mg g-l dry mass)

St= sulphur content of transplant (mg g-*&y mass)

S.= snlphur content of control Jichen (mg g-l dry mass) “

CDt = conjugated diene in transplant (mmol g-*@’mass)

CD.= conjugated diene in control (mmol g-] dry mass)

On the basis of the above results, a later more intensive study focusing on one
sector of the city-of Cordob~ Argentina was undertaken by Gonzalez et al
(1996). The investigation obtained more detail of the traflic and industry related
pollution in the area. Sulphti content in lichens WASconsidered a good indicator
of heavy traflic sites aud PIs proved effective in distinguishing between sites
with heavy industrial activity. Vehicular traffic was regarded as the most
significant source of pollution in.the study area.

A recent development in lichen transplant methodology was ‘the culturing of
epiphytic licheris on inert non-absorbent materials’ which enabled ‘easy and
repetitive determination of biomass growth rates’ (McCune et, al., 1996). These
authors proposed effective modifications of this technique and discussed
biomass, growth rate crdculations~The developments play an important role fop.
air pollution monitotig using transplants, enabling other parameters such as
biomass grofi rate to be compared between clean and polluted areas.
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2.3.5 Combined methoak

Wetmore (1988) proposed
r: ‘,.

a combination of lichen methods for the rapid
assessmen; of ~ quhty in large areas, such as national parks ii the Uni~ed
States. The so called ‘floristic method’,involved collection of samples of all ‘
lichen species at each chosen sjte for identification and elemental analysis, and
notation of the health of the lichens at each locality. Lichen heidth was assessed
by observation of sympto,m associated with air pollution damage dead or
injured thalli, abnormal growth patterns and freqtiency of fertile thalli. Details of
lichen habitat such as substrate and habitat disturbance were also included in the
fieldwork programme. Lichen tiata was compared with historical records of the
arerq with flora of the same region in a known area of cleiin air and the natural
geographical distribution and habitat requirements. This established absent
species which would normally occur h the study area. We@ore (1988)
postulated that ifthede species were regarded by the literature as sensitive to air
pollution, this ‘could be a possible explanation for the lack of such species. A
distribution’ map ‘cifthe most sensitive species could then be produced and
compared with the distribution of thlli witi..elevated element concentrations. .
Wetmore (1988) concluded that the. florIstIc method could provide ~efid
baseline data for the whole lichen flora in a large are% paticukaly in the Uni{ed
States where lichen flora data is limited in,comparison to Europe. The author
also stressed its benefit as a scree~g tool to deten&ne are~ requiring fin-ther
investigation. In these respects the floristic method’ would be usefid in the
creation of databases for long-term monitoring of air qur@y ,chamges,the
application of which is growing ~ importance for internationally aud nationally
protected areas. . ‘

2.4 Fluoro-compouno% .

Available data was limited with-regard to t$e assessment of fluoro-compound
contamination utilising lichens.

Most studies are concerned with accumulation of fluoro-compounds in relation
to a point emission source. However, distinct visible injury of lichens in
response to hydrogen fludride (kIF) has been observed (KOV5CS,1992a).
Lichens turn grayish-white in colour, colony size is reduced and finally colonies _-
separate. ,..,
Rope and Pearson (1990) reported levels of fluorine in Lecanora
melanophthalma two to four times greater at the Idaho National Engineering.
Laboratory sampling sites than at two referdnce sites approximately 60 km
away.

In A@esey hi Wahes, monitoring of lichens k, 58 permagent quadrats in the
vicinity of an Almninium works had been conducted since the 1970s (Perkins,
1992). Response of saxicolous lichenswas slower fhan observed k“ c,orticolous
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species. Fluoride concentration in thalli reached 396 pg g-l at well-exposed sites
0.6 km from the works. Percentage cover and,~ride content-o~Ramalina sp.
varied depending on exposure of sites and (hstance from works. Percentage
cover and fluoride content in lichen thalli were closely correlated. Using
regression analysis it was predicted those fluoride concentrations of 300 pg g-l,
100 pg g-l and 50 pg g-l would correspond to 46, 15, and 10% loss in lichen
cover per year. This work is an example of a coherent long-term data set
enabling $e most appropriate bioindicator species to be sought exposure of
long-term trends and prediction models to be determined.

2.5 Nitrogen oxides and ammonia (NOxand NH3.) .

Nitrogen deposition is increas”kgin many areas primarily due to increased road
traffic intesity and fin-ther laboratory and field. Iinnigation experiments and
reasearch are needed to contirm the effects of NOZon lichens.

Symptoms in response to N02 exposure include the production of dark bodies in
the vacuoles of algal and fi,mgalparts of lichens (RichardSo& 1988). Field
fumigations in Sweden found that nitrogen fixation in the nitrogen fixing lichen
Peltigera aphthosa increased when exposed to nitrogen in neutral solutioq and
a combination of ammonium and sulphuric acid had deleterious effects on the
lichen (1-Mlingbackand Kellner, 1992). ,

In he Norwegiau study of nitrogen and sulphur deposition in the epiphytic
lichen Hypogwnnia physodes mentioned previously, Bruteig (1993) discovered
nitrogen content levels in the lichen thalli in the range 0.42 to 1.9670lichen dry
weight. This value was ten times that of thal.lisulphh content. N/S ratios were
higher in southern Norway and correlated well with the estimated N/S
deposition ratio in Norway. Regression and correlation analyses indicated that
most of the variation in lichen N content was attributed to annual mean nitrate
concentratio~ annual mean concentration of ammonium in precipitation and
annual wet deposition of ammonia. The d of the survey was to provide a
large-scale spatial picture, and results showed that long-range transported
nitrogen from central Europe and Britain contributed significantly to the ‘
nitrogen content in Hypogymnia physodes. In additio% this study emphasises
the growing iniportance. of nitrogen compounds in air pollution over the past
fifteen years.

2.6 Ozone (OJ

There was also paucityin the literature in relation to lichen bioindication and
0s. Some fumigation exercises have been reported.

The effects of COZ and Os on green-algal lichens (Parmelia sulc@a) under
controlled Iaboratoxyconditions were investigated by Balaguer et al. (1996).
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Fumigation of two lichen species with S02, 03 and a combination of boa
suggested that 03 was more -phytotoxic than S02. The combination of gases ‘
produced difTerent ukistructural changes than exposuie to either pofiutant
alone (Eversman and Sigal, 1987).

In the Liphook forest fumigation project mentioned previously, effects of 03 on
lichen colonisation were also investigated (Batei et al., 1996). No mtiked
changes in the abund~ce of colonizing lichens ‘in response to 03 fiunigations
were observed.

. \
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3 Fungi ,,

3.1 General

Burton (1986) found tha~ available information concetig fimgi and air
pollutants was sparse compared to lichens and bryophytes, was hnited to plant
pathogens and was based largely on short-term S02 fi,unigation studies. This
remains the situatioz but since -1986 a few authors have discussed fungi as
potential bioindicators of air pollution damage in forests (Felluer, 1989; Mam
and Shafer, 1989).

‘ Mycorrhizae (root symbioses) are responsive to effects of atmospheric
deposition on forests and ectornycorrhizae in particular may be the first be of
biological defense against stress for trees (Marx and Shafer, 1989). In their
review of fimgal and bacterial symbioses as potential biologic markers of effects
of atmospheric deposition on forest heal% Marx and Shafer (1989) concluded
that the lack of standard techniques to assess these syqbiotic associations and
the paucity of base-line data on,healthy forests limited their utility.

Fellner (1989) and Fellner and PelikovA(1995) proposed mycorrbiza-forming
fi@ ~ potenti~ biotidicators of air pollution by indicating the disturbance of .
forest ectotrophic stability in the ‘CzechRepublic. The paper is brief but two
myco-bioindication methods were proposed

t

Myco-indication through mycocoenoses (assemblages)

This combined the evaluation of the ratio of mycorrhiza-forming fimgi
(fungus-root) to all macromycetes within the study area with an examination
of the degree of pauperization of ectomycorrhizal mycocoen”oses. Three
stages of impoverishment have been identified which are also linked to three
stages of disturbance of ectotrophic forest stabili~ and enhancement of
Iignicolous mycocoenoses (Table 3.4) (Fellner and Pe3koti 1995). Fellner
and Pe3koti (1995) debated the utility of fruiting bodies as representative
measures of the occurrence or decline’of mycorrhizal fimgi. The authors
demonstrated that the proportion of proper mycorrbizal active tips was
positively correlated with the proportion of mycorrhizal species and could be
used to replace fruiting body counts. ‘.

Myco-bioindication through selected sensitive fimgi

The presence andlor abundance of Russula mustelina was recommended as a
suitable myco-bioindicafor in mountain and submountain spruce fo~ests of
central Europe. .
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Table 3.4 The system of forest deterioration as a consequence of air pollution
(after Fellner and Pe5kova, 1995) ,’

Ecotrophic forest stability Ectomycorrhizal Lignicolous
disturbance (degrees) mycocoenoses ~ mycocoenoses

impoverishment enrichnient
‘(phases) (phases) “ -

Latent - The percentage of
species of ectomycorrhizal fungi
in the total count of
macromycetes decreases to
40%, while the percentage of
lignicolous species tends to
reach more than 30°A

Acute - Ectomycorrhizal
species contribute constantly
less than 41)y0 of the total
number of macromycetes, while
Iignicolous species as a rule
e~ceed 40Yo” . ,,

Lethal - Ectomycorrhizal ‘
species contribute constantly
less than 20%, while lignicolous
species as a rule exceed %~0

of all macromycetes

Inhibition of sporo&p
production (accompanied
with a decline of highly
sensitive species, e.g.,
hydnaceous fungi)

Reduction of sDecies
diversity (with a
continuous inhibition of
sporocerp production)

Partiai to total
destruction of
mycorrhizal
mycocoenoses

Stimulation of
sporocarp’
production

Increase of species
diversity (with a
continuous
stimulation of
sporocarp
production)

Expansion of
mycomenoses

6 .,

In the Netherlands,, Schaffers and Te~orshuizen (1989) obtained strong ‘j~ . ‘”’
negative correlations be’uveenthe number of mycorrhizal fungal species on field
stands of Pinus sylvestris L. and the occurrence of fruit bodies on these species
with levels of NIL ~d S02. The autiors were riot aware iftii.r pollution tiected
tree vitality which consequently altered the mycoflora or vice versa. If air
pollution influences in the mycoflora mod@ tree vitality these associations
could potentially be used as early indicators of air pollution impacts on tree
vitality in forests.

The number of fimgal endophytes isolated from birch leaves in Lapland
decreased significantly in response to simulated acid ti’treatments (Hekmder
et al., 1993). Such sensitivity enhances the potential of these endophytes as
bioindicators of air pollution.

An open chamber fiunigation study in Cal&orniaused percentage frequencies
and diversity indices to measure the effects of 03 and S02 on Ieaf colonizing
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fimgi of three tree species “(Fennet al., 1989). Chronic exposure of the trees to
either pollutant reduced the fnngal populations ani to a lesser extent reduced
fungal diversity on the leaves; ‘

Other studies concentrate on effects of air pollutants on host/pathogen
combinations. These are generally impact assessments associated with
economic crop and forest sp;cies rather than in the context of air pollution
monitoring (Lorenzini et al., 1992; Wookey and Ineso~ 1991; Khan and
Ku@resth~ 1991; Tiedemann et al., 1991; Singh aud BharaL 1990).

3.2 Leafieasts andsulphukdioxide (SO~

Dowding and Richardson (1990) demonstrated the suitability of Ieafyeasts for
assessing air quality in both urban and rural areas of the non-Mediterranean
countries of Europe. L.cz@easts are found on a wide variety of leaves in
temperate regions and actively discharge spores at night. These properties
enabled the development of a simple and effective methodology for collecting
and isolating Sporobolomyces roseus, the most common le~east. Dowdiug
(1994) detailed an extremely clear and concise description of a method designed
for school children in a co-ordinated survey. Other advantages of using
le@easts for air pollution monitoring are their sensitivity to SOZ,their ability to
provide a current assessment of air pollution and results can be obtained within
one week. Furthermore, sampling work in Hamburg established quantitative
relationships between Iea@eastnumbers and S02 levels, where a regression line
was derived between the -natural logarithm of. counts and mean S02
concentration for the previous four days. Yeasts respond to S02 levels in the
range Oto 100 pg m-3(Dowding and Richardso% 1989). The disadvantages of
the leat%east method are ik reliance on weather and seasonal conditions.
Leafyer& growth is restricted to the time of year when deciduous trees are in
leaf and show variations with time of year, which will vary wifi location aLI~
country. Spondation is enhanced in wet conditions such that weather condition
on days immediately prior to collection tiect numbers significantly.

.,

..
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4 ‘Algae -

Burton (1986) was sceptical towards the use of algae as biomonitors other than
as an indicator of urbam boundties. Although literature on the use of algal
biomonitoriug of air pollution is rare, some,recent developments have occurred
in this area.

An increase in epiphytic ‘hlgalgrowth usually coincides with a reduction 6?
disappearance in epiphytic lichens (Wuninen et al., 1993; Brakenhiehu and
Qinghong, 1995). Green algae reipond positively to increased nitrogen
deposition (Bates et al., 1990). ‘Algae have been included in epiphyte
recolonisation studies (Bates et al., 1990), where Desmococcus viridis decline
was postulated to be a consequence of decretiihg S02 levels in Londo& UK

The use-of epiphytic algae as bioindicators of ak quality has been hindered by
the lack of a non-destructive, non-laborious s~pling method. Hanuinen et al.
(1993) proposed a reliable, replicable method, which overcomes these obstacles
and flows time series analysis. This method was based on photography and
digital image processing used to estimate the chlorophyll density of the algal
layer. Detailed ,rnetiodology aIong with calibration and testing aspects are

- outlined in the paper.

Since 1986 aerial green-algal rnonitotig has been carried out annually in about
twen~ reference sites & part of’ @e National Swedish Environmental
Monitoring Programme (PMK). The abundance and. colonisation of mairdy
Pleurococcus vulgaris (Protoco&s’ viridis) growing on needles of Norway
Spruce (Picea abie,s) were related’ to. atmospheric deposition. Detailed
methodologies are found in Brakenhiehn (1996), Brakenhielm and Qinghong
(1995) and Bemes (1990), and are sumu.prisedin the following paragraphs.

● Sa.hple sites consisted of 20 small trees r&d on each of them algae on
needles’ of three branches at eye height were observed wing a magoif@g ,. . .
glass. .

. Algal thickness was categorised into tb.@medium or tick classes.

● Algal colonisation rate w~’ estimated as &e &verse of age (l/A) of the
youngest ~u@ tmmch (A = age) which hadbeen colonised.

. Climatic, geographic and sulphur and nitrogen deposition data were
collected. ,

Jn a study of spati~ and temporal patterns of epiphytes in relation to low leve~
long-range pollutant,deposition inSweden @ake@ielm and ,Qinghong, 1995),
spatial .@tribution of algal colony thickness and colonisation rate correlated
well Withclimatic conditions and pollutant deposition gradierits in the country.
However, the statistical analysis was not capable of distinguishingbetween the
natural and agthropogenic effects. The four-year algal data set from 1989 to
1993 was not sufficient to. draw conclusions about temporal variations.
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Colonisation rate was though~to be a more reliable and objective sampling toc$
than colony thickness.

Brakenhiehn (1996) obtained comparable results with. the above study.
Refinements such as partial Redundancy Analysis @DA) and modeling were
applied to the data in an attempt to clarify sign~ and noise relationships. The
author concluded that climatic factors were of primary importance in green-algal
distribution and deposition of S and N were of secondary importance. However
under similar climatic conditions, epiphytic green algae are potentially good
bioindicators of S and N deposition.

‘UN ECE (1993) prescribed sanpling methods for acrid’ green algae in their
manual for integrated monitoring programing phase 1993 to 1996. The basis is
similar to the: Swedish format but the following modifications/additionS are
provided precise details on tree selectiou a four point scale is used in assessing
algal thickness; the type of annual shoots to be used ,@the assessmen~ and
recommended sampling time is July to September. All of this information is
used in the assessment. ~ :
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5 Hi@er pIants,,

5.1 Introduction “

Literature related to”higher plants (i.e. he~bs, grasies~ trees and shrubs) and air
pollution is vast. There, is a &owing concern of the effects of air pollutants,
particularly ozone (03) on c;ops and forests and literature in these areti are ,
particularly extensive. Bennett (1996) prepared a floristic summary of plant
species in the air pollution literature derived from the BIOLEFP database
(Bennett and Buche& 1995). Smidt (1996) summarised the type of assessments
used in the ev@ation of air pqllution stiess on forest ecosystems.

This section is directed to’wardspub~shed literature focusing on monitoring of .
gaseous air pollutants and no attempt has been made to cover the extensive
publications on the effects of air pollutants ou higher plants. Bioiudicator plants
have been used 6 indicate the relative air quality of specific areas and regions
and can provide unique iufonhation as to the ambient air quality titbin a
particular area.

The most conunon method of bioindication is visible inj~. Prior to the
establishment of the’ Environment Agency in ,England and Wales, W& a
guidance manual on the diagnosis of air pollution injury to vegetation was
produced .by HM Industrial’Air Pollution Inspectorate (Hh4API) (TayIor et al.,
1990). This is a comprehensive volume, which successfidly attempted to
provide a guide to aid personnel in ident$ing the ~ange of factors, which may “ c
lead to particular symptdms in the fiel~ particularly in association with
industrial sources. The text covers most major pollutants and a wide range of ‘~
plant types and plant parts. This manual is unique in that it extends beyond ~
reportiug pollutant effects on vegetation in that it is structured to enable the user
to detect the pollution (i.e. bioindication). .

Generally, visible injuries are typicallynon-specific and may indicate various
stresses on the plants. Increa$ngly physiologic~ structural and biochemical
effects are being’used in biomonitoring studies. These responses not only occur
prior to visible’ injury and ‘therefore represent early detectors but also are
regarded ai more precise and objective parameters.’

Turcsanyi (1992) reviewed the yse of plant ‘cells and tissues as indicators of’
‘envirotiental pollution. The .eRectsof acid gases such as N02, S02, and HF on .
cells and ,$isties were discussed. Saxe (1996) provided an excellent overview of
bioindicatwe metlods involving biochetic~ physiological and ukrastructural
processes. This was a sequel lo a previous review by the author (Saxe, 1991).
The extensive 1996 review focused primarily on forest decline and air pollution
injury and cons~deredlaboratory and field based conditions. The mechanisms
discussed included photosynthesis and stomatal conductance,,leaf pigmentatio~ ‘
chlorophyll fluorescence, element conten~ metabolize conten$ enzyme activity,
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morphological analyses, uhraslnxcture and+ histopathology and genetical
analysis. This literature is used extensively in.the succeeding sections.

5,2 Critical loatidlevels

The concept of critical loads and levels is gaining profile world-wide. Critical
loads and levels are not directly related to biomonitoriug using plants as such
but do warrant recognition in this report. Bioindicatiop using sensitive species
plays a role in establishing critical levels and loads. -

The basis of the criticaI levelslloads approach is that that once the sensitivity of
an ecosystem to acid deposition or to gaseous pollutants is established a critical
load of wet deposition or a critical level of gases is calculated and set. Below
this value the ecosystem will not be significantly damaged. These values are
then compared with actual o~ estimated concentrations at the locations under
study. Load and level exceedances can then be established and emission
reductions and controls can be initiated. This is regarded as. a more scientific,
quantifiable method of assessing effects and planning em-ssion controls
compared with the previous arbitrary,percentage reduction approach. Critical
loads and levels are being mapped for countries in Europe and North America.
To date, critical Ievels have been set for the effects of SOA 03, NO= and NH3
on crops, trees and natural vegetation by “~. ECE (1993). Values were based
on literature of the effects of these pollutants on vegetation. The next stage is to.
map and/or model critical level exceedance.

It is beyond the scope of the report to appraise methods, models and approaches
to setting and deternjning exceedance of critical levels and loads. Instead the
reader is referred to the following useful pieces of literature. Bull (1991)
reviewed some different approaches to the calculation of critical loads and
levels. Sanders et al. (1995) discussed specifically how critical IeveIs for the
effects of air pollution on crops, trees and natural vegetation. Exceedance of
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critical levels of 03 in Europe”was treated by Bepton et al. (1995). The use of
critical load maps in estimating the impact of air pollution on environmentally
valuable sites in the UK was discussed by Brown et al. (1995). More recently,
results of exceedance mapping of Os for crops and trees in the Netherlands were
presented by de Leeuw and van Zantvoort (1997). Setting air quality standards,
particularly Os to protect vegetation in the US were discussed by Lefohn and

.’

Runeckles (1987), Lefohn and Foley (1993) and Larsen etd. (1993). ..

5.3 Monitoring design
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(1991) used the air pollution. index (APTI) to examine the susceptibility of a
number of plant species growing in an urbadndustrial region of India. APTI
,considered levels of total chlorophy~ ascorbic aci~ leaf pH and re~ativewater
content. Plants were classified into three categories of sensitivity

. APTI <10, sensitive; . ‘ : .,

. APTI 10-16, intermediate;

. APTI 217, tolerant.

The au~ors demonstrated that plants classed as sensitive to S02 under
“laboratory conditions were also ranked as the most sensitive species by APTI
calculation under field conditions. Kalyani ~d Charya (1995) calculated the
APTI of 54 plant species under natural conditions @Warahgal City to establish
which species were the most suitable for biomo~toring purposes.

Species selection primarily involves choosing herbs ‘and/or grasses or tree
species. .

5.3.1.1 Herbs/grasses - , .

Kotics (1992b) and Taylor et al. (1990)listed sensitive~d accumulative plant
indicators of gaseous k pollutants. Seedlings, semi-mature and mature plants
have been used in air monitoring studies. The age of the leaves used in
bioindication is important. Apparently young leaves. of cukivars of the genus
Petunia are particukuly effective indicators of SOZ pollution. Gladiolus

●
ga.whvenis is an excellent bioindicator by showing masked ~esponses to
fluoride pollution. Kozuharov (1986) reviewed the appropriateness of plants as
bioindicators: The author suggested ,that in annual plants, younger specimens
were more sensitive than older ones. Such a distinction in the’dil%erentstages of
perennials is not “asobvio~.

5.3.1.2 Trees

Air pollution studies in relation to trees may ‘b-wolvetree parts, individual trees,
tree stands or entire forests. Tree foliage reflects changes in pollution conditions
within a relatively short tie (*o or three years). By contrasg “air pollution
impacts on entire tree stands &e detected in the much Ionger.texm. Tree stands
are commonly used in the assessment of forest decline of which air’pollution is
believed to be an important contributing factor.

Sui$ble tree bioindicators of air pollutan~ were listed in Kowics (1992c) and
Taylor et al. (1990). Coniferous trees are regarded as more sensitive indicators
of air pollutants than deciduous trees. This can be attributed to their continual
exposure to air pollution dyear roun~ their longevity and their response to low
levels of contaminants. ‘

104
I

.,,
:.- .’



> ,,

5.3.2 Site selection

Site selection will depend on the extent and purpose of the survey. For the EC
and UN ECE programme on the assessment of forest condition in Europe, the
trruisnationrd survey is based on a 16 x 16 km translational grid of sample Plots.
The national surveys are conducted on a national grid basis. - - -

During biomonitoring programmed using higher plants it is often important to
consider other environmental conditions at the study site. )

5.3.3 Sampling

Sampling procedures should be consistent throughoutthe study period and area.
Jones et al. (1991) emphasised that jf a bioindieator is used in different
locations for comparison of responses, then ~e same variety and seed source
should be”used. In addition only plants at similar stages of plant development
should be compared. Plant parts of the same age should be used consistently
throughout a survey.

Sample frequency will depend on the plant under investigation. Some plant
species may be restricted by time of y<ar or even time of day. Generally the ‘
greater the sample frequency the better. However, this is in many cases limited
by resources. In addition the collection-of extensive amounts of data is fruitless
without effective progranune pkmniug and design in the oft3et. It is pointless to
concentrate effofi. on collating large amounts of random dab which provide us
T@ little more formation than a.smder, focused dataset..

Some countries have adopted stimdar~ national methods for samp~g- For.
example, in a Finnish study of S content in pine needles sampling, preparation
and analyses were undertaken in accordance with Finnish strgdard method SFS-
5669 @Iaapalaet al. 1996).

5.4 Sulphur dioxide (SO~

Many factors ~ect the sensitiihy of plantshrees to S02 (Taylor et al. 1990).
Young filly expanded leaves/needles are more sensitive than older needles and
generally seedlings are more sehsitive than older plants. Drought, low
temperature, N, S, and P deficiency all reduce S02 sensitivity whereas high
relative humidity, wind, K and Ca deficiency increase sensiti@y.

5.4.1 Species distribution surveys .

Changes in species distribution of higher plants are rarely used in biornonitoring
in comparison to lower planti. Many established methods are available to assess
species diversity, cover etc. but these are generally used as consemation t.o-ols
not as biomonitoring tooIs. Cape (1989) suggested that changes in composition
of sensitive herbaceous species would be appropriate bioindication of air
pollution in forest ecosystems. Similar decreases in the floristic composition of
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the herbaceous layer were observed in zones of increasing pollution around
Shaktinager Power Plant in India (Agrawal et al. 1991).

Sweden undertakes extensive vegetation surveying at national reference areas as
part of ~eir national monitoring programme (PMK). Vegetation is surveyed
every twenty years at transects situated in one square kilometre catchments
(Bemes, 1990)1.More frequent sampling is taken in circul~subplots of radius
ten metres along the transects. The development of frees and tree stands (e.g.
their status, trnok diameter, fallen trees) are recorded. Within these circular
plots more intensive surveying of all vegetation is carried out in smaller ‘tree
plots’. In the vicinity of the tree plots more intensive sampling of tree, shrub,
field and ground layers is undertaken. This includes. est@ations of cover and
fertility. Even more’thorough monitoring of ground and field layers @kes place” ‘
in ‘intensive square plots’ containing 0.5x 0.5.m quadrats.

‘In 1996 the Swedish Enviromqental Protection Agency produced a report on the
impacts of air po~utants on processes in small catchments which forms part of
Sweden’s integrated monitoring ne~ork. (Brakenbielq 1996). Results from
intensive plot monitoring were reported. Estimates of percentage cover, species
diversity and the composition of indicator groups of lichens, mosses and
vascular plants were recorded. Species diversity was calculated by the Shannon-
Weiner (H’) index according to the following formula

H’= -~Pi*10g2@i) ,

Whei_e Q’= llilXIli
n,= cover of the ith species

The composition of the indicator groups was expressed by Go indices, the Acid
Tolerance Index (ATI) and the Nitiogen Dem~d Index (NIX)’where

A~=~@*pJ ,

NDI= ~@J *pi)

tier.e R =‘ soil acidity indicator value of the ith species ,
N = ~nitrogen indicator of t.$eith species ‘

,pi = Cil.X~where: q =cover of theith species
in a group

‘~i”=l

Both indices range from 1 to 9.
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These were calculated for each site ~d were.based on the values of sensitivity
of each species to acidification and eutrophication. The data was subjected to
Principal Component Analysis (PCA) and regression analysis. The NDI
appeared to be tie best parameter for detecting N deposition-induced impact on
forest understorey vegetation..

5.4.2 Visible inju?y

Measurements of plant injury can be very uncomplicated (e.g. injured vs. non-
injured) or more elaborate such as the application of numerical values or indices .
as measures of severity. Both systems are disctised below. Plant iqjury
symptoms generally indicate acute damage to plants.

5.4.2.1 Multi-national surveys

Most multi-national monitoring programmed are concerned with forests and tree
stands. One of the most comprehensive ongoing programmed in Europe is the
monitoring of forest condition. According to Lorenz et al. (19.97) and Lorenz
(1995) ‘In response to growing concern about forest damage caused by h
pollutiox.Lin 1985 the United Nations Economic Commission for Europe (UN
ECE) under its Convention on Long-range Transboundary Air Pollution
(CLRTAP) established the Jiternational Co-operative Programme on the
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). Jn
1986 the Member States of the European Union @u) agreed upon the European
Union Scheme on the Protection of Forests against Atmospheric Pollution.
Since then ICP forests and the European Commission (EC) have been
monitoring forest condition in close co-operation.’

This programme ‘is not aimed exclusively at S02 but includes air pollution in
general (e.g. 0s, NO~). For convenience general & pollution studies will be
included in this section.

Defoliation and discoloration are the major assessment parameters of crown
condition in the trrmsnational survey. Defoliation is assessed by 5 to 10°/0stages
in comparison to a standard reference tree. This has replaced the traditional
five-class system given in,TabIe 3.5. Discoloration is ~SOe~~ted by a five-
class system (Table 3.5). Additional parameters reported include countq, plot
number, plot co-ordinates, altitude, aspec~ water availability, humus ,type, soil
type, mean age of dominant storey, tree numbers, free species, observations of
easily identifiable damage. Crown condition is not a specific indication of air
pollution damage since many other conditions such as climate, drought or
disease may cause similar symptoms. However, by undertaking correlation
analysis with the aforementioned parameters some factors, which show no
correlation, may be eliminated.Analyses of results indicate that crown condition
has deteriorated over the 11 year study perio~ particularly in central Europe.
Although some discrepancies in sampling work have occurred between
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countries, this is an example of an effectively co-ordinate~ large-scale,
biomonitoring programme. The collection of a long-te~ ,dataset will allow the
determination of spatial and temporal patterns of forest ecosystems and
individual tree species. ~s integrated approach wilJ also aid in the
identification of more specific cawe-effect relationships.

Table 3.5 Defoliation and discoloration classes acmrding to UN ECE
and EU classification (from Lorenzmefal., 1997),

Defoliation’ class Needle/leaf loss Degree of defoliation J

o- Upto 1o% None

1 >10-250+4 Slight (warning stage)

2 =-25-60% Moderate .

3 >60--+ OOOA Severe

4 100% Dead

Discoloration class Fo”liagediscolored, Degree of discoloration

‘o up to”1o% None

1 >-lo-250h Slight

2. ‘ >25-60yo ‘ Moderate

3.’ >613-<lf)t)Y0 “ Severe

4’ Dead

5.4.2.2 National surveys

The UN ECE programme mentioned above incorporates national surveying and
reporting currently from 33 countries (Lorenz et al. 1997). The national surveys
~ in intensity depe@ing on country. For example, in Finland five variables
are used in the assessment of tree vitality defoliatio~ crown degeneratio~
needle and -leaf discolouratio~ cone yield and male flowetig on conifers aid
abiotic and biotic damage. Whereas other countries employ the transnatiogal
5% class method alone. 1 ,
The most recent synopsis of tree health as a consequence of air ‘pollutionin the
UK was printed in 1993 (DoE, 1993). The results indicated localised areas of
decline’in crown condition in the UK.

5.4.2.3 Regional surveys \

In response to increased acid deposition from S and N in south-east Norway, a
local monitoring network of Norway spruce”stands gro@ng on soils of poor
neutralizing capacity (Solberg and Tmset@ 1997). By using crown density as an
indicator of tree heal~ surveyors found no evidence to support the hypothesis
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that S and N deposition are having deleterious effects on crown condition. The
authors stipulated that other environmental factors might. be concealing any
limiting effects that deposition may be exerting.

An earlier study on the effects of air pollutants (mainly S akd N) on ecological
forest condition in the eastern part’ of the Gulf of Finland was conducted by
Haapala et al. (1996). Bioindication methods were based specifically on
collected needles aud more generally on tree specimens.

Twigs were removed from the sample plots and the number of needle age
classes counted in addition to the number of needles ‘ineach age clasi. A sample
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of 100 needles from each plot were analysed as follows:
~..~.:... ,,. ,,: “., .

●

●

●

●

●

●

●

chlorosis sympto-,

necrosis damage,

measurement of yellow or dry tipS;

coverage of green spo~,

needle leng@ ‘

five needle damage ckwses were establis~et

needle damage index (M) = (nl*l + nz*2+ hs*3 + n4*4+ ns*5)/n

where rq-ns = the number of needles in each damage class
(1-5)’

n = is the total number.ofneedIes (usualIy 100).

This index of damage based on a qualitative five-point scale has been
other studies. For example in the Czech Republic (Tichy, 1996).

The following measures of pine tree conditionwere assessed

. needle defoliation in the crown into five damage classes

● the number of needle age classes in the top third of the crown “

● the percentage of chlorotic and necrotic needles.

NeedIe damage parameters did not show great statistical variation between
sampling areas but some localised acute damage to needles was recorded.
Needle age structure differed between areas, with general lowest needle
longevity @ the polluted regions. Defoliation was not regarded as severe rmdno
sign&cant differences between sites were obtained. By contrast epiphytic lichen
distribution was seriously affected by poI.lution.The authors concluded that a
whole array of abiotic and biotic factors affect tree stands and the effects of air
pollution stress were not as apparent as obseived for licheti.

The Canadian Forest Service have been monitoring the condition of Canadian
boreal forests since 1984 under the auspices of the Acid Rain National Early
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Warning System (Hall, 1995). Two ckkxification systems are applied conifer
tree crown and hardwood tree crown classification systems. The former is based
on the amount (expressed in nine. percentage classes) of defoliation in the
crown. Hardwood crowns are”classified into 13 classes according to the visible
parts of the outer crowq the quantity and quality of foliage in the outer crown
and the percentage of the outer crown that contains bare twigs and dead ,
branches. By noting any observed effects of climatic conditions,. qutrient
deficiencies, air pollutio~ insects and diseases, poor tree cbndition and.
mortality was not attributed to Iongrange transport of air pollutants.

S02 firm.@ation,of 41 seedlings of herbaceous species in England resulted in
reductions in &y mass of plants, roots, and shoots in many of the species
(A.shenden et al., 1996). Antagonistic effects were more apparent on root

~ growth than shoot growth. The former could possibly be used in bioindication”of
S02.t
5.4.2.4 Industrial’s&vqys

Taylor et al. (1990) review of the s~ptoms of acute S02 injury in vegetation
will be summarised in the succeeding paragraphs. The authors also present in ,
tabular fonq concentrations of S02 known to catie injury in a varie~ of planki.
Dose-response concentrations will depend on exposure he. Shoe high doses
are proba%lymore representative of industrial emissions and/or accidenki. It is

- also important to note that many of these concentrations will be based on’
experimental conditions and more field evidence is required.

Herbs&wss&crops

The symptoms of acute damage (SOZ>1 ppm) according to Kotics (1992b) are
necrosis on the upper and lower leaf surfhcesj at ‘tie apices, margins and
between tie veins, The tissues around the stomata may also decompose. Taylor
et al. (1990) also reported’watersoaked appearances on leaves in rLWUyspecies.
Specific”coloured Ieafnecrosis is co~on. For example li~t brown necrosis in
daiYodil, grey necrosis in geranium and black necrosis in broad beans. Tip
necrosis on sepids has been observed in marigold and gladiolus. Necrosis on
awns of grasses and cereals has been reported. Barley, bracken and clover are
regarded as very sensitive species to S02 exposure. ‘

Observation of visible symptoms was m“ed to assess air pollution burden in
three locations in Egypt (Ah,. 1993). The extent of chlorosis, necrosis, red
pigmentation and grod paranieters such as height, Ieafarea and stem diameter
in clover and Egyptian mallow plants was generally related to pollution load.

To test the suitability of a variety of plant species as bioindicators, Agrawal et
al. (1991) subjected the plants to two hours a day of 0.15 ppm S@ for a period
of 30 days under controlled laboratory conditions. Most pkqks showed bifacial
interveinal chlorosis and necrosis but the authors concluded that the use of foliar
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symptoms alone was not a, specific enough method of bioindication unIess one ‘ l“
air pollutant dominated. /. ‘

;,
Conl~erous trees }’ .

Acute visible iqjury affecting various parts of coniferous trees has been I
,’

observed in response to S02. Young needles show chlorosis and are poorly ;.
developed and stunted. Middle aged needles often show yellow then redfbrown ,,,
discoloration succeeded by necrosis. Necrosis commonly tiects the tip fist but

,.
,!

in larch and spruce the tip is often not the most sensitive part of the needle.
,.,

.:,,,; . :; -;,’%:l
-,, ?,’:, . ~ ,.,--,-. Abscission of older needles in fir trees is frequently an immediate response but,,,..-:.;,, !,!,.’:;:,,,+::,”,,,~.[:, generally occurs after several months S02 exposure in pine trees. S02 exposure

,,..,f.>,{,.., ,..
,, .:,/,,,,,y-.;<: may bleach stems of young shoots.

,“’,. ,,.. .
Deciduoustreesondshrubs

Larch is viewed as a particularly Sensitive tree species to S02. Taylor et al.
(1990) reported solely on leaf damage in broad-leaved trees and shrubs.
Symptoms include interveinal chlorosis, irregular interveimd necrosis and
abscission in many species. Necrosis characterised by brotiorange colouring
has been revealed in lime, beech and hazdtrees while black necrosis has been
observed in pear trees. Distortion puckering and curling of leaves has been
detected in birch and maple: A scale to assess the extent of necrotic spots in
birch (Betula pendula) was devised by Jager (1980) as cited by KOV5CS.

(1992c). Observations of reduction in annual shoot growth in broad-leaved trees
have been identified (KOV5CS,1992a).

5.4.3 Su@hur content

Sulphate from external S02 can be accumulated in plant shoots, a portion of
which may be transported to the root (Rennenberg et al., 1996), Miller (1989)
reported on a’few American studies of decreased S foliar tissue content with
increrking distance to industrial works.

‘Manninen and Huttunen (1995) found very good correlations between S content
in young Scots pine needles and S02 load. The authors concluded that needles
under pollutant stress are extremely influenced by high short term S02 doses
which have implications for the setting of critical levels to forest ecosystems. S
concentration in Scots pine needles from forest of the Gulf of Finland correlated
with S emissions in the ‘region (Haapala et al., 1996). Regression analysis
demonstrated pollution gradients in pine nee~e content with increasing distance
from knowi pollutant sources. S content in two Ligustrum species at a variety
of sites in Argentina was elevated in those sites with high traffic density
(Cameras et aL, 1996).

Foliar analysis of S and N was used to assess the ~ pollution burden in national
parks and landscape protection areas in Slovakia (Mankovs@ 1997). S content
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rahged Eom 0.72 to 6.77 g kg-l in hardwoods and from 0.98 to 4,3 g kg-l in ‘ “
softwoods. Results indicated cause for concern in some areas.

5.4.4 BiochemicalIphysiological response methods ‘

5.4.4.1 Introduction -

Plant responses ‘depend not only on the characteristics of a species but also’on
the stage of development age and nutritional status of the plants (KOV5CS,
1992b). The biochemicallphydiological and u@structural changes dkcnssed in
the following paragraphs represent chronic damage to pkinti. The following
information summarises and supplements the extensive review in this area
undertaken by Saxe (1996). Much of the work on the effects of pollutants on

. plants is under controlled laboratory or field conditions using fumigation
“ chqmbers~ There is paucity in’natural field based research or even correlations

between laboratory and fieldwork. Open top chargbers have tried to overcome
some of the pitfalls of laboratory experiments but results should s~ be
interpreted with caution. .-

.,

The lack of availability of simple methods is a potential &awback to using
responses, at cellular/molec@r levels for the bioindication of air pollutants.
However, these techniques may ‘oftenprovide additional information on causal
factors. . .

Agrawal et al. (1991) showed that different plant species showed vked
responses to different parameters. For example, a species which showed the
highest reduction in relative water conteht in response to SOZdid not show the
greatest reduction., chlorophyll content. ‘The choice of physiological
biochemicrdhkrastructural method will depend on the species.

This section will focus on plant responses, wtich can be used in bioindication.
Areas of activity such as the mechanisms of air pollution effe@ on plants, dose-
responses aud gas absorpticin are .beyoridthe scope of this text. Hippeli And
Elstner (1996) and Winner (1994)@eat some of these aspects.

5.4.4.2 Photo@hesisAtoma~al conductancdranspiration .

Measurement of photosynthesis and stomatal conduction ~e common measures
of gaseous aii po@tion damage in that they respond quickly to air pollutants

6
and can be mewed by non-destructive techniques @hrmer, 1989). They are . .

obvious measures of gaseous air pollution. in that the primary function of t; ‘,,

stomata in plants is gas exch~ge.

Csintakm and Tuba (1992) and Saxe (1996) reviewed published e~eriments of
the effects of S02 on photosynthesis, stomata functioning and transpiration.
Depending on dose, exposure time and species and other ahiotic and biotic.
fictors, .SOZcan increase or decrease photosynthesis or open or close the
stomata.
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Disruption of Idoroplast metabolism has been implicated in the inhibition of
photosynthesis due to S02 exposure under controlled conditions
(VeerWjaneyulu et al., 1990). Stomatal conductance in association with S and
N folk content was used to assess the air pollution burden in national parks
and landscape protection areas in S1ovakia(IWmkovska, 1997).

5.4.4.3 Chlorophyll

In their study of suitable biomonitoring parameters, Agrawal et al. (1991)
suggested that determination of total chlorophyll level could be a good
bioindicator of chronic S02 conditions. Total chlorophyll is measured as part of
the APTI mentioned in Section 5.3.1. ‘

Chlorophyll reduction directly relates to damage in pkinb (Heafi 1989).
However it is often regardet like chlorosis, as a non-specific indication of S02
stress. Chlorophyll content was lower in one year old needles of damaged
spruce trees in comparkon with healthy specimens when studied in three
~erent sites in northern Germany (Godbold et al., 1993). No correlation with
a specific pollutant was made. Total chlorophyll det~rmination in potted plants
transferred to three different locations in Egypt showed correlation between
pollution burden ‘at the sites (Ali, 1993). Both clover and Egyptian mallow
indicated up to 29’XOreduction in total chlorophyll levels in plant leaves grown
in the most polluted sites. Also under field conditions Pandey and Agrawal
(1994) found reductions in chlorophyll content in leaves of three woody
perennials in an urban area of India. Chlorophyll levels were correlated with
ambient S02 concentrations.

The useildness of chlorophyll fluorescence has been &scussed in Section
2.3.3.2. This method is regarded as a more sensitive measure of photospthetic
activity than pigment content and more specfic thag the measurement ‘of
photosynthetic rate (Saxe, 1996). Chlorophyll fluorescence assessment is non-
destructive and can be achieved with relatively little effort in the field (Saarinen
and Liski, 1993). Chlorophyll fluorescence using a portable fluorometer in the
field and pigment (chlorophyll a and carotenoid) content determined by
laboratory analysis in Scots pine needles were mapped around the vicipity of an
oil refinery in Finland by Saarinen and Liski (1993).

5.4.4.4 Metabolize content

S~e (1996) provides several examples of metabolic changes to plants induced
by air pollutants. These include changes in amino aci~ polysaccharides and
ATP/ADP ratios. A recent study by Julkunen-Titto and Lavola (1995)
demonstrated. changes in the production of phenolic secondary chemicals and
soluble sugars by willow species in response to 0.11 ppm S02 fumigation for
three weeks.
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5.4.4.5 Enzyme activity

Enzyme activity has been used as a biochemical stress’ bioiudicator of air
pollutants. ~ Germany, acid phosphatase and peroxidase activity in needles of
healthy Norway spruce trees was generally lower than in damaged trees
(Godbold et al., 1993). However, tie authors could not relate these effects to
specific stress faciors. Saxe’s(1996) review simunarised similar finhgs.

5.4.4.6 Ultrastructure “

Saxe (1996) and Berg (1989) documented va@ng responses of.leaf cuticles to
pollution stre’ss in the published literature and concluded it was not a very
specific bio+dication tool. By applying electron microscopy, Manninen and
Huttunen (1995) observed that the epicuticuhr wax sqcture of ,Scots pine
needles was ve@ badly degenerated b trees in close vicinity to an oil reiinery in
southern Finland. The destruction rate of the ‘needlesurface wax decreased with
decreasing S’content in needles.

5.4.4.7 Tree ring analysis ‘

Cook and limes (1989) reviewed he value of tree ring aimlysis in assessing the
impact of lower-level regional air pollutiou on forests. Tree ring patterps offer a
long-te~ baseline -da&et whereby changes in growth (displayed as annual
tree-ring increments) ~ response to pollbtion stresses can be detected. This
method is complicated by the fact that air pollution effects on ring increments
are not necesstiy distinct and maybe prone to misinterpretation. The potential
of tree-ring analysis as a bioindication method in air pollution diagnosis is
obvious. However, fiuther research in this field is necessary to deteke the
credibility and Mmre of the.technique.

Currently, increments can be quantified non-destructively or destructively. Non-
destructive analysis measures the radial ring widths flop cores taken at breast
height of a tree. Detailed stem analysis is destructive but provides a more
accurate measure of annual volume increment and complete growth layer
profiles

A more recent review of the ap@ication of tree-ring analysis in air pollution
studies is presented by Turcsanyi (1992).

5.4.4.8 Root growth andfinctioning

By effecting photosynthesis and translocatio~ gaseous pollutants may reduce
.

carbon allocation to roots. This in turn may reduce root grow@ turnover hnd
capacity for water and nutrient uptake. Rjchards (1989) reviewed the techniques
used to measure these responses in their application in @e monitoring of
gaseous air contaminants.
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5.4.4.9 Multivariate methods

Any response method is complicated by the fact that several factors may cause
the same or similar reaction. Specificity is enhanced if a number of these
responses are observed together (Saxe, 1996; Miller, 1989). Combining several
response parameters into m~tivariate indices is a promising tool recomniended
by Saxe (1996).

Four pollution zones around a power plant in India were obsemed by analysing
changes in a selection of physiological”and biochemical parameters in plant .
leaves (Agrawrd et al., 1991). Correlations between ambient S02 concentrations
and de,meases in the levels of chlorophyll, ascorbic acid and specific leaf area
and increased S content were obtained. The authors recommended this type of
monitoring as an essential companion to chemical monitoring in India.

5.4.5 Transplants , ,

Little published literature appears to exist in relation to transplantation of higher
plants to polluted sites. A method known as grass cultures was discussed by
Weinstein and Laurence (1989). This is a system predominately utilised in
Germany whereby self-watering rye gr&.s cultures are established and samples
removed at spec~c intervals. Samples are analysed for S02, F or heavy metals.
More details-of the system are provided in Kowics (1992a).

Specimens of the tropical shrub Carissa caranalzr grown in controlled pot ~
conditioy were transplanted to a selection of sites of varying pollution load in
India for a period of two years. At ‘foti monthly intervals plant growth and
morphological parameters such as heighg leaf number, extent of chlorosis and
necrosis aud basal diameter were observed. ‘me aim of the study was not
primaiily for biomonitoring purposes but to establish the adaptational responses
of tbe shrub. ‘.

5.5 Fluoro-compouno%,,

5.5.1 Introduction
.

The most’ phytotoxic and best studied fluoro-compoWd is hydrogen fluoride
gas. Other gases include silicon fluoride (SiFA) and fluorine “(Fz). In the
following discussions fluoride as reported ti tie fitera~e is-fiou@ to represent.
the total fluoro-compounds measured unless otherwise strked. Fluorides di.tXer
from other gaseous air pollutants in that they are readily accumulated in tissues.
Therefore, chronic exposure over long periods of time can result in translocation
to leaf tips and margins where visible symptoms are exhibited.

Many of the factors which tiect plant sensitivity to S02 are applicable to
fluorides. An interesting observation in relation to fluoride is that different
cykivars of tie same plant species react in very different ways to the pollutant.
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For example, there is a large variation in the sensitivity of dillerent cultivars of
gladiolus and tomato plants. The susceptibility of gladiolus varies with flower
Colour.

5.5.2 Visible injzhy
,’

5.5.2.1 Herbs&-asses/crops

The following paragraphs summari$ethe reviews by Kowics (1992b) and Taylor
, et al. (1990) on fluoro-compounds (measured as total fluoride content) and air

pollution injury. The characteristic symptoms of fluoride damage are tip and
marginal cblorosis which later ektend to the inter-venial areas. ‘This is

:.. succeeded by tip and.marginal necrosis which gradu’dy covers the whole leaf
$ area. Loss of leaf may result. Ivory necrosis has been observed on tomato, .,

wheat rind oats, redhrown in St. Johns Wort and black in dahlia. Tip necrosis <; ‘,

has been recorded on awns and bracts and marginal necrosis on sepals and , ‘“
petals. ‘

Kotics (1992b) presented a scale devised by Amdt et al (1984)’which relates
the magnitnde of Ieafnecrosis ih be leaves to fluoride pollution (Table 3.6).

Table 3.6 Scale relating vine leaf necrosis to fluoride pollution
(from Amdt et aL, 1984) ~ , ,

Damage class Symptoms

No recognizable damage

Sfight damage

Medium damage

Extensive damage

Most extensive damage

Total damage

Slight apical and spot necrosis on every tenth leaf
No difference in growth vigour

Recognizable necrosison every fifth leaf
Necrosis datiiage approx.:2 to 3 cmz ,
‘Growth of axilla~ shoots normal

Every semnd leaf is necrotic
Growth of entire plant reduced

Assimilating surface’of every leaf is reduced
Entire marginal area is necrotic
Tendrils are shorter 1

Each leaf damaged
Abscission occurs
Tendrils stunted

>80°/0of leaves are entirely necrotic
Axillary shoof: and tendrils are missing
Growth is greatly reduced J
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Gladiolus CV. White Friendship and Hemerocallis CV. Red Moon were
cultivated and exposed to hvelve sites in the region of Cubato and the Serra do
Mar at varying distances from hydrogen fluoride @F) emission sources for
28 days (Khunpp and Khnnpp, 1994). HT induced injury, estimated by
measuring the area of tip and margin necroses on the sample plants, was most
severe at sites nearest the fluoride-emittingfertiliser indtktries.

5.5.2.2 Con~erous trees

In coniferous trees, young chlorosis in young needles is a common symptom of
fluoro-compound contaminatio~ followed by’ red’browm discoloration. Tip
burn may occur which usually reiuhs in necrosis of the whole needle.
Frequently necrosis appears as red/purple bands distinctive from healthy tissue.

5.5.2.3 Deciduous trees and shrubs

The leav& of deciduous trees aud s~bs show marginal and tip necrosis which
torn into sharply defined’redibrown bands between necrotic and healthy tissue.
Necrosis in fiting parts of trees has also been observed.

5.5.3 Fluoro-compound ac~mulation

Miller (1989) reported on a few American studies of decreased fluoride foliar
tissue content with increasing distance to industrial works. As part of an active
biomonitoring scoping study in Br@ Khnnpp and Khnnpp (1994) fetid that
foliar fluoride concentrations in transplanted Gladiolus CV.White Friendship
and Hemerocallis CV.Red Moon correlated with severity of fluoride-injury.
Plants at close vicinity to fluoride-emitting fertiliser industries contained fluoride
content of 80 to 120 pg’g-l dry weight compared to content of >10 yg g-l dry
weight at reference sites. Chemical analysis of transplanted standardised grass
cultures of Lolium showed that it was a much morq effective bioaccumulator of
fluoride than the two foregoing plant species.

5.5.4 BiochemicaVphysiological response methods

Photosyn&esis is inhibited at relatively low hydrogen fluoride (HF)
concentrations and this may be a potential bioindicative response. Plant stomatal
conductance probably shows the greatest variation in response to HF than any
other gaseous air pollutants (Csintakm and Tub% 1992).

5.6 Nitrogen oxides and ammonia (NOxandNHj)

5.6.1 Introduction

Nitrogen content in plants is regarded as a questionable bioindic.atorof NO. and
NHs because it so easily translocated throughout the plant (Saxe, 1996).
However, some crop species such as bean, leak mid pea are regarded as very
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sensitive to nitrogen oxides. KOV5CS(1992b) lists sensitive and accumulating
plant indicators of nitrous gases. Young leaves and needles are more sensitive to
NO, than. older’ones. High relative, humi’dityand N deficiency increase plant
sensitivity to NOX whereas N excess and drought’ conditioi.w decrease
sensitivity. NHs hris received less attention in the literature than NOX.

5.6.2 Visible injury . “

Relatively higher concentrations of NOZare needed to produce acute symptoms ~
on plants in comparison to S02. Different pkmt groups react differently to NOX ‘
and NH3,(Taylor et uL, 1990). ,Concentrationsof tlese two pollutants known to
cause injury in a variely of plant species are found in Taylor et al. (1990). Most
reports of acute pant injury in response to NH3 are in relation to accidental.,
release or spillage. 4

Herbw@zsseslcrops .,

NO, ‘
,,. >

# Many species show -a watersoaked. appearance on the leaves followed by
necrosis .in response to acute NOXexposure. Leaf glazing has been observed in
annual porq cabbage .md spinach. Necrotic streaking and interveinal necrosis
hiis been recorded in many narrow-leaved and broad-leaved species. Legumes ,
among many other. species show ivo~ necrosis while some species display
yellow, orange or brown necrosis. ,Tip necros@ has been observed on other
plant parts such as awns, bracts and sepals.

NH3 .. ,,
Yellow discolouratio~ watersoaked appearance, glazing and bleaching have
been observed on leaves”in response to N113.Red/purple dscolouration of leaf
upper surfaces in cereals js common. Ivory necrosis, reddish. necrosis and
brovmhlack necrosis are typical ~3-injury symptoms in certain species.

Coniferous trees

NO.

“Chlorosisof young needles is a common symptom in response to NOX.Tip bum
of older needles is often observed in coniferous species. Pine trees display
bleaching followed by “sharplydefied redlbrown bands between necrotic and’
healthy tissue in older needles. Immediate abscission of older needles occurs in
spnice.

NH3

Red/yellow di:colouration af young spruce needles has been observed. Many
cotierous species display black discoloration and tip burn of older needles as
NH@jwy symptoms.

. .

,. -
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Deciduoustreesondshrubs

NO*

Herringbone necrosis in the older leaves of beeck hazel and apple trees have
been observed. Ivory necrosis, red’brown necrosis and black necrosis have been
recorded in certain species.

NH3

Yellow discoloration of leaves has been observed in sycamore species. Other
symptoms recorded in many species ~clude watersoaked appearance on leaves,
intercostal necrosis and finally desiccation and abscission of damaged leaves.

5.6.3 BiochemicaUphysiolop-cal response metho&

Published literature with respect to the effects of NO, and NHg is limited and
literature on the use of biochemical and physiological responses as bioindicators
is even sparser.

Plant photosynthesis ahd stomatal conductance are thought to be relatively
tolerant to NOXexposure (Csintalan and Tubz 1992). -

Nitrate reductase activity in plants has been measured in response to nitrogen
deposition. Addition of ammonium nilrate to experimental grassland plots in the
UK increased nitrate reductase activity in vascular plants (Morecroft et al.,’

,,’ ,. .,,. {

. . ,, ,, . !:.-7
.,<. . . . .,

.,, ,. ,,., .- -:> 1994). Krywult et al. (1996) found higher nitratereduc-~e activity in ponderosa
.,,, ,‘.,’:-:

:;;:.”.; :,i;,;l pine needles correlated with sites characterised by higher nitrate deposition to
.(

--,:, :“:@J branches. However, the authors concluded that nitrate reductase activity was,“,. ... ,,,.,.,,:;.~} . :.;..-t not a sensitive enough parameter to be used in bioindication studies because it is -
,>, .,- ,,r,~,,,,

.,,<:::‘. :+;J influenced by many other biotic and abiotic factors.
, ........ :! .:!,: ;,,,,J, ’,,;*.,,,, ,,.,,, Other enzymes may have potential as use~ response parameters in nitrogen.....,,..;j

,, ,’,’..’ ; ,4,, ?;,,
t, deposition bioindi~ation studies. The possible role of the enzyme glutamate,. ~,’,.,,1,,”;.,./.,..... . ., dehydrogenase in the adaptation of plants to ammonia assimdation with respect

:{ ,,. :,:)$,-,>,.,’., ., ..$,. ,,,,,. to air pollution was discussed by Schlee et al. (1994). The activity of thisL,. !,, (;.’ , 7P~,.,~.,l.l enzyme may be used in biokdication of nitrogen deposition but substantial
,..’-,.: :::’:’xj fi.utherwork would be required. Glutathione reductase and ascorbate peroxidase.,7, ,, ‘(j!“(,,. .,,-,,,., ,,,~.,,,,,,;::,,! activity in red spruce needles was enhancedby exposure to acidic mists (ChenI; ..;;:i,’,, ,:J~,.,, .,/.,., ...-,. :-!.

1
et al., 1991).

.,,.). ~,,,,~,;’.-::,., .‘-,:.>..;:-%Y Soties et al. (1995) proposed the use of rnukivariate aualysis of physiological
‘$;;.7 ,,.>~,-.,>;

.1 :.., ,’-, ,

,, .,,,.,,’
, +, J;j and biochemical parameters such as enzyme activity and total nitrogen content.

.,..;‘,,, /“.:+;;’i,i,, ,.,$,,.’..?1 of woody Wd herbaceous plant species as a means of assessing plant
,\>,.,,, -J-.,$,,! ;{:,.,J, ,,,.-,” susceptibility to acid rain.. . ..-: .-.? ‘~“’J
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increased substimtially over the”lmt few decades. The available literature on the
adverse effects of 03 on forest and crops has accelerated over the last 10’to 15
years. Much effort has been placed on fi’tig suitable. Cultivars for
bioindication purposes.

IUthe assessment of03 on pl~ts de Leeuw and van ZanVoort (1997) claimed’
that the spatial d@ribution of Os over a particular area is of more interest than
concentrations recorded at monitotig stations. Plant biomonitoring techniques
are particularly use$d in establishing the distribution of air pollutants in a study
area.

Ozone is not bioaccurmdated in plants’and can only be detected by sensitive
plants. The major effects of Os on terrestrial vegetation kclude visible foliar
injury, reductions in growth and productivity, changes in crop quality “id
increased sensitivity to either abiotic or biotic stresses. ‘

5.7.1 Visible injury

5.7.1.1 Introduction

With respect to 0s, most attention in the published literature kas been placed on ,
observations of visible injmy in plants aid trees. Much of the work reported
here is from field brked studies but fumigation stndies are still necessary.

Taylor et al. (1990) presented ~ical acute Os injury symptoms. As before
these can be divided into plmt type. 03 symptoms tend to be exhibited in pl~t
species after a relatively short exposure time.

Herbs/gramesAcrops- ‘ “

Most visible 03 inj~ symptoms have been described for crop species. In
general, white, fa~ @ grey and ~rown necrotic streaks on the upper surface
of leaves are typical of O; injmy. Kowics (1992b) presented typical 03 injury
symptoms on certain crop” species. For example, bean plants show foliar
browning and chlorosis,’cucumber plants display white stipple,, onion plants
show white flecks and tip dieback while spinach plants exhibit grey to white
flecks on leaves.

Con#eroustrees

Chlorotic’flecks later becoming pink lesions followed by orange-red tip necrosis
have been observed on current year pine neeties in response to 0s.

Decidmustrees ,

.A variety of 03 injury symptoms have been obsewed in deciduous trees and
shrubs. Ash and maple show dense pux.pleor reddish stipple on upper. leaf
surface. Many species including lime and apple show leaf bronzing while some
species such as birch display leaf bleaching. Leaf curling and tip drying have
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been observed in ~ac. Fmits are often affected and may prematurely &op “ .
(e.g. citrus trees).

5.7;1.2 Multinational surveys

At one time, elevated concentrations of Os were thought to be restricted to
urban areas but currently larger scale biomotitoring surveys of Os are in the .

increase. Visible damage to vegetation and agricultural crops over wide areas is
becoming an @portant problem. Medium and long-range transport of
Oz precursors and Oz itself have resulted in increased concentrations, in mal--
areas. Bioindicators have been used to evaluate the effects of 03 pollution in a
number of impact areas.

The United Nations Economic commission for Europe (UN ECE) Convention ,
on Long-range Transboundary Air Pollution includes an international
co-operative prograinme to evaluate the effects of air pollution on agricultural
crops. This programme has three main ainxx

●’ evaluate the ei%ects of ambient concentrations of air pollution on crop
productiory

● assess ,tie importance of environmental conditions-in tiecting crop response
to air polhltallw,

● determine the influence of different aspects of pollutant exposure
(e.g. combinations of pollutants, concentration peaks aud means) on crop
response.

An initial stage of this project was to select-a single species which could be
used as a convenient bioindicator of phytotoxic effects of pollutants. Jones et al.

(1991) reported on the potential of radish (Raphanus sat[vus L. CV.cherry belle)
as a bioindicator for this programme. Radish seedlings were subjected to one of
three treatments - placed in unfihere~ open top chambers, placed in filtered
chambers or treated with ethylenediurea @DU protects plants from 0s). Results ‘ -
demonstrated a reduction in radish plant yield (measured as shoot and root dry
weight and leaf area) m the unfiltered chambers in the month of July. The .
authors concluded that cherry Belle radish plants were sensitive enough “ “
bioindicators to be used in a co-ordinated programme to evrduate the effects of
03 on crop plants.

5.7.1.3 Regional surveys

From the published literature, Tobacco plants (Nicotiana talwwn), ~ particular
variety Bel-W3, are the most widely used bioidicators of Oz for the following’
reasons (KOV5CS,1992b; Koppel and Sil~.1995):

. the plants are easy to grow,

● they tie susceptible to air Pollutio%
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●

●

●

❆
●

they show a relatively cleai reaction to oxidanw,

symptoms are easily iden~able (specific necrotic flecks);

the sensitivity of leaves is a function of leaf age, so that new damage can be
distinguished from previous damage

leaf injury in Bel-W3 can be quantified using Leaf Injti Indices (HI)
(reviewed by Burto~ 1986). -

. .

.The drawbacks of using tobacco plants are bzeir susceptibility to diseases and
pests and it can only be nsed’during a limitedperiod of the year. A review of the
use and origin of tobacco cultivars until 1990 is presented inHeggestad (1991).
A variety of techniques using tobacco have been employed in 03 biornonitoring
on a regional context.

Schenone and Lorenzini (1992) used three”teclu.iiquesto study the effects of
regional air pollution on crops in northern and central Italy. The extent of ivory “
interveinal flecks on Nicotiana tabacum CV.Bel-W3 correlated with ambient
Os concentrations indicating hat levels exceeded the threshold for phytototic’
effects. Ambient air pollution exclusion experiments with open-top chambers
demonstrated air pollution effects on crop productivity. Furthermore in
controlled S02 fumigation chaiizbers pluzt growth and physiology was only
a@ected at concentrations above those measured at rural sites in Italy. This
collaborated work co@rmed’that 03 was the most importaot’phytotoxic ~ at a
regional level in northern and central Italy. Further work in this area. has
continued over the past five years:

By estimating tie percentage increase in injured leaf area (necrosis) of cultured,
semi-mature Nicotiana tabacum CV. Bel-W3, Mignaqego et. al.’ (1992)
calculated LIIs at 23 sites in northern Italy over a six month period.,Leaf injury
was most pronounced in the summer months. ~This is the time of year when
photocherhical smog (of which 03 .is a major constituent) is generally, at its
highest. HI monthly and seasonal averages were calculated. The authors were
able to characterise sites deperidingon their seasonal indices (SI) values.

Lorenzini et al. (1995a) reported on a modification of the procedures
undertaker by Mignahego et al. (1992). h easily izansportable miniaturised kit
utilising two week old ozone supersensitive tobacco @el-W3) seedlings was “
used to monitor 03 at 27 sites of varying pollution burdens in Tuscany,. Italy.
Design details are discussed in detail by Lorenzini (1994). In summary, tissue
culture plates were used and seedlings were grown in an ozone-bee

‘environment before being transpl%ted to the monitoring-sitesfor one week. fie
severity of 03 pollution was assessed by recording the percentage area of
injured co~ledon and leaf compared to control plants. Previous pilot
fumi~tions st&lies validated that visible Os foliar injury in younger leaves,
characterised by gey water-soaked marks (flecking), was analogous to’ those
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observed in mature leaves. Cotyledon kjury showed good correlation with a
number of Os parameters. This method was also successfully used to map I
Os distribution across a wide geographical area over a land-sea transect in Italy
(Loreuzini et al., 1995b)., The authors recommended the application of this
stiple, cost effective method for biomonitoring in large areas in developing
countries.’

Another approach using tobacco to estimate the phytotoxic effects of existing
03 levels in two regions over a three year period in Spain was reported by
Gimeno et al. (1995a). Three tobacco cukivars, Bel-W3, Bel-C and Bel-B of ,
increasing sensitivity to 03 were grown in greenhouses to the fourth tie leaf
stage before being transfened to sampling locatiois spread over the two
regions. Ozone induced visible injmy was assessed and mapped according to
the classifications described in Table 3.7. This study demonstrated the need to
consider environmental ‘conditions in 03 biomonitoring and in the calculating
critical levels. At coastal sites the effects of relative humidity appeared to
enhance 03 injury in the s~ple plants. The use of the foregoing three cukivars
was recommended by Heggestad (1991).’

Table 317 Characterisation of Os phytotoxicity using three tobacm varieties
(from Gimeno et al., 1995b)

Ozone ph~,otoxicity , Observation

!. .

1-:.’
,,

i’ :’“:.,
:;.’
!-., < , -
?,
r, .
]-,;’

[: ;.,. “,
:,, ,,,, , ,...
,.,, , ,. :.;,’ ..-,,:.. ; !.

,> .,::..
.,, ...

,.: ”.’

Low Os injury recorded on Bel-W3 cultivar only

Medium Os injury recorded on Bel-W3 and Bel-C cultivars

High OSinjury recorded on Bel-W3, Bel-C and .
Bel-B cultivars

,,

,,

Two varieties of tobacco, BelW3 (indicator) Ad Sarnsun (control) were used to
study Os contamination in fom-.locations in Estonia over a two-year period
(.Koppel and Sild, 1995). Pkmts were grown in chambers for approximately
3.5 months prior to transplantation to the sampling areas. By observing leaves
>10 cm ti liin~ necrotic leaf indices (N) were estimated as the percentage of
the leaf blade covered with necrotic flecks. The mean daily increment of the
necrotic index for the period between two observations (typically 6 to 14 days)
WaScalculated for each plant (NIIPW) and for the site (Nib) where tie later
was used to indicate the variability of Os episodes during the growing period.
Highest NIISitcvalues corresponded to tie site closest to major ~e~al P1~ts
and cities in Estonia. As may be expected 03 injury was greatest in the year
with the warmest summer. Temperature data is therefore a fhrther consideration
in 03 biomonitoring and the setting of critical levels. k

“.:
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,.
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Other crop species besides tobacco have been used in 03 biomonitoring studies.
Watermelon (Citrullus Ianatus) was used as a passive bioindicator of
Os contamination in eastern Spain (Gimeno et al., 1995b). This study diifered
from the foregoing investigatio~ in that it did not involve transplantation of
plants grown from seed. Commercial fields of watermelon were visited and 03
injury was evaluated using the classification outlined in Table 3.8.03 injury was

., widespread throughout the study area but varied in intensity. The authors
recommended that all the considerations mentioned in Section 5.3.3 above
should be adhered to during field sampling. Furthermore, plant canopy structure
and tie agricukur~ practices $at affect it, should be considered. This passive
method of biomomtoring is simpler than transplantation, exercises. However a
drawback of using this approach over differerit &eas is that the, sahple plants

a may be afFected by other conditions ‘unknown to the observer such as I
contaminated soil or drought.

Table 3.8 Classification of OSinjury in watermelons in eastern Spain ~
(from Gimeno et aL, 1995b)

Class* “” Injury description

1. < 10OAof foliar area affected ~
brownish-red spots diffuse.

II “ between 10 and 40% of fo]iar area affected
increase in number of spots.

Ill between 40 and 80% of area affected
most of upper surface of leaf covered by brownish-red spots,

Iv ~> 80% injury
white necrotic areas covering most of Iiaf

● Injury class& area function of both Osconcentrationand duration of exposure.,

Measurements of folih injuy ii trees and shbs have been used’; the
evaluation of regional 03 pollution. The incidence and ‘severity of 03 tijury in - ~
black cherry (Prunus serotina) w’& used to assess the impact and extent of
03’pollution in Great.Smoky Mountains National Park (Chappelka et az., 1997).
Incidence was defined as the,n~ber of individuals with fisible”folim symptoms.
of 03 injury. Severity was measured as the percentage of foliage injured per
plant and as the.percentage of leaf area injured for the injured leaves. Statistical
analysis was used to determine significant injury levels within ditTerent park .
areas. Skelly et al. (1997) also used black cherry in a study of the .Desierto de
Los L&ones National Park in Mexico City. A sample of ~ture trees were
subjected to an intensive suwey,. where the extent of surfhce stipple, leaf
reddening and premature senescence was recorded. A more general survey
estimated the percentage of trees e~biting 03 tiduced injury.
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Miller (1989) reported the common visual symptoms used in ozone-injury
detection in coniferous forests in the United States:

●

●

●

●

sthimlated removal of older foliage,

brq-renbranches near the bolq .

lower branches possess fewer and shorter needles;

crown deteriorates fiorn inside-out and tie bottom-up.

The same pape; reviewed some pine tree ir$yy indices caused by ozone. Crown
density, extent of chlorotic mottle on each whorl, needle length and extent of
needle retention appear to be useful parameters k the calculation of combined
indices.

5.7.1.4 Urban/industrial surveys

At present, most Os injury based investigations are concerned with crops and
forests over wide mess and urban and ~dustrial point source investigations &e
limited.

De Bauer and Krupa (1990) summ@ed observations of. typical 03 injmy
symptoms to assess the air quality burden on vegetation in Mexico civ over the
past twenty years. Allegrini et al. (1994) favoured integrated evaluation of
tropospheric Os pollution in urban and semi-rural areas in Italy using physico-
chernical and biological monitoring. Reduction in biomass and leaf area of
radish plants (Raphanus sirtivus L. CV.Cherry Belle) correlated negatively with
ambient Os concentrations. The.sensitivity of this cultivar favours their use as
early warner systems to indicate that injurious levels of 03 had been reached.

KOV6CS(1992b) presented a table indicating potential dangers to humrms from
03 exposure by correlating effects with Os-injury symptoms displayed by
tobacco. This is duplicated as Table 3.9.

5.7.1.5 Experimental studies

Literature with respect to laboratory and field studies using cliilerent types of
chainbers under ambient and t%migationconditions is extensive. Such studies
are essential in establishing pkmt thresholds and responses p~or to ‘adaptationto
natural conditions. For example, open top chamber experiments have been used
to determine the most sdnsitive plant species to be utilised in biomonitoring
studies. Such studies have been usefid in clrksifjing quantitative responses of
plants to actual 03 exposure. . .

Gimeno et al. (1995b) classified watermelon injury into four classes depending
on the number of diurnal hours 03 concentrations >40 ppb using open top
chamber experiments. This classification was then applied, in a passive

.,-
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biomonitoring progmrnme to determine the intensity and extent of crop damage
in eaitem Spain. ,.

The, chemical ethylenediurea”(EDU), when applied to plants as either a SOS
drench or to foliage, can protect the plant against elevated 03 ‘concentrations.
Hence the response of EDU-treatecLand untreated plants can be compared.
However, the effectiveness of EDU is variable and this procedure should be
used yvithcaution (Jones et al., 1991).

Table 3.9 The effect of Os on humans’and tobacco plants (from-iov%s, 1992b) - :

Short-term
OSconcentration

0.13-0.23

0.4- 0.6

Physiological effect on:
,,,

humans tobacco (BeI-W3)

Decreased performance in’ At high temperature and
sports (the p’artial pressure hury~ty the first flecks
of blood oxygen decreases) appear on the leaves

The mouth and throat The extent of flecks
become dry during sport; amounts to 50°A
chest pains develop leading”’
to asthmatic,symptoms

Without physical effort ; Leaf fleck >90%’
respiratory problems occur

1-1.2’ Premature death of ill and Decay of plants
aged persons

Most experimental studies are. in relation to effects of 03 on crops and in
establishing dose-response relationships but the informatio-ngenerated is often
useful in determining sensitive species and potential bioindicators. Table 3.10
summarises some recent experimental procedures used to assess the response of
certain plant species and cultivars to ambient and elevated 03 exposure. T@
table is purely an illustrative fi”de to some examples.of the published literature
in diilerent countries and is by no means exhaustive.

,’

“,
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Table 3.10 Use of chamber experiments to’investigate Os-injury
in a variety of plant species

Reference Location ~penmental Species Response
procedure and cultivar

Brenna.n USA
et al.,
1990

Carey USA
and Kel[ey,
1994

Clarke et al., USA
1990

Kasana, England
1991

Keller,
1988

Switzer-
land

Kobayashi Japan
et al.,
1994 .

Kraft et aL, Germany
1996

*EDU treated and”
untreated plots

Open top chamber
using ambient air,
carbon filtered air
and non-filtered air
plus extra 03

EDU treated and
untreated plots

Closed*amber
fumigation

Closed chamber
fumigation

Closed chamber
fumigation

(G/ycinemax
L. Merr.)

Loblolly pine
seedlings
(Pinus faeda)

White potato
(So/anum .
fuberosum)

Chick pea
(Cicerariefinwn),
Black-gram (Wgna
rnungo),
fenugreek
(Trfgone//a
foerrumgraecum)

American aspen
(Populus
fremuloides
Michx.)

Rica
(Oryza safiva L.)

Foliar
damage

.
Growth
parameters

Foliar
damage

Growth
parameters

Grow& -
parameters

Yieldand
growth
parameters

Open-top chamber” Spring wheat Foliar

using charcoal (lliticum aestivum damage
filtered air and CV.Turbo), symptoms
~arcoal filtered air ~te clover and spectral

supplied with Os (Triiolium repens ~~~~~
CV.Karina),

ments
maize

,{ (Zea mays cv.
Bonny) .

...,,
,.;.,. ,.,

‘. ,.
:.~...”

,,.
.;, !’ .:;,,,
~,. ,-.- ,; .,:
‘,, ... . . .
...., .
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Table 3.10 (continued) -

Maggs et aL, Pakistan Open-top chamber Wheat and rice Yield
1995 using ambient and parameters

charcoal-filtered air e.g. grain
weight

M,eier et 6’/., “USA “ Closed chamber Loblolly pine
? ? 1990

Growth
fumigation (Pinu.s taeda) parameters

Paakkonen Finland . Open40p chamber Betula pendula, Foliar ,
et al., using charcoal Betula pubescens. damage and

:.. 1997 filtered air and ~- growth
F ,-~ charcoal filtered air# parameters.

supplied with 03 “ t; ‘?

Pleijel et a/.,
1991

Renaud
et al.,
1997 ‘

Runeckles
et al.,
1990

Soja and
Soja, 1995

Sweden Open top chamber
using ambient air,
charcoal filtered air
and non-tittered air
plus extra 03

Canada Open top chamber
using ambient and
filtered air

Canada Zonal Air Pollution
. System (ZAPS)

simulating various
exposure regimek

Austria Closed-chamber.
fumigation

Spring:wheat
(Triticum aestivum

-L., CV.Drabant)

Alfalfa
(Medicago safiva
L.)

Processing peas

Winter wheat

Yield and
grain quality
parameters

Yield and
growth ,
parameters

Yield
parameters,

.
Yield
parameters

● EDU- Ehylenediurea (protectivechemical againstOSexposure)

5.7.2 BiochemicaVphysiologica[ response methods

5.7.2.1 Photosynthesisistomatal conductancdtranspiration

Stomatal response to 03 “varies between species aud everi.’cnltitis. Some
specie; show an increase in stomat.alconductance; so-meshow a decrease and
some are unaiTected.However at concentrations above 200 pprn 03, most plants
close their stomata (CSintalanand Tub% 1992).
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Under controlled conditions, loblolly pine seedlings exposed to 0.12 ppm Os for
seven hours per day, five days.a week for 12 weeks, displayed a 16°/0reduction
in photosynthesis in comparison with plants exposed to charcoal-filtered air
(Spence et al., 1990). The same plants failedto exhibit visible injury under the
elevated 03 conditions. Schenone et al. (1994) used open top chambers to
compare field grown bean plants under ambient conditions rindfiltered air. Net
photosynthesis was less in ambient air. Visible injury was not detected. These
experiments demonstrate the. potential of such parameters as early warning
bioindication techniques.

,A drawback of using photosynthesis, stomatal conductance and transpiration in
biomonitoring of Os is their lack of specificity.

5.7.2.2 Chlorophyll

Chlorophyll levels are a direct measure of leaf damage but a@n are not a
specific measure of plant damage to pollutant type.

Tenga and Ormrod (1990) measured total chlorophyll concentration tomato
plant leaves using a leaf greenness meter. Chlorophyll levels decreased with
increased 03 ekposure at levels too low to cause visible damage. Smith et al.
(1990) and Femandez-Bayon et al. (1993) also reported reductions in
chlorophyll content prior to the onset of visible injury.

5.7.2.3 Metabolize content

Metabolize content has been recommended as a potential response parameter in
air pollution biomonitoring (Saxe, 1996). Fumigation of Aleppo pine with 03
resulted in delayed rate of ethene emissions, accumulation of total polyamides
and increase pool sizes of reduced glutatione and ascoibate in current year
needles @ellburn.et al., 1996).

5.7.2.4 Enzyme activity

All major ‘air pollutants effect enzyines and their activity (Saxe, 1996). Os
fumigation reduced light regulation of Rubisco activity in barley leaves
(Machler et al., 1995). Alternatively, Ranieri et al. (1994) demonstrated
increased peroxidase-catalase detoxification in response to exposure to ambient
air in open-top field chambers in Italy. h.

5.7.2.5 Ultrastructure

Turcsanyi (1992) reviewed plant cells- and tissues as bioindicators of
environmental pollution and found that ultiastructuralresponses to 03 were not
very specific. The effects of peroxj-acetyl-nitite and Os are often
indistinguishable.

.-
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Degeneration of needle wax layer in response to SOZhas been demonstrated
(Section 5.4.4.6) but Barnes. et al. ‘(1990) discovered that Os did not
significantly alter the needle wax layer in Norway spruce.

,,’
5.8 Complex studies

h nature pollutants often. occur ii, combination, wjth other polIutants~ It is
therefore necessruy to investigate the effects of pollutant mixtures on plants.
Responses which allow the identification of. pollutant mixtures would be
extremely useful in bioigdication. Integrated usually involve fiunigations and
open or closed chamber systems. It is often necessay to rank pollutants
according to their degree of damage. Obviously, studies using most .nahiral
conditions and pollutant levels are more useful The more tiormation obtained
from complex studies the easier it would be to ascribe different responses to
diiYerentsources and emission types.

Generally: plants are more severely affected by mixtures of pollutants than ~ .
individual pollutants. For ex~ple, the threshold limit of tobacco Bel-W3 to 03
is reduced if low concentrations of S02 are present @eggestad, 1991). Closure
of stomata occurs at lower concentrations of 03 if 03. and S02 are present
together (Csintakm and Tub% 1992). Pollutimt mixtures may produce
synergistic, additive or antagonistic responses. A combination of 03, ad HF
enhanced senescence in maize wbjch was hot apparent when similar
concentrations of the pollutants on their own were applied (MacLean, 1990).

Heck (1989) summarised a number of studies involving pollutant mixtures
including exposure information and plant responses. Most work has been in
relation to dxtures of 03 and S02 (for example, Fialho and Bucker, 1995;
McleoL 1995). To a. lesser extent S02 and N02 combtiations have been
investigated (Kasana and Le& 1994) and sometimes a combination of all three
are studied (for example, Bucker and Guderiq 1994).

‘Some studies have @vestigatedmetal and gaseous pollutant mixtures (Dueck et
al;, 1987; Keller and Matyssec~ 1990; Edwards et al., 1992)., Others have
focused on the effects of gaseous po@mts and acid rain mixtures on vegetation
-(Blank et uL, 1990; Blaschke and Weiss, 1990; Ashenden et al., 1996; Shari et
al., 1996).

1
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6 Conclusions

The majority of published

/

litera@e with regard to gaseous air pollution. is I

concerned with S02. However in respoqse to a decline in S02 levels since the
,
:, .

1970s focus has increased with regard toother pollutants such as NO,, Nl% and
,?.,

03. .,,

Lichens are the most widely recognised plant group in air pollution monitoring
and will probably continue to b; in. the near-fi~e. Lichens are particularly
useful in indicating pollution loads over long periods. Lichen surveying is
routinely included as part of international and national monitoring programmed.
Urban and industial pollutant monitoring generally involves classification and
mapping of pollutant zones and calculation of pollution indices. Responses of
lichen species ‘and communities has been related quantitative to air pollutant
concentrations but often this would still require measurement of physio-
chemical data. Recent developments show an increased emphasis on the use of
biochemical and physiological responses of Iicliens as indicators of air pollutio%
probably due to technological advancement. A muhivariate approach using a -
number of lichen parameters such as community changes, Visl%leinjury,
physiological effects and element content would provide an integrated approach
to air quality assessment.

Most bryophyte studies are associated with regional and urban sulphur dioxide
(SOZ) contiation. On a national and multi-national monitoring scale,
bryophytes are used more as bioaccumulative indicators of aerial metal
contamination than as bioindicators of gaseous air pollution. ‘

The use of fungi in air pollution monitoring is gener~y limited in comparison to
lichens and bryophfles but recent developments have proposed their use in @e
assessment of pollution impact on forests. Le@easts have also been proposed
as bioindicators of S02 pollution in urban and rural areas.

An increase in epiphytic algal growth usually coincides with a reduction or
disappearance in epiphytic lichens since green algae respond positively to ~
increased nitrogen. This group therefore have potential as bioindicators with
regard to the recent increases in N deposition. Aerial green algae are currently
used in international and national monitoringprogrammed in this respect.

In their comparisons of SOZ absorption capacities between vascular plants,
mosses and lichens in a range of habitats, Winner et al. (1988) concluded that
the cryptograms are much stronger S02 sinks and therefore more sensitive to
this pollutant than vascular plants. However for Os the use of higher plants as
bioindicators of crop and foresf irjmy looks more promising. The use of higher
plants in bioindication is relatively recent in comparison to lower plants.
GeneralIy the exposure time of higher plants to a pollutant is known because
observation is normally restricted to the vegetation period. The detection of
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visible symptoms is the most widely recognised bioindication method using
higher plants. However, symptomatic bioindication util.ising.hi~er plants may
not always assist in the ‘protection of vegetation. This is because air pollution
may tiect plant species at levels less _tian those resulting in visible injury.

‘Furthermore visible injury is not specific to particular environmental stresses.
Most studies ushg higher plants employ a bioassay approach whereby plants
from standard genetical origin and state of development are utilised. This
ensures that plant responses indicate pollution dtiage and does not reflect
previous natural abiotic or biotic conditions of the plant.

Biochemical, physiological and structural bioindication methods are better
developed for higher plants tlpn lower plants. This is probably due to increased
bterest on the effects of.~ pollution on higher plants because of the economic
implications for ex&nple in relation to crops and forests. For example, a special
issue of the journal Environmental,Pollution was dedicated to the response of
crops to air po@ants, This was reported on an international conference on
assessment of”crop loss from air polluthts in October 1987. However, these
responses are often not specific and careM,aSsessment is required in ident@ing
cause and effects relationships. One attempt to overcome this problem wou(d be
to use multivariate ~pproach where several-response parameters are combined
into muhivariate indices. .
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Iv ORGANIC-COMPOUNDS

1 Introduction

Organic compounds include polycyclic aromatic hydrocarbons (P&Is),
chlorinated hydrocarbons, polychlorinated biphenyls (PCBS) and ethylene
(GEL). PAHs result from activities such as fossil fuel combustion and
ahuninium and coke production. ,Common PAHs in the published literature
include fluoranthene and benzoperylene. Chlorinated hydrocarbons, such as
benzohexachloride (BHC), are kharacterked by clMerentpollution sources than
PAHs and show a high mobility in tie air. The emissions of PCBS such as tri-
rmd tetrachlorobiphenyls have reduced in recent decades but in some countries
the long-range transport of these chemic~s to rural areas is still regarded an
important problem. Ethylene is prim@ly emitted from the combustion or
processing of petroleum and its products and can easily accumulate to levels
injurious to plants.

Biomonitoring of organic compounds psing plants is not as widely established
as it is with metal or gaseous air pollutants. Biomonitoriug of organic
compounds has the advantage in that background concentrations can be
assumed to be zero because persistent organic compounds are antbropogenic in
origin. Most biomonitoring of organic compounds involves plants which have
the ability to bioaccunmlate these persistent trace pollutants. This may entail
passive monitoring where natural growing vegetation is observed or active
monitoring which detects the presence of air pollutants by placing test plants of
known response and genotype into ~e study area.

Analysis of tissues is undertaken in most biomonitoring studies of organic
compounds. It is important that ariy standard analytical procedures are adhered
to. Contamination of samples during collection and preparation should be
avoided and sample ‘replication is recommended for reliable interpretation of
results.
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2 Bryophytes ,,

At presen~ mosses-are probably the most widely used plant group in relation to
the assessment of awbome organic compoundi.

2.1 Passive monitoring

Thomris (1986) found that mosses were suitable .in the rnonitofig of the
chlorinated hydrocxbou benzohexachloride (13HC) and polycyclic aromatic
hydrocarbons (PM-I) in Europe. Different moss samples from across Europe
were analysed for their trace substance residue content by a varie~ of research
groups in Germany, -the Netherlands; Demnar~ Norway and Iceland. Hypnum
cupressl~orme was analysed at most sites. The effective biomonitoring
propefies of this species in aerial heavy metal monitoring has previously been
recognised (Chapter II, Section 1). Hylocomiurn splendens and Rhacomitrium
lanuginosum were analysed at a few sites in the study. Both these species have
also been utiIised in the assessment of heavy metal contamination (Chapter II, ,‘
‘Sectioq 1).

Res~ts,.showed a clear PAH concentration gradient in mosses, which was high
in the industrial centres in middle E~ope and low in northern Europe. The
content of fluoranthene (1.0 ng g-]) and benzoperylene (0.6 ng g-l) in moss
samples in Iceland were regarded as background levels.’However, me ratio of
fluoranthene to benizoperylenewas lower at these sites than at industrial sites
due to a high concentration of fluoranthene in the g~eous phase being
transported longer distances to remote areas. The distribution of BHC content in
moss samples does not show a clearly defined.gradient due -tothe high mobility
of this substance in air. Mosses in the remote sit,es accumulate comparable
concentrations of BHC as industrial sites.

An important component .of fio&as’s (1986) work wd the derivation of
multiple regression equations relating PAH concentrations in mosses with
particulate air qurdity dati; Such models” are crucial -since they allow
quantifiable predictions in air quality monitoring to be made.’ However, no
significant models were established for. chlorinated hydrocarbons because
mosses are more appropriate for measuring”enyironment.alchemicals deposited
in particulate form.

In Firdan~ analysis of 26 Sphagnum moss samples collected from 12 locations
over a period of ten years indicated substantiallyhigher concentrations of PCBs
in the industrial south compaxed to the non~industrialisednorthern part of the
‘country @imberg and Pakarjneq 1994).

:..
# . . .

/’ ‘.,
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, ,,,, .,;: 2.2 Active monitoring
,:;’:,’’4,::+,,..,. .44,,;,,,!.,, ,!r’~,,, . .-.,,.? Transplantation of plants to other’areas for the pmyoses of pollution assessment;,;,:,,.,:!!<,6..,
, ,!fi,;.$>,,,;hF,

!. ,.,,f:)(,,,,
I

,JL is not re~tricted by the cument distribution of a species at the sit~s of interest
, ,:<..:~“:, ,,,’,,’.,’\
j$...;: ~:,,fj, and allows the time of expos,ureto be defied. .

,,,,,,.,,. , , :,:~’-f”’q“ .’! :.!,: , .$, ;,
, . ,,#+L,. Sphagnum moss bags were used to assess organic contamination ‘(PCB ‘and

, ,, .,.,;.<
,,;,/.,,.:,f,.-,.., organochlorine pesticides) in three regions of Canada (Strachan and1 ,-,,>,.,F,.:;:$.,:,.,,;,~<,,’,,:,. ..,,,..,, ;..,(,,, ,-:,’$. Glooschenko, 1988). Sheltered moss bags retained higher levels of compounds.’‘.,..;., ,,~:J,:;,, .-’.-.,..,,</,,:, .; ,.- than bags exposed to wash offfiom rainwater. In conclusio~ the-authors did not

. ;:,.,,,;;:> recommend the use of such bags as monitors of atmosphe~ levels of persistent
, ‘,..{.,4 organic contaminants. Material in the commercially av@able polypropylene,.,.,’“4‘‘,,,.,.

,, ,. ,,.: mesh bags was lost due to wind and the use of finer, air permeable mesh bags:.,, .,,,<, .<:,,f‘4,..’,,..!,, for surveying were suggested. However, the bags provided qualitative relative,:,,,. ,, ,... assessments and can act as early warning indicators for further action. ,

Wegener et aL (1992) transferred sphagiwm moss samples in nylon bags from a
rural area in Ireland to a sampling location at one km distance from an
aluminium production plant in Botle~ the Netherlands. Samples were also
exposed to three rural areas of the country approximately 20 to 30 km away, to
provide reference data. Exposure time was 30 days. Concentrations of PAHs in
moss bags near the production plant were approximately 30 times higher than
concentrations in bags in the rural areas. Concentrations in the rural areas were
not significantly different.

.
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3 Lichens .

Lichens are iecodsed monitors of heati metal deposition (Chapter II,
Section 2). The same properties have assisted ,in their &e of biomo~tors of
organic compounds. -

ne lichen, Uknea barbata was used to assess the chlorinated hydrocarbon
burden at two sites on the mok@ns fhcing the Meditem.anean Sezq near
Monaco (Villene@e et al., 1988). Results were comparable with chlorinated
hydrocarbon values observed iq ‘industrial areas in Italy and Norway.
Concentrations of insecticides and toxaphene were higher at the site of highest
altitude and were thought to have been transported from agriculti” areas to
this exposed site. PCBS were unaffected by altitude” which enabled
bioconcentrations factors between lichen PCB content and the atmosphere to be
calculated. ,-

Mnir et al. (1993) aualysed samples of the liche~ Cladina rangijerina at a
number of locations over a three-year period in Ontario, Canada. Concentration
gradients were observed for DDT, clilordane and dieldre% with signific*tly
higher concentrations in lichens in south-central Ontario locations than in
northern and north-western locations. Multivariate statistical analyses,. such as
prigcipal components analysis.was applied to the data to examine dominant
patterns of all individual organochlorine components, their vaiiation with
geographical @cation and establish .relations~ps between lichen and air.
precipitation data. Data was insufficient to infer any conclusions regarding
temporal trends.”,

-,

/

. . .
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Herbs’ and trees have been used in biomonitoring both as bioaccunmlators and
bioindicators by exhibiting symptoms of visible injury. , f.. ,.
4.1 Visible injury

Taylor et al. (1990) ~epo~ed’”acuteinjury symptoms and ~owth abnormalities ,.,

of ethylene. Most of this information has been obtained.from laborato~ studies. ,.

The age of tissue, presence of other pollutants and temperature will affect plant
,-,

sensitivity to ethylene.
.,

‘>
In cofiers, yellow tips on needles area common response to ethylene.’Necrosis
and abscission of cqnes has also been recorded. Abscission of leaves and

!“~.,.’
flowers in broad-leaved frees usually occprs. Loss of bark has been observed in . (‘”
ehn. t. ,.

Various effects have been observed in herbs, grasses and crops. These include
,, ,’
,’,

curling Wd twisting of leaves prior to abscission in lily, tulip and hyacinth.
.,, . <,.,

Chlorosis followed by necrosis has been detected in rose plant leaves wMe beet ‘ ;. ~
and radish have exhibited redlpurple discoloration. With regard to flowers,
delayed opening, premature opening, inhibition of flowering, promotion of “ ‘
floweripg, flower close, loss of petals, necrosis and male flowers becoming
female flowers have all been observed in different species. Bushy plants and
promotion of senescence are general features observed in many herb, grass and ,,
crop species in response to e~ylene exposure.

Felsot et aL [1996>used .iniuv wmptomsin pe%bean and corn see~gs to., --- -
assess the exposure of non-target crops to atm~spheric deposition of herbicide
residues from drifl or localised transport of herbicide residues. The most
frequently observed symptom was chlorotic spots on the upper leaf surfaces on ,’
exposure to sulfonylurea herbicides. Exposure to pheno~acetate herbicide :“
caused stem kiuking and abnormal twisting with leaf cupping. Bright green .,
veins appeared on leaves exposed to the herbicide aminophosphonate while
discrete necrotic circular spots characterised exposure to bipyridilinium.

,’
i,.

4.2 Bioaccumulation

Most studies involving plants as bioacccumulators involve passive monitoring. ;,

In France, Granier and Chevreuil (1992) used tree leaves from the plane tree
‘,,

Plantanus vulgaris as bioindicators of aerial organoch.lorines. Plants absorb
.,

PCBS mainly ftom the surrounding atmosphere and not from the roots. However
. .;,

this may not be true for other organic compounds. The authors calculated
,.

airfleaf bioconcentrations factors of 105for PCBS and 104 for lindane. PCBS
showed spatial and temporal variation throughout Paris. The authors
recommended the use of tree leaves in both point source emission assessment
and on larger scale studies.

1,, ,,;:;’,. ,,., .:l.
,’. .~.’,. ,: .7,;,
... ..:., ., .-i.{
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Kylin et al. (1994) developed an halytical method for he determination of PCB
in pine needle wax. This was applied to pine needle samples collected as part of
a. mapping distribution progr~e of organochlorines in Europe. The
importance of this technique is that it allows specific and precise measurement
of PCBS in needles of varying age classes, enabling not only spatial but
temporal trends to be established.

Herbs have also been -recognised in organic biornonitoring. Goldenrods, a
widely distributed indigenous, wee~ are excellent accumulators of PCB
(Weinstein and Laurence, 1989). .

,., ,“ . . .
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5 Conclusions

Literature with regard to biomonitoring of organic compounds is somewhat
sparse in comparison to other air pollutants. Direct comparison of the Iiteraiure ;;
is difficult due to the different techniques used. Differences exist between tie
use of naturrd or transplanted plants, the type of species use~ exposure time, - “’ ;’
sampling Iocatioq sampling procedures including sampling height and sample

,,
:.

collection and chemical techniques used.

Mosses and lichens appear to be very effective bioaccumulative topls in the
,’

detection of organic compounds. The same propefies tlat make mosses and ~ ~‘: ~~
lichens suitable monitors of heavy metal deposition also appear to make them .,
appropriate biomonitors of orgauic pollutants. These include SIOW~ow@ l~ge , ‘..,
stiace areas, lack of a cuticle, the lack of internal transport mechanisms and a
dependence on the atmosphere for nutrients.

)’,.
‘.

Indigenous mosses have been used oh the muki-nation~ and national scale. ~
.,

Transplanted mosses appear to be. more effective in the assessment of point
,,

t,

so~ces of pollution but have been used in larger scale surveys. Quantifiable
models correlating concenfratiofi in moss samples to air quality data have been

,,
.,>..$,

established for some compounds.
; .,
,,

No literature relating to iimgi and organic compowds W* available at ~~ he - . .;,
of this study.

,,

Higher plants also have potential in the biomonitoring of organic
micropollutants. They have au advantage over lower plants in that they display “
recoguisable, distinguishable and often quantifiable injury symptoms to these
compounds. Higher plants, particularly tree leaves and needles, can also be used
as bioaccumulative indicators but as is the case for heavy metals$interpretation

,,

of results maybe complicated by uptake of chemicals via the root system.

Further work in relation to the mechanisms and the accumulation of
micropollutaqts in plants is reqiired. This should improve the use and

,,,,;

intei-pretation of results in biomonitoring of these compounds.
,,,

,.

I )
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v FINfi CONCLUSIONS -

1’ Plant groups

From the foregoing chapters it is evident that plants have a role in the
biomonitoring of air pollution. A wide range of plant groups, species and
techniques are available. Anrdysis of plant tissue provides direct quantitative
information, on relative concentration loads. Alternatively, observing plant
responses is a simpler and less expensive technique and can be used as early
warning systems.

[.,
k ,,,
:,
:’,. ,, ”..,.
,,
;>, .
!., ,,

,.
,/, ,

Lichens, bryophytes, fimgi, algae and higher. plants have been used iri
biomonitoring of air pollution. Lichens and bryophytes are the most widely used
plant groups in air pollution monitoring. These groups contain tolerant species
with effective bioaccuumlating properties and sensitive species which show
pronounced responses to air pollu~ts. Passive and active air quality monitoring
using these groups cim include quantitative evaluations allowing relative
pollution assessments to be made. Fungi may have a potential role in the
assessment of air pollution impact on forest ecosystems. Algae are usefid in the
monitoring of nitrogen deposition.

In higher plants the assessment of foliar symptoms are probably the most widely
used bioindication techniques. This is particularly true for ozone. The presence
or absence of foliar injury has been used to establish zones of impac~ while the
type of foliar injury has been used to disxate among vruious possible air
pollutants. However, visible damage is not always specific to a particular
pollutant or other environmental stress. In addition not all species have been
expos,edto all known pollutants to establish their symptom expression.

Traditionally, biornonitoring programmed have been developed in. relation to
local and industrial sources of pollution. Bioindication programmed on the local

‘scale require less effoi-t due to-a relatively easily located point source from
which contamination generally follows a gn@ient. -h this instance cause and
effects relationships are often obvious. In large-scale surveys other factors such
as uneven spatial distribution and pollutant mixtures become more signitlcant.
However such large-scale standard monitoring programmed ~e important in
providing data on long-term temporrd and spatial trends of air pollutants. ..

Biomonitoring using plants can be’ a s@ple and inexpensive process v&ich
. .

lends itself as a potential, adaptable method of assessing ~ quality in

,. ,,’

developing countries. However, due to cl@atic and edaphic differences -
additional considerations may be necess~. For example; in arid areas
cryptogamic flora maybe less sensitive to air pollution because of low humidity.
Biological monitoring becomes highly applicable in remote areas where . ,...

continuous, direct air sampling is expensive rindimpractical:
,,

,, :



. .
.

‘-.

.

. .
.

,,

Laboratory ador artificial field investigations are often necessary to establish
the role of individual pollutants, the synergistic effects of pollutant mixtures,
biological responses and

parameters of biological
conditions.

tolerances. ~ese studies
rnotitorihg programmed

. .’

can ‘be-used to establish
conducted under natural

,.

.

.
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2 Design of monitoring programmed

,:,:.:.,,

A well designed monitoring programme will aid the determination of cause and ‘
: ,, ., .~,, , ,,r.<,,.”::’,,.

effect relationships. There is often a need for”pilot studies to determine . b,.
}’: ‘,:’:; :’.,

usefulness of different biological materials and approaches in detecting ~:,,., -

environmental pollution. As demonstrated in the preceding chapters several : ~f.. ,, ,, ,.-
iniportant factors therefore need to be considered.

,:, ,,
;, ‘: :,. ;. .,

2.1 Method selection
‘...,.’, . :,....,.

:,;:::,!:,,’.

When devising au air “quaIi@biomonitoring programrne using plants a major
... ,
,- ,$,, ,’. ..-.

choice lies between using passive or active biomonitoring. Passive rnoriitoringis
.:, ,; ,.

,;, ,.,
generally quicker, simpler and may allow the ,assessment of long-term pollution . . .

exposure. In contras~ active methods tich as transplantation exercises generally
represent a pollution regime over a short period of time but may allow
qutititative assessments such % deposition rates to be made. In addition the
genetic state and physiology of the plant is known and results cw be more
reliably related to air pollution. However transplantation monitoring requires the
use of control plants for comptison.

.

As illustrated in the above chapters several air quality biomonitoring methods
t

are available. Monitoring can be qualitative or quanti@ve and can employ ;,,
single indicator species or use co~ti~ ckge,s. Ofier me~ods ~Clude
physiologicalhiochemicrd plant responses or visible injury as indicators of air
pollution. By analysing element content ftom plant tissue samples at difXerent
distances from a pollution source, the type of pollution and the size of the fallout ,,
zone can be determined.

>.,

The choice of method depen& among other factors, on the purpose of the . :“’
survey, the size of study are% the reso~ces av~able. ad the des~ed de~ Of ,,, .
the output. ,,,.

2.2 Species selection
)

Carefbl selection of plant bioindicator species dtuing the design of a monitoring
pro-e enables not only the identication Ofthe PO~U.@tSbut Cm SUPPIY
approximate estimates of the pollutant dose, the strength and location of the
polluting source and assist in the demarcation of the spatial and temporal
distribution of the pollutant. ,

The sensitivity and tolerance of plant species is fimdamental to their selection.
Bioaccumulative indicators tend to be tolerant to the pollutants under
investigatio~ whereas sensitive species hidicate air pollutants by showing
recognizable responses. The selection of a species will depend on the
techniques employed and the objectives of the monitoring pro-e. For
example, if tie sole reason for a study is to determine whether air pollution is
having an impact or no~ then it may be usefid to observe all sensitive species.



,. ,.

.

Alternatively, the most sensitive species with &e widest distribution are the
prefemed bioindicators in mapping sources of pollution. Species selection will
also depend on whether an, array of ‘air pollutants are the suspected
contaminants or a single pollutant is responsible. In metal tdeposition
biomonitoring the species utilised mid its effectiveness will depend to an extent
on the elements to be monitored, certain species being better bioaccunmlators of
a particular element than others.

In general, bio~dicators should show a distinc$ easily measured response to a
pollutant and the response should be measured with an acceptable accuracy and
precision. Other factors which affect plant species selection include the
availability of.the species and ease of sampling.

,
2.3 Site selection

The density and location of sampling sites vMl depend very much on,tie type of
survey required-by the monitorhig programme. Larger scale surveys covering
larger areas will obviously require more sites thaq studies investigating point
emission sources. In the latter, sites are frequently spaced along transects or
gradients in relation to the pollution 5ourceIn general intensity of sampling sifes
should be adequate to detect gradual changes along the study area. If indigenous
species are to be utilised, the number and location of sites will depend on the
natural distribution of the species whereasif transplWtation techniques are use~
choice of sites are at the discretion of the investigator. . .

The collection of additional emironmental data at a,sqnpling location is often
necessary and will often aid the interpretation of results.

2.4 Data analyses
,,

Biomonitoring surveys can generate large qtitities of data. Data tialyses and .
interpretation methods sliould be ~ddressed at the earliest stages of sampling
design. Semi-quantitative and quanti~tive indices are FIuseful summary tool and
allow comparisons”between da~ets. Indices often iiwolve less fieldwork and
proyide good baseline data (Miller, 1989). A good biological index system is

. ideally simple, rapi~ robust and user friendly but based on sopnd mathematical
reasoning. Aecortig to Muir and McCune (1987) the ideal index uses
quantitative information which is equally weighted or carefidly weighted.

. The application of statistical analytical methods should be considered. For
example mukivariate analysis techniques have successfully been used to assess
the importance of air pollution in causing plant respo~e: in relation to other
environmental factors. For example, mukivariate analyses techniques such as
factor analysis have been used in the accurate interpretation of results from
large-scale moss surveys by including an assessment of the contribution from
other sources.’

.
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2.5 Chemical analysis

Chemical analysis of plant tissue is generally applicable to bioaccurmdative
monitoring studies. Analysis of tissues for sulphur, nitrogeu heavy metals or
organic compounds has been used in air quality biomonitoring.

Over the ye~s a number of lessons have been learned. These include

● contamination during collection should be avoidet

● replication of samples is recommended for accurate results;

. consistency of measurement units aids comparative studies;

. ,resuhs are more appropriate when,background elemental levels are obtained.

The choice of analytical method will depend on the purpose of survey. Some
analytical methods are non-destmctive and are usefid for repetitive surveys such
as baseline studies. Such samples can ZJSObe ~c~ved and wed at a later datq
for additional analysis. Alternatively although destructive techniques result in
the loss of the plant they maybe more effective in achieving the desired results.

When estimating elemental content in plant tissue,-the reliability of procedures
can be assured by including measures such as: use of standard solutio~, use of
blanks; reanalysis of selected samples and the standard solutions used in
calibrating the instrument after analysis of every five samples for atomic
absorption spectrophotometry (Rao and Dubey, 1992).

2.6 Quali~ assurance

Effective quality assurance during a biomonitoring programme is essential to the
production of high quality data. Quality assurance procedures are required for
two reasons:

. to ensure that tie method is’being followed properlfi

. to ensure that the required levels of accuracy and precision are being
achieved at each step in the process of sampling, processing, data
generatio% interpretation and archiving.

Quality assurance is of particular importance in situations where data maybe
exposed to legal challenge, or when regional, national or international
comparisons of monitoring results are required.

The application of generial quali~ assurance and analytical quality control is
more widespread and comprehensive for chemical methods than for biological
ones, although it is of equal importance for bo~ disciplines.

At its most basic, quality assurance procedures should take the form of a
predetennined level of random repeat surveys, analyses, measurements or
identifications (as appropriate to the individual method), with a pre-set action
level for disp~ty. Training provision inter-laborato~ calibration exercises and
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,.
accreditation schemes for individual methods should all be considered in the
overall planning of quality assurance. Minimisation of the bias introduced by

. different surveyors employing the same method needs to be minimised. This
may be partly achieved by training and the application of statistical measures of
assurance: If standard methods ‘of biomonitoring are to be developed, formal
training procedures are necessi-uy.The United Nations Economic-Commission
for Europe (UN ECE) monitoring programme mentioned regards training of
surveyors an important element of international co-operation.

Throughout the published Iitefature, quality assurance procedures were seldom
addresse~ although some standard national and international (e.g. UN ECE)
protocols ensure that a consistent approach is taken during surveys. The spects
of quality assurance addressed by certain authors during compilation of this

.*
report are provided here. In.theirstudy of 03 distribution using tobacco pkints in ~
northern Italy, Migoanego et ‘al. (1992) described how measurements at sites
were always undertaken by the same ‘recorder. In additio~ inter-calibration ‘
exercises were stressed and samples were sent off to external auditors on a
monthly basis. More recently Chappelka et al. (1997) detailed specitic quality
assurance procedtyes employed during a survey of 03 plant injury in Great
Smo~ Mountains National Park. Sampling teams were trained in species
recognitio~. 03 symptom precognitionand quantication before embarking on
fieldwork. Survey teaps were also evaluated against an ‘expert system’ for
testing the ability to rate injured foliage using herbar@n samples. An acceptable
score was defined as 75% of the leaves correctly estimated to within one class
of the actual amount of foliar injmy.

Jn biomonitoring siudies, the standardisation of sample co~ectio~ preparatio~
analytical techniques and data analysis is ‘recommended}‘This @ ensure
consistency and comparability betieen difFerentsampling sites, surveys and
between different regions.

. .
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