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Lichens are well-known indicators of air quality.
While most lichen biomonitoring studies have been
conducted in Europe and the United States, there is a
growing body of such studies in Canada. In western
Canada, 49 lichen species have been used to study gen-
eral air pollution, while 39, 23, and 18 species have
been used to monitor sulphur dioxide, photochemicals,
and fluoride, respectively (Thormann 2006). Lichens
have proven useful to characterize the concentrations
and deposition patterns of air pollutants over large
areas, particularly for metals, sulphur, and nitrogen
compounds (Enns 2001*).

The fungal and algal partners of the lichen symbiosis
live in a delicate balance. Any pollutant that affects the
well-being of either partner affects the lichen as a whole
(Brodo et al. 2001). Sensitivity to air pollution is relat-
ed to several features of lichens. They obtain nutri-
ents only from air and precipitation; they accumulate
compounds in their thalli and have inefficient mecha-
nisms of excluding or eliminating wastes, they have no
protective epidermis or cuticle, and they are quick to
show symptoms of stress (Case 1981*; USGS 2005*). 

The concentration and constituents of air pollution
vary in time and space. In Alberta, there are several
im portant constituents and sources of air pollution
(Al berta Environment 1996*; Alberta Health and Well -
ness 2003). Sulphur dioxide (SO2) is released from na  -
tural gas processing plants, oil sands facilities, power
plants, gas flaring, oil refineries, pulp and paper mills,
and fertilizer plants. In Alberta, 42% of SO2 is emitted
from natural gas processing plants (Myrick and Hunt
1998*). Hydrogen sulphide is released from fugitive
emissions (leakages) at petroleum refineries, tank farms

for unrefined petroleum products, natural gas and petro -
chemical plants, oil sands plants, sewage treatment
plants, kraft pulp and paper plants, and animal feedlots.
Natural sources include sulphur hot springs and some
wetlands and lakes. 

Nitrous oxides are produced from high temperature
combustion of natural gas, coal, oil, and gasoline. Nitro-
gen dioxide (NO2) is a pungent toxin. Ozone near
ground level comes from reaction of nitrous oxides and
volatile organic compounds in the presence of sunlight
and from transport of upper atmosphere ozone down
to ground level. Ozone levels are generally lower in
urban and polluted areas as ozone is destroyed by nitric
oxide (NO). Hydrocarbons come from a variety of in -
dustrial and natural sources. The most abundant hydro-
carbon in the Earth’s atmosphere is methane, a potent
greenhouse gas. Reactive hydrocarbons such as alkenes,
alkynes, and aromatics are toxic to humans and other
animals and vegetation. They react with nitrous oxides
in the presence of sunlight to form ozone. 

Particulates come from a variety of sources (typi-
cally combustion) and can act as carriers for biologi-
cally active metals and combustion products. Particu-
late monitoring is based on the mass of particles filtered
per m3 of air; PM10 and PM2.5 refer to particles <10 µm
and <2.5 µm respectively. In Alberta, the ratio of PM2.5 :
PM10 in recent years has ranged from 0.52 to 0.59 (Pol -
lution Watch 2006*).

Alberta is the largest emitter of air pollutants in
Canada, with a 2005 release of 1.339 billion kg, 28.4%
of the national total, an increase of 62% over its 2002
pollutant release (Pollution Watch 2006*). Among the
criteria air contaminants that affect human and ecosys-
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tem health, Alberta released 412.8 million kg of sulphur
dioxide and 403.9 million kg of oxides of nitrogen in
2005 (Pollution Watch 2006*). 

Lichens can be harmed by a variety of air pollutants,
including sulphur dioxide, sulfuric and nitric acids,
ozone, hydrocarbons, fluorides, and metals such as
cop per, lead, and zinc (Brodo et al. 2001). Sulphur
dioxide im pacts on lichens have been noted in Europe
since the early 19th century (Simonson 1996*) and can
cause de creased species richness, diversity and vitality
(Case 1981*). Pollution-tolerant lichens may exhibit
increased cover in polluted areas because of decreased
competition with more sensitive species, such as Mel -
anelia albertana (Muir and McCune 1988; Forest
Health High lights 1994*). Comparative study of the
lichens in an urban or industrial area with those dis-
tant from pollution can provide a good indicator of
air quality.

Our objective was to determine if there are spatially
detectable effects on the lichen communities of mature
tree bark within and downwind of pollution sources. We
focused on the corticolous lichen species that grow on
Balsam Poplar (Populus balsamifera) and Trembling
Aspen (Populus tremuloides) trunks.

Study Area
The study area and the Strathcona Industrial Area

(“Refinery Row”, Figure 1) are located east of Edmon-
ton, Alberta. Refinery Row contains a large group of
refineries and other industrial plants and is downwind
of Edmonton. Sherwood Park, Fort Saskatchewan, and
rural Strathcona County are downwind of Refinery
Row. Major sources of air pollution from Refinery Row
are industrial plants and vehicle emissions (Alberta
Environment 1997*). 

Methods
Study sites spanned an area roughly 28 km east-west

and 14 km north-south downwind (east) of the primary
pollution source in the Strathcona Industrial Area.
Study sites were located in naturally forested areas both
public and private. Two crews of two people each sam-
pled a total 35 sites in mid-October 1999. Only mature
trees with diameters >20 cm at breast height were sam-
pled. Balsam Poplar was the preferred tree as its rough
bark afforded abundant microsites for lichens. Aspen
were also sampled. Prior to sampling, we learned to
recognize a subset of the lichen flora. We focused on
15 taxa readily identifiable in the field.

At each site, we chose the four trees with the high-
est lichen cover. These trees had rough or fissured bark
and were usually the largest and oldest trees present.
Our data indicate average maximum cover rather than
average cover. For each tree, we noted the tree species
and diameter at breast height and determined the per-
cent cover of each lichen species growing on the bark
in the zone 0.5-1.5 m above the ground. Locations were
recorded with a GPS unit. Lichen names follow Brodo

et al. (2001). 
For each site, we determined mean percent cover for

each species and all combined species and the total
number of species. Lichen cover and location data
were analysed statistically. While air pollutants origi-
nate from the entire industrial area, and from Edmon-
ton in general, we defined a single pollution source
point to quantify distance from source. That point was
defined as the junction of Baseline Road and 34th Street
on the west side of Refinery Row. Distances from each
site to the defined pollution source were determined
in a geographic information system.

Results
Of the 15 taxa of corticolous lichens assessed, six

tended to be common and dominant and nine uncom-
mon and non-dominant (Tables 1, 2). Lichen species
richness and cover increased with distance from the
pollution source (Figure 2). Relationships with dis-
tance were strongest for species richness and for non-
dominant species cover (Table 3). Both richness and
cover appeared to rise exponentially with distance.
Spe cies richness and total cover increased gradually
from west to east over the first 15-20 km of the pollu-
tion gradient, then increased more rapidly (Figure 3).
Minimum richness and cover were found in the north -
western sites. Richness and cover continued to rise over
the gradient indicating that air quality influenced the
lichen community across the entire area. Some lichens
near the refineries and in Sherwood Park showed ab -
normal coloration (e.g., pale colors, or pinkish hues)
and poor thallus integrity (partly disintegrated thalli)
indicative of stress.

Of the six dominant species, all but one species
(Phaeo physcia orbicularis) increased in cover with dis -
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TABLE 1. Corticolous lichen species observed on mature
Balsam Poplar and Trembling Aspen bark in the study.* 

Dominant Species

Melanelia albertana
Ochrolechia arborea
Phaeophyscia orbicularis
Physcia adscendens
Xanthoria fallax
Xanthoria hasseana

Non-dominant Species

Arthonia patellulata
Bryoria spp.
Evernia mesomorpha
Flavopunctelia flaventior
Hypogymnia physodes
Parmelia sulcata
Parmeliopsis ambigua
Physcia aipolia
Usnea spp.

* non-dominant species occurred at <5% cover at most sites
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FIGURE 1. (a) Location of the 35 study sites. The area marked with an X, at the corner of Baseline Road and 34th Street
(Edmonton), was the reference point for measurement of distances from the pollution sources. (b) Part of the Strathcona
Industrial Area as seen from the corner of Baseline Road and Broadmoor Boulevard (west side of Sherwood Park, 
9 June 2006). 

b
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tance from the pollution source (Figure 4). Xanthoria
fallax and Phaeophyscia orbicularis were the most
hardy lichens, present in virtually all sample sites. Xan -
thoria hasseana and Ochrolechia arborea increased
appreciably in cover with distance from the refineries.
Physcia adscendens, Parmelia sulcata, and Melanelia
albertana were rare or absent near the pollution source
and common in more distant areas. Similarly, Flavop-
unctelia flaventior, Hypogymnia physodes, Usnea sp.,
Evernia mesomorpha, and Arthonia patellulata were
rare to absent near the refineries. Most species were
sensitive to air quality to some degree. 

Discussion
Lichens are good bioindicators of air quality in the

region. There were clear trends of decreasing cover and
richness with increasing proximity to Refinery Row.

The pattern of decreasing lichen cover and species rich -
ness with increasing levels of air pollution is consis-
tent with that documented in large Canadian cities such
as Winnipeg, Manitoba (Stringer and Stringer 1974),
and Hamilton, Ontario (McCarthy and Vaughan 2004*). 

The results support those of Muir and McCune (1988)
and van Dobben and ter Braak (1999) who found that
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TABLE 2. Cover (%) of six common, dominant lichen taxa, non-dominant species cover, total cover, species richness, distance
from pollution source, and location (UTM, Alberta 10TM projection) for the 35 study sites. 

1 1.53 1.28 9.50 10.50 9.25 24.25 4.80 61.1 10 22.20 626596 5921921
2 1.53 1.75 6.25 27.50 15.50 20.78 3.57 76.9 12 27.64 634039 5929211
3 1.25 5.53 6.25 30.75 13.00 9.28 5.55 71.6 11 27.51 633318 5924801
4 9.50 6.25 5.50 18.75 9.25 6.25 5.13 60.6 10 27.43 633890 5931485
5 1.03 0.33 10.50 23.75 27.00 5.80 1.13 69.5 11 24.60 630881 5927914
6 1.03 1.05 17.00 9.50 8.50 6.25 1.01 44.3 9 22.63 628901 5929041
7 4.03 5.53 7.75 9.50 13.50 2.55 2.55 45.4 9 18.64 624657 5935012
8 0.08 18.75 20.25 8.25 0.03 0.30 47.7 6 19.84 626128 5929300
9 0.28 18.25 15.00 2.75 0.30 0.57 37.2 8 17.51 623892 5929777

10 0.55 12.50 20.50 14.25 0.03 0.32 48.2 8 18.84 625218 5931805
11 0.30 3.25 9.53 17.75 34.50 8.50 1.77 75.6 8 16.29 622666 5931547
12 0.28 3.53 4.78 17.00 11.25 1.55 1.51 39.9 8 15.67 621909 5928835
13 0.55 5.28 18.28 10.50 0.03 0.52 35.2 6 14.94 621306 5931245
14 0.10 12.00 11.28 18.00 9.28 2.08 52.7 9 13.34 619624 5928966
15 0.10 13.75 13.25 9.50 1.25 0.58 38.4 7 10.21 616349 5929036
16 0.05 9.00 18.75 15.00 8.78 0.07 51.7 7 10.07 616497 5931618
17 0.08 6.25 15.03 17.50 5.03 0.77 44.7 6 10.59 616212 5935306
18 0.08 15.25 0.28 12.00 19.50 47.1 5 9.07 614799 5934537
19 30.00 0.08 4.75 0.55 1.02 36.4 5 8.12 614509 5932293
20 0.03 16.25 0.08 9.00 25.4 4 8.56 614809 5932530
21 0.30 3.50 26.25 0.03 14.50 12.50 3.06 60.1 9 7.60 613904 5932179
22 0.03 0.30 23.75 1.55 16.25 1.28 0.90 44.1 11 7.39 613821 5930774
23 0.08 38.00 4.00 11.75 6.00 1.82 61.7 7 7.77 613885 5929036
24 10.00 18.78 1.03 0.03 0.08 29.9 6 3.28 608099 5928430
25 0.55 14.25 0.28 20.00 24.75 0.06 59.9 6 2.23 607989 5929730
26 0.05 14.50 1.55 15.00 0.53 31.6 5 3.36 609589 5932220
27 0.03 23.75 6.75 3.53 0.03 0.35 34.4 7 3.56 607909 5934560
28 0.05 9.50 0.55 1.05 11.2 5 2.58 605709 5933730
29 0.55 14.28 1.03 3.50 0.05 0.10 19.5 8 0.77 605895 5931731
30 10.50 0.08 16.25 3.78 0.05 30.7 5 5.87 612319 5930784
31 1.03 16.25 0.08 5.25 0.28 0.05 22.9 6 7.47 612501 5935549
32 3.03 26.25 6.30 4.78 0.75 41.1 5 5.77 611558 5933780
33 0.53 35.00 1.55 21.25 0.03 0.05 58.4 7 4.43 610409 5933009
34 31.25 3.00 26.52 0.75 0.28 61.8 5 6.86 613080 5929554
35 0.05 10.75 6.25 3.25 1.00 0.05 21.4 6 5.84 611981 5929452
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TABLE 3. Spearman rank correlations of distance from pol-
lution source with lichen species richness and cover (n = 35;
all correlations were significant at P<0.001).

Correlations (r) Distance 

Species Richness 0.61
Total Cover 0.57
Dominant Species Cover 0.51
Non-dominant Species Cover 0.67
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air pollution reduces species richness, decreases total
cover, alters species composition, and amplifies the
presence of pollution-tolerant lichen species. Phaeo-
physcia orbicularis is a pollution-tolerant species; Xan -
thoria polycarpa (a close relative of X. hasseana) and
Ochrolechia are moderately to significantly sensitive
to SO2 pollution (van Dobben and ter Braak 1999). 

Several factors may have influenced the results. Lich -
en species richness differs among host tree species
(Muir and McCune 1988). This influence was mini-
mized by our choice of only Balsam Poplar and Trem-
bling Aspen. Exposed and isolated tree patches may
have had lower lichen cover and richness in part be -
cause isolated trees are more exposed to air pollutants
than are forest trees (Smith 1981). Microsite differences
may have affected our findings at some sites. The choice
of four mature trees with maximum lichen cover at
each site should have minimized differences due to
unsuitable substrates (such as smooth bark on rapidly
growing trees).

As the pollution originates from several sources,
including refineries, local vehicle emissions, and urban
combustion, distance from a single point source is a
simplification. Most of the sites were near roadways
and were likely affected by vehicle emissions. Differ-
ences in traffic load may have contributed to the vari-
ability in the lichen communities. Strathcona County
official weekday traffic counts during 1997 and 1998
for arterial roads in the vicinity of Refinery Row ranged
from 21 120 to 36 130 vehicles per day. In contrast,
traffic counts near the easternmost rural sites ranged
from 82 to 1252 vehicles per day (mean 326, n = 15). 

A combination of industrial, vehicular, and urban
emis sions results in lower air quality in the Refinery
Row area. Winds distribute and disperse the pollutants

in complex ways evident in Figure 3. Air quality mon-
itoring in Fort Saskatchewan, about 20 km north-
northeast of Refinery Row, found that sulphur dioxide
levels rose significantly (by 21%) when winds were
from the south-southwest (Albert Health and Wellness
2003), a fact attributed to wind dispersal of pollutants
from east Edmonton. 

Air pollution is a serious health concern of millions
of people worldwide and has been linked with higher
rates of allergies and respiratory and cardiovascular
diseases (Health Canada 2004*). Numerous epidemi-
ological studies have demonstrated a link between am -
bient air pollution and adverse human health effects
(Alberta Health and Wellness 2003). It can be difficult,
however, to establish a causal relationship between ex -
posure to a specific contaminant and a resultant health
effect. Lack of a demonstrated causal link between a
pollution source and human health does not mean that
no link exists. Indeed, precautionary common sense
should assume there may be a link until the required
controlled studies are conducted. Sensitive bioindica-
tors such as lichens can be used in the interim to inform
public policy. 

While air pollution effects upon the lichen commu-
nities are evident, levels of local monitored air quality
parameters appear to be within Alberta government
guidelines. This should perhaps not come as a surprise.
Air quality guidelines are based in part upon science
and in part upon what is feasible within the socioeco-
nomic objectives of stakeholders (Long Fu, Alberta
Environment, personal communication, 9 February
2006). Our results indicate that current air quality guide  -
lines are inadequate for the protection of the lichen
communities.
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FIGURE 2. Lichen species richness (a) and total cover (b) in relation to distance from the pollution source. Line is a distance-
weighted least squares regression, tension 1. The species cover y-axis is transformed, power 0.5.
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Despite widespread public concern, independent,
journal-published studies of the relationships between
air pollution and human health downwind of the Strath-
cona Industrial Area have not been conducted to date.
Alberta Health (1996) conducted a small, short-term
study of respiratory disease rates in Strathcona Coun-
ty and Fort Saskatchewan. They were unable to detect
above normal rates of mortality and hospital admis-
sions but observed above normal rates of physician vis-
its for asthma. As a large human population is needed
for robust statistical analyses, the statistical power of
that study was limited. Ozone, acid aerosols, nitrogen
oxides, volatile organic compounds, and particulates
may be responsible for adverse health effects at current
levels of exposure (Alberta Health 1996).

As regards particulate matter, epidemiologic studies
have been conducted that reveal a coherence and con-
sistency of effects across a range of health outcomes
and independent studies in different settings (Dockery
and Pope 1994). Weighted mean increases in daily mor-
tality of 1.0% (all causes of death), 1.4% (for cardio-
vascular deaths), and 3.4% (for respiratory deaths) for
each 10 µg/m3 increase in PM10 have been established
(Dockery and Pope 1994). In Fort Saskatchewan, Al -
berta Health and Wellness (2003) observed a 95th per-
centile PM2.5 outdoor concentration of 13.2 µg/m3, cor-
responding to a PM10 concentration of ~ 23.3 µg/m3

(when the 2005 ratio of 0.568 for PM2.5 to PM10 in
Alberta is applied). Such a concentration would be ex -
pected to cause an increased daily mortality of 2.3%
for all causes of death, 3.3% for cardiovascular deaths,
and 7.9% for respiratory deaths (Dockery and Pope
1994). 

Political decisions on regional air quality issues
have to date supported business as usual. As Strath-
cona County Councillor Alan Dunn sees it (personal
communication, 16 February 2006), “we politicians
spend too much time sticking our heads in the sand.”
Councillor Glen Lawrence (personal communication,
16 February 2006) supports an improved air quality
monitoring program. Both Councillors agree that pro -
tection of air quality and human health must begin to
play a central role in future decisions regarding devel-
opment.

Rates of death from asthma in Canada increased
sharply from 1970 through the early 1980s and subse-
quently remained high through the 1980s (Wilkins and
Mao 1993). In Alberta from 1980 to 1988, hospital ad -
missions for asthma increased 35% for children younger
than 15 years and increased 48% for Albertans 15-34
years of age. Of all provinces in Canada, Alberta has the
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FIGURE 3. Lichen species richness (a) and total cover (b) in
relation to location. The surface is a distance-weighted
least squares regression, tension 1. The view is from
the northwest towards the southeast. Coordinates are
in Alberta provincial 10TM projection.

FIGURE 4. Lichen cover in relation to distance from the pol-
lution source for the six dominant species. Line is a
distance-weighted least squares regression, tension 1.
The species cover y-axis is transformed, power 0.5.
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highest death rate for asthma in people younger than
35 years of age (Wilkins and Mao 1993). 

As sentinels of air quality, the lichens are telling us
that all is not well in the air east of Edmonton, Alberta. 
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