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Twenty years of lichen cover changein atropical habitat (Costa Rica)
and itsrelation with air pollution
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Abstract: We report lichen cover change over a 20 years period for the Costa Rican capitol city. Foliaceous
lichen cover was measured with a10 X 10 cm template positioned 1.5 m above ground on the south, east, north
and west sides of ten phorophytic trees per station (11 stations) from 1976 through 1997. Results were compared
with previous measurements along an urban transect (at three heights above ground) and in a rural station.
Lichen cover was correlated with traffic density and varied between stations and years. Mean lichen cover was
23% in 1976, 12% in 1986, 9% in 1990 and 22% in 1997. Most stations suffered a large cover reduction after
1976 but improved after 1990, possibly reflecting improved traffic regulations and elimination of lead (Pb) from
gasoline. Cover values by cardinal orientation were: west 17%, east 14%, north 13% and south 12%. Sidewalks
of streets with more traffic had lower cover values. In therural station, cover was lower than expected (possibly
because of climate), and was not correlated with height above ground or cardina orientation, in contrast with
temperate regions. In polluted cities human activity should concentrate above the first floor of buildings (par-

ticularly in hospitals or schools) because pollution was found to concentrate in the first 2 m above ground.
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The history of moss and lichen use for air
pollution bioindication began in the mid 191
century and has been reviewed, among others,
by Barkman (1958) and Papert (1990). Briefly,
the pollution-lichen relationship was first doc-
umented in the second half of that century;
pollution maps were developed in Scandinavia
and central Europe during the first half of the
20™ century; the second half has been marked
by identification of the chemicals that are
involved and by awide use of this knowledge
by citizen groups.

Normally, bark communities follow an
ecological succession: from algae to crustose,
foliose and fruticose lichens; but the sequence
can be reversed because of pollution, finaly

returning to algae (Barkman 1958, Brodo
1968). This succession can be used to assess
air condition, and was basic in the develop-
ment of the first air quality index in 1968
(DeSloover and LeBlanc 1968). Thisand other
such indices, however, are species-dependent
and often cannot be used without adaptation in
different geographic regions (S. Winkler, pers.
comm. 1985). An attempt to overcome this
problem showed that temperate reference
species transplanted to atropical habitat retain
the capacity to reflect pollution (Grininger
and Monge-N§era 1988). Both lichen physi-
ology and structure explain their bioindication
value (Winkler 1977) and there is strong evi-
dence that traffic and pollutants in vegetation
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are correlated (Wheeler and Rolfe 1979,
Rodrigo et al. 1999).

For many years, there has been some
debate about the relative importance of pollu-
tion and other factors associated with lichens
(review in Barkman 1958, Carreras et al.
1998). Among many factors known to affect
lichens are light (Plitt and Pessin 1924), and
humidity (review in Barkman 1958). A
detailed study in New York (Brodo 1968)
showed the value of transplant experiments
and basically corroborated the long list of
physical factors presented by Barkman (1958),
with humidity and substrate stability outstand-
ing. Basically, the same trends are found in the
tropics (JMN personal observation), but taxor-
omy and ecology of tropical lichens are poorly
known (Sipman and Harris 1989)

The importance of tree species and local
climate for lichens has been postulated by
some (e.g. Brodo 1968, Hurka and Winkler
1973), but criticized by others (e.g. Rominger
et al. 1994). The debate led Addison (1984) to
suggest that electronic monitoring is required
for a reliable assessment of air condition
because lichen ecology is till controversial.
Sample size has also been criticized (Trass
1973). However, recent studies corroborated the
value of lichens as hioindicators (McCune
1988, Rubiano 1988) and the effect of pollution
on lichen biodiversity (Wetmore 1988, Ekman
1990). Pollution also has a clear effect on lichen
microinvertebrate communities (Uetz et al.
1980, Stubbs 1989), but this area of investiga-
tion is mostly virgin territory. The relationship
between pollution, lichen cover and |epidopter-
an occurrence has been debated for many years
regarding industrial melanism (Bishop et al.
1975, Monge-Ngjera et al. 1998) and was
reported to be real but not obligatory in three
tropical locations (Monge-N§jera 1988).

Lichens and pollution have been studied
in Latin America for half a century, first in
Caracas, Venezuela by Vareschi in 1953 and
then mainly in Colombia (Ibagos 1977, Garcia
and Rubiano 1984, Rubiano 1988). Besides its
effect on lichens, pollution reduced the diver-
sity of higher plantsin México City (Rapoport

et al. 1983). Work in Costa Rica is going on
for over 30 years. Oetjen (1965) found that
foliose lichen cover increased with humidity
and decreased at lower temperatures, and that
it lacked a correlation with cardinal direction.
Méndez and Fournier (1980) published their
classical study of air pollution and lichens in
the capitol city, San José, using transplants,
counts of dead cells and overall lichen cover.
Chemical data for the city extend back to the
last 20 years (Rodriguez 1982) but lichen tax-
onomic knowledge is still quite limited to
some groups (Licking 1989). Using palm
trees to homogenize trunk characteristics, L.D.
Alfaro found that the north side, more pro-
tected from desiccation because of wind and
sunlight incidence, had the greatest lichen
cover (unpublished 1991 study, pers. comm.).
Recent data show that air pollution in San José
reached four times the recommended maxi-
mum, with a negative effect on health, build-
ings and tourism (Anonymous 1996).

This study analyses twenty years of
lichen change in the Costa Rican capital, arel-
atively long period for a tropical city if one
considers that the longest known study in a
temperate city is only three times as long
(Munich: Winkler 1977).

MATERIALSAND METHODS

Changes in lichen cover in an urban
habitat for 20 years. Foliaceous lichen cover
was measured by counting lichen occurrence
in 1 cm? squares with a 10 X 10 cm template
(Méndez and Fournier 1980), positioned 1.5 m
above ground on the south, east, north and
west sides of ten phorophytic trees per station
(11 stations) from 1976 through 1997. Annual
means for San José (located 1172-1299 m
above sea level) are: precipitation 2000 mm,
dry season of about five months and tempera-
ture 21°C. For more details about site, phoro-
phyte species and method see Méndez and
Fournier (1980). A critica comparison of
methods and a new method are described by
Monge-Ngjera et al. (2001).
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Coverpattern along an urban transect:
To compare trends with temperate studies
done along pollution transects, as well as the
effect of sampling at different heights above
the ground, lichen cover was also measured in a
transect using a 200 point template (10 x 20 cm,
Gruninger et al. 1980) in 1992 (the transect
measurements were made independently of the
stations study). Trunk diameter values at breast
height (dbh) along the transect were: Section I,
Avenue 0, very high traffic density: mean 0.49
m (range: 0.19-1.12) , N = 15 trees; Section |1,
Avenue 10, high traffic density: 0.35 m (0.16-
0.62), N =9; Section |11, Los Yoses residential
area, comparatively lower traffic density: 0.41
m (0.16-1.20), N = 23 (transect along the
north-south axis, i.e. across avenues).

Comparison with a less polluted rural
habitat: In 1985, arura station with 63 trees
was studied in a relatively unpolluted area
(secondary growth on pastureland, Turrlcares,
Alajuela Province, Costa Rica). The region is
in the Tropical Premontane Moist Forest life
zone (Holdridge 1964) and potential vegeta
tion is classified as Deciduous Lowland Forest
by Gémez (1985) The mean annual precipita-
tion is 1710-2050 mm with a prolonged dry
season, and yearly temperature means range
between 23-27°C (Herrera 1985). Tree meas-
urements. dbh 0.40 m (range 0.04-1.26),
height 7.4 m (3-13).

The percent cover by foliose lichens was
measured with a template with 100 randomly
selected points. Measurements were made on
the north, south, east and west sides, both 0.5
and 1.5 m above the ground (Méndez and
Fournier 1980).

Voucher specimens are deposited in the
Berlin and University of Costa Rica herbaria.

RESULTS

Changes in lichen cover in an urban
habitat for 20 years: A total of 1760 cover
values were recorded, 440 for the first part of
this project (published by Méndez and
Fournier in 1980, see this reference aso for

maps and tree species) and the rest for the
present part. Lichen species appear in Table 1.

Variation by station: Lichen cover dif-
fered among stations and years (R-sguared
0.36), but not all stations had the same trend
from year to year. ANOVA significance values
follow: station (p = 0.0001); year (p = 0.0001);
dation by year (p=0.0001); Treesde(p = 0.0134);
station by tree side (p = 0.0471); tree side by
year (p = 0.3717); station by tree side by year
(p = 0.9340). (Note: astandard ANOVA and a
Kruskal-Wallis ANOVA produced the same
results).

The side of the tree, and consequently,
cardinal orientation, had alower statistical sig-
nificance. Trends were not linear (R-sgquared
always under 5%) so data were plotted for
visual analysis (Figs. 1-3). For the city, the
overall mean lichen cover was 23% in 1976,
12% in 1986, 9% in 1990 and 22% in 1997.
There was no correlation with temperature or
precipitation (Fig. 4) but the trend was clearly
opposite to that of number of vehicles until Pb
was eliminated from gasoline. With the excep-
tion of Paseo Coldn, which has been a lichen
desert since the 1986 sampling (Fig. 5), most
stations suffered a large cover reduction after
1976 but improved from 1986 to 1990 (excep-
tions: San Bosco av. 4, Ferrocarril a Atlantico
and Gonzdlez Lahmann, that decreased; and
Otoya, where there was practically no change).
From 1990 to 1997, lichen cover increased in
al sations with the exception of the lichen
desert station, which remained a lichen desert
(Fig. 5).

Effect of cardinal orientation: When all
stations and years (1986-1997) are pooled,
lichen covers by cardina orientation were:
west 17%, east 14%, north 13% and south
12%.

We also recorded sidewalk data (N = 95)
and found more cover in the east and west (i.e.
street) sidewalks (Fig. 6) which suggests that
pollution was lower in streets than in avenues
(San José streets run north-south, avenues
east-west). However, this suggestion is not
supported statistically: the north differed from
the south (ANOVA, p = 0.0001) but other
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Fig. 1. Mean lichen cover (%) by side of tree trunksin sev-
eral stations, San José city. Vertical lines are standard devi-
ations, numbers near bars indicate sample size. Years
1986, 1990, 1997. E east, W west, N north, S south.
Station 1 (Paseo Colon) is not illustrated because lichen
counts were zero. Detailed location of stationsin Fig. 5.

combinations did not differ (east vs. west
p = 0.3670, north+south vs. east+west
p = 0.1830). At a very small scale, water
runoff tracks had more cover, especialy in
polluted stations (Fig. 7) and this may override
the effect of pollution regarding cardinal dif-
ferencesin lichen cover.
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Fig. 2. Lichen cover (%) by side in several stations, San
José city. Explanationin Fig. 1.

Cover pattern along transect: For the
transect, al factors had a significant but weak
effect on cover (all Pearson correlation coeffi-
cients under 0.31 and positive), namely: tran-
sect section (p = 0.0001), height of lichens
above ground (p = 0.0001), and tree trunk
diameter (p = 0.0016). Overal, Section | (high
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Fig. 3. Lichen cover (%) by side in severa stations, San
José city. Explanationin Fig. 1.

traffic) tended to have alow cover and Section
I (low traffic) a high cover, while Section 111
(mid traffic) was intermediate in lichen cover
(Fig. 8). Mean cover was higher 2.5 m above
the ground and lower near the ground (Fig. 8).
In comparison with other transect sections,
data variation was lower in section 1. When
heights were compared among themselves,
data variation was lower 0.25 m above ground.

Lesspolluted rural station: A total of 18
tree species were found in the sample plot and
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Fig. 4. Lichen cover (%) versus number of vehicles, temper-
ature and precipitation in San José city in 1976, 1986, 1990
and 1997. Pb in gasoline was reduced in 1989 and eliminat-
ed in 1996. There was no correlation between lichen cover
and rain (Spearman rank correlation SRC p = 0.94), or tem-
perature (SRC p = 0.38). For the samples taken before the
elimination of Pb from fuel (gray), an inverse correlation
coefficient (-0.99) between number of vehicles and lichen
cover amost reaches significance (SRC p = 0.06).

sixteen lichen species were identified (Table 1).
There were no significant differencesin
relative foliaceous lichen cover among compass
directions and the two considered vertical levels
(Kruskal-WallisANOVA, p > 0.05, Table 2).

DISCUSSION

Changes in lichen cover in an urban
habitat over 20 years. Paseo Colén, one of
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Fig. 5. Lichen cover (%) in several stations, San José city,
from 1976 through 1997. 1 Paseo Colén Avenue (a) O,
Streets (s) 28-32; 2 Don Bosco a 4, s 28-32; 3 Don Bosco
a4-8 s 28; 4 Otoya a9 s 9-13; 5 Fabrica Nacional de
Licores s 3 c11-15; 6 Biblioteca Nacional a 3 s 15-17; 7
Ferrocarril a Atlantico a3 s 17-19; 8 Parque Nacional a 1
s17-19; 9 Gonzélez Lahmann a2-4 s 21; 10 Los Yosesa
0 s 10-14; 11 University of Costa Rica, Rodrigo Facio
campus, front of Arts and Education faculties.
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Fig. 6. Lichen cover in east, north, west and south walk-
sides, San José city. Explanationin Fig. 1.
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Fig. 7. At avery small scale, lichen cover was clearly lim-

ited to specific sections of trunks. In this case, the water
runoff track.
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Fig. 8. Lichen cover (%) by height (in m, vertical axis) in
three sections of atransect, San José city, 1992. Explanation
inFig. 1.
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TABLE 1
Lichen species from three urban stations with varying degrees of air pollution (San José)
and fromthe rural station (Turrucares, Alajuela), Costa Rica

San José

Ciudad Universitaria

Canoparmelia carneopruinata (Zahlbr.) Elix and Hale
Canoparmelia texana (Tuck.) Elix and Hale
Dirinaria applanata (Fée) Awas.

Parmotrema hababiana (Gyelnik) Hale

Biblioteca Nacional
Candelaria concolor (Dicks.) B. Stein.
Canoparmelia texana (Tuck.) Elix and Hale

Barrio Don Bosco

Candelaria concolor (Dicks.) B. Stein

Canoparmelia carneopruinata (Zahlbr.) Elix and Hale
Heterodermia albicans (Pers.) Swinsc. and Krog
Physcia integrata Nyl.

Pyxine subcinerea Stirt.

Turrlcares
Arthoniaceae
Cryptothecia sp.

Verrucariaceae

Agonimia? (sterile)

L ecanoraceae

Lecanora sp.

Opegraphaceae

Chiodecton? (sterile)

Parmeliaceae

Bulbothrix laevigatula (Nyl.) Hale

Parmotrema endosul phureum (Hillm.) Hale
Parmotrema tinctorum (Nyl.) Hale
Pseudoparmelia sphaerospora (Nyl.) Hale
Pyxinaceae

Dirinaria applanata (Fée) Awasthi
Heterodermia albicans (Pers.) Swinsc. and Krog
Hyperphyscia adglutinata (FIk.) Mayrh. and Poelt
Hyperphyscia pyrithrocardia (Mdiller Arg.) Moberg and
Aptroot

Physcia atrostriata Moberg

Physcia integrata Nyl.

Pyxine eschweileri (Tuck.) Vainio

Roccellaceae

Helminthocarpon sp.

(This list probably is not comprehensive. Years of collection: San José 1988, Turrlcares 1990).

TABLE 2
Descriptive statistics for foliaceous lichen cover (%) by height and side
in Turrucares, Alajuela, Costa Rica (measured in 1985)

Height and side Mean
Lower north 5.8
Upper north 4.6
Lower south 39
Upper south 4.9
Lower east 7.8
Upper east 50
Lower west 4.1
Upper west 50

Standard deviation Maximum
11.6 57
9.8 46
9.1 47
9.9 55
14.9 64
11.2 65
85 41
11.8 59

Height above ground: Upper 1.5 m, lower 0.5 m. In al cases, minimum = 0.

the main avenues, is a lichen desert. Stations
with high traffic such as Fabrica de Licores
and Los Yoses (27 000-40 000 vehicles/day,
years 1976-1996) had low lichen cover, while
Otoya, which in 1976 was alow pollution res-
idential area with high lichen cover, had a
maximum traffic count of 18 000 vehicles/day
that year. It then became part of a main public

transportation route (25 000 vehiclesday in
1990) and lost much of its lichen cover. The
University of Costa Rica campus, where vehicle
treffic is stringently limited and green areas
dominate the scenery, has a high lichen cover
(an unpublished study estimated a mean of 25
(range 0-325) lichen colonies/m?, Z. Barrientos
1987 pers. comm.). Generdly, our results agree
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with those of Méndez and Fournier (1980) with
the mentioned exception of Otoya station and
agree with the hypothesis that traffic, pollution
and lichen cover are correlated. Heavy metal
concentration can vary greatly in small dis-
tances and is highly affected by traffic details;
some values for San José were published by
Fournier (1993) and generally agree with our
results, with the University of Costa Rica cam-
pus being the less polluted site.

The improvement in recent years proba
bly reflects the reduction in 1989 and the elim-
ination in 1996 of Pb from gasoline (Castro
1997) as well as legidation changes that have
reduced traffic bottlenecks. Air Pb concentra-
tion was 0.73 pg/m?in 1993 and 0.23 pg/m3in
1996. Blood Pb concentration fell from
17.5 pg/dl in 1986 to 3.8 pg/dl in 1996
(Moreno 1997, Sanchez 1997). Pollution in the
city of San José was recently found to affect
the fungi and bacteria of epiphytic plants
(Brighigna et al. 2000).

In northern temperate areas, lichen cover
tends to be higher on the northern side of trees,
because temperature and pH are more favor-
able there (Barkman 1958, Brodo 1973,
Stubbs 1989). In San José, where relative air
humidity is high (Gémez 1985), the highest
cover isin the western side, which in thistrop-
ical city is the side that receives less sun and
wind during the dry season. In this region, air
moves predominantly from northeast to south-
west, and wind increases in the dry season
(Herrera 1985). Future work should include
Santa Ana, a city west of San José, to check if
pollution increases there because of air arriv-
ing from the capital. Unpublished previous
studies with smaller samples have found high-
er covers on the northern side of paims (L.D.
Alfaro C. 1991 pers. comm.) and in the north-
western side of evergreen trees (Z. Barrientos
Llosa 1987 pers. comm.) and have concluded
that the side protected from local wind has a
higher lichen cover, asfound also in Colombia
and in temperate regions (Barkman 1958,
Rubiano 1988). Lichens located in the wind-
ward side retain more pollutants (Malhotraand
Khan 1983).

More cover was expected in the east and
north sidewalks, where trees are protected
from the dominant wind by buildings, but this
was not the case. Rather, vehicle traffic is
heavier in avenues than in streets, and this can
explain why lichen cover was higher in the
eastern and western sidewalks, i.e., street and
not avenue sidewalks.

Cover pattern along a transect: The
low traffic residential section had, as expected
(Wheeler and Rolfe 1979), higher lichen cov-
ers than the two high traffic sections.

In other regions, epiphyte communities
are not a function of trunk diameter, but thick
tropical trees have more lichens apparently
just because they are older (Sipman and Harris
1989). We found aweak but highly significant
positive correlation of lichen cover with trunk
diameter and tree height, supporting the
hypothesis of Sipman and Harris (1989).

The lower lichen cover valuesunder a2 m
height differs from temperate areas where high-
er moisture near the ground favor lichen growth
there (Brodo 1968, Eversman et al. 1987). This
result could be explained by pollution because
heavy metals concentrate at lower heights: in
Paseo Col6n, the station that is alichen desert 2
m or less from the ground, lichens grow above 3
m (JMN pers. observ.). Unfortunately for
humans, pollution concentrates near our heads
except for those living above the first floor in
buildings. A practical implication isthat in pol-
luted cities human activity should concentrate
abovethe first floor of buildings (particularly in
hospitals and schoals).

Comparison with rural station: Cover
in the rura station was near the city values.
Data from a period when pollution probably
was lower (Oetjen 1965) show that the 22%
cover measured in 1997 in San José is near the
middle of itsrange (17-29%). In our study of
the rural station, mean cover ranged from 4 to
8%, which can be considered low because, 20
years before our sampling, at the nearby site of
Ciruelas de Algjuela, cover range was 7-15%
(Oetjen 1965). Apparently, even this rural site
has suffered significant pollution, but low val -
ues may also reflect adrier climate.
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The rural area sample deserves specia
discussion because there is little information
about the spatial distribution of tropical
lichens (Sipman and Harris 1989). In both
temperate and tropical forests, physical factors
produce a heterogeneous distribution of
lichens on the phorophyte trunk (Plitt 1924,
Sipman and Harris 1989). In isolated trunks
(northern hemisphere), insolation increases
downward while temperature increases
upward (Barkman 1958) but light dominates
(for varied opinions, see Barkman 1958,
Haynes 1964, Brodo 1973). Humidity decreas-
es in the higher parts of trunks and is of key
importance in lichen occurrence and abun-
dance (Barkman 1958, Brodo 1973, Eversman
1987, Sipman and Harris 1989). In our station,
lichen cover was independent of height and
side, even though wind blows from the north-
east during the dry season, which is more
straining for lichens (Barkman 1958, Brodo
1968). Thisresult is not an anomaly: in agen-
eral survey of Costa Rica, no constant associa
tion between cover of foliaceous corticolous
lichens and cardinal direction was found
(Oetjen 1965).

Trunk diameter, and bark texture and
color were expected to have a clear influence
on lichens, as occurs in temperate areas (Hale
1952, Eversman et al. 1987) but again this was
not the case (Monge-Ngjera 1988).

A possible explanation is that these tropi -
cal lichen communities are spatially homoge-
neousin lifeform but not in taxonomical cons-
titution. A future study of individual species
distribution should test this hypothesis.
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RESUMEN

Se analizaron los cambios en la cobertura de
liquenes foliosos de troncos en la ciudad de San José,
Costa Rica, de 1976 a 1997, con base en conteos de
cobertura que usaron cuadriculas de 10 X 10 cm en 11
estaciones. Las coberturas medias totales fueron 23% en
1976, 12% en 1986, 9% en 1990 y 22% in 1997. Hubo
un deterioro después de 1976 y una mejora a partir de
1986, al disminuir la cantidad de plomo en la gasolinay
mejorarse |os patrones de transito. La mayor cobertura
se da en el lado oeste de los troncos y en las aceras de
calles més transitadas. En unalocalidad rural estacional
(Turrtcares de Alajuela) no hubo relacién entre cobertu-
rade liquenesy lado, altura sobre el suelo, y didmetro,
color y textura del tronco.
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