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Abstract Urban afforestation improves life quality in urban
centers providing social and environmental benefits.
Understanding growth of urban trees exposed to air pollution
will support planning, managing and expanding urban areas.
This approach intends to determine growth patterns of urban
trees to support future urban planning. Non-destructive sam-
ples were collected from trees of Araucaria angustifolia
(Bertol.) Kuntze in Araucaria city, Parana State, Brazil.
Growth rings were related to pollutant concentrations and me-
teorological series. Growth reduction was observed except in
the border areas of the city. Trees established during or after
the period of industrialization incentives were most affected
by air pollution, indicating that immature plants are more vul-
nerable. Sulphur dioxide and nitric oxide significantly affected
growth of smaller trees. Those greater than 60 cm dbh did not
demonstrate significant correlation with any identified pollut-
ant. As the trees established before accentuated urbanization
were less affected by air pollution, it is reinforced the impor-
tance of preserving remaining urban trees. We suggest that
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planning urban afforestation should precede industries plac-
ing. When urban planning is impossible, new planted trees
should not be expected to grow as in free pollution areas,
but they will still present satisfactory diameter increment, con-
tributing to improve local urban environment.

Keywords Tree life cycle - Dendrochronology - Araucaria
angustifolia

Introduction

Urban trees contribute to improve life quality in urban centers
in many ways, providing social (regarding education, recrea-
tion, new employments, wood and food supply and others)
and environmental benefits (Kiichelmeister 2000). Leaves’
water transpiration and radiation block alter the atmospheric
environment in which trees are established, generating ther-
mal stability (Nowak et al. 1998).

Urban trees habitat has specific traits different from forests.
The environment is heterogeneous regarding soil, nutrients
and human intervention, such as silvicultural treatments, van-
dalism, presence of nearby electricity networks and emission
of pollutants (Sjérman and Nielsen 2010).

Many studies have shown the negative effect of atmospher-
ic pollutants on human health (Pope III 1989; Brunekreef and
Holgate 2002; Kampa and Castanas 2008; Danni-Oliveira
2008; Malik et al. 2012). However, little is known about air
pollution interference on trees life cycle (McPherson and
Peper 2012). We can find some studies on the environmental
risks of pollutants on forests in Europe and North America
(Katz 1949; Baes and McLaughlin 1984; Mclaughlin and
Briker 1985; Bussotti and Ferretti 1998; Nowak et al. 1998;
Long and Davis 1999; Brack 2002; Tolunay 2003; Muzika
et al. 2004; Wilczynski 2006; Stravinskiene and Erlickyte-
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Marciukaitiene 2009; Serengil et al. 2011; Bartens et al. 2012;
Malik et al. 2012; McPherson and Peper 2012; Stravinskiene
et al. 2013) but few studies discuss the effect on tropical and
subtropical trees and forests (Escobedo et al. 2008; Alcala
et al. 2009; Hermida 2015).

Considering that it is impossible to stop the emission of all
atmospheric pollutants, the goal should be to reduce
them to a level that they are not damaging (Flagan
and Seinfeld 2012). Studying tree species growth ex-
posed to different levels of air pollution will allow an
understanding of the role that these forest areas can play
in mitigating pollution in more sensitive areas (Serengil
et al. 2011; Malik et al. 2012) and in planning the
expansion of urban areas. It will also allow arboriculture
planning considering tree growth rhythm and cycle, as
larger trees tend to extract more carbon dioxide from
the atmosphere and have larger leaf area to capture air
pollutants. In addition, they provide shade and intercept
rain (Brack 2002).

Researches based on measurement of visual damage on
leaves, stems and roots of trees are important in forming a
basis for studies of their growth dynamic. However, these
studies usually do not identify the moment that changes pre-
ceding visual symptoms start, or the causes of such changes
(Mclaughlin 1985). Long term data is essential to study the
influence of adverse factors on growth and mortality of forests
since these processes involve cumulative effects in trees and
soil (Musika et al. 2004).

Growth models allow the extrapolation of tree growth
with good precision, understanding its pattern over time.
However, the application of these models requires at
least 10 years of growth records (Vanclay 1994).
Dendrochronology makes possible the reduction of data
collection to months. Moreover, it is a very powerful
tool to the understanding of pollution effects on trees
as it is possible to recover growth pattern changes
throughout the growth-rings series of the examined trees
(McLaughlin et al. 2002; Wilczynski 2006; Musika
et al. 2004; Malik et al. 2012).

The objective of this study was to determine growth pat-
terns of urban trees, obtaining an approach of their develop-
ment, aiming to overcome the challenges inherent to the het-
erogeneity of the urban habitat. These results may support the
effective urban arboriculture planning.

Material and methods
Study area

The city of Araucaria, in Parana State, Brazil, was chosen as
the studying area because of its significant urban growth since
the 1970s. This growth was a consequence of incentives of-
fered by the state government to encourage the creation of an
industrial zone in the region as part of its strategic develop-
ment plan (Silva 2006; Souza 2006). The city started to collect
data on air quality as a result of pressure from the local pop-
ulation, unhappy with the high levels of pollution reached in
the industrial zone (Souza 2006).

Trees were sampled in four different neighbourhoods sur-
rounding air quality automatic monitoring stations (appendix
Fig. 7). The soil in the sampled areas is classified as typical
haplorthox (Embrapa 1984). The areas main characteristics
were: 1) Residential (ASSIS). The sampled trees were in side-
walks or in gardens near houses with low car traffic; 2)
Downtown (UEG). The trees were found in sidewalks and
small plazas, close to commercial buildings and busy streets;
3) Steel Company (CSN). The neighbourhood is occupied by
residences and industries; 4) Petroleum Refinery (REPAR).
This region is a transition between the city and the country-
side, with no paved streets.

Sampled trees

We defined Araucaria angustifolia as studying tree species
because it is widely distributed within the city of Araucaria.
Its logging is forbidden by law (Brasil 2008; IAP 2008) as a
consequence of high exploitation in the past all over Araucaria
Forest, so the species is highly conserved in the city.

Furthermore, A. angustifolia was previously mentioned as
suited for dendrochronological studies in South of Brazil
(Seitz and Kanninen 1989; Mattos et al. 2007a, b 2010;
Hess et al. 2009; Santarosa et al. 2007; Oliveira et al. 2009
and 2010).

Street trees presenting diameter at 1.3 m above ground
(dbh) higher than 15 cm and free from external injuries were
selected randomly (Table 1). Geographic coordinates, dbh and
height were recorded for each tree. There were no available
records about trees origin or silvicultural treatments during
their lifetime.

Table 1 Araucaria angustifolia

trees sampled in the city of Site Number of trees measured  Heightayerage (M) dbh yerage (cm)  dbhpyy (cm)  dbhyyay (cm)
Araucaria, PR, Brazil
ASSIS 39 14.0 51.3 16.5 86.9
CSN 35 15.3 44.9 31.0 65.2
REPAR 35 14.3 45.0 25.1 89.1
UEG 35 15.5 55.6 27.4 83.7
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Table 2 Number of Araucaria
angustifolia trees sampled per Site dbhclass  Number of trees  Height ayerage (M) dbh gyerage (cm)  dbhyyy (cm)  dbhyy,y (cm)
dbh class and its descriptive data (cm) measured
in Araucaria, PR, Brazil
Assis 2040 5 13.7 28.5 24.3 31.0
40-60 8 133 433 332 514
60-80 8 16.0 63.0 533 75.9
CSN 2040 7 14.7 28.1 23.7 32.6
40-60 16 15.1 38.7 33.8 48.4
60-80 3 17.0 56.4 55.5 57.1
Repar 2040 13 12.6 25.8 18.4 32.6
40-60 14 15.4 422 332 51.4
60-80 17.7 62.6 53.0 79.9
UEG 2040 12.7 24.6 20.5 27.0
40-60 14 15.5 45.7 34.8 52.1
60-80 11 16.9 62.5 52.4 75.2

Growth series sampling and processing

Two perpendicular non-destructive samples were collect-
ed per tree at dbh, using increment borer (¢ = 5 mm).
Sample wounds were sealed with beeswax to prevent
wood pathogens (Stepka et al. 2014). The samples were
prepared and measured in the laboratory using Lintab
tree-ring-width measurement device and TSAP Win soft-
ware (Rinn 1996). Growth series of each tree was
formed by the average of rings from each year. Cross-
dating was carried out among trees growth series, using
electronic spreadsheet, as series were mostly shorter
than 50 years. In sections showing less differentiation
between early and late wood it was still possible to
visually estimate the number of growth rings, which
was subsequently confirmed by cross dating. When this
evaluation was not possible, the samples were
disregarded. Samples from 144 trees were analysed
and only 36 were left out.

The majority of samples bark was missing. So, trees dbh
with bark was estimate using the equation (Eq. 1) proposed by
Nascimento et al. (2010) for A. angustifolia for an urban forest
remnant in a county located nearby Araucaria municipality.

Where dbh,,,= diameter without bark, and dbh,= diameter
with bark.

Growth analysis and modelling

Average annual increments of tree growth during the last five
decades were analysed. As growth rings in juvenile phase can
overestimate the overall average tree growth, retrospective
analysis was considered only for dbh > 10 cm.

Using growth series and current dbh it was possible to
regressively calculate trees diameters yearly. Data presented
large variation due to trees diameter variation. So, data were
stratified in three diameter classes (Table 2).

Bootstrap method (Davison and Hinkley 1997) was used to
improve diameter growth modelling, generating the growth
trajectory of 100 trees in each diameter class and at each site
by recombination among growth rings, as previously used by
Brienen et al. (2006), Mattos et al. (2015), among others.

We tested seven regression models suggested by Burkhart
and Tomé (2012) relating diameter and age generating growth
equations for each studying site. The models were Gompertz,
Johnson-Schumacher, Linear, Logistical, Monomolecular,
Richards and Schumacher.

Except of linear model, the other models are biomathemat-

dbhy = —6.0302 + 0.9707 dbh,,, (1) ical, derived from organisms allometric functions, which
Table 3 Air pollutants
concentration limits applied in Pollutant (ug m ) Sampling interval (hours) Brazil USA Europe Canada
Brazil, USA, Europe and Canada
CO 1 40 40 35
NO, 1 320 188 200 400
O3 1 160 160
SO, 24 365 125 300
PTS 24 240 120
PM,q 24 150 150 50

*Source: Santana et al. (2012)
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Fig. 1 Distinct (a) and poorly
defined or indistinct growth rings
(b) of Araucaria angustifolia :
from an urban area in Araucaria, g
PR, Brazil -

follow the sigmoidal relationship between individual dimen-
sions (Scolforo 2005). These models are appropriate to de-
scribe changes in the time dimension of individuals or popu-
lation (Burkhart and Tomé 2012).

To compare growth among sites, we used the same growth
model for all diameter classes and sites.

The model was selected evaluating the statistical parame-
ters: coefficient of determination (R?), standard error of esti-
mate (S,,) and F value. It was also considered the adjustment
to real data.

Annual increment of each tree using 5 years lag was com-
pared among sites using Fisher’s least significant difference
(LSD) with 95% confidence level. Comparison was carried
out for each diameter class, as increment from different diam-
eter trees could present discrepancy due to intrinsic growth
differences of different growth stages of trees. We considered
the last 35 years, so all diameter classes from all sites present-
ed satisfactory number of data, as younger trees do not present
increment in previews years.

Relationship between air quality and tree growth

Hourly data of pollutant concentrations and meteorological
conditions at the studying sites over the period of 2003 to
2013 was supplied by IAP (Environmental Institute of
Parana). Data before this period were not available.

The critical air pollutants concentrations applied in Brazil,
USA and Europe are presented in Table 3. The percentage of
days above limits was calculated for each studied air pollutant,
which where CO (carbon monoxide), NO, (nitrogen dioxide),
O3 (ozone), SO, (sulphur dioxide), TSP (total suspended par-
ticulates) and PM (particulate matter with 10 p or smaller).

Only climatic and pollution variables recorded at all mon-
itoring stations were considered in tree growth analysis (NO,

Fig.2 Linear trends and standard
deviation on diametric growth of
Araucaria angustifolia in
Araucaria (PR, Brazil) city
considering all samples

L.,.'-A.,.’-J.’..,..L'..

/° ,b ,a

NO,, SO,, O3 and temperature). Missing data was estimated
from recorded averages of the following years. Pearson corre-
lation at 95% probability was used to relate growth with cli-
matic and pollution variables between 2003 and 2013.

Results
Growth analysis

Growth rings of Araucaria angustifolia are visible to naked
eyes and in general present clearly defined annual growth
limits. However, in samples collected in sites closest to down-
town of Araucaria (UEG e CSN) some growth rings and limits
between early and late wood were poorly defined (Fig. 1),
mainly closest to the bark of the trees.

When analysing tree growth at all sites throughout the re-
cent decades and their linear tendencies (Fig. 2) a gradual
reduction in annual increment was observed. However, when
each site was analysed separately, an increasing growth was
observed in REPAR region (Fig. 3a), while in the remaining
regions a gradual reduction of increment values was observed
(Fig. 3b and c), although this was less evident in CSN region
(Fig. 3d).

Growth pattern

Schumacher growth model was chosen from those tested.
Statistical parameters of fitted equations are shown in
Table 4 and growth equation parameters generated and their
confidence limits in Table 5. Parameters confidence limits of
tested equations were different in each case, confirming the
necessity of developing different growth equations for each
class size.

ARAUCARIA

BT ARTT %L 1

Avereage annual increment (cm)
o
(=1}
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Growth equations are presented by class in Fig. 4. The
models were applied up to the higher diameter of each dbh
class. Class 1 showed significantly less growth in the 4 sites.
Trees in class 2 showed growth rates greater than in class 1 but
less than in class 3. The oldest and largest trees always showed
significantly greater growth in all sites.

Growth curves of all trees from diameter classes 1 and 2
showed inflections earlier than older trees, which showed only

slight inflection at a later age (Fig. 4). A greater inflection in
the growth curve may be observed in trees of diameter class 3
in sites ASSIS, CSN and UEG (Fig. 3a, b and d respectively).
Growth curve of trees in diameter class 3 in REPAR rural site
presented the mildest inflection and greatest growth of all trees
in all sites (Fig. 4c).

When comparing trees periodic annual increment between
sites every 5 years (Fig. 5), it was possible to notice that trees
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Table 4  Statistical parameters of Schumacher model of sampled trees
of Araucaria angustifolia shown by diameter class and study site in the
city of Araucaria, PR, Brazil

Diameter class Site type Rzajus1 Syx %) F
2040 cm ASSIS 0.996 9.4 994,512
CSN 0.980 224 410,171
REPAR 0.979 223 414,302
UEG 0.995 10.8 1,095,138
40-60 cm ASSIS 0.996 10.1 2,169,398
CSN 0.969 27.2 597,482
REPAR 0.986 7.1 291,555
UEG 0.985 18.5 1,251,124
Above 60 cm ASSIS 0.987 16.8 862,217
CSN 0.988 16.4 387,098
REPAR 0.994 11.1 1,008,760
UEG 0.990 15.1 1,764,732

Where R? ajust 18 the coefficient of determination adjusted and Syx () is
the relative standard error of estimate

from class 1 from ASSIS (residential neighborhood) and
REPAR (rural area) presented greater average increment than
the other sites that are closer to city center (Fig. 5a). Greater
increment was observed in class 2 only in trees from REPAR
(Fig. 5b) and for greater diameter class (class 3) smaller incre-
ment was detected in trees from UEG (Fig. 5¢), closer to more
urbanized neighborhood of the city.

As presented in Fig. 6, trees age is consistent on each dia-
metric class.

Table 5 Analysis of parameters estimated by Schumacher model of
sampled Araucaria angustifolia trees presented by diameter class and
studying site in the city of Araucaria, PR, Brazil

Diametric class Site Parameters* Parameters confidence limits*

* B

Bo  Bir  Bo B
20-40cm  ASSIS 481 174 479 483 173 175
CSN 374 205 372 376 204 207
REPAR 364 10.7 362 36.6 106 108
UEG 344 140 343 345 140 141
40-60cm  ASSIS 608 202 606 609 20.1 203
CSN 447 167 445 449 165 168
REPAR 49.0 148 48.6 494 147 150
UEG 559 171 558 561 17.0 172
Above 60cm  ASSIS 882 332 87.8 88.6 329 334

CSN 646 215 643 649 213 217
REPAR 85.6 252 853 858 251 254
UEG 785 264 783 787 263 265

*Significant at 95% probability

@ Springer

Air pollution analysis

The number of hours that exceeded the limits of pollutants in
the air stipulated by CONAMA resolution No. 03/90 (Brasil
1990) and SEMA No. 054/06 (Parana 2006) (Table 3) were not
superior to 0.02% (Table 6) in the four air monitoring stations
from 2003 to 2013. The pollutant concentration limits stipulat-
ed by Brazilian law are more flexible than those stipulated by
the US, Canada and European laws air quality (Table 3).
However, when considering those limits, the number of hours
that exceeded the maximum limits was less than 0.2%.

Relationship between air quality and tree growth

The growth increments of trees in diameter classes 1 and 2
showed significant correlation with SO, (positive) and NO
(negative) (Table 7).

Discussion

Problems to identify growth rings limits in urban areas are not
unusual. Bartens et al. (2012) used Quercus virginiana Mill.
samples from urban areas in Florida, USA, and since the limits
marked by the terminal parenchyma were not always visible,
the transition from small to large vases was selected as the
identifying criteria of growth rings. According to these au-
thors, inappropriate pruning, vandalism, infestations of insects
and specific local factors can affect urban tree growth. These
factors may also have caused the variation of growth observed
in samples of Araucaria angustifolia (Fig. 1) closest to down-
town of Araucaria (UEG e CSN).

As samples of A. angustifolia in this work were collected
from trees growing in widely different conditions, typical of
urban ecosystems, the considerable variation in growth rings
were expected. It is common in urban areas where many var-
iables significantly influence tree growth that trees do not
respond to climatic stimuli as they would normally do in nat-
ural forest (Wilczynski 2006).

In an urban area in south of Poland, Wilczynski (2006)
observed a reduction in growth of Pinus sylvestris L., evi-
denced mainly through high variation in ring width, low sim-
ilarity in chronology and absence of years with common signs,
similar to the effects found for A. angustifolia in Araucaria
city. The author established that control of atmospheric pollu-
tion after 1990 was immediately reflected in growth rings,
principally in those areas where initial stress caused by air
pollution was most severe. From this decade onwards trees
of P. sylvestris started to produce wider rings, and uniformity
of growth and common signs between rings became more
evident.

A. angustifolia is a long-lived species reaching easily over
150 years (Mattos et al. 2007a; Oliveira et al. 2010; Stepka
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et al. 2014). It is therefore possible that reduction in incre-
ments observed in this study (Figs. 2 and 3) results as a neg-
ative effect of growing urbanization in the city of Araucaria
from the 1970s onward, and not from a natural growth tenden-
cy of the species, since the average age of trees analyzed in this
study was 58 years, a phase in which decelerated growth of the
species would not usually be expected. Dendrochronological
studies showing reduced levels of growth in sites with air

pollution were also observed by several authors (Musika et al.
2004; Wilczynski 2006; Stravinskiene and Erlickyte-
Marc¢iukaitiene 2009; Malik et al. 2012). Ashby and Fritts
(1972) noted that pollution caused growth reduction of
Quercus alba Deam in the USA. According to these authors
even at a great distance from a source of pollution, tree growth
is harmful because toxic substances inhibit capacity for photo-
synthesis and other metabolic processes. The effects can

Fig. 4 Araucaria angustifolia a 80
Schumacher equations by ASSIS
diametric class for the studied 70 1
sites in Araucaria, PR, Brazil. 60
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Fig. 5 Periodic annual growth of

Class 1

Araucaria angustifolia every five a OAssis(4)
years for 35 years for each s
diametric class on each studied 1.8 1 NE)
site in Araucaria, PR, Brazil. 2 ORepar (A)
Note: dbh = diameter at 1.3 m o .
above ground. Different letters on 5 137 wERGE)
legend show significant g
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angustifolia trees in the city of Araucaria, PR
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Table 7 Pearson correlation of Araucaria angustifolia growth
increments by class with annual averages of temperature and
concentration of atmospheric pollutants in the city of Araucaria, PR,
Brazil

Increments
Variable Class 1 Class 2 Class 3
Temperature -0.227 -0.099 -0.170
p-value 0.183 0.567 0.323
SO, 0.343* 0.333%* 0.155
p-value 0.041 0.047 0.368
NO -0.476* -0.375% -0.076
p-value 0.003 0.024 0.660
NO, -0.291 -0.311 -0.015
p-value 0.085 0.065 0.931
05 -0.018 0.094 -0.038
p-value 0916 0.587 0.827

*Correlation significant at 95% probability

accumulate over years and cause a gradual decline, shown in
the width of growth rings, more marked than changes caused
by annual temperature variation.

Although we did not investigate the influence of distance
from pollutant source, we strongly believe that we would find
similar results of growth influence as observed by
Stravinskiene and Erlickyte-Marciukaitiene (2009) when
studying growth of P. sylvestris in industrialized areas.
These authors concluded that the degree of impact of pollution
in the radial growth of trees increases linearly with their prox-
imity to a source of pollution.

Crossing urban limits in Araucaria County there are several
farms that grow trees for commercial purposes. Tolunay
(2003) mentioned that when a forest near to urban or industrial
locations is managed on a financial basis, the reduction in
diametric growth due to concentration of pollutants represents
a loss of volume, prejudicing profitability. Even if growth
reduction is subtle, it is important to reduce industries pollut-
ants emission to avoid economic loss.

Since there is a relationship between trees dbh’s and age
(Table 5 and Figs. 4 and 6), it is possible to estimate in which
period trees were established. The data shows that smaller
trees (class 1) established themselves in the 1980s, after the
development of industry within the city, what means that they
were affected by pollution for their entire life. This could be
the cause of their reduced growth rates when compared to
trees of larger diameter class. Trees of intermediate dimension
(class 2) established themselves in the 1960s. After
industrialisation started in the 1970s they were already about
ten years old, which probably guaranteed greater growth than
trees from class 1, but not as great as trees from class 3.
Finally, older and larger trees have established themselves
before the 1970s. When urbanisation and industrialisation

accelerate, these trees were already near 40 years old with
35 cm of dbh, which guaranteed faster growth.

By observing growth curve inflection of trees in diameter
classes 1 and 2 earlier than inflection in class 3, we can notice
the acceleration of senescence of these younger trees growing
in urban conditions. The more accentuated inflection in
growth curves of trees from class 3 of dbh in CSN and UEG
sites (Fig. 4b and d, respectively) may result from environ-
mental characteristics in more urbanized sites closer to
Araucaria downtown and the greater circulation of people near
them. The growth pattern of older trees in this work is similar
to that of A. angustifolia in natural forest recorded by Stepka
et al. (2014). However, younger trees of classes 1 and 2
reached their maximum growth potential more rapidly, prob-
ably due to environmental stress.

Smaller average periodic annual increment every 5 years in
more urbanized sites were also observed in diameter classes 1
and 2 (Fig. 5), corroborating the indication that trees exposed
in their young growth stages to higher aerial pollution and
closer to city center were negatively affected. Moreover
UEG trees from diameter class 3 presented smaller increment
than other sites when comparing trees from the same diameter
class, indicating that this neighborhood may have being ex-
posed to higher air pollution due to urbanization even earlier
than industrial incentive. Nevertheless trees established before
strong urbanization presented similar growth between sites
and average increment was consistent to that observed for
araucaria trees from natural forests (Mattos et al. 2007a;
Oliveira et al. 2010; Stepka et al. 2014).

These observations suggest that A. angustifolia growth is
more susceptible to anthropic impact when trees are young.
So, more recently established trees or those that will be
established in the future will need greater care to avoid severe
loss of growth or early onset of senescence, mainly because
urbanization and industrialization are inherent to developed
and developing economies.

Although the air pollution in Araucaria is within acceptable
levels (Table 6) as required by Brazilian law (Table 3) it may
be inferred from correlation values between A. angustifolia
and pollutants concentration (Table 7) that SO, could have
stimulated growth of smaller trees, while oxides of nitrogen
do not favor tree growth. Kawamura et al. (2006) recorded an
increase in concentration of sulphur in the wood depending on
the quantity of the element released into the atmosphere.

Trees in diameter class 3 are probably in mature or near to
senile stage and did not respond to the stimulus of the studied
pollutants. In experiments with adult trees a number of authors
found negative relationship between SO, in the atmosphere
and tree growth when exposed to high levels of SO, emissions
(Baes and McLaughlin 1984; Hirano and Morimoto 1999;
Long and Davis 1999; Musika et al. 2004). However, effects
of SO, on growth of trees are sometimes not apparent if the
concentrations are below toxic levels or if the soil is deficient
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in soluble sulphates and also depend on the length of time of
exposure to high concentrations (Katz 1949).

Growth rate reduction of A. angustifolia caused by high
levels of nitrogen oxides in the air (Table 7) was similar to
that observed in P. sylvestris near to fertilizer manufacturing
plants in Lithuania (Stravinskiene et al. 2013). These authors
complemented that after environmental pollution control was
implemented, the rates of increase stabilized and there was no
reduction of growth.

It is important to emphasize that apart from atmospheric
conditions there are innumerable factors that influence tree
growth, such as the site, the genetics of the plants, silvicultural
intervention among others (Fritts 2012). This means that ef-
fects of pollutants and meteorological variables of the atmo-
sphere can only partly explain growth patterns of trees. For
this reason, we suggest that future studies should include cli-
matic variables to highlight the variables that mostly influence
on growth of tree species.

Conclusions

The stratification of urbanization level was important to the
understanding of trees growth under pollutant effects.

Appendix

Araucaria angustifolia trees growing far from city center pre-
sented similar growth to those growing in sites free of pollu-
tion or intensive anthropic impact.

Younger trees are more vulnerable to urbanization, that
might be even decisive to their life cycle. This reinforces the
impact of pollution and the importance of preserving remain-
ing urban trees.

Since industrialization and urbanization in the studied sites
affected growth of trees established after industrialization in-
centives, it is suggested that planning of urban afforestation
should precede industries placing. This should even be fore-
seen in the legislation that oversees urban expansion.

When urban planning is not possible, new planted
A. angustifolia trees should not be expected to grow as in free
pollution areas, nevertheless they will still present satisfactory
diameter increment, contributing to improve local urban
environment.
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Fig. 7 Map of sampled areas in
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