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ABSTRACT

Urban forests provide different ecosystem services, such as the removal of atmospheric pollutants, carbon
sequestration, water and microclimate regulation, and habitat for wildlife. This improves environmental quality and the
well-being of the population. In this study, the structure of the urban forest of the Aburrd Valley was analyzed and its
contribution to the removal of atmospheric pollutants was estimated and valued using the i-Tree Eco software. For this
purpose, 398 forest sampling plots were established and secondary information on climatic and pollution conditions was
used. A 23% tree cover was found in the study area and a removal of 228 tons of pollutants per year (approximate value
of 2.1 million USD). Finally, strategies are recommended for the optimization of this service and the creation of
mechanisms to compensate for the loss of tree cover.
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1. Introduction

Currently 54% of the world’s population lives in urban areas and it
is expected to reach 66% by 2050™. In Latin America, approximately
80% of the population lived in urban areas in 2010, making it the most
urbanized region in the developing world®. In the case of Colombia,
the urban population represents 76% and according to projections, it is
estimated that by 2050 the population will reach 52.6 million
inhabitants, equivalent to 86% of the total population®!,

In order to meet the needs of this growing population,
infrastructure is required for housing, basic services, industry and
transportation. Similarly, increasing urbanization results in a number of
environmental problems that negatively affect human health and
well-being. Cities are sources of particulate matter emissions and
polluting gases, carbon monoxide, ozone, nitrogen and sulfur dioxides,
which affect air quality, as well as greenhouse gases that affect the
Earth’s climate, carbon dioxide and othersl.

Air pollution is a major risk to human health. In 2016, 91% of the
world’s population lived in places where the maximum concentration
limits for air pollutants defined by the World Health Organization®™
were not met. This situation leads to an increase in heart disease,
respiratory diseases and lung cancer®”. An estimated three million
people die each year from urban outdoor air pollution, more than half in
developing countries, according to WHO®!. Approximately 3% of
deaths from cardiopulmonary disorders and 5% of deaths from lung
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cancer are attributable to particulate matter!®),

In many Colombian cities there are high levels
of pollution that deteriorate public health and the
quality of life of its citizens®.. In the Aburra Valley,
specifically, air quality levels have been shown
to be detrimental to metropolitan inhabitants™. The
records of the air quality monitoring network
(Redaire) report that particles smaller than 2.5
micrometers (PM.s) and ozone (Os) are the main
pollutants responsible for generating an increasing
number of acute episodes of air pollution in the
metropolitan region of the Aburra Valley*?,

During several days in 2016, 2017 and 2018,
critical episodes of air pollution were generated in
the Aburrd Valley, mainly associated with high
concentrations of PM,s (Figure 1), which caused
orange and red alerts phase 1'*'4. For this reason,
the authorities had to take measures, such as
restricting the mobility of vehicles, in order to
reduce pollutant emissions and thus avoid severe
impacts to the health of the population, following
the protocol of the Operational Plan to face Critical
Air Pollution Episodes™. It is important, therefore,

to propose different strategies to contribute to the
improvement of air quality conditions.

According to Bar6 et al.'® and Willis and
Petrokofsky™®, increasing tree cover in cities can
improve environmental quality and thus the
well-being of the urban population. However, trees
must be planted and managed strategically to
achieve these goals™”.

The urban forest is defined as the network or
system comprising the woodland, groups of trees
and individual trees located in urban and peri-urban
areas™®. As an ecosystem, it has the potential to
offer different types of services (cultural,
provisioning, regulating, supporting and habitat)
that increase the well-being of the population and
the resilience of cities!®®. Among them, the
following can be highlighted: improvement of air
quality®, reduction of solar radiation and
temperaturel?, carbon sequestration!??
and biodiversity conservation®!. Urban forest
services have been quantified and valued in
different cities around the world*>2+27,
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Figure 1. Behavior of daily averages of PMzs concentrations in the Aburré valley in the period between January 2016 and June 2018,
with reference to the maximum permissible level of PM:s daily (24 hours) and annual at the national level according to Resolution
2254 of 2017181 and the ranges established in the Protocol of the Operational Plan to Confront Critical Air Pollution Episodes in the

jurisdiction of the Metropolitan Area of the Aburra valley!3l,
Source: own elaboration with data taken from SIATAM,
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However, in Colombia, and even in Latin
America, there are very few studies that evaluate
these ecosystem services®?>®. The objective of this
research was to estimate and value the removal of
atmospheric pollutants by the urban forest in the
Aburrda  Valley, Colombia, and to provide
management strategies to optimize this service. The
methodology used and the results obtained in this
study can be applied in other Latin American cities,
which will contribute to increase the adaptation of
cities to global environmental change.

2. Materials and methods
2.1 Study area

The study was conducted in the urban area of
the Aburra Valley (Figure 2), which has an
extension of 192.7 km? and a population that
reaches more than 3.5 million inhabitants®™. It
includes 10 municipalities, one of them Medellin,
the second largest city in Colombia. It is located in
the central Andean mountain range between 1,300
and 1,800 m altitude, at 6°15'N, 75°36'W; the
average annual temperature is 17 °C in the upper
parts of the slopes and between 20 °C and 24 °C in
the lower parts of the wvalley; precipitation
fluctuates between 1,400 mm-year” in the central
part and 2,800 mm-year in the northern part®Y,

2.2 Establishment and measurement of
sample plots

For the estimation of pollutant removal, it was
necessary to analyze some variables of the trees that
are part of the urban forest. For this purpose, a
random sampling of the forest component was used
using a land cover map generated with a supervised
classification process on a satellite image with a
resolution of 50 cm of the urban area of the Aburra
Valley. The plots were located in the tree cover
information layer, that is, the existing tree
vegetation in the urban area associated with parks,
squares, roads, water bodies, hills, among others, as
illustrated in Figure 2. 398 circular plots of 400 m
each were distributed over this information layer,
using a random coordinate generator by means of a
geographic information system. Subsequently, maps
were obtained with the spatial location of each of

the plots. Field work was carried out between
September and November 2015. The plots were
located using a GPS and the maps containing the
exact position of the center of the plots.

Generally speaking, the number of plots for
i-Tree Eco projects is 20052, This value was almost
doubled in the project due to the large size of the
valley. The plots were located in both public and
private areas. In the process of characterizing the
plots and the existing vegetation in each plot, the
protocol described in the i-Tree Eco Manual® was
followed. The information collected in the field for
each plot was the following: address; geographic
coordinates of the plot center; reference object (a
fixed element on the territory that allows the
subsequent location of the plot) and distance from
the plot center to it; land uses within the plot and its
percentage; percentage of tree cover, percentage of
shrub cover; percentage of potentially plantable
space (that has the possibility of planting trees) and
soil cover (hard ground, grass, water).

The information recorded in the field for each
of the tree individuals located within the plot was as
follows: species, diameter at breast height (DBH),
total height, height to live crown, height to base of
crown, crown width, percentage of the crown with
dry or dead branches, percentage of impervious
surface under the crown, and mechanical and
phytosanitary damage. If the species was not found
in the model, secondary information available in the
literature on growth rate, leaf permanence
(evergreen, semi-deciduous, deciduous), longevity
and continent of origin was compiled. This
information was sent to the Forest Service to be
incorporated into the model.

Based on the information recorded in the plots,
the most abundant species were identified and the
importance value index (IVI, sum of the
abundance, basal area and relative frequency of
each species), the diameter structure and the
percentage of individuals with crown deterioration
greater than 20% were estimated.

2.3 Removal of contaminants

The estimation of pollutant removal was
performed using the i-Tree Eco v 5.0.9 model®?,
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which requires tree, air quality and climate
information for a full year of the study area.
Pollution data were provided by the air quality
network in the Aburrd Valley (Redaire). Hourly
concentration data for carbon monoxide (CO),
ozone (Os), nitrogen dioxide (NO;), particulate
matter less than 2.5 pum (PMzs) and particulate
matter less than 10 um (PMyg) during 2014 were
used. Since the Aburra Valley has different air
quality conditions between the northern, middle and
southern regions, three projects were evaluated
separately, each with information from the most
representative station in each zone. Subsequently,
the results from the three zones were aggregated to
obtain the results for the entire valley.

Precipitation data for 2014 was provided by
IDEAM from the Olaya Herrera airport station in
the city of Medellin. Air temperature, wind
direction and wind speed data for 2014 were
provided by Redaire.

Once the field information was collected, it
was entered into the online platform of the U.S.
Forest Service and sent for processing. The report
with the results was then received.

The i-Tree Eco model estimates the capture of
pollutants and their associated monetary value, as
well as the improvement of air quality by the urban
forest. The pollutant flux (F, in g:-m?s?) is
estimated as F = V4 * C, where Vq is the deposition
velocity in ms™ and C is the pollutant concentration
(in g'm®)! The associated monetary value is
estimated based on the average values of
externalities in the U.S. for each ton of pollutant.

To determine the relative contribution of the
urban forest to the improvement of air quality, the
values of pollutant emissions were compared with
those of removal by urban trees. Emissions were
obtained from the reports of the Metropolitan Area
Authority® which corresponded to the year
2015, because those of 2014 were not available.

2.4 Management strategies

In order to propose management strategies to
optimize the removal of pollutants by the urban
forest, the information reported in different studies

on the subject was compiled and analyzed.
Subsequently, the most relevant options for the
Aburra Valley were discussed.

3. Results

3.1 Structural characteristics of the urban
forest

It was found that tree cover represented 23.3%
of the urban area, with a density of 133 trees-ha™
and an approximate number of 688,000 trees. The
species with the highest VI were eucalyptus
(Eucalyptus saligna Sm.), urapan (Fraxinus uhdei
(Wenz.) Lingelsh.) and mango (Mangifera indica L).
The diameter structure had an inverted “J” shape,
with a higher percentage of individuals in the
smaller diameter classes, a percentage that
decreases as the diameter increases, until only a few
individuals remain in the larger classes. In relation
to the evaluation of the phytosanitary condition, it
was found that 5.1% of the total number of trees
presented a percentage of crown deterioration
greater than 20%.

3.2 Contaminant removal

A total annual removal of 228 t of air
pollutants was estimated, where 12.3 t corresponds
to carbon monoxide (CO), 49.1 t to nitrogen
dioxides (NOy), 32.1 t to PMys, 60.4 t to PMyg
and 74.3 t to ozone (O3). However, the data for CO
and PM.s may be underestimated, since no reports
of these pollutants were obtained from the station in
the north of the Aburra Valley.

Pollutant emissions in the Aburrda valley
reported by the Metropolitan Area authority™
during 2015 are presented in Table 1, which also
differentiates the emissions from each source
(mobile and stationary) and the proportion of the
removal of each pollutant by the urban forest. This
table does not include ozone, because, although its
removal was estimated, the emissions were not
reported in the reports of the environmental
authority of the Aburré Valley. The monetary values
corresponding to the elimination of pollutants are
presented in Table 2.

1 For more details on the model calculations, see Nowak and Cranel28!. Nowak[34! and Nowak et al.[2%,
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4. Discussion

The contribution of the urban forest in the
Aburrd Valley to the elimination of particulate
matter emissions is higher than that of gaseous
pollutants (NO; and CO). If only industrial
emissions of PM,s are considered, the removal by

the urban forest is equivalent to 9.3%, a significant
value, especially because this pollutant has highly
deleterious effects on human health. Similarly, for
PMsio, the removal of 5.18% of emissions from
stationary sources can be considered a significant
contribution.

Table 1. Proportion of pollutant removal by the urban forest compared to emissions in the Aburra Valley in 2015

Variable

Contaminant

Urban forest removal (t-yr.%)

Emissions from mobile sources (t-yr.?)

Contribution to urban forest removal (%)

Emissions from stationary sources (t-yr.™)

Contribution to urban forest removal (%)

Total emissions (t-yr.")

Contribution to urban forest removal over total emissions (%)

CcO NO:2 PMz2s PMio
12.3 49.1 32.1 60.40
145,552 14,293 1,508 *
0.01 0.34 2.13 *
3,213 2,979 345 1166
0.38 1.65 9.30 5.18
148,766 17,272 1,852 1,166
0.01 0.28 1.73 5.18

*Data not available. Emissions data were obtained from AMVA.

Table 2. Monetary value of pollutant removal by the urban forest for 2015

Contaminant Value/ton * (US$)

Total value (US$)

Percentage of total economic value (%)

Cco 1,619 19,914
NO2 11,397 559,593
O3 11,397 846,797
PMz5 7,609 244,249
PM1o 7,609 459,584
Total 2,130,136

0.9%
26.3%
39.8%
11.5%
21.6%
100%

*The monetary value is estimated in i-Tree Eco based on the average values of externalities for each ton of pollutant.

Table 3 shows a comparison of the number of
trees and the removal of atmospheric pollutants
from the urban forest in different cities around the
world in which the i-Tree Eco model was applied.
In contrast to the Aburra valley, some similar values
are found, for example, San Francisco has 668,000
trees and the pollutant removal is 276 t12%,

In any case, given that there are several factors
that affect the removal of pollutants by urban
forests, caution should be exercised when analyzing
the data. For example, according to the study by
Baré et al.l'! Barcelona has 1,419,823 trees (2.1
times more than the Aburrda valley), but the
pollution removal is 305 t (1.3 times more than the
Aburra valley). This is probably due to the higher
concentration of pollutants in our study area,
climatic conditions or tree characteristics such as
leaf area and leaf permanence throughout the year.
Although the Aburré valley is located in the tropical
zone, where there are no climatic seasons with
marked differences in temperature as in temperate

zones, it is necessary to clarify that there are
seasons with variations in rainfall regimes and some
species are deciduous during the dry season.

However, Table 3 shows that some cities have
lower tree cover and a higher number of trees
(London) than others (San Francisco and
Edinburgh). This can be explained by the existence
of high-density tree stands, which probably
correspond to remnants of natural forest. Pollutant
removal depends on pollutant concentration,
climatic conditions and species characteristics. For
this reason, the comparison of removal
values between different sites must take these
factors into consideration.

Urban forest management has been recognized
as a viable option to contribute to air quality
improvement?®34%1 In contrast, Setéld, Viippola,
Rantalainen, Pennanen, et al.®® found that the
contribution is very marginal for the specific site
evaluated in their study (two cities in Finland).
Specifically, in the Aburrd Valley, the increase of
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green spaces and urban trees, together with
strategies such as the control of polluting emissions
to vehicles and industries and the use of mass
transportation and clean fuels are included in the

Integrated Air Pollution Management Plan®®"). Even
so, some considerations in species selection and
vegetation design should be taken into account for
that purpose.

Table 3. Comparison of urban forest ecosystem services in different cities of the world

City Number of trees Tree cover (%) Pollutant removal (t-yr.1)  Reference
London, UK 8,421,000 2,241 [27]
New York, USA 5,212,000 1,790 [20]
Beijing, China 2,383,000 1,261 [24]
Oakville, Canada 2,000,000 28 [25]
Washington, USA 1,928,000 558 [20]
Barcelona, Spain 1,419,823 305 [15]
Boston, USA 1,183,000 272 [20]
Syracuse, USA 876,000 99 [20]
San Francisco, USA 668,000 276 [20]
Edinburgh, UK 600,000 [27]
Aburra Valley, Colombia 687,867 228 This study

The first step is the selection of the species
with the greatest potential for the removal of
atmospheric pollutants. Some morphological and
physiological characteristics of plants will allow
some species to fulfill this function better than
otherst®®. Morphological traits include higher tree
crown density and permanence of foliage
throughout the year®®3% and rough leaf surfaces
with presence of waxes and pubescencel®®47,

It is also important to consider the plants’
resistance to pollution and the effectiveness of the
leaves’ defense mechanisms: if the plants are not
healthy, they are less able to provide their benefits.
One method used for this purpose is the calculation
of the air pollution tolerance index (APTI), which
measures chlorophyll, ascorbic acid, water content
and leaf pH"42,

In addition to species selection, it is important
to consider the floristic design, i.e., the pattern of
tree planting in space, so that ecosystem services
are optimized™*?. In that sense, some designs will
have beneficial effects, while others will be harmful,
although this depends on the spatial scale (nhational,
municipal or local). Vos, Maiheu, Vankerkom, et
al.*l give an example at the local scale, they report
that urban and tunnel-forming trees along narrow
roads can lead to higher pollutant concentration, in
particular for pollutants related to vehicular traffic,
such as nitrogen dioxide and carbon monoxide. This
can occur because of the obstruction of wind flow,

and the consequent reduction in ventilation, which
allows pollutants to escape into the outside
atmosphere.

On the other hand, the study by Maher, Ahmed,
Davison et al.”®! reported that strips of trees along
roadways can reduce particulate matter levels inside
homes near the roadway by more than 50%.
Electron microscopy analyses show that particulate
matter captured by leaves is concentrated in clumps
around leaf pubescence and within leaf
microtopography™®,

In a review of the state of the art on urban
vegetation and particulate matter air pollution,
Janhall™ concludes that the establishment of large,
dense canopy trees on roadways reduces dispersion
to the upper layers of the atmosphere, thereby
increasing local air pollution levels, while low
vegetation near sources can improve air quality by
increasing deposition. Vegetation barriers should be
dense enough to provide a greater surface area for
deposition and porous enough to allow penetration
rather than deflection of the air stream above
the barrier.

In terms of environmental policies and
regulations, tree planting is not commonly included
as one of the strategies to improve air quality in
cities. Despite this, there are some good examples
that deserve to be mentioned.

As part of a plan to reduce air pollution, the
government of Santiago (Chile) defined as an
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environmental policy to use urban forests for this
purpose. The results reveal that the cost-benefit
ratio of urban forest management to reduce PMag
was similar to other control policies such as
alternative  fuels®®. In addition, the U.S.
Environmental Protection  Agency  (EPA)
recommends the implementation of emerging
measures, such as strategic tree planting, as a means
to help meet air quality standardst®®.

In the Aburré Valley, Agreement 19 of 2017
adopts guidelines and determinations for the
management of urban green public space. The
agreement takes into account the economic value of
the ecosystem services provided by urban trees for
the estimation of the compensatory value for tree
felling; this proposes as a new compensation option
the payment of the monetary value of the trees, in
order to create a green fund to be used for the
planting and care of the urban forest and green
areas. We Dbelieve that the monetary value
associated with the removal of air pollutants can be
used to estimate that value. Of course, several
adjustments must be made according to the
conditions in Colombia and to estimate the unit
value for each tree, which is beyond the scope of
this study.

Similarly, community participation and
engagement can help maintain, or even increase,
tree cover and thus the benefits of the urban forest.
One option is to establish environmental service
payment schemes to compensate for the footprint of
pollutant emissions, either for individuals or for
industries. A sample of mechanisms already applied
in Colombia in rural areas is the strategy known as
BanCO2, in which landowners (usually peasants)
receive money for keeping natural forests intact for
carbon sequestration*”). Those payments are
made by individuals or industries wishing to offset
their carbon footprint. For urban areas, it is
proposed to establish similar strategies to preserve,
establish and maintain urban forests within cities, as
a compensation measure to air pollutant emissions.

5. Conclusion

The urban forest in the Aburra Valley removes
approximately 228 t of atmospheric pollutants per

year, which is equivalent to a monetary value of
2,130,136 USD. In order to optimize this ecosystem
service, it is necessary to select tree species with
characteristics that facilitate removal (dense canopy,
permanent foliage, high leaf area, waxy and
pubescent leaf surfaces) and floral designs in which
a dense and porous lateral barrier is formed, which
in turn allows the vertical dispersion of pollutants.
It is also important to link urban planning,
environmental regulations and public policies with
urban forestry in order to provide additional tools to
improve environmental quality. These efforts will
contribute to the sustainability and resilience of the
city, which will improve environmental conditions
and the quality of life of the population. It is
recommended to advance in the knowledge of
species that have the functional traits associated
with this service and that, in addition, tolerate air
pollution, given that the state of health of the tree
has an impact on the fulfillment of its functions.
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