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Abstract
The relationship between leaf area index (LAI), ultraviolet radiation (UV) and temperature measured at
1.5 meters (T°1.5) and at ground level (T°s) was studied, in three urban forest areas of Talca City, Chile.
Circular plots with different tree projection coverage areas were defined for the registration of the T° and
UV data. Measurements between 13 and 14 hours were performed and distributed for each year season,
while the LAI was obtained with a single record per season; the selection zones and measurement points
were done by a non-probabilistic method. The results showed that LAI, as a factor, had a statistical
significance effect for UV, T°1.5 and T°s, with 0.0081; 0.0058 and 0.0334 respectively (P <0.05),
demonstrating that LAI is related as indicator of the mitigating function of urban forest, regardless of
season of the year. The correlations were positive, although weak, as they failed to robustly explain their
relationship with the measured variables; and LAI did not fully explain the variability that it has with T°s
and T°1.5 (r = 0.47 and r = 0.48 respectively), the same for UV (r = 0.38). In the context studied, it was not
possible to determine that the LAI is an index that explains the variability presented, obtaining R2 of
22.15%, 23.28% and 14.47% for T°s, T°1,5 and UV, respectively, so the tree species and the characteristics
associated with the plots, would explain the high dispersion of the results. The presence of trees favors
the condition of T ° and UV in the city pedestrian displacements.
Keywords: Urban forest; Urban mitigation; Ecosystem services; Tree mitigation; Urban planning.

Resumo
Estudou-se a relação entre índice de área foliar (LAI), radiação ultravioleta (UV) e temperatura a 1,5
metros (T°1,5) e ao nível do solo (T°s), em três áreas arborizadas da Cidade de Talca, Chile. Para o registro
dos dados definiu-se parcelas circulares com diferentes áreas de cobertura de projeção de árvores, a T°
e UV, que foram medidos entre 13h e 14h, distribuídos para cada estação do ano, enquanto o IAF foi
obtido com um único registro por estação; as zonas de seleção e os pontos de medição foram realizados
por um método não probabilístico. Os resultados mostraram que o IAF, como fator, teve um efeito
estatisticamente significante para UV, T°1,5 e T°s, com 0,0081; 0,0058 e 0,0334, respectivamente (P <0,05),
demonstrando que o IAF está relacionado como um indicador da função mitigadora da arborização
urbana, independentemente da estação do ano. Suas correlações foram positivas, embora fracas, uma
vez que não conseguiram explicar de forma robusta sua relação com as variáveis medidas, visto que o
IAF não explicou totalmente a variabilidade que tem T°s e T°1,5 (r = 0,47 e r = 0,48 respectivamente); e o
mesmo para UV (r = 0,38). Para o contexto estudado, não foi possível determinar que o IAF seja um índice
que explica a variabilidade apresentada pelas variáveis medidas, obtendo-se R2 de 22,15%, 23,28% e
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14,47% para T°s, T°1,5 e UV, respectivamente, de modo que as espécies arbóreas e as características
associadas às parcelas explicariam a alta dispersão dos resultados. A presença de árvores favorece a
condição de T ° e UV nas vias de pedestres da cidade.
Palavras-Chave: Árvores urbanas; Mitigação urbana; Serviços ecossistêmicos; Mitigação de árvores;
Planejamento urbano.

INTRODUCTION
The planning of urban green spaces systems defines what tree species will be used (i.e.
gardens, parks, squares, grove, pedestrian and others). Thus, its distribution and quantity
within the city depends on the space available and how people choose to occupy this place
with herbaceous plants, shrubs or trees (Rowntree, 1998). The vegetation (trees, bushes and
grass) influence the environment; in trees the species, composition, size, diameter, height,
biomass and leaf area and others are the main variables (Armson et al., 2013; Bochaca et al.,
2013; Pudjowati et al., 2013; Heisler et al., 2014; Colunga et al., 2015; Coronel et al., 2015;
Elmes et al., 2017; Sanusi et al., 2017; Tang et al., 2017). The knowledge of these variables can
be used for the urban green spaces system planning, as well as for the determination of tree
value (Ponce-Donoso et al., 2017; Endreny, 2018).
Global warming has increased the planet’s temperature, challenging the search for
solutions to thermally regulate cities. The vegetation and especially trees are effective
contributors to the urban climate, since they help to reduce the negative effects on people,
such as the different types of pollution, radiation or acoustics, among others (Armson et al.,
2013; Elmes et al., 2017). Together with other factors, particulate matter fulfills the functions
of pollution mitigation (McDonald et al., 2007; Irga et al., 2015); provides shade
(Smargiassi et al., 2009), mitigates the effect of heat islands (Hardin & Jensen, 2007;
Armson et al., 2013; Tang et al., 2017), reduces ultraviolet radiation and temperature,
especially where the ozone layer has decreased (Grant et al., 2002; Heisler et al., 2014). It also
mitigates noise (Pudjowati et al., 2013), determines microclimates (Colunga et al., 2015;
Coronel et al., 2015) improving relative humidity, whose gradients and oscillations depend on
gray and green infrastructure (Bowler et al., 2010). Therefore, the management of urban trees,
especially those located in spaces for public use, is relevant in public policies, especially
considering the process of climate change currently experienced worldwide.
Temperature is usually one of most sensitive meteorological variables to urbanization
processes, registering higher values in the center of cities compared to natural environment;
this occurs as a result of the replacement of green spaces, rural areas and its interface with
urban areas’ gray infrastructure (Hardin & Jensen, 2007). In this context, tree-lined streets and
green areas offer better environmental conditions, since they delay night cooling
(Bochaca et al., 2013), because leaves and branches reduce both solar and UV radiation (De
Oliveira et al., 2013), while the temperature of the earth's surface increases with the decrease
of tree canopy (Ponce-Donoso et al., 2020).
The leaves of trees and foliar area are important parameters, not only for the study of
various physiological processes such as photosynthesis, transpiration, evapotranspiration and
productivity (Moser et al., 2007; Olivas et al., 2013), but also in the planning of cities, aiming to
mitigate the effect of urban heat islands (Hardin & Jensen, 2007). The way in which an urban
forest can modify the local microclimate in pedestrian traffic can vary according to the design
and type of tree species, key characteristics such as the type, angle and size of leaves, canopy
architecture or simply its density (Sanusi et al., 2017).
A way to measure the structure of canopy is through the Leaf Area Index (LAI), which is a
dimensionless variable, defined as a numerical expression as half the total intercepting area
per unit ground surface area (Chen & Black, 1992); or as a projected leaf area in order to take
into account the irregular form of needles and leaves (Jonckheere et al., 2004). The canopy
structure corresponds to the shape, surface, distribution and spatial arrangement of tree
aerial organs, therefore LAI depends on tree morphology, leaves’ orientation and distribution;
hence trees of different species have values other than LAI (Jonckheere et al., 2004).
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The use of hemispheric photographs allows LAI to be determined, since it provides an
ascending view of all parts of the sky, based on the quantification of the geometry of the visible
and obstructed sky (Weiss et al., 2004). This technique allows to calculate solar radiation
regimes and canopy characteristics of a tree, such as the distribution of leaves angles and light
interception (Rich, 1990).
The LAI varies in time and space due to seasonal variations (Gao et al., 2013), which is also
influenced by a variety of factors, such as the species growth, the changes caused by the
development of the trees’ area, architecture, climatic conditions (Dermody et al., 2007; Meier
& Leuschner, 2008) and soil properties (Oztürk et al., 2014).
Given the importance of the influence for green infrastructure to urban population, it is
necessary to know how the location of woodland influences different environmental variables,
which then allow improving the habitability condition of the population in the cities.
In the same sense, the location trees in urban context should not be a trivial, since
their influence on environmental variables could have a positive impact on the population,
on variables such as T ° and UV. Therefore planning of urban green systems, parks, streets
or squares, the intentionality of urban design and what should be planted can be
improved. Thus, the aim of the present article was to relate Leaf Area Index (LAI) to the
environmental variables of temperature and UV radiation, considering the influence that
tree cover has on the displacement of city inhabitants through the different pedestrian
paths available.

MATERIALS AND METHODS
The study area was Talca City, located in Maule Region, Chile. It is characterized by being
in a transition area between arid-semiarid climates of northern and cold and rainy climates of
southern zones, and has a temperate Mediterranean climate (Centro de Investigación y
Transferencia en Riego y Agroclimatología, 2005). The city is located at an altitude of 102 m
above the sea level, latitude 35°25'59” South, longitude 71°40'00” West and 232 km2 covers a
total area (Biblioteca del Congreso Nacional, 2013). The population is of 220,357 inhabitants
(INE, 2017).
The average temperature is 14.2 °C, the value of the UV index during winter fluctuates
between 1 and 3, which is considered low, while in summer it varies between 9 and 10,
considered a very high value. The average exposure to the sun per day in January is 11.6 hours
and in June 2.5 hours (Centro de Investigación y Transferencia en Riego y Agroclimatología,
2005). The green areas in the city grew from 4.2 in 2007 to 5.8 square meters per person in
2016 (Plan de Desarrollo Comunal, 2017).
The data was collected in urban spaces, defined and distributed in a circuit of streets
in the center of the city, being located in places of public use and high pedestrian
circulation were located in three avenues of the city center, called Zone, chosen for their
important pedestrian and motorized traffic, commercial, labor and recreation (Figure 1).
The scale used was considered appropriate when compared to the Escobedo and Nowak
(2009) study. The selection zones and measurement points were done by a nonprobabilistic, directed and intentional sampling; they comprised a selection of population
units through personal judgment (Ávila, 2006). 30 circular plots with a radius of eight
meters were defined for sampling (equivalent to 201 m2). In each of them, 10 plots were
distributed, each one having a different tree projection coverage area where the
measurements were made:
•
Zone I: comprises Alameda Avenue between 3 Oriente and 4 Poniente streets. This
section corresponds to an important urban forest area. It is located in the central city
area and serves as the main communication artery that extends for 20 blocks. The
Alameda is a double track avenue that is widely used by motorists and emergency
vehicles. During the past seven years it has gained commercial importance with new
buildings such as hotels, public and private edifices, playgrounds for children,
educational establishments, clinical centers, restaurants and recreation places and
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others. It concentrates a great number of arboreal species, some over 80 years old
that are located in the central dividing belt of the avenue. It comprises six blocks (plots
T01 to T10, Figure 2a).
•

Zone II: comprises Isidoro del Solar Avenue plus two plots located in Armas Square.
The avenue has a small central reservation where there are several trees. It is a
street that connects the Armas Square with Alameda in both directions of traffic and
has a center sidewalk with Robinia spedoacacia L. trees and mainly large Platanus x
hispanica Mill specimens; in the square there are different restaurants and pubs,
and small professional office buildings. It comprises five blocks (plots T11 to T20,
Figure 2b).

•

Zone III: comprises Uno Sur Street between 1 Poniente and 7 Oriente streets. It is
the main commercial area of city and has an extension of eleven streets and most
of the stores are of one floor, although there are a few buildings that exceed two
floors and present a scarce presence of mainly Lagerstroemia indica (L) Pers. trees.
This Zone has three pedestrian streets and comprises seven blocks (plots T21 to
T30, Figure 2c).

Figure 1. Image of streets and location of the plots

The data of ultraviolet radiation and two temperatures were collected between 13:00 to
14:00 hours; during 8 days in each season (2 days a week). The first one was between
December 2014 to January 2015, called summer; the second, April and May 2015, called
autumn; the third, September and November 2015, called spring, and fourth, August and
September 2016, called winter. Those data was recorded at two points in each plot; one in the
center and the other in its periphery in different orientations. For analysis the average of the
records of each season was used, totaling 960 data, distributed in 30 plots and three zones,
720 records of temperature, plus 240 data of LAI obtained for each of the two points of the
plot, .
The LAI was measured in 2016 only once per season in each plot, in the center and one
point of the perimeter. For the summer period it was January 15, autumn on May 13, winter
on September 7 and spring on November 21. The measurements were made with the
following instruments: Thermometer-Hygrometer JT-07CRL for temperature, UV Light Meter
UV340B for UV radiation and the CI-110 Plant Canopy Imager© for LAI.
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Figure 2. General views of different zones. a. Zone I; b. Zone II and c. Zone III

Normality assumptions were verified through the Kolmogorov-Smirnov test (p <0.05)
for normality and Levene’s test (p < 0.05) for homoscedasticity, not being fulfilled for the
first and fulfilled for the second (Márquez, 1997). Where the normality assumption was
not fulfilled, Kruskal-Wallis's non-parametric analysis (K-W) was used to identify significant
statistical differences; K-W showed there were no significant differences found in both
environmental variables (T° and UV) with respect to the LAI values recorded. In addition,
a simple regression was performed between each environmental variable and the LAI as
a factor, with the purpose of knowing the correlation and the coefficient of determination
(R2), which expresses the correlation between the data of the independent variable (LAI)
and their respective dependent variables (temperature and UV variables). Statistical
analysis was performed with STATGRAPHICS® Centurion XVI (Statpoint Technologies INC,
2010).

RESULTS AND DISCUSSION
Data showed a high amplitude in the records (Table 1), evidenced mainly by its dispersion,
which is influenced by urban tree coverage, season of year, surrounding vegetation, nearby
constructions, temperature record schedule, atmospheric condition, types of instruments
used and points of measurement for those that were recorded according to the plot and not
under the tree; an aspect which differs from other studies (Hardin & Jensen, 2007;
Oztürk et al., 2015; Tang et al., 2017).
The highest records in both temperatures and UV were obtained in Zone III, which
corresponds to an area with scarce vegetation when compared to the other Zones, which
would explain the lesser mitigation of these variables in Zone III, confirming the presence of
an urban heat island (Martínez, 2017).
The temperature showed expected values, lower in winter and higher in summer,
typical of the climate study area. The soil temperature at 1.5 m reached values higher at
ground level, but no significant differences between plots was found, with a similar situation
for UV. This was due to the fact that measurements were made under different canopy
covers, simulating random displacement of pedestrians through the city. The records were
also influenced by different types of surfaces; for example, in Zone I and II there are more
plots with grass or soil, while in Zone III they were only located on cement or tiles. Lower
temperature values were recorded when high LAI registers were obtained, confirming the
mitigation function of the vegetation in relationship to thermal comfort in the city
(Oztürk et al., 2015; Elmes et al., 2017).
The LAI fluctuated between 0.54 and 5.29 under the different tree coverages. Plots 7 and
19 are the only ones that are under cover of an evergreen species (Peumus boldus Mol.), LAI
average was 2.17 and 4.13 respectively; these values were consistently higher during the year
in comparison to other plots, which are mainly composed of deciduous trees, showing the
influence of tree cover in LAI determination (Jonckheere et al., 2004; Pokorný et al., 2008; De
Oliveira et al., 2013).
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Table 1. Summary of the environmental variables by Zone and season
Season

Zone
I
II
III
I
II
III
I
II
III
I
II
III

Autumn

Winter

Spring

Summer
Season

I
II
III
I
II
III
I
II
III
I
II
III

Autumn

Winter

Spring

Summer

Ground Temperature
Median
Average
Amplitude
19.5
19.4
17.8 – 20.8
18.0
18.3
16.1 – 21.1
23.2
22.5
19.1 – 27.9
16.6
16.8
15.1 – 18.4
14.6
14.6
12.9 – 16.4
16.6
16.6
14.9 – 19.2
23.7
24.3
22.1 – 28.4
23.6
24.1
21.3 – 27.5
26.1
26.4
23.0 – 31.4
32.1
32.4
27.9 – 39.7
32.5
33.8
29.3 – 42.8
35.2
34.8
27.1 – 39.6
UV Radiation
Median
Average
Amplitude
141.7
142.7
104.0 – 295.1
130.3
126.5
9.1 – 297.7
222.6
194.2
154.5 – 316.9
220.2
213.9
35.0 – 252.8
219.1
207.8
9.0 – 217.7
235.2
237.4
42.9 – 255.5
338.8
755.2
79.1 – 2,665.8
320.1
431.0
17.0 – 1,331.2
772.2
759.3
96.5 – 1,524.8
153.5
2,123.7
90.6 – 7,735.0
515.0
1,577.6
125.0 – 7,600.0
3,532.5
2,735.1
83.8 – 5,240.0

Temperature 1.5 m
Average
Amplitude
19.2
17.9 – 21.5
18.0
16.4 – 19.8
21.5
19.5 – 24.7
16.7
15.0 – 18.3
14.5
12.8 – 16.3
16.4
14.8 – 18.9
22.7
18.3 – 25.1
23.3
21.5 – 27.0
24.6
22.6 – 27.7
29.4
27.5 – 31.9
32.3
30.4 – 37.4
29.6
27.1 – 32.9
LAI
Median
Average
Amplitude
1.1
1.2
0.5 – 2.7
1.5
1.9
0.6 – 4.7
1.0
1.1
0.5 – 2.0
1.0
1.2
0.3 – 2.7
1.0
1.4
0.5 – 5.3
1.0
1.5
0.8 – 4.0
2.1
2.2
1.4 – 3.2
2.1
2.2
1.3 – 4.4
1.2
1.4
0.7 – 2.8
2.1
2.4
0.6 – 5.0
2.5
2.7
1.2 – 4.6
3.4
3.0
1.3 – 4.7

Median
19.2
17.9
21.5
16.5
14.5
16.4
22.6
23.3
24.2
29.4
31.6
29.4

UV radiation in the year reached low values in winter (9.3 to 316.9) and high in summer
(226.5 to 7,735.0). The high values of UV were related to low LAI values, that is, a greater tree
coverage reduces UV radiation (Hardin & Jensen, 2007; De Oliveira et al., 2013; Olivas et al.,
2013), an aspect that was especially observed during spring and summer periods.
The variance analysis showed that LAI (Table 2), as a factor, had a significant different
effect (p < 0.05) on both temperatures and UV, confirming the relationship between LAI and
registered climatic variables (Hardin & Jensen, 2007; Armson et al., 2013; De Oliveira et al.,
2013; Oztürk et al., 2015; Tang et al., 2017).
Table 2. Variance analysis
Variable Factor

Ground T° (°C)

T° 1,5 m (°C)

UV Radiation UV

LAI

0.0081

0.0058

0.0334

Non-linear regression models showed the best correlation (Table 3). The average values
obtained were 0.47; 0.48 and 0.43 for ratios of LAI to ground temperature, temperature 1.5 m and
UV radiation, respectively. The data variability, attributed to different types of precipitation or
irrigation carried out prior to measurement of climatic variables, would explain in part the presence
of plots with low LAI values and lower temperatures, as pointed out by Chávez et al. (2012).
Table 3. Pearson correlation and determination coefficients
Temperature

Temperature 1.5 m

UV Radiation

Pearson

R (%)

Pearson

R (%)

Pearson

R2 (%)

Center-Periphery

0.47

22.15

0.48

23.28

0.38

14.47

Center

0.43

18.42

0.45

20.18

0.57

32.01

Periphery

0.51

26.09

0.51

26.05

0.34

11.84
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The correlation coefficient between LAI and temperatures showed a positive relationship,
but not enough to be considered of high correlation values (0.47 and 0.48 respectively). A
similar result to that obtained by Tang et al. (2017) who obtained a correlation value of 0.56
with respect to temperature; which in both cases are lower than those reported by Hardin and
Jensen (2007) and Oztürk et al. (2015), who obtained correlation coefficients of 0.74 and 0.80
respectively. However, the design of this study is based on plots and not on an individual tree,
so reported coefficients can be considered acceptable.
Positive correlation between UV and LAI was obtained, although insufficient to be
considered of high value (0.38). When analyzing data according to their position in plot, those in
the center showed a greater correlation with respect to periphery, with 0.56 and 0.34
respectively. As for the models adjusted by simple regression, both for ground level temperature
(Figure 3a), and temperature at 1.5 meters (Figure 3b), reached the best correlation with
logarithmic models, while for UV radiation (Figure 3c) it was the inverse model Y square X.
Data dispersion showed that the relationship between LAI and environmental variables
did not follow a linear model, which will be due to variability of records during the year. These
results are similar to studies of the same nature, where Tang et al. (2017) pointed out that LAI
explains 32% of variation in temperature, a value higher than that obtained in this study,
explained by the fact that only 36 measurements were used, while in this study they were 240.
The factors that influence the results would be the method of measuring the variables
and the time required to do so. In this study, the temperature was obtained in any plots of
each Zone, unlike Hardin & Jensen (2007) who obtained them from satellite images, using
thermal infrared (TIR) and achieving a correlation of 0.78 between temperature and LAI and a
coefficient of determination of 62%. Likewise, Oztürk et al. (2015) also obtained a high
correlation and determination between the LAI and some environmental variables, but by
using significantly lower records, with data from the same season of the year, which reduces
the variability as in this this study.
The results obtained in this study are similar to those of Klingberg et al. (2017) indicating
that individual urban trees have a higher LAI value than the trees of a stand, although in this
case the LAI measurement was not specifically the tree, but the area of pedestrian traffic which
the tree influences. However, an additional study involving the same species in both contexts
could be necessary to analyze the influence of these conditions.

Figure 3. Adjusted models Charts: a) Ground Temperature v/s LAI, b) Temperature 1.5 m v/s LAI and
c) UV Radiation v/s LAI
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CONCLUSIONS
The urban trees with different levels of coverage act as a mitigating agent for both
temperature and UV radiation, regardless of measurement point in plot, Zone and season of
the year.
The soil temperature showed higher values compared to 1.5 meter, which fluctuated
between 12.9°C to 42.8°C and 12.8°C to 37.4°C respectively; while LAI values fluctuated
according to the vegetative period of the tree: highest in spring summer, with an average value
of 2.3 and lower in autumn winter with an average of 1.38.
The environmental variables showed a statistically significant relationship with respect to
LAI, giving positive but weak correlations; showing that LAI does not fully explain the variability
of temperature and ultraviolet radiation in the city studied.
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