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A B S T R A C T   

Urban forests affect land surface temperature (LST) within a city due to the cooling effect of transpiration. The 
latter depends on tree health, but it can also be affected by the structure and composition of forest, as a mono- 
species environment may potentially worsen the health of urban forest. The following hypotheses are therefore 
proposed: a) greater tree diversity within urban forest results in lower LST at the city block scale; and b) the state 
of biotic disturbance of urban forest is negatively correlated with LST. The present research explores the rela-
tionship between urban forest tree diversity and health based on a survey of 38,950 individuals in the district of 
Providencia in the city of Santiago, Chile, and compares this information against LST data from the ASTER 
satellite instrument at the city block scale. The health of the urban forest was determined by expert knowledge 
means of a field survey that collected data concerning growth stage, phytosanitary state, and state of biotic 
disturbance. The first hypothesis could not be tested by the lack of urban tree diversity which showed strong 
domination of three species with more than 52 % of abundance (Robinia pseudoacacia, Platanus orientalis and Acer 
negundo). The second hypothesis was proved since the results revealed a positive and significant correlation 
between urban forest diversity and LST, with a Spearman’s correlation coefficient of between 0.56 and 0.7. A 
positive and significant correlation of 0.55 was found between mean biotic disturbance (BDSm) and median LST 
(Med), indicating a direct relationship between higher LST and poorer urban forest health. A possible expla-
nation is that, among the trees surveyed within the urban forest, the effect of biotic disturbance is greater than 
that of species diversity. As such, it may be concluded that planting of trees on city streets as a means of tem-
perature moderation is made less effective if specimens are maintained in a poor general condition of health.   

1. Introduction 

Vegetated surfaces have become increasingly prominent elements of 
urban environmental management thanks to their environmental func-
tions and services (Burden, 2006; Escobedo et al., 2011; Morgenroth 
et al., 2015). These green areas are considered a land use in their own 
right – namely green infrastructure (Vásquez, 2016) – rather than simply 
as land which has not yet been urbanised. Urban forests are the main 
component of green infrastructure, providing diverse social and 
aesthetic advantages – such as recreation, physical and mental health, 
cultural and historical value, landscape variety, and seasonal dynamics – 
along with climatic, physical, ecological and economic benefits 
(Tyrväinen et al., 2005). They are defined as networks or systems which 
connect all individuals and groups of trees located in urban and 

peri-urban areas, including urban woodland, trees planted along streets, 
and those growing in parks and gardens. Together, they provide a 
connection between urban and rural areas and reduce the environ-
mental footprint of cities (FAO, 2017). 

Among the benefits of urban trees are their effects on a city’s climate, 
helping to control wind, temperature and humidity, and thus improving 
the cooling capacity of the city. Temperature reduction is brought about 
by two main factors: direct shade and evapotranspirative cooling. The 
latter reduces long-wave emission and convective transfer of sensible 
heat in favour of latent heat (Oke, 1989). Alexandri and Jones (2008) 
indicate that heat flows on vegetated surfaces are very different to those 
on non-vegetated surfaces, and that this results in lower temperatures on 
green surfaces than on those made of concrete. 

In cities which are undergoing urban expansion, such as Santiago, 
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Chile, processes of densification and urbanisation modify the structure 
and functioning of urban ecosystems (Romero and Ordenes, 2004b; 
Romero et al., 2010a). Studies conducted at the basin level reveal that 
urbanisation of green spaces causes changes to the hydrological cycle by 
reducing areas vital to water infiltration, evapotranspiration (resulting 
in heating) and water retention (Romero et al., 2003; Romero and 
Ordenes, 2004a), and that this affects the local climate of the city (Oke, 
1987). Changes to the urban microclimate produce higher temperatures 
compared to non-urbanised surroundings, a phenomenon known as the 
urban heat island (UHI) (Oke, 1987; Romero et al., 1999; Sarricolea and 
Romero, 2010; Romero et al., 2010b; Tumini, 2012). This build-up of 
heat over the city can be mitigated by the presence of green areas 
(Sarricolea and Martín-Vide, 2014) which reduce diurnal temperature 
variation (Smith and Romero, 2016). From this it can be inferred that 
vegetation cover and urban forests provide an environmental service of 
energy balance through temperature regulation, cooling the ground 
through evapotranspiration and creating cool islands within the city 
(Rodríguez, 2014). This process also produces a reduction in albedo 
along with an increase in unevenness which lowers aerodynamic resis-
tance, favouring heat exchange (Oke, 1987; EPA, 1992; Sieghardt et al., 
2005), and this leads to a reduction in air temperature and a shrinking of 
the UHI. 

According to the Food and Agriculture Organization of the United 
Nations (FAO), tree health refers to all the biotic and abiotic factors that 
affect the vigor and productivity of a tree, expressed by different 
symptoms and types of damage. The main biotic factors are pests caused 
by fungi, bacteria, viruses, insects, mites, parasitic plants, weeds and 
large animals. Abiotic factors are related to environmental factors, such 
as atmospheric pollution, mechanical agents, condition of the soil, water 
and climate (Boa, 2003). 

Pests and diseases harm the phytosanitary state of individual trees, 
affecting the downward movement of organic matter and the upward 
movement of water and inorganic nutrients (Bhatla and Lal, 2018). The 
conducting vessels – the xylem and phloem – are usually affected when 
the tree health is compromised, and this impacts upon the transfer of 
water through the soil-plant-atmosphere continuum. This phenomena 
affects directly the transpiration process, affecting the stomata closure 
and hence surface temperature of the trees. Surface temperature and 
sensible heat increase according to the energy balance of the surface 
(Bhatla and Lal, 2018). The use of surface temperature obtained by 
remote sensing to detect health tree condition has been explored in crops 
(Bellvert et al., 2013). Calderón et al. (2013) conclude that crown 
temperature was identified as one of the best indicators to detected 
Verticillium Wilt at early stages of disease development, while NDVI, 
PRI515, HI, and chlorophyll and carotenoid indices proved to be good 
indicators to detect the presence of moderate to severe damage. 

As such, the tendency to plant urban forest of a single or limited 
number of species constitutes a health risk, promoting the spread of 
species-specific pests and diseases which affect the phytosanitary state 
of the trees (Calaza, 2007; Bhatla and Lal, 2018). Greater species di-
versity could more effectively regulate ecosystem functions, potentially 
mitigating the spread of diseases by increasing average distance be-
tween individuals of the same species (Chapin et al., 1997; Kappler et al., 
2018) and creating a sustainable urban forest that is less susceptible to 
destruction by a single pathogen or pest (Raupp et al., 2006). Thus, 
urban forest tree species diversity may have a positive effect on tree 
health and, in turn, an impact on LST providing cooler areas at city block 
scale. 

The following hypotheses were proposed: a) greater tree diversity 
within urban forest results in lower LST at the city block scale; and b) the 
state of biotic disturbance of urban forest is negatively correlated with 
LST. Therefore, the surface temperature could be a more sensible indi-
cator for early detection of plant stress. We explore the relationship 
between urban forest tree diversity and tree health by comparing the 
results of a forest tree field survey based on health assessment of biotic 
factors determined by expert knowledge against LST data from medium- 

resolution (90 × 90 m) satellite images produced by the ASTER instru-
ment. The field survey (Carbonnel et al., 2017) sampled 41,720 trees 
situated in public spaces within the district of Providencia in Santiago, 
Chile. From this sample, 38,950 trees were selected and analysed in the 
present study. Our findings have the potential to improve the effec-
tiveness of urban forest assessment and planting programmes, boosting 
environmental functions and services. 

2. Materials and methods 

2.1. Study area 

The study was conducted in the district of Providencia (population 
120,874) in the city of Santiago (population 6,257,516), located in 
Chile’s Metropolitan Region (Fig. 1). The district covers an area of 14.2 
km2, equivalent to 0.43 % of the region’s total area. It is also among the 
urban districts with the greatest proportion of green space in Chile, with 
13 m2 per inhabitant. Of the district’s 1,250 ha of urbanised land, 301 ha 
(24 %) are occupied by streets, while 89 ha (7.12 %) are green space. 
The 41,720 trees surveyed by Carbonnel et al. (2017) represent 59.5 % 
of the 72,000 urban trees located in Providencia’s streets, squares and 
parks (Adapt-Chile, 2015). 

The climate of Santiago is classified as a semi-arid regime (Bsh) ac-
cording to the Köppen climate classification (Kottek et al., 2006). 
Temperatures range from a high in January of 30.4 ◦C (maximum 31.6 
◦C, minimum 28.8 ◦C) to a low in July of 3.8 ◦C (maximum 4.8 ◦C, 
minimum 2.6 ◦C). Average annual precipitation is 371 mm with a dry 
season that lasts eight months and a water deficit of 1,150 mm year− 1. 
The wet season lasts two months during which there is a water surplus of 
48 mm (Santibáñez et al., 2017). 

2.2. Field data based on the environmental vulnerability index of the 
public urban forest 

A field survey (Carbonnel et al., 2017) was conducted between June 
and September 2014 to collect georeferenced data for trees situated in 
public spaces within the district of Providencia. The biotic affectation 
criterions were based on the identifying handbook of urban trees from 
the National Forest Corporation − CONAF (Alvarado Ojeda et al., 2012). 
A total of 41,720 trees were surveyed, located on avenues, streets, and 
alleys. Specimens growing in green spaces and on private property were 
excluded. Data covered the phytosanitary state of the public urban 
forest, as well as growth stage and type of biotic disturbance, if present. 
These three variables were then used to create a vulnerability index and 
trees were ranked from 1 to 12, with classifications of “low”, “medium”, 
“high” and “very high” vulnerability. The survey also incorporated 
dendrometric variables, namely height and diameter at breast height 
(DBH), and these were used to establish the stage of development and 
growth of individuals. 

The data were filtered by height and DBH according to the definition 
provided by Escobedo et al. (2016) and the Carta de Ocupación de 
Tierras (Land Use Chart, COT) described by Etienne and Prado (1982). 
The latter describes trees as tall and woody, such as those species with 
lignified or woody tissue exceeding two metres in height. This definition 
provided our filter threshold, and those individuals with a DBH of 3 cm 
or less and a height of 2 m or more were not included in the survey. A 
total of 38,950 trees were finally selected for the study. 

2.3. Satellite data 

Satellite image analysis was performed using Level 3 AST_08 prod-
ucts from the Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER), an instrument on board NASA’s Terra satellite 
which uses the 5 bands of the thermal infrared spectrum (TIR: 
8.125–11.65 μm) and a spatial resolution of 90 m (ERSDAC, 2003). The 
instrument was chosen for the high-quality surface temperature data 
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that it produces (French et al., 2008). Only images free from cloud cover 
were selected, and these were then trimmed to the Providencia district 
boundary in order to obtain basic statistics describing the behaviour of 
LST values for each date studied. 

2.4. Identification of surface thermal patterns 

Satellite images were selected from the period between September 
2013 and March 2015 to coincide with the field survey period. This 
decision was based on the fact that two of the three variables that 
explain tree vulnerability (phytosanitary state and biotic disturbance) 
are linked to the presence of diseases and pests, and these tend to appear 
or become more severe during the warmest part of the year (Agrios, 
2005). As such, it is expected that the diseases and pests affecting the 
urban forest will have appeared or developed during the spring and 
summer of the previous year, i.e., between September 2013 and March 
2014. The same is true of the warmest months after September 2014, 
making it necessary to extend the study to March 2015 which marks the 
end of summer. 

In order to calculate the amplitude or thermal intensity of each 
image, the minimum LST value was taken from the thermal map and the 
remaining pixels were removed from the scene (Oke, 1987). Then, in 
order to obtain normalised thermal intensity data, the intensity value of 
each pixel was divided by the range of the respective trimmed scene – 
that is, the difference between the maximum and minimum LST values, 
as shown in Eq. (1). This provided normalised thermal intensity (NTI) 
values between 0 and 1. 

NTI =
Ti − Tmin

Tmax − Tmin
(1)  

where 
NTI: Normalised Thermal Intensity 
Ti: Observed temperature in pixel i (K) 
Tmin: Minimum temperature of scene (K) 
Tmax: Maximum temperature of scene (K) 
In order to understand the existence and origin of the intensities 

found, meteorological data were obtained for the following variables: 
mean air temperature (◦C), maximum air temperature (◦C), LST (◦C) and 
relative humidity (%). The data covered the whole analysis period and 
focused on the days prior to the date of each temperature image (INIA 
(Instituto de Investigaciones Agropecuarias), 2021). 

A spatial analysis was conducted of all of the temperature images, 
enabling identification of heat patterns and zones in which heat accu-
mulated at various times during the period. Basic statistics were then 
calculated describing the behaviour of the LST values across the whole 
time series using maps of metrics, namely the maximum, minimum, 
median, standard deviation, range, interquartile range, and amplitude of 
LST values. 

2.5. Species diversity indices 

Given the dominance of certain tree species in the district, a diversity 
analysis was conducted using six indices which put varying degrees of 
emphasis on rare and abundant species, as these are predicted to interact 

Fig. 1. Map of study area: District of Providencia, Metropolitan Region, Chile.  
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differently (Morris et al., 2014). Four diversity indices – the 
Shannon-Wiener index, Evenness, Simpson’s diversity index, and Pie-
lou’s evenness measure – were used to explore the relative abundance of 
species (Shannon and Weaver, 1949; Moreno, 2001; Pla, 2006; Pon-
ce-Hernández, 2004; Zarco et al., 2010) and thus their dominance. In 
addition, two richness indices (species richness, and Margalef’s richness 
index) were used based only on the total number of species, thus 
avoiding bias caused by the presence of more dominant species within 
the diversity results (Magurran, 1988). Species diversity was calculated 
at pixel level using a grid of cells measuring 90 × 90 m, matching the 
ASTER image pixel size. 

The land cover map for the Santiago metropolitan area – used by 
Gallardo et al. (2018), based on Landsat data, and with a spatial reso-
lution of 30 m – was used for the non-vegetated surfaces. Only the 
managed vegetation class was selected, as this category corresponds most 
closely to the city’s urban forest. The areas were then re-sampled at a 
final spatial resolution of 90 m based on the relative weight of the 
30-metre pixels. 

Two additional filters for number of individuals per pixel were 
applied, namely the median and third quartile of the registered tree 
abundance distribution per pixel. Those samples with abundance lower 
than both the median and the third quartile were removed from the 
analysis in order to work only with the pixels with the highest abun-
dance of trees. To analyse correlation with diversity and with the state of 
the urban forest, a subsample was identified using the 70 %LC filter 
(land cover pixel with 70 % managed vegetation) and an abundance 
greater than or equal to the third quartile. This criterion guarantees a 
maximum number of individual trees within each analysis pixel. The 
coverage and number-of-individuals filters considerably reduced the 
number of samples, as only those correlations based on filters with a 
sample number greater than 12 – the minimum number required in 
order to establish a correlation with sufficient statistical power – were 
considered valid. 

It should be noted that watering was not considered as a variable by 
the study. Watering is done using irrigation systems and tanker trucks 
between September and April, the same period to which the images that 
were eventually analysed correspond. As such, watering does not 
interfere with the results, as the land in all of the images are subject to 
the same watering regime. 

2.6. Relationship of tree health with LST and thermal patterns 

The tree health was determined according to the vulnerability index, 
along with the DBH and height of each individual. These variables were 
processed at the pixel level using a grid of cells measuring 90 × 90 m, 
and an average value was calculated for all of the individuals within 
each cell. This yielded a mean value per pixel for the growth stage, 
phytosanitary state, state of biotic disturbance, vulnerability index, DBH 
and height. 

The relationship between tree health and thermal patterns was 
estimated by analysing the correlation between LST (dependent vari-
able) and the mean vulnerability index, mean growth stage, mean 
phytosanitary state, mean state of biotic disturbance, and the two den-
drometric variables of mean DBH and mean height, all of which were set 
as independent variables. All of the correlated variables were overlaid 
with a vector layer of green spaces, the abundance filter, and the 
coverage filter at different precision percentages. 

2.7. Statistical analysis 

The correlation of each of the thermal patterns was estimated by 
calculating the Spearman’s correlation coefficient (rho) with a signifi-
cance threshold of 5%, whereby values of rho ≥ |0.6| indicate strong 
correlation (Walpole et al., 2012). After the filter analysis, we obtained a 
total of 13 pure pixels to apply the statistical analysis. Whereby, we 
avoid the use of a regression analysis where over fitting could happen if 

several variables are included simultaneously. Instead, as many vari-
ables are correlated, the Spearman’s correlation coefficient represents a 
more suitable analysis for non-parametric variables. The variables 
analysed in the correlation matrices were abbreviated to acronyms or 
short names, as shown in Table 1. 

3. Results and discussion 

3.1. Surface thermal patterns 

A spatial representation of the statistical metrics (Fig. 2) reveals 
consistent thermal behaviour throughout the whole period analysed, 
with warmer zones towards the south-west sector of the district and 
cooler zones towards the north-east (Fig. 2A,B and C). 

The cooling effect of the Mapocho river and its banks (Fig. 2A, B and 
C), create a cold strip that cuts across the district. The largest green 
spaces are visible in the thermal patterns (Fig. 2), in particular Busta-
mante Park and the Inés de Suárez Park, located in neighbourhood units 
14 and 7, respectively. These appear as small cool islands of lower LST. 
On this subject, Chang et al. (2007) propose that the size of green spaces 
determines their thermal behaviour. Smaller green areas (less than 2 ha) 
are warmer than their surroundings, while parks of between 3 and 12 ha 
tend to be cooler; those with an area greater than 12 ha are significantly 
cooler than their surroundings. This explains the noticeable cooling ef-
fect of Bustamante park and Inés de Suárez park, covering areas of 6.12 
ha and 5 ha, respectively. Dimoudi and Nikolopoulou (2003) make the 
same assertion, stating furthermore that vegetation affects not only the 
microclimate of the park itself, but also the surrounding area, lowing 
summer air temperatures in neighbouring streets. 

Fig. 2 (2D) shows the LST interquartile range (RIQ) for all of the 
images studied, illustrating the dispersion of data at the pixel level for 
the whole period. Blue indicates areas of greater thermal stability, while 
red represents instability as a result of greater temperature variation. No 
clear spatial pattern can be discerned from these images, indicating a 
strong temporal heterogeneity of the LST. 

3.2. Urban forest diversity 

The tree species survey data report 51 families and 145 species. Of 
these species, 117 are exotic and 21 are native, with a total of 37,738 
(98.5 %) and 535 (1.4 %) individuals, respectively. Native species are 
poorly represented within the urban forest of Providencia (Carbonnel 
et al., 2017). 

There are certain clearly dominant species present, including Robinia 
pseudoacacia L. (8,407 individuals), Platanus orientalis L. (6,036), Acer 

Table 1 
Abbreviated variable names used in correlation matrices.  

Abbreviation Meaning Abbreviation Meaning 

Ma14 Date 06-Mar-2014 Abu Abundance 
No14 Date 10-Nov-2014 SR Species richness 
De14 Date 19-Dec-2014 Sha Shannon-Wiener index 
D14 Date 28-Dec-2014 Sim Simpson’s diversity 

index 
Ja15 Date 13-Jan-2015 Eve Evenness 
J15 Date 29-Jan-2015 Dmg Margalef’s richness 

index 
Max ASTER image maximum Pie Pielou’s evenness 

measure 
Min ASTER image minimum HEIm Mean height 
Med ASTER image median DBHm Mean DBH 
Sd ASTER image standard 

deviation 
GPm Mean growth phase 

Ran ASTER image range BDSm Mean biotic 
disturbance state 

RIQ ASTER image 
interquartile range 

PSm Mean phytosanitary 
state   

Vulm Mean vulnerability  
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Negundo L. (5,599), Prunus cerasifera Ehrh (5,047), Fraxinus Excelsior L. 
(1,637), and Liquidambar Styraciflua L. (1,522). All of these are exotic, 
and the first three together constitute 52.3 % of all individuals surveyed 
(Carbonnel et al., 2017). This uneven species composition – featuring 
many individuals from a small number of common species – is common 
in other countries (Bourne and Conway, 2013; Morgenroth et al., 2015) 
and is partly the result of the urban growth conditions to which the 
urban forest is exposed (Sieghardt et al., 2005). 

The block-scale diversity index provides species diversity metrics per 
neighbourhood unit (Table 2). The greatest abundance and richness 
(Dmg) corresponds to neighbourhood unit 12, with 48.4 individuals per 
hectare. This is explained by its location on the Edge of the Santiago 
Metropolitan Park. 

3.3. Relationship of tree diversity with LST and thermal patterns 

Strongest and significant correlations has been found between tree 
diversity and LST (Fig. 3). Within the 13 pixels analysed, there is a 
positive and significant correlation between minimum temperature 
(Min) and species richness (rho = 0.62), the Margalef index (rho = 0.6), 
the Shannon-Wiener index (rho = 0.6), and Simpson’s index (rho =
0.56). There is also a positive and significant correlation between me-
dian temperature (Med) for the whole period and species richness (rho =
0.66), the Margalef index (rho = 0.66), the Shannon-Wiener index (rho 
= 0.7), and Simpson’s index (rho = 0.68). 

The correlation values presented (Fig. 3) indicate that greater species 

richness and diversity lead to an increase in LST at the block scale 
(Fig. 4). 

For the six dates analysed (Fig. 3) there is also a positive and sig-
nificant correlation between normalised thermal intensity (NTI) on 6 

Fig. 2. LST patterns in the district of Providencia for the period analysed. A: Maximum surface temperatures (K); B: Minimum surface temperatures (K); C: Median 
surface temperatures (K); D: Interquartile range (RIQ) of surface temperatures (K). 

Table 2 
Species diversity indices per neighbourhood unit for the district of Providencia.  

Neighbourhood 
unit 

Number 
of pixels Surface 

Diversity index 

Normalised 
abundance 

Normalised 
richness 

Dmg   

ha Abundance 
ha− 1 

Richness 
ha− 1  

1 44 35.64 33.98 1.32 6.48 
2 101 81.81 33.20 0.86 8.73 
3 61 49.41 31.29 1.05 6.94 
4 87 70.47 24.86 1.06 9.91 
5 120 97.2 27.42 0.71 8.62 
6 134 108.54 33.42 0.64 8.42 
7 122 98.82 36.66 0.66 7.81 
8 124 100.44 27.11 0.74 9.23 
9 87 70.47 30.30 0.85 7.70 
10 122 98.82 31.98 0.54 6.45 
11 47 38.07 36.54 1.89 9.81 
12 118 95.58 48.40 0.98 11.02 
13 69 55.89 37.38 0.97 6.93 
14 48 38.88 28.58 1.08 5.85 
15 98 79.38 28.95 0.67 6.72 
16 64 51.84 31.13 0.93 6.36  
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March 2014 (Ma14) and species richness (rho = 0.62), Margalef’s index 
(rho = 0.6), the Shannon-Wiener index (rho = 0.6) and Simpson’s index 
(rho = 0.56). There is also a positive and significant correlation between 
NTI on 10 November 2014 (No14) and the same diversity indices, with 
Spearman’s correlation coefficients of 0.55, 0.63, 0.69 and 0.65, 
respectively. The meteorological data for those days (Fig. 5) reveal an 
event that featured higher temperatures and lower relative humidity. 
For 10 November, mean air temperature was 1.1 ◦C higher than the 
average for the previous ten days. Relative humidity was 10.8 % lower 
than during the previous ten days, during which the last recorded pre-
cipitation (0.1 mm of water) fell on 7 November (INIA (Instituto de 
Investigaciones Agropecuarias), 2021). This could explain why the 
correlations between LST and the species richness, Shannon-Wiener 
index and Simpson’s index variables were more accentuated (signifi-
cant with a p-value less than 0.05) than on the other dates. It also 

confirms the direct relationship between species diversity and LST and 
shows that this correlation is more significant during warmer and drier 
periods. 

Although Pielou’s evenness measure is positively correlated with LST 
on 10 November 2014 (Fig. 3), its p-value of 0.05 is above the signifi-
cance threshold, making it unclear whether the variables are related or 
not. The same is true of evenness, whose strongest correlation is on 10 
November 2014 (rho = 0.46), as its p-value of 0.12 means that a 
conclusive relationship between the variables cannot be confirmed. This 
is possibly due to the lack of evenness of the samples given that the 
average index value was 0.6. A dominant species was found in 11 of the 
13 pixels analysed, with dominance percentages ranging from 32.7 % to 
62.9 %. In conclusion, the correlation matrix (Fig. 3) indicates that the 
greater the species diversity, the higher the LST. Evenness is not related 
to this temperature increase given its low values, which indicate lower 

Fig. 3. Spearman’s correlation coefficients for 
the relationship between LST and species di-
versity. Obtained using 70 %LC filter and 
abundance greater than or equal to the third 
quartile. Numbers in blue represent positive 
correlations, while numbers in red represent 
negative correlations. More intense colours 
indicate a stronger correlation. Based on a sig-
nificance threshold of 0.05. Crossed boxes 
represent non-significant correlations (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.).   

Fig. 4. Dispersion graphs for species diversity and median temperature (K). Species richness, Shannon-Wiener index, and Simpson’s index). Spearman’s correlation 
coefficient = rho. 
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Fig. 5. Meteorological data for spring 2014. Obtained from La Platina meteorological station, INIA (Institute of Farming Research) Agro-Meteorological Network. Air 
Temp: air temperature (◦C), Max Air Temp: maximum air temperature (◦C), Surface Temp: surface temperature (◦C), RH: relative humidity (%). The red vertical lines 
represent the dates of the satellite images (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 

Fig. 6. Spearman’s correlation coefficients for 
the relationship of LST with dendrometric and 
vulnerability variables. Obtained using 70 %LC 
filter and abundance greater than or equal to 
the third quartile. Numbers in blue represent 
positive correlations, while numbers in red 
represent negative correlations. More intense 
colours indicate a stronger correlation. Based on 
a significance threshold of 0.05. Crossed boxes 
represent non-significant correlations (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.).   
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diversity as a result of the dominance of one species within the urban 
forest pixel. 

The positive correlation between LST and diversity could be 
explained by distribution and proportion of species, genus and even 
family. This would suggest that within a sustainable distribution of 
urban trees, no more than 10 % of the total should be of the same spe-
cies, no more than 20 % should be of the same genus, and no more than 
30 % should be of the same family (Santamour, 1990; Thomsen et al., 
2016). However, none of the 13 pixels analysed complies with this 
species distribution recommendation, as each contains at least one 
species that represents 10 % or more of the total, with figures ranging 
from 17.6% to 62.8%. Better remote sensing resolutions provided by 
airborne or UAV surveys could help to elucidate the real effect of species 
diversity on surface temperature, by capturing enough pixels that con-
tains different species compositions including native or other more 
tolerant species. 

The definition of a sustainable distribution provided by Thomsen 
et al. (2016) stems from the aforementioned notion that a more homo-
geneous community of dominant species constitutes a greater health risk 
and affects the physiological functioning of trees. Vulnerability to at-
tacks from pests and diseases may also be influenced by reactive ap-
proaches and a general lack of knowledge on the part of public entities 
and other actors responsible for the selection and management of species 
for urban reforestation (Conway and Vander Vecht, 2015). Rather than 
the degree of dominance of a given species within the sample, the health 
of individual trees may in fact be the key variable in evaluation of LST at 
a city block scale; a tree’s state may be affected by various factors other 
than diversity, for example, elements of urban configuration such as 
building height, shade, ventilation and albedo, and environmental fac-
tors such as pollution and moisture. 

3.4. Relationship of tree health with LST and thermal patterns 

The correlation matrix of the strongest and most significant corre-
lations (Fig. 6) reveals the existence of a positive and significant corre-
lation (0.55) between the mean state of biotic disturbance (BDSm) and 
the thermal pattern of mean surface temperature (Med). This correlation 
was strongest on 13 January 2015 (Ja15), with a Spearman’s correlation 
coefficient of 0.62. 

The correlation values indicate that a more severe state of biotic 
disturbance (BDSm) leads to an increase in LST, meaning higher tem-
peratures in pixels with less healthy trees (Fig. 6). Phytosanitary state 
and mean vulnerability are most strongly positively correlated with the 
temperatures registered on 13 January 2015; however, it cannot be 
concluded that the variables are related, as the p-value is greater than 
the significance threshold (Fig. 6). Furthermore, these variables are 
correlated positively and significantly with state of biotic disturbance 
(BDSm), whereas mean growth stage (GPm) is correlated with neither of 
the other two variables that describe mean vulnerability. In addition, the 

weak, non-significant negative correlation of growth stage with thermal 
patterns influences the weak, non-significant positive correlation be-
tween mean vulnerability (Vulm) and thermal patterns. 

The correlation matrix (Fig. 6) also reveals the existence of a strong 
negative correlation (-0.59) between mean DBH (DBHm) and the 
interquartile range (RIQ) of the LST data set, with a p-value of 0.04. 
Considering that the RIQ represents the magnitude of LST dispersion, 
the correlation indicates that when adult individuals with larger DBH 
exist within a given pixel, there is greater thermal stability (lower LST 
interquartile range) than in samples where mean DBH is lower. This 
result could be explained by the highest evapotranspiration amounts of 
mature individuals with bigger canopy coverage. Although variables 
such as the leaf area index, canopy height and width, or the arboreal 
biomass could explain the previous phenomenon, they were not incor-
porated because they are indicators of a more advanced level of damage. 

Analysis of the dispersion graphs for the significant correlations 0.55, 
0.55, 0.62 (Fig. 7a, b and c, respectively) show that the LST fluctuation 
range according to BDSm is 6 K, ranging from 306 K to 312 K across the 
various blocks and at the same point in time. This indicates broad 
thermal variability between healthy and unhealthy vegetation (Fig. 7a 
and b). The same is true of NTI on 13 January 2015, where variation in 
BDSm between 1 and 2 generates a variation of 0.1 and 0.5 in NTI, 
indicating that a slight variation in tree health has a major effect on 
thermal intensity (Fig. 7c). 

It should be noted that, given that state of biotic disturbance affects 
thermal patterns and LST variability, this relationship could be due to 
positive feedback generated by high local and ambient temperatures 
which, as mentioned previously, promote attacks by pests and disease in 
urban environments (Meineke et al., 2014). Water stress may have a 
similar effect (Meineke and Steven, 2018). This phenomenon could 
occur due to water imbalance associated with the prolonged period of 
drought that has affected central Chile since 2009 (Garreaud et al., 
2017), destabilising the local water balance despite watering regimes. 
Further studies are therefore needed in order to improve understanding 
of these processes and the phenomenon as a whole, providing a basis for 
implementation of adaptive measures. 

The mean height and DBH data for the 13 pixels studied – which 
contain the largest numbers of individuals (abundance greater than or 
equal to the third quartile), as shown in Table 3 – report heights between 
6.65 and 12.35 m, DBH between 0.62 and 0.86 m, and high species 
richness and abundance of up to 16 species and 82 individuals per pixel, 
respectively. However, these large numbers of abundance, adult in-
dividuals were also found to be in a severe state of biotic disturbance, 
and this proved to be the variable most closely related to higher LST. 

This suggests that state of biotic disturbance has a greater influence 
than species diversity on thermal patterns in the district, being the main 
contribution of the present study to current knowledge regarding ther-
mal behaviour of the urban forest. This is an important finding given 
that diversity tends to be considered the most important factor in 

Fig. 7. Dispersion graphs for mean state of biotic disturbance (BDSm) and temperature. Mean temperature (K), median temperature (K), and NTI on 13 January 
2015. Spearman’s correlation coefficient = rho. 
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evaluations of tree distribution across a city. The results pave the way for 
more in-depth study of tree health as key variable in the quest for more 
stable thermal patterns in urban zones, showing the thermal properties 
as a more sensible indicator for the early assessment of urban tree 
health, exposing a critical and reflective perspective on existing urban 
forest planning and management strategies which tend to focus on 
species diversity only. 

Although some studies assert the importance of species diversity in 
the stability of the urban ecosystem, particularly in the face of envi-
ronmental changes resulting from climate change (Conway and Vander 
Vecht, 2015; Morgenroth et al., 2015), the results of the present study 
indicate that even high levels of species diversity do not guarantee a 
reduction in LST. In fact, an inverse correlation may occur depending on 
tree health, measured here in terms of phytosanitary state (PSm) and 
state of biotic disturbance (BDSm) (Fig. 6). 

Atmospheric pollution is a potentially relevant factor in phytosani-
tary state, and Egas et al. (2018) reported on the effects of pollution by 
particulate matter on the leaf surface of urban trees in Santiago. It is 
therefore likely that high concentrations of particulate material will 
affect the biological functioning of trees, in turn affecting the process of 
evapotranspiration which is responsible for lowering LST. It has also 
been proposed that tree health is an indirect indicator of air quality and 
that, although the role of urban trees in carbon sequestration is directly 
beneficial to air quality, emission of biogenic volatile organic com-
pounds (VOCs) by urban forests represents a potential risk to air quality 
(Sieghardt et al., 2005). 

As such, local management must ensure that when selecting species 
for reforestation of the district, consideration be given to their ability to 
cope with adverse environmental conditions, as well as the quantity of 
VOCs they emit which may contribute to the formation of tropospheric 
ozone. Préndez et al. (2013) indicate that exotic species with high 
Photochemical Ozone Creation Index (POCI) found within the Metro-
politan Region include Robinia pseudoacacia, Liquidambar styraciflua, 
Prunus ceracifera var. nigra pisardii, Prunus ceracifera, Olea europea, 
Acacia dealbata, and Betula pendula. By contrast, native species such as 
Quillaja saponaria, Cryptocarya alba, Caesalpinia spinosa, Schinus molle, 
Acacia caven, and Maytenus boaria present very low emission factors (EF) 
and POCI. 

A comparison of this evidence with data collected for the present 
study reveals that each of the 13 pixels analysed hosts a minimum of 
11.9 % and a maximum of 77.1 % high-POCI exotic species. By com-
parison, the proportion of native species with low EF and POCI is very 
small, both in the 13 pixels analysed and across the whole district. 

Of the total of 622 individuals scattered across the 13 pixels studied, 
only nine are native, illustrating the clear dominance of exotic species in 
Providencia’s urban forest. These proportions do little to reduce 
vulnerability to pests and diseases, as evidenced by high vulnerability 
index figures ranging from 4.9 to 7.5. The urban forest in the district of 
Providencia presents a disproportionate number of exotic species 

compared to native, a situation unfavourable to tree diversity and which 
likely generates conditions conducive to plant stress. 

Although the use of remote data at a spatial resolution of 90 m served 
to elucidate significant relationships between the variables used in the 
study, it is likely that a higher resolution obtained with airborne or UAV 
systems would yield even more precise results concerning the relation-
ship between state of biotic disturbance and LST. However, at the time of 
the survey field, there were no remote sensing options which offer better 
spatial and radiometric resolution than ASTER. 

The methodological approach adopted in this study may be adapted 
and applied to different urban contexts, for example, using a different 
analysis scale, such as Greater Santiago, and/or incorporating more of 
the green infrastructure present, such as parks and squares. 

4. Conclusions 

The present study, conducted at the neighbourhood and block scale 
in the district of Providencia in Santiago, Chile, evaluated the effect of 
urban forest on land surface temperature (LST). The first hypothesis 
could not be tested by the lack of urban tree diversity observed which 
showed strong domination of three species with more than 52 % of 
abundance (Robinia pseudoacacia, Platanus orientalis and Acer 
negundo). The findings confirm the study’s second research hypothesis 
which proposed a significant correlation between the tree health of 
urban forest and LST at the block scale. State of biotic disturbance was 
correlated with temperatures within the district: surface temperatures 
were found to be higher in areas whose urban forests were in a poorer 
state of health, with a maximum Spearman’s correlation coefficient of 
0.62. 

This study demonstrated that the effect of biotic disturbance on tree 
temperature was significant, despite a large variety of tree urban 
composition in pixels analyzed. This finding constitutes a contribution 
to the current debate concerning urban heat and cool islands at block 
scale. As such, increased planting of trees along city streets should be 
revised according to biotic factors as a key indicator of the health of 
urban trees. In relation to the effect of diversity on surface temperature, 
higher remote sensing resolutions are required to conclude about the 
possible benefits of higher tree diversity at the block scale. 

Future research should also focus on assessing the effect of native 
species, on the overall health of the urban forest and in turn on cooling 
the city and providing improved services and functions to the urban 
population. Studies should also analyse the local water balance in order 
to provide data upon which to base a review of watering regimes applied 
by different districts, particularly in basins such as that of Santiago 
which is suffering a decade-long drought. 

The authors hope that the information provided by the present study 
may be used as a basis for decision-making regarding management and 
effectiveness of urban reforestation programmes at the district level, and 
strongly suggests that tree health may be of greater relevance than 
species richness and diversity in determining the success of such 
programmes. 
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index in a “Pinot-noir” vineyard: comparing ground measurements with thermal 
remote sensing imagery from an unmanned aerial vehicle. Precision Agric 15, 
361–376. 

Bhatla, S., Lal, M., 2018. Plant Physiology, Development and Metabolism. Springer 
Nature Singapore Pte. Ltd., 1237 pp.  

Boa, Eric., 2003. An Illustrated Guide to the State of Health of Trees, Recognition and 
Interpretation of Symptoms and Damage. FAO (Food and Agriculture Organization 
of the United Nations, Rome, Italy, 49 pp.  

Bourne, K., Conway, T., 2013. The influence of land use type and municipal context on 
urban tree species diversity. Urban Ecosyst. 17 (1), 329–348. 

Burden, D., 2006. Urban Street Trees: 22 Benefits and Specific Applications. Summer, 
2006. Retrieved January 20, 2020, from. Glatting Jackson and Walkable 
Communities, Inc. https://www.walkable.org/download/22_benefits.pdf. 
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Santiago de Chile. Información Tecnológica 29 (4), 11–118. 

EPA (Environmental Protection Agency), USA, 1992. Cooling Our Communities: A 
Guidebook on Tree Planting and Light-Colored Surfacing. Washington, D.C.. 

ERSDAC (Earth Remote Sensing Data Analysis Center), 2003. ASTER Reference Guide 
Version 1.0. 

Escobedo, F., Kroeger, T., Wagner, J., 2011. Urban forest and pollution mitigation: 
analyzing ecosystem services and disservices. Environ. Pollut. 159, 2078–2087. 
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