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H I G H L I G H T S  

• High concentrations of PM2.5 and wood burning tracer (levoglucosan and Ksol) were observed. 
• Spatial and temporal correlation were observed from multilevel models for the different concentrations and ratios. 
• Clusters were located in lower socioeconomic status neighborhood, likely higher population density and lower quality stoves. 
• We provided key temporal and spatial patterns for undestanding of the wood burning problem.  
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A B S T R A C T   

Temuco, like most Southern Chile cities, has a long-standing air pollution problem due to residential wood 
heating. Here, we study the temporal and spatial distribution of PM2.5 and the biomass-burning tracers levo-
glucosan and water soluble potassium (Ksol). PM2.5 samples were collected at 40 sites throughout the city and 
sampled four times in four different sessions between 2017 and 2018. Large concentrations were observed for all 
species, particularly in winter. Signs of spatial and temporal correlation were observed from multilevel models 
for the different concentrations and ratios. Ratios of levoglucosan and Ksol to PM2.5 were lower in summer. 
Spatial clustering was observed both from spatial autocorrelation tests and kriging, with clusters of higher ratios 
for of all three species (comparing rotating to central site) observed in some neighborhoods. Clusters correlated 
with lower socioeconomic status (SES), which may reflect population density and lower quality stoves. Clusters 
of higher Ksol to PM2.5 ratios in some neighborhoods were moderately correlated with higher SES, which may 
reflect the use of better-quality stoves (e.g., pellets). The current work provides a case study and example of the 
investigation of wood burning as an air pollution source in a city where many inhabitants use wood as a fuel for 
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heating and cooking. It reveals key temporal and spatial patterns which can assist the design of mitigation 
strategies.   

1. Introduction 

Air pollution is an important cause of morbidity and mortality 
worldwide (Landrigan et al., 2017). Biomass burning, which includes 
residential wood-burning, is one of the main sources of air pollution 
(Naeher et al., 2007a). Because of inefficient combustion, residential 
wood-burning is a large source of air pollutants, including Particulate 
Matter less than 2.5 μm (PM2.5) and carbon monoxide (CO), which in 
turn have been linked to negative health outcomes (Naeher et al., 2007a; 
Karanasiou et al., 2021; World Health Organization. Europe Regional 
Office 2015; Sigsgaard et al., 2015). In addition, known human carcin-
ogens, such as benzene and polycyclic aromatic hydrocarbons, are 
present in their emissions as byproducts of inefficient combustion, and 
therefore indoor emissions have been considered as probably carcino-
genic to humans (Group 2A)(World Health Organization. International 
Agency for Research on Cancer, 2010). However, concerns related to 
climate change have led to policies that on occasions have encouraged 
biomass burning worldwide, for instance for residential heating (World 
Health Organization. Europe Regional Office 2015; Olsen et al. 2020; 
Sigsgaard et al., 2015). 

Wood-burning is often less expensive and more available than other 
energy sources and many populations show a cultural preference for 
wood (Álvarez and Boso, 2018); thus, it is usually the first fuel of choice 
for cooking and heating, particularly in the developing world (World 
Health Organization, 2014) and has recently seen an expansion in the 
developed world (Olsen et al. 2020). In Chile, residential wood-burning 
is widespread, particularly in southern cities, and the air pollution 
generated by their emissions is considered a major public health prob-
lem (Pino et al., 2015). In Temuco, a medium-size city in the South of 
Chile, wood-burning represents approximately 90% of air pollution 
emissions (SICAM Ingeniería, 2018; 2020; Reyes et al., 2021), leading to 
high air pollution episodes particularly during winter months, which in 
turn relate to increased mortality and morbidity (Sanhueza et al., 2009; 
Díaz-Robles et al., 2015; Díaz-Robles et al., 2014; Molina et al., 2017). 
Because of this problem, efforts have been made to characterize popu-
lation exposure to pollutants emitted by wood-burning to inform 
epidemiological studies and decontamination measures. 

While many cities throughout the world, including those in Chile, 
have networks of air pollution monitoring stations that measure com-
mon air pollutants (Toro A. et al., 2015), these networks often mask the 
spatial variability within a geographic area (Jerrett et al., 2005). Studies 
have focused on spatially characterizing the distributions of pollutants 
within cities, and most frequently have analyzed the distribution of 
traffic or industrial emissions in the developed world, with evidence of 
cities impacted by wood-burning being scarce. In addition, air pollution 
monitoring stations usually only measure criteria pollutants and cannot 
easily resolve the contribution of different sources. As health effects may 
vary depending on the presence of different air pollutants, or the 
composition of complex pollutants (i.e. PM2.5), which in turn depends on 
source emission, it is important to understand the spatial variation of 
specific-source pollutants to estimate health impacts (Heal, Kumar, and 
Harrison et al., 2012; Morandi and Ward, 2010). Urban studies often use 
specific tracers of PM2.5, for instance, elemental carbon as a tracer of 
diesel emissions or levoglucosan in the case of wood-burning emissions 
(Khalil and Rasmussen, 2003; Olsen et al. 2020). In the case of cities in 
the south of Chile, some studies have used tracers to identify sources 
(Kavouras et al., 2001; Reyes et al., 2021; Villalobos et al., 2017), but 
none have spatially analyzed distributions along with temporal 
variations. 

In the current work, we study the temporal and spatial distribution of 
PM2.5 and the biomass burning tracers levoglucosan (Simoneit, 2002) 

and soluble potassium (Ksol) (Watson et al., 2001) in the city of Temuco, 
Chile, a city heavily impacted by residential wood-burning. Under-
standing spatial variation in PM2.5 and tracers of wood-burning may be 
helpful for policymakers to design wood-burning mitigation strategies in 
order to protect the environment and the health population. 

2. Methods 

2.1. Study site and design 

The city of Temuco is located in the Araucanía Region in the south of 
Chile approximately 700 km south of Chile’s capital, Santiago, and 
around 85 km for the coast line. The city is the conurbation of two 
neighboring municipalities, Temuco and Padre Las Casas, which are 
located in a valley, separated by the Cautin river and surrounded by hills 
(Fig. 1). This conurbation has a combined population of 358,541 in-
habitants (Biblioteca del Congreso Nacional, 2017), and belongs to the 
poorest region in Chile, presenting lower average years of schooling and 
a higher percentage of incomplete secondary education compared to the 
national average (Ministerio Ministerio de Desarrollo Social, 2017; 
Ministerio de Salud. Departamento de Epidemiología 2016). The main 
economic activity is agriculture along with some processed-wood in-
dustries (Quinteros et al., 2019; Ministerio de Salud. Departamento de 
Epidemiología 2016; Instituto Nacional de Estadísticas, 2020; Ministerio 
del Medio Ambiente Chile, 2015). 

The city has a humid temperate climate characterized according to 
Köppen as an oceanic climate (Cfb climate zones), with mild tempera-
tures on average (12 ◦C), warm summers (mean 15 ◦C) from December 
to March, and colder winters (mean 8 ◦C) from May to August. Precip-
itation occurs throughout the year (mean 1000 mm) with highest levels 
in winter and spring (Dirección Nacional de Aeronáutica Civil. Dirección 
Meteorológica de Chile 2020). In winter, the urban area experiences 
cold weather that leads to poor dispersion conditions, which facilitates 
the accumulation of air pollutants (Quinteros et al., 2019). Large epi-
sodes of air pollution are observed due to emissions of residential 
wood-burning throughout the city, with wood-burning being the largest 
aggregated source, especially during the cold season; whilst others, such 
as traffic emission or industry, being relatively low, but constant 
through the year (Instituto Nacional de Estadísticas, 2020; Ministerio 
del Medio Ambiente Chile, 2015). It is estimated that more than 88% of 
homes have woodstoves using approximately 654,000 m3 of wood per 
year (Gómez et al., 2014; Villalobos et al., 2017; Ministerio del Medio 
Ambiente Chile, 2015). To monitor air pollution, the city has a network 
of four air pollution stations managed by the government (Fig. 1) with 
the Las Encinas station having the longest historical record. 

The present work is based on a sampling campaign designed to build 
a land-use regression (LUR) model, which, in turn, is being used to es-
timate PM2.5 and wood-smoke exposures for an epidemiological study. 
The design followed the guidelines of a previous large-scale study in 
Europe, the ESCAPE study (Eeftens et al., 2012; Eeftens et al., 2012; 
Beelen et al., 2013). The sampling campaign was carried out in 
2017–2018, covering all seasons, and sampling repeatedly at several 
sites throughout the city (see Fig. 1). The campaign included PM2.5 
samples, the main air pollutant of the city. Filters were extracted and 
analyzed targeting the wood-burning tracers levoglucosan and 
potassium. 

2.2. Sampling campaign 

A summary of the sampling campaign is shown in Table 1. Samples 
were collected in four sessions, from May 2017 to July 2018. Each 
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session consisted of six rounds of 14 days of sampling. In each round, 
samples were collected at a unique central site (the Las Encinas air 
quality monitoring station) and 6–7 rotating sites. Rotating sites alter-
nated between 40 locations during each session so that each rotating site 
was sampled four times. The rotating sites were chosen to maximize the 
distribution of likely spatial predictors for Land-Use Regression models 
across different neighborhoods of Temuco and Padre Las Casas (Eeftens 
et al., 2012; Hoek et al., 2008). Combinations of different spatial con-
centrations for land use, population, wood stoves, traffic congestion 
intensities, distances to roads and access to public transportation, and 
altitude were considered when choosing the 40 sites. On occasions, some 
sites could not be repeated so nearby sites were chosen as replacement. 
Thus, a total of 64 total sites were sampled. At the target locations, the 
local team contacted residents or institutions that might be willing to 
allow samplers on their properties, typically in residents’ backyards 
around 1.70 m above the ground. The sampler was placed as far from 
walls, trees, and local sources as possible. Note that one of the rotating 
sites was located at the outskirts of Temuco, near the Maquehue campus 
of the University of La Frontera (Fig. 1), as a regional background site. 

For quality control, blank and duplicate samples were included, as in 
previous studies (Ruiz et al., 2010; Prieto-Parra et al., 2017). Blank 
samples were collected with an additional sampler placed next to one of 
the rotating samplers, but without flow, while duplicate samples were 
collected with an additional sampler placed next to the central site 
monitor. Both blanks and duplicates were treated identically to regular 
samples and spread evenly across campaigns, each accounting for 
slightly more than 10% of regular samples. Additionally, samplers 

included an hour-meter that was turned on while the sampler was 
powered, thus allowing for estimation of down times due to accidents or 
power outages. 

Fourteen-days of PM2.5 samples were collected on 37 mm pre- 
weighed Teflon filters using Harvard Impactors (Marple et al., 1987) 
operated at 10 L per minute. To avoid saturation, samplers were pro-
grammed to be switched on for 15 min every 2 h, thus sampling one 
eighth of the time (Eeftens et al., 2012), resulting in an approximately 
25.2 m3 sample for the two weeks. Flow-rates were checked every other 
day using rotameters (Matheson Tri-Gas) calibrated against a primary 
flow calibrator (Gilibrator, Scientific Instruments Services, Inc.) and 
were readjusted to the target flow-rate when needed. In case of filter 
saturation, a new filter was placed, and both filters were considered as 
the same sample in the analysis (see below). During the sampling 
campaign, samples were flagged whenever unusual circumstances were 
observed, including i) power outages reported by field personnel, ii) 
flow-rate verification below 80% of target, and iii) discrepancy between 
hour-meter readings and the calculated time for a given sampling period 
(indicating a likely power outage). 

2.3. Chemical analyses, limits of detections (LOD) and sample 
calculations 

Teflon filters were initially conditioned and weighted at the Uni-
versity of Iowa (USA), and subsequently sent to Chile. Once sampled, 
filters were frozen and sent back to the laboratory in Iowa. Before and 
after sampling, filters were conditioned for 48 h in a temperature 

Fig. 1. Study site.  
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(22.9 ◦C ± 1.2 ◦C) and humidity-controlled room (33 ± 10%) and 
weighted in triplicate using an electronic microbalance (Mettler Toledo 
XP26). Levoglucosan and Ksol were measured using high-performance 
liquid chromatography, with pulsed amperometric detection (PAD) for 
levoglucosan, and conductivity detection with ion suppression for Ksol 
(Engling et al., 2006; Sullivan et al., 2008; Yu et al., 2005). When two 
filters were collected for the same sample, they were weighed separately 
for mass and then mixed and extracted together for the determination of 
tracers. All results were expressed as micrograms or milligrams per 
sample and included an estimation of uncertainty. Only in one case the 
result of an analyte was lost. 

A total of 29 blank samples were collected and statistics are shown in 
Table S 1 and Fig. S 1. Limit of detection (LOD) was estimated as three 
times the standard deviation of the blanks (Ruiz et al., 2010; Prieto--
Parra et al., 2017) and was low for all three analytes, resulting in most 
samples being above LOD (Table S 2). The total volume for a sample was 
estimated from the recorded flow-rates and total sampling time, while 
concentrations were calculated as the amount of analyte in a sample, 
removing the mean of the blanks, divided by the total volume. The total 
time was calculated using hour-meter records as it was considered more 
reliable due to power outages. Duplicated samples showed good 
agreement between them (Fig. S 2 and Table S 3). A fraction of the 
samples was flagged with frequencies rather similar between flag types 
(Table S 4). Samples flagged due to power outages should be partially 
controlled as volumes were calculated using the hour-meter. Flags 
related to low flows were frequent, as they were a result of filter satu-
ration due to very high concentrations and may indicate an underesti-
mation of the real concentration. To assess consistency, some critical 
analyses were redone removing flagged samples and presented in the 
supplemental material. As an example, Table S 3 showed similar results 
for the regression statistics of the duplicates when flagged samples were 
removed. In general, similar results were obtained using either the full 
set or the set without flags. 

2.4. Environmental data 

Official data for air quality and meteorology were downloaded from 
the National Information System of Air Quality (SINCA) website (Min-
isterio del Medio Ambiente, 2021) and the Meteorological Direction of 
Chile at the website MeteoChile (Dirección Meteorológica de Chile, 
2021). Data on air pollutants and wind speed and direction from the Las 
Encinas Station were downloaded from the SINCA website while the 
data on temperature, relative humidity (RH), and precipitation from 
Maquehue Stations were downloaded from the MeteoChile website. 

2.5. Data analysis 

Data from government sites were collapsed daily by the mean and 
summarized in tables and temporal plots. Data from sampling cam-
paigns was expressed as concentrations (i.e., concentration of levoglu-
cosan) and ratios of analytes (i.e., levoglucosan/PM2.5, Ksol/PM2.5). 
Additionally, ratios of rotating samples to central site measurements 
were calculated. Concentrations and ratios were summarized in 

descriptive tables, histograms, boxplots, and temporal and spatial plots. 
The covariance between different analytes and ratios was assessed 

using regression models and plots. To assess the variance distribution 
between time, session, and site; multilevel models were fitted (Finch 
et al., 2019) as represented in Equation (1). 

yij = γ00 + U0j + εij (1)  

where yij represents a given concentration or ratio at time i and specific 
group j with grouping being made by session or site, γ00 is a general 
intercept, U0j is a group-specific effect on the intercept and εij is a 
random term. Variance estimates from this null model allow to estimate 
an intraclass correlation coefficient (ICC), which partitions the variance 
between and within groups, as shown in Equation (2). 

ρI =
τ2

τ2 + σ2 (2)  

Where ρI is the ICC, τ2 is the variance between groups, and σ2 is the 
variance within groups. A large ICC indicates that a large proportion of 
the variance is explained by the between groups difference. For instance, 
when grouping by session, a large ICC might indicate that differences 
between sessions are larger than within sessions, and thus indicate large 
temporal variability. A similar reasoning could be followed when 
grouping by sites. Models were fitted grouping by session, site, and both. 
Multilevel models were fitted using package “lme4” and function “lmer” 
from R software (Bates D. et al., 2015). 

Spatial analyses were done by first collapsing variables by site. The 
Global Moran’s I statistic was used to estimate the spatial autocorrela-
tion at different distances (Waller and Gotway, 2004). To further 
investigate the cluster nature of the data, kriging analyses were also 
done (Oliver and Webster, 2015). Previous to these analyses, data was 
averaged by site (typically 4 samples per site). For ratios of Ksol to PM2.5, 
clearer results were observed when summer samples were not consid-
ered (session 3), so further analyses were performed with this collapsing. 
Additionally, one site was removed for levoglucosan as it exceeded the 
extreme outlier criteria of Rosner (2016). Variograms were fitted for 
selected variables and spherical models were fitted as they presented 
best fit to the data and are a reasonable representation of an air pollution 
dispersion process. Using the model, spatial surfaces were interpolated 
within the cities using a grid of 50 by 50 m cells. The grid was trimmed 
so all points were within 1000 m of any given rotating site. 

All analyses were conducted using the R software. 

3. Results and discussion 

3.1. Description of general environmental conditions 

Environmental data collected at the government central sites for the 
whole study period is presented in Table 2, Fig. 2, and in Table S 5 for the 
different sessions. Temperatures were colder during winter (5 ◦C–10 ◦C) 
with high relative humidity. Wind speed was low during the whole year 
(most days below 2 m/s), but even lower in winter, thus, precluding 
pollutant dispersion. Precipitation occurred throughout the year and 
was most frequent in winter. PM10 and PM2.5 concentrations were very 

Table 1 
Summary of sampling campaigns.   

Session     
Number of Samples 

Start End Rounds Sites Blanks Duplic. Central 
Site 

Rot. 
Site 

PM2.5 Levo. Sol. K 

1 – Winter 05/31/2017 8/24/2017 6 40 6 6 6 42 48 48 48 
2 – Spring 08/24/2017 11/16/2017 6 40 6 6 6 42 48 48 48 
3 – Summer 11/16/2017 02/15/2018 6 40 6 6 6 42 48 48 48 
4 – Fall/Winter 04/26/2018 07/25/2018 6 40 6 6 6 42 48 48 48 
Overall 05/31/2017 07/25/2018 24 40 24 24 24 168 192 192 192 

*Duplic: duplicates; Levo: levoglucosan; Sol: soluble. A Round consisted of 14 days of sampling. 
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high on average, above the annual Chilean national ambient air quality 
standard of 20 μg m− 3 for MP2.5, with large variations between days and 
large episodes, particularly during winter, that usually exceeded the 
Chilean daily norm of 50 μg m− 3 for MP2.5 (Ministerio del Medio 

Ambiente, 2021). PM10 was dominated by the PM2.5 fraction, which was 
expected as wood-burning is the main source for the city and largely 
emits particulate matter in the fine mode (Naeher et al., 2007b; Olsen 
et al. 2020). Pollutants usually associated with traffic (CO and NO2) 
were measured at Las Encinas and the Padre Las Casas stations and 
presented lower concentrations than Santiago during the winter (CO and 
NO2 were 1.2 ppm and 40.2 ppb, respectively) (Prieto-Parra et al., 
2017), in agreement with residential wood-burning being the main 
source for the city. 

3.2. Summary statistics of sampling sessions 

Fig. S 3 shows a comparison of PM2.5 samples collected in this study 
using Harvard Impactors against government measurements, using Beta 
attenuation instruments. We observed good agreement (R2 = 0.99) be-
tween methods with a slightly lower sensitivity for Harvard Impactors 
(~10% less), which is expected as these are two different techniques and 
might represent a slight volatilization from the Harvard Impactors. 

Table 3 and Fig. S 4 show summary statistics for concentrations and 
ratios of the PM2.5 samples. Mean PM2.5 concentrations at Las Encinas 

Table 2 
Summary statistics for temporal variables measured at the government central 
sites.  

Variable (units) n/Total Median (p5 – p95) 

Las Encinas 
PM10 (μg m− 3) 350/352 34.6 (13.9–134.6) 
PM2.5 (μg m− 3) 346/352 24.3 (2.1–121.4) 
CO (ppm) 346/352 0.4 (0.1–1.8) 
Wind speed (m/s) 334/352 1.7 (0.7–3.9) 
Padre Las Casas 
NO2 (ppb) 350/352 8.3 (2.5–16.0) 
Maquehue meteorological 
Relative Humidity (%) 304/352 83.9 (66.6–95.8) 
Mean Temperature (◦C) 305/352 10.2 (3.1–17.4) 
Atmospheric pressure (mbar) 315/352 1007.7 (999.8–1016.2) 
Precipitation (mm) 341/352 0.1 (0–19.3)  

Fig. 2. Time-series of PM2.5 and meteorological variables measured at Las Encinas and Maquehue government monitoring sites. Grey bars in upper parts of each 
figure represent sampling sessions for the current study. 
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central site were high (35.9 μg m− 3) with a large variability (SD of 26.2 
μg m− 3). Concentrations at the background site of Maquehue were about 
a third of that at Las Encinas. This is contrasting to previous reports, 
where rural measurements tended to be higher than urban ones (Har-
rison et al., 2012; Hou et al., 2021), pointing to the larger contribution in 
the present study of urban emission compared to rural biomass burning 
of wood or residual crops. Rotating sites had a larger mean (46.5 μg 
m− 3) and larger variability (i.e., higher SD) compared to the central site, 
indicating the contribution of the spatial variability to the distribution. 
This is further illustrated by the ratio of concentrations of rotating sites 
to central site, where the mean was about 1.3, but with a large vari-
ability spanning from 0.7 to 2.1. 

Levoglucosan and Ksol had means around 0.5 μg m− 3 each with a 
large standard deviation. Previous studies showed similar values for Ksol, 
although total potassium was reported (Reyes et al., 2021). On the other 
hand, contradictory results were observed for levoglucosan, with similar 
values found in one study (Villalobos et al., 2017), but about a tenth of 
those found in another (Reyes et al.). This could be explained by their 

more time-restricted sampling in winter months and different sampling 
and analysis techniques. The concentrations we observed are in the 
order of winter observations in an urban setting in China (Hou et al., 
2021), however, larger than studies in urban settings in Europe (Olsen 
et al. 2020; Harrison et al., 2012). Moreover, Hou et al. (2021) shows 
concentrations of levoglucosan for studies in settings with high 
wood-burning contributions with values well within those observed in 
the present study. 

Similar to PM2.5 mass, ratios of the rotating sites to central site for 
levoglucosan and Ksol presented higher means and variability with ratios 
being slightly larger for levoglucosan. When analyzing the ratios of the 
tracers to total PM2.5 mass, we found mean ratios of 0.010 and 0.015 for 
levoglucosan and Ksol, respectively. These results are in the range for 
ratios reported previously by Reyes et al., (2021) for Ksol but much lower 
than their estimates of levoglucosan ratios, which is in agreement with 
our previous observation of lower levoglucosan concentrations. The 
study of Hou et al. (2021) in China, with a large contribution of 
wood-burning, found ratios more in the order of this study, with similar 
ratios for Ksol (0.012) but slightly smaller for levoglucosan (0.003), 
which can be explained by the diluting contributions of other sources 
and differences in levoglucosan emissions (Olsen et al. 2020). The ratios 
of tracers to PM2.5 varied less when comparing the rotating sites with the 
central site, showing that percent composition tended to be more stable 
than absolute concentrations. However, Ksol ratios to total mass showed 
less variability than those of levoglucosan, which presented much lower 
ratios to total mass occasionally, which suggests a more stable emission 
profile or atmospheric persistence. The ratio of levoglucosan to Ksol was 
around 0.6 and behaved similar to the ratio of levoglucosan to total 
mass. This is consistent with high wood-burning contributions studies 
(Hou et al., 2021; Harrison et al., 2012), but lower than reported pre-
viously (Reyes et al., 2021; Villalobos et al., 2017). 

3.3. Variance distribution of samples 

The distribution of variance was studied using multilevel models 
grouped by site and round, thus contributions of spatial and temporal 
components to total variance were estimated. Table 4 shows results of 
ICC when grouping by site and session simultaneously along with the 
residual variance fraction. For the rotating PM2.5 concentrations, larger 
ICC was observed when grouping by session (0.776) than by round 
(0.107), with a relatively lower residual fraction, indicating that most 
variability is explained by changes in time (i.e., samples collected at the 
same time of the year tended to be more similar than samples collected 
at the same place but at different dates). Similar ICC values were 
observed for Ksol and levoglucosan concentrations, suggesting a similar 
pattern. When considering the ratio of the concentrations of the rotating 
sites to the central site, which already controls for temporal variation, 
the ICC of grouping by site gets larger (around 0.4 for all species) as well 
as residual variation at the expense of the ICC of grouping by session. 
These observations indicate that for the ratios of the rotating to the 
central site about half of the variation is due to the spatial variation (i.e. 
samples at a given site tended to present similar ratios to central site no 

Table 3 
Summary statistics for measured pollutants by type of site in the sampling 
campaign.  

Pollutant/Site type Na Mean SD 5th % 
ile 

95th % 
ile 

PM2.5 (μg m− 3) 
CS: Las Encinas 24 35.9 26.2 4.6 70.8 
BG: Maquehue 8 11.8 5.4 5.0 17.9 
Rotating sites 160 46.5 37.4 5.4 113.7 
Ratios of the rotating to the 

central site 
160 1.34 0.47 0.68 2.13 

Levoglucosan (μg m− 3) 
CS: Las Encinas 24 0.453 0.379 0.003 0.982 
BG: Maquehue 8 0.118 0.089 0.005 0.219 
Rotating sites 160 0.607 0.538 0.004 1.547 
Ratios of the rotating to the 

central site 
160 1.61 1.04 0.66 3.31 

Ksol (μg m− 3) 
CS: Las Encinas 24 0.533 0.390 0.054 0.999 
BG: Maquehue 8 0.194 0.096 0.074 0.303 
Rotating sites 160 0.635 0.489 0.057 1.479 
Ratios of the rotating to the 

central site 
160 1.23 0.44 0.63 2.07 

Ratio of Levoglucosan to PM2.5 

CS: Las Encinas 24 0.010 0.005 0.001 0.015 
BG: Maquehue 8 0.008 0.005 0.001 0.013 
Rotating sites 160 0.010 0.005 0.001 0.015 
Ratio of Ksol to PM2.5 

CS: Las Encinas 24 0.015 0.002 0.010 0.018 
BG: Maquehue 8 0.016 0.003 0.013 0.019 
Rotating sites 160 0.014 0.003 0.009 0.020 
Ratio of Levoglucosan to Ksol 

CS: Las Encinas 24 0.652 0.360 0.063 1.002 
BG: Maquehue 8 0.510 0.302 0.068 0.854 
Rotating sites 160 0.744 0.393 0.064 1.259  

a Each sample represents a 14-days sample. CS: central site; BG: regional 
background site; SD: standard deviation; %ile: percentile. 

Table 4 
Variance distribution.  

Variable ICC by site ICC by round Residual variance fraction 

PM2.5, concentration 0.107 0.776 0.117 
Levoglucosan, concentration 0.095 0.818 0.087 
Ksol, concentration 0.073 0.835 0.091 
PM2.5, ratio of rotating to CS 0.419 0.131 0.450 
Levoglucosan, ratio of rotating to CS 0.394 0.050 0.557 
Ksol, ratio of rotating to CS 0.401 0.170 0.429 
Ratio of levoglucosan to PM2.5 0.005 0.927 0.068 
Ratio of Ksol to PM2.5 0.195 0.184 0.622 
Ratio of levoglucosan to Ksol 0.073 0.831 0.096 

*IIC: intraclass correlation coefficient; CS: central site. A Round consisted of 14 days of sampling. 
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matter the time), which suggests spatial clustering (corroborated with 
the spatial autocorrelation analysis). Finally, when considering the ra-
tios between components, for ratios including levoglucosan most vari-
ation was explained by temporal grouping (i.e., ICC for round), thus 
showing temporal instability. Whereas, the ratio of Ksol to total PM2.5 
mass presented a larger ICC when grouping by site, thus, suggesting 
spatial clustering. 

3.4. Temporal analyses of samples 

The temporal distribution of samples, individually and grouped by 
month, are shown in Fig. S 5 and Fig. 3, respectively. The first row of 
Fig. 3 indicates a strong seasonal trend for concentrations, with much 
higher concentrations of all three species in winter months, in agree-
ment with the ICCs observed for absolute concentrations. This is ex-
pected as wood-burning increase in winter, as has been reported 
previously (Villalobos et al., 2017; Reyes et al., 2021). For the ratios of 
concentrations of the rotating samples to the central site, in the second 
row, relatively stable ratios were observed during the year, with ratios in 
any given month spanning from 0.5 to 2, which represent spatial vari-
ability as expected from the results of the ICCs, and larger varibility for 

PM2.5 and Ksol ratios in winter, and levoglucosan ratios in summer. 
When inspecting the ratios of components in the third row, more stable 
ratios are observed for the ratios of Ksol to total PM2.5, while a clear trend 
of lower summer ratios are observed for levoglucosan, indicating a 
relative diminishment compared to PM2.5 and Ksol. 

Temporal trends were further investigated by including meteoro-
logical variables, as shown in Table 5 and Fig. S 6 (a-d). Concentrations 
of all species presented strong associations with meteorological vari-
ables with higher concentrations correlated with lower wind speeds, 
higher relative humidity, higher precipitation, and lower temperatures: 
all results in agreement with a pattern of accumulating wood-burning 
emission in cold days, more frequent that in winter months. On the 
other hand, the ratios of rotating sites to the central site did not show 
any significant association with meteorological variables. However, for 
the case the ratio of components, strong associations for the ratios 
having levoglucosan in the numerator were found, with levoglucosan 
ratios decreasing with higher temperatures, lower relative humidity, 
lower precipitation and higher wind speeds, conditions mostly found in 
summer. 

There are several potential explanations for these observations. First, 
as reported by May et al. (2012), levoglucosan might change from the 

Fig. 3. Air pollutant concentrations and ratios distributions by month.  
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particle to the gas phase at summer temperature, thus, decreasing its 
contribution to PM2.5, an effect that could be accentuated by the fact 
that we collected 2-week samples. A second explanation could be the 
atmospheric degradation of levoglucosan in summer due to the presence 
of photochemical species (hydroxy radical) (Hoffmann et al., 2010; 
Hennigan et al., 2010). Finally, it also could be the presence of different 

source contributions in summer, either biomass emitting less levoglu-
cosan than Ksol, for instance, due to residual crop burning (Cheng et al., 
2013; Olsen et al. 2020), or the increased contribution of Ksol from soil 
resuspension (Zhang et al., 2010). 

Table 5 
Associations between pollutants concentrations and ratios and meteorological variables.   

Wind Speed Relative Humidity Precipitation Mean Temperature 

Variable Rho p.v. Rho p.v. Rho p.v. Rho p.v. 

PM2.5 ¡0.48 <0.01 0.90 <0.01 0.70 <0.01 ¡0.85 <0.01 
Levoglucosan ¡0.48 <0.01 0.92 <0.01 0.70 <0.01 ¡0.84 <0.01 
Ksol ¡0.50 <0.01 0.91 <0.01 0.72 <0.01 ¡0.88 <0.01 
PM2.5, ratio rotating to CS − 0.03 0.72 − 0.07 0.36 0.05 0.55 0.10 0.21 
Levoglucosan, ratio rotating to CS 0.01 0.90 − 0.10 0.20 0.00 0.96 0.12 0.14 
Ksol, ratio rotating to CS ¡0.15 0.05 − 0.06 0.48 0.07 0.34 0.05 0.54 
Ratio Levoglucosan to PM2.5 ¡0.35 <0.01 0.82 <0.01 0.66 <0.01 ¡0.70 <0.01 
Ratio Ksol to PM2.5 − 0.03 0.66 0.14 0.09 0.21 0.01 ¡0.20 0.01 
Ratio Levoglucosan to Ksol ¡0.36 <0.01 0.78 <0.01 0.64 <0.01 ¡0.69 <0.01 

Rho: Spearman correlation coefficient; p.v.: p-value of Spearman correlation test; in bold p-values <0.05. 

Fig. 4. Surfaces interpolated by kriging. A) PM2.5: ratios of rotating sites to central site and B) ratios of soluble potassium to PM2.5.  
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3.5. Spatial analyses of samples 

The variance distribution analysis suggested a possible spatial clus-
tering for the ratios of the rotating sites to the central site, and for the 
ratio of Ksol to PM2.5. To explore these associations, data from sites were 
averaged by sites and plotted (Fig. S 7 and Fig. S 8). Fig. S 7 suggest some 
clustering, with zones of higher ratios of the rotating to the central site 
for the three species toward the center-west and southern parts of the 
city. Meanwhile, in Fig. S 8, a trend of increasing ratios of Ksol to PM2.5 
towards the west and northeast parts of the city. 

To further study this spatial clustering, a spatial autocorrelation was 
performed using Global Moran’s I statistic. Table S 8 show results for the 
tests using the minimal distance where all sites have a neighbor (1823 
m) as the criteria to build the spatial weights. We found evidence of 
spatial autocorrelation for the ratios of rotating sites to central site and 
ratio of Ksol to PM2.5, as expected from previous analyses. We further 
study this trend using different distances, and spatial autocorrelation 
seems to occur for sites within 3000 m (Fig. S 9). 

To assess the presence of spatial clusters, data were further analyzed 
by ordinary kriging. Variogram plots and models are shown in Fig. S 10 
and Table S 9, respectively. For the ratios of rotating site to central site, 
there was a clear tendency to cluster, with a value for the nugget that 
was between one third and one half of that of the sill and a range around 
3000 m, in agreement with the range of spatial autocorrelation observed 
with the Global Moran’s I tests. On the other hand, the ratio of soluble 
potassium to PM2.5 also presented a variogram of similar characteristics. 
Surfaces interpolated by kriging are shown in Fig. 4 and Fig. S 11. The 
surfaces confirm the clustering previously observed toward the center- 
west and southern parts of the cities for the ratios of rotating sites to 
central sites and, and towards the west and northeast parts of the city for 
ratios of Ksol to PM2.5. The observed PM2.5 clusters are similar to those 
observed in our previous mobile monitoring study (Blanco et al., 2022), 
except for those in the southeast part of the city (neighborhood units 28, 
29 and 30 shown in Table S 10). This suggests that additional observa-
tions might be needed from mobile monitoring to obtain more stable 
predictions. 

To explore the role of socioeconomic status (SES) as a likely predictor 
of spatial variability, mean SES and interpolated values were estimated 
for each neighborhood unit, as shown in Table S 10, while results from 
regression analyses using this data are shown in Table 6. In general, 
higher ratios for the rotating sites were observed for all three species in 
low and medium-low SES units and the opposite in higher SES neigh-
borhood units. This could be explained by the likely higher population 
density in these neighborhoods along with lower quality of stoves, 
spatial variables which have been identified as wood-smoke predictors 
in previous studies (Larson et al., 2007; Su et al., 2013; Su et al., 2008). 
Additionally, clusters of higher relative contribution of Ksol were mildly 
associated with neighborhood of higher SES, which may indicate the 
presence of higher quality stoves (pellet) in these neighborhoods, thus, 
reducing the relative contribution of organic components (Olsen et al. 
2020; Hou et al., 2021). 

4. Conclusions 

We conducted a long-term air pollution study in Temuco in different 
seasons. Very high concentrations of PM2.5 and wood burning tracer 
(levoglucosan and Ksol) were observed, particularly during colder 
months, all in agreement with residential wood-burning being the main 
source in the city. Evidence of both temporal and spatial variability was 
identified for pollutant concentrations and ratios. Concentrations of 
pollutants were particularly high in winter with stable ratios of the 
different species except for levoglucosan that was more unstable in 
summer, likely because of a phase change or chemical degradation. 
Spatial clustering was shown from the spatial autocorrelation analysis 
and variograms. Some clusters were observed from interpolated surfaces 
using kriging, with clusters for the ratios of rotating site to the central 
site of PM2.5 and wood-tracers being observed in neighborhoods toward 
the center-west and southern parts of the city. These clusters were 
correlated with lower SES neighborhood, which in turn may be related 
to higher population density and lower quality stoves. Clusters of higher 
Ksol to PM2.5 ratios were observed towards the west and northeast parts 
of the city, correlating with neighborhood of higher SES. This could be 

Table 6 
Mean SES and interpolated variables (by kriging).  

Interpolated Variable SES intercept slope R2 p-value 

PM2.5, ratio rotating to CS High 1.461 − 0.006369 0.119 0.015 
PM2.5, ratio rotating to CS Medium-high 1.492 − 0.006663 0.131 0.010 
PM2.5, ratio rotating to CS Medium 1.483 − 0.004561 0.039 0.171 
PM2.5, ratio rotating to CS Medium-low 1.272 0.009345 0.344 <0.001 
PM2.5, ratio rotating to CS Low 1.404 0.003251 0.024 0.286 
PM2.5, ratio rotating to CS High and Medium-high 1.504 − 0.005039 0.194 0.002 
PM2.5, ratio rotating to CS Low and Medium-low 1.295 0.005716 0.253 <0.001 
Levoglucosan, ratio High 1.891 − 0.014584 0.112 0.019 
Levoglucosan, ratio Medium-high 1.986 − 0.017779 0.168 0.003 
Levoglucosan, ratio Medium 1.937 − 0.010168 0.035 0.197 
Levoglucosan, ratio Medium-low 1.477 0.020328 0.291 <0.001 
Levoglucosan, ratio Low 1.747 0.009678 0.038 0.177 
Levoglucosan, ratio High and Medium-high 2.004 − 0.012517 0.214 0.001 
Levoglucosan, ratio Low and Medium-low 1.508 0.013205 0.241 <0.001 
Ksol, ratio rotating to CS High 1.348 − 0.003608 0.058 0.094 
Ksol, ratio rotating to CS Medium-high 1.381 − 0.005301 0.127 0.012 
Ksol, ratio rotating to CS Medium 1.367 − 0.003111 0.028 0.251 
Ksol, ratio rotating to CS Medium-low 1.214 0.006968 0.291 <0.001 
Ksol, ratio rotating to CS Low 1.313 0.002406 0.020 0.330 
Ksol, ratio rotating to CS High and Medium-high 1.382 − 0.003447 0.138 0.008 
Ksol, ratio rotating to CS Low and Medium-low 1.231 0.004257 0.214 0.001 
Ratio Ksol to PM2.5 High 0.013 0.000019 0.084 0.043 
Ratio Ksol to PM2.5 Medium-high 0.013 0.000001 0.000 0.939 
Ratio Ksol to PM2.5 Medium 0.014 − 0.000013 0.023 0.295 
Ratio Ksol to PM2.5 Medium-low 0.014 − 0.000019 0.106 0.023 
Ratio Ksol to PM2.5 Low 0.013 − 0.000004 0.003 0.699 
Ratio Ksol to PM2.5 High and Medium-high 0.013 0.000008 0.035 0.198 
Ratio Ksol to PM2.5 Low and Medium-low 0.014 − 0.000011 0.069 0.068 

*SES: socioeconomic status. 
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related to the use of better-quality stoves (e.g., double-chamber stoves, 
pellets), correlating with neighborhoods of lower SES. This could be 
related to more populous neighborhood with lower quality stoves. On 
the other hand, clusters of higher Ksol to PM2.5 ratios were observed 
towards the west and northeast parts of the city, correlating with 
neighborhood of higher SES, which can be related to the use of better 
quality stoves, likely using pellets. 

The current work contributes to the understanding of the air pollu-
tion problem of wood burning in Southern Chile and identifies key 
temporal and spatial patterns. This knowledge would be useful for policy 
makers to define targeted measures to reduce exposure to harmful pol-
lutants emitted from wood burning. Likewise, the methodology pro-
posed in this research and its outcomes could be useful to evaluate air 
quality in other wood-burning contexts. 
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