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a b s t r a c t

Total suspended particulate (TSP) samples were collected in a deciduous broadleaf forest in Sapporo,
Hokkaido, Japan, from January to December 2010 to understand the molecular composition and abun-
dance of sugar compounds (SCs) in atmospheric aerosols. We analyzed the samples for anhydrosugars,
primary sugars, and sugar alcohols using a gas chromatograph-mass spectrometer. The annual mean
concentrations of total SCs ranged from 16.1 to 1748 ng m�3 (avg. 311 ng m�3) with maxima in spring
(avg. 484 ng m�3) and minima in winter (avg. 28.2 ng m�3). Primary sugars and sugar alcohols followed
the seasonal pattern of total SCs. High levels of anhydrosugars in winter (avg. 22.9 ng m�3) suggest a
contribution of biomass burning from domestic heating due to lower ambient temperature. The high
levels of arabitol and mannitol in spring followed by summer and autumn denote the contribution from
multiple sources, i.e., growing vegetation and fungal spores in Sapporo forest. We observed an enhanced
contribution of bioaerosols emitted from plant blossoms in spring and leaf decomposition in autumn.
The identical seasonal trends of glucose and trehalose implied their similar sources in forest aerosols.
Conversely, the highest concentration of sucrose in spring was due to the pollen emissions by blooming
plants. Positive matrix factorization (PMF) analyses of the SCs suggested that organic aerosols in the
deciduous forest are associated with the emissions from multiple sources, including vegetation, mi-
crobes, pollens, and wintertime biomass burning. The PMF analysis also suggested that vegetation is the
primary carbon source in the forest atmosphere. The diagnostic mass ratios of levoglucosan to mannosan
demonstrated the dominance of softwood burning. We noted that the meteorological parameters sub-
stantially affect the emission sources and seasonal concentrations of SCs in the deciduous forest.

© 2021 Elsevier Ltd. All rights reserved.
ture Science, Hokkaido Uni-

wamura).
1. Introduction

Organic aerosols (OAs) are ubiquitous in the Earth’s atmosphere.
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OAs emitted from anthropogenic and natural sources contribute
significantly to atmospheric aerosol particles (De Gouw and
Jimenez, 2009). Considerable efforts have been made over the
last decade to understand the molecular composition of OAs in the
urban, rural, marine, and polar atmospheres (Kawamura et al.,
1996a,b; Kawamura and Sakaguchi, 1999; Hu et al., 2013; Ding
et al., 2014). Biomass burning (BB) is an important source of OAs
that can influence the albedo of the Earth by decreasing the visi-
bility and the surface temperature by scattering and absorbing
incident solar radiation (Kanakidou et al., 2005). Globally, BB emits
large quantities of volatile organic compounds (VOCs), other gases,
and particles into the atmosphere (Sullivan et al., 2008). The BB
source materials are consisting of cellulose and hemicellulose,
which thermally decompose and emit levoglucosan to the atmo-
sphere (Simoneit et al., 1999). Hence, levoglucosan is known as the
unique tracer of BB and thus can be used to estimate BB-derived
aerosol particles and evaluate their impact on the atmosphere.

OAs are also comprised of primary biological aerosol particles
(PBAPs), including biological constituents such as pollen, seeds, and
fungal spores (Despre

́

s et al., 2012). More attention has been paid
for the last decade to understand the effect of PBAPs on atmo-
spheric chemistry and climate, especially in areas where biological
activity is active. PBAPs are released directly from biological sources
and transported from the source region to the receptor site by long-
distance atmospheric transport (Simoneit et al., 2004; Wang et al.,
2011). They are in part derived from soil particles and associated
biota (Rogge et al., 2006; Schmidl et al., 2008). PBAPs are prime
sources of sugar compounds (SCs), contributing 63% and 13e26% of
total water-soluble organic compounds (WSOCs) in marine and
continental aerosols, respectively (Simoneit et al., 2004). SCs in the
urban aerosol samples from Yokohama, Japan, accounted for 2.1%
and 4.5% of WSOCs in the fine and coarse mode, respectively
(Tominaga et al., 2011). In contrast, those from the forest site at Mt.
Oyama accounted for a larger fraction (3.0 and 7.2% of WSOCs)
(Tominaga et al., 2011).

Bioaerosols (BAs) comprise a complex mixture of various mol-
ecules andmicroorganisms (Xu et al., 2011; Yamaguchi et al., 2012).
BAs significantly impact the natural and background forest
ecosystem or adjacent regions (Griffin, 2007). Numerous microbial
species in the forest region release spores into the atmosphere
(Elbert et al., 2007). Fungal spores contain significant amounts of
arabitol and mannitol; therefore, they are considered as specific
tracers (Bauer et al., 2008). In addition, Pashynska et al. (2002)
reported the contribution of arabitol and mannitol from the
detritus of mature leaves during the leaf senescence period.
Moreover, Heald and Spracklen (2009) identified different sources
for mannitol than fungal spores. They found a direct correlation of
the leaf area index and atmospheric water vapor with mannitol
concentrations and proposed that terrestrial biosphere activity
widely affects mannitol concentrations. The previous studies have
confirmed how important mannitol is in plant photosynthesis
(Loescher et al., 1992; Keller and Matile, 1989; Rumpho et al., 1983).
Davis et al. (1988) estimated that around 50% of the carbon was
found as mannitol in completely expanded celery leaves during the
photosynthesis process.

Primary sugars, including glucose, fructose, sucrose, and treha-
lose, are well-known constituents of bacteria, fungi, and in-
vertebrates (Bieleski, 1995). The natural biogenic detritus of plants
are also identified as possible sources of primary sugars and sugar
alcohols in the atmosphere (Jaenicke, 2005; Medeiros et al., 2006;
Simoneit et al., 2004). During photosynthesis, primary sugars such
as glucose, fructose, and sucrose are synthesized by plants, circu-
lating through the phloem to various plant sections, accumulating
in root cells and developing flower buds (Bieleski, 1995; Jia et al.,
2010; Pacini, 2000). The fruits, flowers, and plant tissues of the
2

terrestrial plants contain a wide range of sugars that are released
into the atmosphere in the form of plant fragments (Speranza et al.,
1997; Cowie and Hedges, 1984). Other than vegetation, lichens and
soil dust are also reported as dominant sources of primary sugars
(Rogge et al., 2007).

Here, we report on a one-year data set of SCs in the aerosol
samples collected from the Hokkaido deciduous forest in northern
Japan. The observation site is mostly influenced by the air masses
transported from East Asia. This study aims to identify seasonal and
temporal variations of PBAPs and determine their possible source
regions. We also address the potential role of vegetation, fungi, and
BB in the distribution of PBAPs in the deciduous forest. The detailed
data sets of SCs are presented with temporal and seasonal varia-
tions of individual compounds to elucidate the source difference
following the local meteorological parameters. Further, a positive
matrix factorization (PMF) model was applied to understand the
sources of SCs in the aerosol samples. The relative importance of
hardwood and softwood burning at forest sites is also discussed.
The carbon concentrations of different SCs were examined to
recognize the primary carbon sources in the aerosol samples of
deciduous forests.

Several studies have been reported from the same observation
site of Sapporo. The seasonal variation of water-soluble organic
carbon and its stable carbon isotopic composition in aerosol sam-
ples have been reported in Miyazaki et al. (2012a). Miyazaki et al.
(2014) studied seasonal cycles of water-soluble organic nitrogen
in the aerosol samples. Jung et al. (2013) studied the different
characteristics of new particle formation between urban and de-
ciduous forests during the summer seasons of 2010e2011. They
concluded that the burst of nucleation mode particles usually
started at the forest site when air masses originating from an urban
area arrived at the forest site. However, the seasonal variations and
sources of the SCs have never been studied in this deciduous Sap-
poro forest. The loading of BB aerosols and possible influences from
urban emissions from Sapporo also need to be investigated.

2. Materials and methods

2.1. Site description and meteorological conditions

The aerosol particle samples were collected on a flux tower at
the Sapporo forest meteorology research site (42.98 �N, 141.38 �E,
182 m above sea level) located in the Hokkaido Research Center,
Forestry and Forest Products Research Institute in Sapporo (Fig. 1).
Detailed information on the sampling sitewas reported inMiyazaki
et al. (2012a). The experimental site is situated in the forest
boundary, covered with broadleaf deciduous trees in a transitional
stage from mature birch to climax species, mainly Mizunara oak
(Quercus crispula) and white birch (Betula platyphylla) (Miyazaki
et al., 2012b). The evergreen Sasa bamboo trees (Sasa senanensis
and Sasa kurilensis) are present at the ground level of the sampling
site (Jung et al., 2013).

Meteorological data, including ambient temperature, relative
humidity (RH), wind direction, wind speed, and rainfall during the
sampling campaign, were obtained from the Japan Meteorological
Agency in Sapporo. We used hourly averaged data in the present
study. The local wind was dominant in the forest site, with an
average wind speed of 3.41 ± 0.76 m s�1 (2.16e5.58 m s�1) (Fig. 2a
and b). The RH was recorded in the range of 42e90% (avg.
68.6 ± 10.4%) at the forest site. A wide range of temperatures was
observed between the summer (11.7e28.8 �C) and winter
(�10.7e10.9 �C). The ground surface was covered with snow from
early winter (December) to mid-spring (April). The foliation period
starts in April through May and lasts until the end of September
(Kitamura et al., 2012) (Fig. 2b). The regional climate of Sapporo is



Fig. 1. The geographical location of the sampling site (the Sapporo forest meteorology research site; 42.98 �N, 141.38 �E, 17 m above ground level).
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strongly affected by the East Asian monsoon. The air masses
generated due to thermal differences between the Asian continent
and the Pacific Ocean control natural and anthropogenic aerosols
transported to the western North Pacific passing over the Hokkaido
region (Koike et al., 2006; Zhang et al., 2011). The prevailing wind
direction at the sampling site is from the forested area during mid-
autumn to mid-spring, which shifted to an urban area in mid-
spring to mid-autumn (see Fig. 1 in Miyazaki et al., 2012a).

2.2. Aerosol sampling and chemical analysis

The total suspended particle (TSP) samples were collected using
a high-volume air sampler (Kimoto AS-810A) at 2 m above the
ground from January 7, 2010 to December 21, 2010 at a Hokkaido
forest site. The sampling was conducted using a pre-combusted
(450 �C for 6 h) quartz fiber filter (20 � 25 cm, Pallflex®) with a
flow rate of 1.0 m3 min�1. The sampling duration of each sample
was approximately oneweek. The filter sample was placed in a pre-
combusted glass jar with a Teflon-lined screw cap and then stored
at �20 �C before analysis.

A total of 41 aerosol samples were analyzed to determine SCs,
3

including anhydrosugars, primary sugars, and sugar alcohols
(Table 1). The detailed procedure for the analysis of SCs has been
reported in Haque et al. (2016, 2019). An aliquot (7.06 cm2) of the
aerosol sample filter was extracted three times with a dichloro-
methane and methanol mixture. The extracts were filtered and
concentrated using rotary evaporation under vacuum and then a
pure nitrogen gas stream. Total extracts were derivatized using
60 mL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1%
trimethylsilyl chloride and 10 mL pyridine in a sealed vial at 70 �C
for 3 h to convert COOH and OH groups to the corresponding tri-
methylsilyl esters and ethers, respectively. The derivatized fraction
was diluted with n-hexane containing internal standard of C13 n-
alkane (1.43 ng mL�1) and stored in a freezer at �20 �C before in-
jection to a gas chromatograph-mass spectrometer (GC-MS).

An aliquot (2 ml) of the derivatized fraction was introduced into
the GC-MS using an Agilent model 7890 GC coupled to an Agilent
model 5975 mass selective detector (MSD) operated in an electron
impact mode at 70 eV. The GC-MS data were acquired and pro-
cessed with the Agilent GC-MSD ChemStation software. The
quantification of sugar compounds was performed by selected ion
peak area and relative response factors determined by the injection



Fig. 2. The meteorological parameters over Sapporo during sampling periods.
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of authentic standards. Field blank filters (n ¼ 6) were analyzed,
whereas target species were not found. Recoveries for SCs were
better than 80% as obtained by the authentic standards spiked to
pre-combusted quartz filter followed by the analytical method used
for real samples. Based on the duplicate analyses, the analytical
errors in the detected compound concentrations were obtained to
be within 10%.

2.3. Organic carbon (OC) analyses

Organic carbon (OC) was determined using an EC/OC analyzer
(Sunset Laboratory Inc., USA) following Interagency Monitoring
Protected Visual Environments (IMPROVE) thermal/optical evolu-
tion protocol and assuming carbonate carbon to be negligible.
Briefly, a 1.54 cm2 punch (∅ 14 mm) filter disc (1.5 cm2) was cut off
from each quartz filter sample. Filter was placed in a quartz sample
boat inside the thermal desorption chamber of the analyzer and
then stepwise heating was applied. The evolved CO2 at each tem-
perature step was measured directly by a non-dispersive infrared
(NDIR) detector system. A HeeNe laser was used for setting up OC/
EC split point and thereby OC correction. Analytical error in the
duplicate analysis was within 6%.

2.4. Positive matrix factorization (PMF) analysis

Positive matrix factorization (PMF) is a powerful statistical tool
for resolving the potential sources contributing to atmospheric
particles (Paatero and Tapper, 1994). The uncertainties were
calculated by using the method detection limits (MDLs) and
measured ambient concentrations. Themeasured concentrations of
SCs below or equal to the MDLs were replaced by half of the MDL,
and associated uncertainties were set at 5/6 of the MDL [(5/
6) � MDL] values of each sample. The geometric mean of the
concentrations replaced missing concentrations, and the calcula-
tion of uncertainty for the concentrations greater than the MDL is
based on the following equation:

Uncertainty¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðerror fraction�concentrationÞ2þð0:5�MDLÞ2

q

The error fraction is a user-provided estimation of the analytical
4

uncertainty of themeasured concentration or flux. For example, Xie
et al. (2014) used an error fraction of 0.2e0.3 for organic species. In
this work, the error fraction was set to be 0.2 for all species. The
detailed discussions of the determination and application of PMF
are reported by Zhou et al. (2004).

3. Results and discussion

3.1. Abundance and seasonal distribution of total SCs

We detected a total of twelve SCs in the aerosol samples
collected from the deciduous forest (Table 1). The concentrations of
total SCs varied between 16.1 and 1748 ng m�3 (avg. 311 ng m�3).
We found sugar alcohols (avg. 170 ng m�3) in summer as the most
abundant SCs followed by primary sugars (avg. 127 ng m�3).
Interestingly, concentrations of anhydrosugars were 9e12 times
lower (avg. 14.5 ng m�3) than those of sugar alcohols and primary
sugars. These results suggested that plant emissions were the
dominant source of SCs in aerosol samples from the deciduous
forest. Low levels of anhydrosugars indicated the less emission of
BB products.

The seasonal concentration of total SCs was higher in spring
(avg. 484 ngm�3) than summer (avg. 357 ngm�3) and autumn (avg.
306 ng m�3), and lower inwinter (avg. 28.2 ng m�3). Miyazaki et al.
(2012a) and Pavuluri et al. (2012) identified that northern Japan
received anthropogenic air masses from Siberia and China during
mid-autumn to mid-spring. In contrast, pristine air masses from
the Pacific Ocean dominated during themid-spring tomid-autumn.
The springtime high and wintertime low concentrations of SCs
strongly exhibited that the locally-derived PBAPs dominated over
the observation site. Wintertime low concentration of SCs also
indicated that the impact of long-range transported anthropogenic
aerosols in Sapporo was minor during the campaign.

The meteorological parameters, including temperature, relative
humidity, precipitation, sunshine, wind direction, and wind speed,
also influence the seasonal variation of SCs significantly, as dis-
cussed in later sections. Moreover, the growing period in Hokkaido
starts in early April and extends up to late September, whereas the
average ambient temperatures recorded during this period are
usually �10 �C (Toma et al., 2011). The higher concentrations of
total sugars were observed from 26 April to 07 May and prolonged
up to 28 May to 04 June, then continuously decreasing to 09 to 16
July (mid-summer) (Fig. 3a). The massive emissions from the
growing vegetation during late spring might be responsible for the
significantly increased sugar concentrations. During wintertime,
vegetation growth decreases and thus, the emissions of sugars into
the atmosphere are declined in the Sapporo forest. Therefore, the
emissions of local vegetation are significant in late spring. This
result is attributed to the high levels of SCs in spring.

3.1.1. Abundances and seasonal variations of anhydrosugars
The concentrations of anhydrosugars ranged from 1.92 to

45.6 ng m�3 (avg. 14.5 ng m�3), contributing 25.6% of total SCs in
Sapporo aerosols (Table 1). Levoglucosan was the most abundant
anhydrosugar, followed by mannosan and galactosan. Their con-
centrations ranged from 1.50 to 36.6 ng m�3 (avg. 11.9 ng m�3),
0.20e4.42 ng m�3 (avg. 1.38 ng m�3), and 0.06e4.67 ng m�3 (avg.
1.32 ng m�3), respectively (Table 1). These concentrations are
higher than those reported from Chichijima Island in the western
North Pacific (Verma et al., 2018), while they are lower than those
from the Gosan site, Jeju Island, South Korea (Fu et al., 2012). We
found that the average concentration of levoglucosan was compa-
rable in winter (17.9 ng m�3), autumn (17.0 ng m�3), and spring
(12.3 ng m�3), but a lower concentration (avg. 3.98 ng m�3) was
recorded in summer. As compared to the Sapporo aerosol, the



Table 1
Concentrations (ng m�3) of sugar compounds detected in aerosol samples collected at a forest site in northern Japan.

Annual Winter Spring Summer Autumn

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Anhydrosugars

Levoglucosan 1.50e36.6
11.9 ± 9.63

10.9e33.1
17.9 ± 8.02

5.73e33.5
12.3 ± 7.98

1.50e6.62
3.79 ± 1.32

2.46e36.6
17.0 ± 11.8

Mannosan 0.20e4.42
1.38 ± 0.92

1.44e3.68
2.25 ± 0.76

0.42e1.95
1.25 ± 0.46

0.30e1.46
0.78 ± 0.39

0.20e4.42
1.58 ± 1.29

Galactosan 0.06e4.67
1.32 ± 1.26

1.59e4.23
2.68 ± 0.86

0.31e2.47
1.32 ± 0.74

0.08e0.44
0.21 ± 0.09

0.06e4.67
1.67 ± 1.54

Subtotal 1.92e45.6
14.5 ± 34.0

14.0e41.0
22.9 ± 9.59

6.64e37.9
14.9 ± 8.92

1.92e8.30
4.78 ± 1.66

2.71e45.6
20.3 ± 14.5

% in total SCsb 0.65e89.0
25.6 ± 34.0

63.8e89.0
83.2 ± 8.36

0.65e79.6
25.1 ± 30.1

0.79e3.32
1.65 ± 0.70

0.76e38.1
11.2 ± 12.8

Primary sugars

Glucose 0.31e343
63.6 ± 69.6

0.31e7.33
1.66 ± 2.35

0.72e343
71.7 ± 107

19.3e237
83.9 ± 58.0

18.6e145
78.8 ± 36.7

Fructose 0.18e164
20.2 ± 33.0

0.18e0.65
0.30 ± 0.16

0.27e164
41.7 ± 56.0

4.63e86.1
24.9 ± 22.0

0.94e16.4
8.65 ± 4.81

Sucrose 0.08e94.8
10.6 ± 22.8

0.08e0.33
0.19 ± 0.08

0.36e90.3
29.3 ± 28.8

0.50e94.8
9.94 ± 25.8

0.28e1.53
0.90 ± 0.43

Trehalose 0.07e128
32.5 ± 31.4

0.07e4.35
0.92 ± 1.45

0.25e82.5
25.8 ± 28.2

13.5e128
42.9 ± 31.1

8.43e94.6
50.9 ± 28.9

Xylose 0.13e1.85
0.55 ± 0.35

0.39e0.77
0.55 ± 0.13

0.37e0.68
0.51 ± 0.12

0.13e0.20
0.15 ± 0.03

0.48e1.85
0.88 ± 0.65

Subtotal 1.08e648
127 ± 136

1.08e13.3
3.62 ± 4.10

2.22e648
168 ± 209

38.4e390
161 ± 110

28.9e224
140 ± 66.1

% in total SCsb 5.81e69.9
37.5 ± 17.7

5.81e26.2
10.9 ± 6.58

13.8e69.9
38.4 ± 20.3

32.0e55.8
45.4 ± 7.61

37.4e58.0
47.4 ± 5.99

Sugar alcohols

Arabitol 0.13e574
69.7 ± 105

0.13e1.76
0.49 ± 0.54

0.28e574
134 ± 188

19.1e158
74.1 ± 48.9

3.51e106
54.7 ± 36.0

Mannitol 0.07e756
96.8 ± 141

0.07e2.39
0.50 ± 0.79

0.16e756
163 ± 247

27.8e272
112 ± 79.5

4.42e226
87.9 ± 67.8

Inositol 0.02e4.69
0.94 ± 1.05

0.02e0.07
0.03 ± 0.02

0.03e3.54
1.14 ± 1.34

0.58e4.69
1.47 ± 1.12

0.06e1.48
0.77 ± 0.49

Erythritol 0.59e9.06
2.52 ± 2.14

0.59e0.87
0.75 ± 0.10

0.60e3.85
1.92 ± 1.28

1.85e9.06
3.60 ± 2.20

0.66e8.89
3.13 ± 2.65

Subtotal 0.81e1337
170 ± 245

0.81e5.10
1.77 ± 1.41

1.06e1337
300 ± 436

53.4e409
191 ± 124

8.84e340
146 ± 105

% in total SCsb 4.05e77.8
36.9 ± 23.4

4.05e10.0
5.91 ± 1.88

6.63e77.8
36.5 ± 29.3

43.1e67.1
52.9 ± 7.87

14.5e60.4
41.4 ± 16.1

Total sugar compounds

16.1e1748
311 ± 350

16.5e51.1
28.2 ± 13.7

16.1e1748
484 ± 586

93.7e806
357 ± 225

60.9e562
306 ± 163

a Standard deviation.
b Sugar compounds.
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distinct seasonal variations with the levels of winter/spring high
and summer/autumn low were reported over Chichijima and Jeju
Islands. These seasonal trends were apparent because both islands
are situated downwind of the East Asian continent, with a strong
influence of the westerly winds in winter/spring.

The inconsistent seasonal distribution of levoglucosan in our
samples indicated local BB activities in the Sapporo forest region.
Similar seasonal trends were also observed for mannosan and
galactosan. We found significant positive correlations among lev-
oglucosan, mannosan, and galactosan (r ¼ 0.88e0.92), indicating a
similar BB source in the Sapporo aerosols (Table 2). The temporal
trends of BB tracers clearly showed their decreasing concentrations
with increasing ambient temperature (Figs. 2b and 3b). The average
ambient temperature was 2.58 �C (�10.7e16.7 �C) in mid-winter
(January) to late spring (May) and 6.94 �C (�5.7e17.5 �C) in mid-
autumn (October) to early winter (December). However,
compared to previous periods, the higher average ambient tem-
perature of 21.6 �C (11.7e28.8 �C) was recorded during early
5

summer (June) to early autumn (September) (Fig. 2b). Interestingly,
BB tracer concentrations were high during mid-winter to late
spring and mid-autumn to early winter, while lower levels were
observed during early summer to early autumn (Figs. 3b and 4a).

The biomass materials might be used as an energy source for
domestic heating in Sapporo during the cold season. Hence, the BB
emissions increased due to increased BB activities in mid-winter to
late spring. Notably, OH radicals can degrade levoglucosan under
ultraviolet light at high temperatures (Stone et al., 2012). This
photochemical degradation may lead to a lower concentration of
levoglucosan in summer (Lai et al., 2014). Although levoglucosan
insignificantly correlated with NO3

� in winter (r ¼ 0.21) and spring
(r ¼ 0.50), the possibilities of long-range transport of levoglucosan
from East Asia to Sapporo cannot be eliminated (Table 2). It is
known that the westerly winds transport anthropogenic aerosols,
bioaerosols, industrial and vehicular emissions, and gaseous spe-
cies (NOx and SO2) from East Asia to the Pacific Ocean, passing over
the Hokkaido region during winter and spring (Pavuluri et al.,



Fig. 3. Temporal plots for the concentrations (ng m�3) of total sugars, anhydrosugars, primary sugars, and sugar alcohols in Sapporo aerosol samples collected for January-December
2010.
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2012). Therefore, our results indicated that the local BB activities
with long-range transport of BB aerosols during winter and spring
considerably influence the levels of BB tracers over the Hokkaido
deciduous forest site.

Forest fire is another potential source for BB aerosols; therefore,
the Moderate Resolution Imaging Spectroradiometer (MODIS)
active fire/hot spot was obtained from the Earth Observing System
Data and Information System (EOSDIS) using the Terra and Aqua
satellites (https://earthdata.nasa.gov/data/near-real-time-data/
firms/) to identify the geographical active fire/burning areas as
6

possible source regions of the forest fire. We have downloaded
weakly composite images. However, these fire/hot spot images did
not support the possible forest fire events in the Hokkaido forest
during the summer season in the sampling period (Figure S1).

3.1.2. Ambient concentrations and seasonal variations of primary
sugars

The primary sugars are considered as key tracers for the PBAPs.
They are the second most abundant SCs (avg. 127 ng m�3),
contributing 37.5% of total SCs (Table 1). As shown in Fig. 3c,



Table 2
Statistical summary of correlations among the chemical species and meteorological variables in aerosol samples collected at a forest site in northern Japan.

Linear regression Correlation coefficient P value Significance of correlation at P value < 0.05

Annual

Levoglucosan vs. Mannosan 0.88 <0.05 Significant
Levoglucosan vs. Galactosan 0.91 <0.05 Significant
Mannosan vs. Galactosan 0.92 <0.05 Significant
Trehalose vs. Glucose 0.77 <0.05 Significant
Arabitol vs. Mannitol 0.97 <0.05 Significant
Mannitol vs. Sodium �0.23 >0.05 Not significant
Arabitol vs. Sodium �0.25 >0.05 Not significant
Mannitol vs. Chloride �0.23 >0.05 Not significant
Arabitol vs. Chloride �0.15 >0.05 Not significant
Levoglucosan vs. Mannitol �0.05 >0.05 Not significant
Levoglucosan vs. Arabitol �0.03 >0.05 Not significant

Winter

Levoglucosan vs. Nitrate 0.21 >0.05 Not significant
Xylose vs. Levoglucosan 0.85 <0.05 Significant

Spring

Levoglucosan vs. Nitrate 0.50 >0.05 Not significant
Glucose vs. Calcium �0.23 >0.05 Not significant
Fructose vs. Calcium �0.17 >0.05 Not significant
Sucrose vs. Calcium �0.10 >0.05 Not significant
Sucrose vs. Temperature 0.81 <0.05 Significant
Sucrose vs. Sunshine 0.89 <0.05 Significant
Trehalose vs. Calcium �0.29 >0.05 Not Significant
Mannitol vs. Fructose 0.64 <0.05 Significant

Summer

Trehalose vs. Arabitol 0.52 >0.05 Not significant
Trehalose vs. Mannitol 0.85 <0.05 Significant
Trehalose vs. Glucose 0.92 <0.05 Significant
Trehalose vs. Calcium 0.26 >0.05 Not Significant
Mannitol vs. Fructose 0.37 >0.05 Not significant

Autumn

Trehalose vs. Arabitol 0.98 <0.05 Significant
Trehalose vs. Mannitol 0.95 <0.05 Significant
Trehalose vs. Glucose 0.80 <0.05 Significant
Trehalose vs. Calcium �0.59 >0.05 Not Significant
Mannitol vs. Fructose 0.64 <0.05 Significant

Md.M. Haque, S.K. Verma, D.K. Deshmukh et al. Chemosphere 279 (2021) 130540
concentrations of primary sugars started to increase at the end of
April with a peak in mid-May, then gradually decreased toward
mid-July. Their concentration again increased until the first week of
November. The growth of local vegetation from spring to mid-
autumn in the deciduous forest significantly contributed to the
primary sugars. Lower concentrations of primary sugars recorded
in July may be associated with meteorological parameters such as
low sunshine and high relative humidity in 2010 (Fig. 3), whichmay
substantially reduce the emission of PBAPs in the forest. The pri-
mary sugars are equally distributed in spring (avg. 168 ng m�3),
summer (avg. 161 ng m�3), and autumn (avg. 140 ng m�3), but
minimized in winter (avg. 3.62 ng m�3). Our results show that the
growing vegetation in spring and summer and the decay of plant
materials in autumn may significantly enhance the levels of pri-
mary sugars in the Sapporo forest. The defoliation inwinter may be
responsible for decreased concentrations of primary sugars over
the observation site.

Five primary sugar compounds, including glucose, fructose,
sucrose, trehalose, and xylose, were detected in the Sapporo forest
samples with the predominance of glucose (Table 1). A comparable
concentration of glucose was also reported for aerosol samples
collected from the Howland Experimental Forest site (50.1 ng m�3)
in the USA (Medeiros et al., 2006). It should be noted that glucose
and fructose have multiple sources such as terrestrial vegetation
(Medeiros et al., 2006), microorganisms (bacteria) (Rogge et al.,
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2007), soil dust (Simoneit et al., 2004), and the tissues of sub-
tropical plants (Baker et al., 1998). Glucose showed higher con-
centrations in summer (avg. 83.9 ngm�3) followed by autumn (avg.
78.8 ng m�3) and spring (avg. 71.7 ng m�3) and lower concentra-
tions in winter (avg. 1.66 ng m�3) (Table 1). Conversely, fructose
concentrations were high in spring (avg. 41.7 ng m�3) and summer
(avg. 24.9 ngm�3) and low in autumn (avg. 8.65 ngm�3) andwinter
(avg. 0.30 ng m�3) (Fig. 4b). Although both glucose and fructose are
key components of plant materials, the former concentration was
notably higher in autumn than the latter in Sapporo aerosols
(Fig. 4b).

We presume that glucose is emitted from an additional source,
i.e., microbes, during autumn because of the increased microbial
growth. The significant correlation of glucose with trehalose
(r ¼ 0.77) is in agreement with the microbial sources of glucose in
Sapporo aerosols (Table 2). Therefore, glucose concentrations were
found to be one order of magnitude higher than fructose due to the
multiple sources. The high concentration of fructose in spring and
summer shows that its plant’s emissions during the growing season
are important in the Sapporo forest. The negative correlations of
glucose (r ¼ �0.23) and fructose (r ¼ �0.17) with Ca2þ in spring
decline the soil dust contributions of glucose and fructose in Sap-
poro forest aerosols (Table 2).

Sucrose concentration was in the range of 0.08e94.8 ng m�3

(avg. 10.6 ng m�3) in Sapporo forest aerosols (Table 1 and Fig. 4c).



Fig. 4. Temporal plots for the concentrations (ng m�3) of individual sugar compounds
in Sapporo forest aerosols.
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Pollen is a large PBAP (Despres et al., 2012), which contains a sig-
nificant amount of sucrose (Fu et al., 2012; Jia et al., 2010; Yttri et al.,
2007). Sucrose was more abundant in spring (avg. 29.3 ng m�3),
while very low concentrations were observed in autumn (avg.
0.90 ng m�3) and winter (avg. 0.19 ng m�3) (Table 1). The seasonal
variations imply the pollen grains from flowering plants of the
deciduous forest during the spring season largely contribute to
sucrose in the Sapporo aerosol samples. This result is consistent
with the high sucrose levels reported during springtime in Chi-
chijima Island (Verma et al., 2018) and densely vegetated broadleaf
forest in Okinawa Island (Zhu et al., 2015). Distributions of pollen
spores are significantly affected by the local meteorology. Meteo-
rological parameters, including temperature, rainfall, wind speed,
and solar radiation, can directly affect the plant activity related to
sucrose concentrations in the forest site. Taylor et al. (2002) dis-
cussed the significance of meteorological conditions such as winds
and convective activity in catapulting pollen into the air, opening of
pollen-laden flower anthers, and causing enhanced entrainment
and dispersal of the particles.

Fig. 4c shows that sucrose concentrations peaked from mid-
spring (April) to mid-summer (July), the plant growing periods in
the deciduous forest site. Higher sucrose concentrations were
found from 06 April to 11 June, while lower concentrations were
found from 11 June to 21 December and 01 January to 06 April
́
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(Fig. 4c). The higher wind speed and sunshine in spring may be
responsible for the dispersal of pollen spores and elevated sucrose
concentrations (Fig. 2b), which is consistent with the significant
linear relationship of sucrose with ambient temperature (r ¼ 0.81)
and sunshine (r ¼ 0.89) (Table 2). The summertime sucrose
contribution was low in Sapporo aerosol; pollens might be effi-
ciently settled down by rainfall during the summer season in
Sapporo forest (Figs. 2a and 4c). Although the sucrose level in
Sapporo samples was likely contributed by the local vegetation of
the deciduous forest, the sucrose contribution from the long-range
transport cannot be excluded. Pollen could be uplifted to high al-
titudes over the source region and transported long distances to the
other areas. Previous studies reported that westerly winds passing
over north China, Mongolia, and Eurasia peak in spring when
flowering in boreal forests and agricultural plants maximize and
significantly transport sucrose-rich pollens to the downwind region
(Verma et al., 2018). Therefore, the long-range transport of pollens
associated with air masses may significantly contribute to the su-
crose levels in the Hokkaido region. Simoneit (2004) reported that
soil dust also contributes to the sucrose concentrations in the at-
mospheric aerosols. However, no correlation of sucrose with Ca2þ

(r ¼ �0.10) in spring does not support this contribution from soil
dust in Sapporo aerosol samples (Table 2).

Trehalose is the second most abundant primary sugar in Sap-
poro forest aerosols (Fig. 4c). Annual concentrations of trehalose
ranged from 0.07 to 128 ng m�3, with an average of 32.5 ng m�3.
Several sources produce trehalose in the atmosphere, including
microorganisms such as bacteria and fungi, yeast, algae, in-
vertebrates, and plant species (Wiemken, 1990; Graham et al.,
2003; Simoneit et al., 2004; Rogge et al., 2007). Medeiros et al.
(2006) reported that trehalose is produced mainly by fungal
spores. We observed an apparent seasonal variation of trehalose in
Sapporo aerosols with the highest concentration in autumn (avg.
50.9 ng m�3) followed by summer (avg. 42.9 ng m�3) and spring
(avg. 25.8 ng m�3) and lowest concentration in winter (avg.
0.92 ng m�3) when snowfall frequently occurs. Microorganism in-
creases metabolic activities and releases trehalose under favorable
meteorological conditions in the autumn season (Verma et al.,
2018). Hence, the high contribution of trehalose during autumn
in the Sapporo sample might be associated with microbial meta-
bolic activities. The significant correlations of trehalose with ara-
bitol (r ¼ 0.98) and mannitol (r ¼ 0.95) in autumn suggested its
microbial (fungal) source (Zhu et al., 2016). In contrast, a moderate
correlation of trehalosewith arabitol (r¼ 0.52) in summer indicates
different emission sources in Sapporo forest aerosols (Table 2). The
temporal variation of trehalose is very similar to glucose (Fig. 4b
and c). The strong correlations of trehalose with glucose in summer
(r ¼ 0.92) and autumn (r ¼ 0.80) further supported the contribu-
tions from vegetation and microorganisms during the sampling
period (Table 2). Hackl et al. (2000) analyzed springtime aerosol
samples and found trehalose as a dominant primary sugar, and
proposed it as a tracer for soil dust particles. However, in Sapporo
forest the negative or insignificant correlation of trehalose with
Ca2þ in spring (r ¼ �0.29), summer (r ¼ 0.26) and autumn
(r ¼ �0.59) decline the above idea (Table 2).

Xylose is a less abundant primary sugar (avg. 0.55 ng m�3) in
Sapporo aerosols. Its seasonal variation is different from those of
other primary sugars (Table 1, Fig. 4c). Xylose showed apparent
seasonal variation with a high level in autumn (avg. 0.88 ng m�3)
followed bywinter (avg. 0.55 ngm�3) and spring (avg. 0.51 ngm�3).
BB may contribute to the elevated level of xylose in Sapporo sam-
ples during the winter season. This result is further supported by a
positive correlation of xylosewith levoglucosan (r¼ 0.85) (Table 2).
Sullivan et al. (2011) found a good correlation of xylose with lev-
oglucosan and suggested it as a BB product. Moreover, xylose is
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produced at higher levels by angiosperm plants than by gymno-
sperm plants, plankton, and bacteria (Cowie and Hedges, 1984).

3.1.3. Ambient concentrations and seasonal variations of sugar
alcohols

Sugar alcohols are the most abundant group of SCs in Sapporo
forest samples. Annual average concentrations of sugar alcohols
ranged from 0.81 to 1337 ng m�3 (avg. 170 ng m�3), contributing
36.9% of total SCs in Sapporo aerosols (Table 1 and Fig. 3d). Bio-
logical sources like microbes emit spores during metabolic activ-
ities into the atmosphere (Dahlman et al., 2003; Bauer et al., 2008;
Filippo et al., 2013). Bieleski (1995) and Lewis and Smith (1967)
reported that arabitol and mannitol are key components of fungal
spores, and thus they are considered as fungal tracers. Although
arabitol and mannitol are molecular markers of fungal spores, their
abundance can vary among different species. Microbes are themost
diverse microorganisms dispersed extensively in the terrestrial
ecosystems on the Earth (Tedersoo et al., 2014).

Mannitol and arabitol are dominant sugars among themeasured
sugar alcohols. Their concentrations ranged from 0.07 to
756 ng m�3 (avg. 96.8 ng m�3) and 0.13e574 ng m�3 (avg.
69.7 ng m�3), respectively. Erythritol and inositol were found to be
minor sugar alcohols, whose concentrations varied from 0.59 to
9.06 ng m�3 (avg. 2.52 ng m�3) and 0.02e4.79 ng m�3

(0.94 ng m�3), respectively. Interestingly, we detected an elevated
concentration of sugar alcohols from April to June with two large
peaks on 26 April to 07 May and 28 May to 04 June (Fig. 3d).
Furthermore, the second period of elevated concentration was
observed from August to mid-October (Fig. 3d). The results sug-
gested multiple sources for the sugar alcohols because their con-
centrations were found higher in two different periods, i.e., plant
foliation starts in April while leaf defoliation and decay occur in
October in the Hokkaido forest. The high level of mannitol in spring
during the vegetation-growing period might be associated with
plant sources around the forest site. Sugar alcohols accounted for
52.9, 41.4, 36.5, and 5.91% of the measured SCs in summer, autumn,
spring, and winter, respectively. Mannitol and arabitol showed
clear seasonal trends with spring maxima (163 ng m�3 and
134 ng m�3, respectively) followed by summer (112 ng m�3 and
74.1 ng m�3, respectively) and autumn (87.9 ng m�3 and
54.7 ng m�3, respectively). The lowest concentrations were found
in winter (0.50 ng m-3 and 0.49 ng m�3, respectively) (Fig. 4d).
Similar seasonal variations of arabitol and mannitol in Sapporo
aerosols, together with the significant positive correlation
(r ¼ 0.97), suggest identical emission sources in summer and
autumn (Table 2). Moreover, strong correlations of trehalose with
mannitol and arabitol suggest similar sources (Table 2).

Some studies have suggested the biosynthesis of mannitol
during photosynthesis and noted that it is an essential photosyn-
thetic product (Loescher et al., 1992; Fellman et al., 1987; Keller and
Matile, 1989; Rumpho et al., 1983). Previous studies have docu-
mented mannitol occurring in almost 70 different higher plant
families (Davis et al., 1988; Davis and Loescher, 1990). Hence, we
propose that high levels of mannitol and arabitol in the springtime
aerosols might be originated with the deciduous forest’s local
vegetation associated with fungal activity. A more significant pos-
itive correlation of mannitol with fructose in spring and autumn
(r ¼ 0.64) than summer (r ¼ 0.37) indicates that a high abundance
of mannitol might be due to growing plants in spring and fungal
decay of plant leaves in autumn (Table 2). However, an insignificant
summertime correlation of mannitol with fructose shows that
additional fungal sources in the forest site can make dominant
contributions of mannitol. Loescher et al. (1992) reported similar
results that mannitol may not be a specific tracer for microbes.
Based on the study of Sapporo deciduous forest, we conclude that
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the contributions of mannitol and arabitol are from both vegetation
itself and fungal spores.

Prather et al. (2013) documented that bubble bursting associ-
ated with sea spraymay contribute significantly to the formation of
organic aerosols derived from viruses, bacteria, and dissolved
organic species. During summertime, the Pacific Ocean’s airmass
arrives in Sapporo (Pavuluri et al., 2013). Naþ and Cl� are primary
inorganic tracers of oceanic sources. Nevertheless, mannitol and
arabitol showed negative correlations with Naþ (r ¼ �0.23
and�0.25, respectively) and Cl� (r¼�0.23 and�0.15, respectively)
(Table 2). Such negative correlations in summer deny the contri-
butions of mannitol and arabitol from marine sources in Sapporo
aerosols. This finding differs from that of Beijing aerosols, where
seasonally mixed sources have been identified by Liang et al.
(2013). Furthermore, Yang et al. (2012) found mannitol and arabi-
tol in aerosol samples affected by the smoke generated from BB.
The negative correlation of levoglucosanwith mannitol (r ¼ �0.05)
and arabitol (r ¼ �0.03) in Sapporo samples also decline the
contribution of BB to sugar alcohols at the deciduous forest site
(Table 2).

3.2. Positive matrix factorization (PMF) analysis

We performed PMF (PMF 5.0, Environmental Protection Agency,
USA) analysis for quantitative source estimation of the measured
SCs in Sapporo forest aerosols. A total of twelve sugar species was
used to identify possible sources. We employed the total mass of
detected sugar compounds as the sum of total variables during the
model convergence of this study. Four interpretable factors were
identified for each tracer compound based on a given under-
standing of their sources. PMF analysis reproduced more than 95%
of SCs measured in Sapporo samples to better evaluate the accuracy
of PMF results. Factor profiles resolved by PMF analysis are shown
in Fig. 5aed and 6, where the percentage of each variable is esti-
mated to be 100% for factors 1 to 4.

Factor 1 is dominated by high loading of sucrose (88%), followed
by fructose (52%), inositol (28%), arabitol (19%), mannitol (14%), and
glucose (12%) (Fig. 5a). Pacini (2000) reported that sucrose plays an
important role in plant blooming because it is the dominant sugar
compound in airborne pollen grains and is an excellent tracer for
pollen spores. Due to the high loading of sucrose, we termed factor
1 as a pollen factor. Factor 2, a BB factor, is characterized by high
loadings of levoglucosan (96%), mannosan (91%), and galactosan
(90%) (Fig. 5b). We also found a moderate loading of xylose (28%) in
Factor 2 (Fig. 5b). These species are associated with BB (Medeiros
et al., 2006). Simoneit (2002) also reported higher levels of levo-
glucosan in the BB aerosol samples. Our results from the forest site
in Sapporo are consistent with previous studies on BB-derived
anhydrosugars (Medeiros et al., 2006; Simoneit, 2002).

Factor 3 is dominated by trehalose (54%), followed by glucose
(49%), mannitol (28%), arabitol (25%), inositol (21%), xylose (17%),
fructose (14%) and erythritol (11%) (Fig. 5c). Microbes are an
important source of trehalose (Medeiros et al., 2006; Zhu et al.,
2016). Awide range of fungal species emits arabitol andmannitol to
the atmosphere, and thus they are considered as a tracer of fungal
activities (Rogge et al., 2007). The high loadings of trehalose, ara-
bitol, mannitol, and inositol implied microbial contribution to fac-
tor 3. Therefore we termed it a microbe factor. Factor 4 is
characterized by a high contribution of erythritol (73%) and
mannitol (58%) followed by arabitol (55%), xylose (54%), inositol
(48%), trehalose (41%), glucose (36%) and fructose (31%) (Fig. 5d).
Sugar species, including mannitol, glucose, and fructose, are related
to vegetative sources (Burshtein et al., 2011; Cheng et al., 2009;
Loescher et al., 1992). Previous studies also documented the asso-
ciation of arabitol and mannitol with plant species (Burshtein et al.,



Fig. 5. PMF analyses of sugar compounds in Sapporo aerosols based on the
JanuaryeDecember 2010 data set.

Fig. 6. Source contributions to sugar compounds from various sources based on PMF
analyses.
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2011; Davis et al., 1988; Davis and Loescher, 1990). Miyazaki et al.
(2014) reported that trehalose, mannitol, and arabitol were asso-
ciated with primary emissions of biological products in the forest.
The SCs emitted from vegetation sources contributed significantly
to factor 4; hence it is termed as a vegetation factor.

As resolved by the PMF analyses, the average contributions of
each factor to measured SCs are shown in Fig. 6. We found the
vegetation as a dominant contributor (43.4%) of total SCs measured.
The microbes contributed 32%, whereas the pollen grains contrib-
uted 17.5% to the total SCs. BB sources showed the lowest contri-
bution of 6.4% in PMF analysis. Overall, the PMF analysis
demonstrated that vegetation and microbial emissions are impor-
tant sources for SCs in the Hokkaido forest atmosphere.

3.3. Abundances of SCs and the relative contributions to OC

We calculated the carbon contents of sugars and their contri-
bution to organic carbon (OC) to better understand the abundances
and possible carbon sources in the Hokkaido deciduous forest
(Table 3). The carbon contents of overall sugars varied from 11.7 to
689 ngC m�3 (avg. 129 ngC m�3), representing 2.24% of OC. Sugar
alcohols were the main contributor of carbon (avg. 67.3 ngC m�3,
1.03% of OC), followed by primary sugars (49.4 ngC m�3, 0.80% of
OC) and anhydrosugars (11.9 ngC m�3, 0.41% of OC). The findings
indicated that vegetation and microbial emissions had contributed
more carbon than BB in Sapporo aerosols. Although carbon con-
centration was much higher in spring (avg. 194 ngC m�3, 2.80% of
OC) than inwinter (avg. 19.5 ngC m�3, 1.02% of OC), it is comparable
in summer (avg. 143 ngC m�3, 2.45% of OC) and autumn (avg.
132 ngC m�3, 2.40% of OC). The high carbon contribution in spring
implied plant emissions due to growing periods, while microor-
ganisms contribute significantly to carbon levels in summer and
autumn.

Carbon contributions by sugar alcohols were high in spring (avg.
118 ngC m�3, 1.56% of OC), followed by summer (avg. 75.7 ngC m�3,
1.31% of OC) and autumn (avg. 58.0 ngC m�3, 0.94% of OC), and low
in winter (avg. 0.69 ngC m�3, 0.04% of OC) (Table 3). Such seasonal
changes indicate that there is a large carbon contribution from
vegetation in the forest region. The carbon contents by primary
sugars were comparable in spring (avg. 62.2 ngC m�3, 0.82% of OC),
summer (avg. 63.6 ngC m�3, 1.06% of OC), and autumn (avg.
56.7 ngC m�3, 1.03% of OC), while they are very low in winter (avg.
1.43 ngC m�3, 0.07% of OC). The carbon contribution from anhy-
drosugars was high in winter (avg. 17.3 ngC m�3) followed by
autumn (17.1 ngC m�3) and spring (12.5 ngC m�3). In contrast, it
was low in summer (avg. 4.12 ngC m�3), accounting for, on average,
0.92% (winter), 0.42% (autumn), 0.41% (spring) and 0.04% (summer)
of OC (Table 3). The highest carbon contribution of anhydrosugars
in winter suggested enhanced BB activities during a cold season in
the Hokkaido region.

Following PMF analysis, we estimated the carbon contributions
from different sources, including vegetation, microbes, pollen, and
BB. Among the four different carbon sources, vegetation (avg.
56.4 ngC m�3) was found to be the largest carbon contributor in
Sapporo aerosols, followed by microbes (avg. 38.8 ngC m�3), pollen
(avg. 19.8 ngC m�3), and BB (avg. 11.1 ngC m�3). On average, they
accounted for 0.89 (vegetation), 0.62 (microbial), 0.30 (pollen), and
0.38% (biomass burning) of OC (Table 4). The carbon contribution
by BB sources was highest in winter, followed by autumn, spring,
and summer. Wintertime high carbon emissions supported the
local BB activities near the forest site or urban Sapporo, where a
wood stove is getting more popular. The carbon contributions by
vegetation and microbes are more significant in spring, summer,
and autumn than in winter. Similarly, seasonal carbon contribution
by vegetation has been reported at several sites around the world



Table 3
Carbon concentrations (ngC m�3) of sugar compounds and their contributions (%) to organic carbon (OC) in aerosol samples collected at a forest site in northern Japan.

Annual Winter Spring Summer Autumn

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Concentrations

Anhydrosugar C 1.64e38.1
11.9 ± 9.42

11.6e34.2
17.3 ± 7.46

5.70e32.3
12.5 ± 7.58

1.64e7.11
4.12 ± 1.43

2.36e38.1
17.1 ± 12.1

Primary sugar C 0.41e242
49.4 ± 51.7

0.41e5.38
1.43 ± 1.66

0.77e242
62.2 ± 78.9

15.5e159
63.6 ± 41.9

11.7e90.8
56.7 ± 27.0

Sugar alcohol C 0.32e529
67.3 ± 97.1

0.32e2.01
0.69 ± 0.56

0.42e529
118 ± 173

21.1e163
75.7 ± 49.1

3.49e135
58.0 ± 41.6

Total SCseCb 11.7e689
129 ± 137

12.6e36.7
19.5 ± 7.96

11.7e689
194 ± 229

38.2e327
143 ± 89.6

34.5e231
132 ± 64.8

Contributions to OC

Anhydrosugar C 0.03e1.55
0.41 ± 0.40

0.50e1.55
0.92 ± 0.34

0.03e0.73
0.41 ± 0.26

0.05e0.11
0.07 ± 0.02

0.04e1.22
0.42 ± 0.42

Primary sugar C 0.03e2.30
0.80 ± 0.56

0.03e0.26
0.07 ± 0.08

0.04e1.95
0.82 ± 0.62

0.43e2.30
1.06 ± 0.47

0.59e1.56
1.03 ± 0.31

Sugar alcohol C 0.02e4.72
1.03 ± 1.17

0.02e0.10
0.04 ± 0.03

0.02e4.72
1.56 ± 1.92

0.56e2.55
1.31 ± 0.73

0.18e2.31
0.94 ± 0.59

Total SCseCb 0.56e6.24
2.24 ± 1.44

0.56e1.66
1.02 ± 0.35

0.64e6.24
2.80 ± 2.26

1.06e4.74
2.45 ± 1.14

1.75e3.97
2.40 ± 0.71

a Standard deviation.
b Sugar carbon.

Table 4
Carbon concentrations (ngC m�3) from different sources of sugar compounds resolved by PMF analysis and their contributions (%) to organic carbon (OC) in aerosol samples
collected at a forest site in northern Japan.

Annual Winter Spring Summer Autumn

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Range
Mean ± SDa

Concentrations

Pollen C 0.09e126
19.8 ± 26.3

0.09e0.80
0.24 ± 0.24

0.23e125
36.5 ± 44.3

5.37e61.2
22.9 ± 16.4

1.65e27.6
14.8 ± 8.70

Biomass burning C 1.53e35.5
11.1 ± 8.75

10.8e31.7
16.1 ± 6.90

5.29e30.0
11.6 ± 7.03

1.53e6.58
3.81 ± 1.32

2.19e35.5
15.9 ± 11.3

Microbial C 0.18e194
38.8 ± 42.3

0.18e3.00
0.73 ± 0.95

0.31e194
53.8 ± 66.9

12.6e120
47.6 ± 30.3

6.54e78.8
42.9 ± 23.8

Vegetation C 0.43e353
56.4 ± 69.0

0.43e3.27
1.01 ± 0.95

0.58e353
89.5 ± 116

17.8e153
66.5 ± 41.9

6.44e110
54.5 ± 33.3

Contributions to OC

Pollen C 0.005e1.09
0.30 ± 0.29

0.005e0.04
0.01 ± 0.01

0.01e1.09
0.49 ± 0.45

0.15e0.70
0.38 ± 0.17

0.08e0.47
0.25 ± 0.10

Biomass burning C 0.03e1.44
0.38 ± 0.37

0.47e1.44
0.85 ± 0.31

0.03e0.68
0.38 ± 0.24

0.04e0.10
0.07 ± 0.02

0.04e1.13
0.39 ± 0.39

Microbial C 0.01e1.74
0.62 ± 0.51

0.01e0.14
0.04 ± 0.04

0.02e1.66
0.70 ± 0.69

0.35e1.74
0.82 ± 0.40

0.33e1.35
0.75 ± 0.28

Vegetation C 0.02e3.03
0.89 ± 0.82

0.02e0.16
0.05 ± 0.04

0.03e3.03
1.18 ± 1.25

0.50e2.21
1.14 ± 0.57

0.33e1.89
0.93 ± 0.42

a Standard deviation.
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(Carvalho et al., 2003; Graham et al., 2003; Yang et al., 2012). The
higher carbon contribution to OC by vegetations in spring is
reasonable because plants can significantly emit organic carbons in
various forms to the atmosphere during the growing season. The
emissions of primary sugars may gradually decrease from spring to
autumn due to a progressive decline of carbon emissions from
vegetation and the decay of biogenic materials.

In addition, microbial sources account for high levels of OC
during summer when the vegetation and the associated microor-
ganism accelerate metabolic activities under favorable meteoro-
logical conditions. These activities emit pollens and spores,
contributing to substantial carbon emissions into the atmosphere.
Sapporo receives remarkable precipitations in summer
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(JulyeAugust), which increase the RH and create a suitable envi-
ronment for the sporulation of microbes to emit sugar alcohols
(Fig. 2a). Furthermore, microbial decay of leaf and other plant
materials in autumn also emits SCs. These sources significantly
contribute to the increase in the levels of SCs in the forest atmo-
sphere. Pollens contain a significant amount of sucrose (Fu et al.,
2012) during the pollination period in spring with plant growth.
Heavy snowfall occurs in Sapporo from late autumn (November) to
early spring (March), which covers the ground to suppress plant
growth. Thus, the carbon emissions from vegetation, microbes, and
pollen sources are insignificant, resulting in low carbon contents in
winter forest aerosols.



Fig. 7. Temporal trends of mass concentrations ratio of levoglucosan to mannosan in
the Sapporo aerosol samples for January-December 2010.
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3.4. Mass concentration ratios of levoglucosan/mannosan (L/M)

We calculated the levoglucosan and mannosan (L/M) concen-
tration ratios for distinguishing the kind of BB materials that
contributed to BB aerosols in the Sapporo deciduous forest site.
Fig. 7 represents the temporal and seasonal values of L/M ratios. The
L/M ratio was applied to discriminate against the burning of
hardwood (angiosperm) and softwood (gymnosperm) (Klemm
et al., 2005). Simoneit (2002) reported that the hardwood con-
tains 55e65% cellulose and 20e30% hemicellulose. The thermal
decomposition of hardwood inputs significant amounts of levo-
glucosan and mannosan into the atmosphere. Engling et al. (2006,
2009) reported that a high L/M ratio revealed the hardwood
burning, whereas a low ratio indicates softwood burning. The
annual average L/M ratio was found 8.52 for the Sapporo aerosols.
Fine et al. (2001, 2002) reported a high L/M ratio for hardwood
burning (10.7e35.7) than softwood (3.8e5.8) burning. Engling et al.
(2006) and Krumal et al. (2010) reported a significant variation in
the L/M ratio with the combustion of various biofuels such as
hardwood (13e27), softwood (2.5e5.8), and crop residues
(25e55.7).

Lower L/M ratios (4.7e7.8) were reported in urban aerosols
(Pashynska et al., 2002; Kourtchev et al., 2011; Tsai et al., 2013). We
found significant seasonal variations of L/M ratios in Sapporo
aerosols. The L/M ratios are higher in autumn (avg. 11.9) and spring
(avg. 10.2) than winter (avg. 7.78) and summer (avg. 5.47). Xu et al.
(2020) found an opposite trend with high L/M ratios in winter and
low ratios in autumn in urban Beijing aerosols. Schmidl et al. (2008)
performed laboratory chamber studies and observed lower ratios
(3e5) for softwood than hardwood (14e15) burning. In a controlled
field burning experiment, higher ratios of 40e55 were reported for
the burning of rice and cereal straws (Engling et al., 2009). Despite
the above discussions, moderate L/M ratios (seasonal average,
5.47e11.9) suggest that both softwood (birch) and hardwood (oak)
burning contributes to levoglucosan and mannosan in the aerosols
collected from Sapporo deciduous forest.
4. Summary and conclusions

In this study, we used anhydrosugars as biomass burning (BB)
tracers and primary sugars and sugar alcohols as tracers of PBAPs to
better interpret their concentrations, seasonal and temporal vari-
ations, and contributions to organic carbon (OC) in aerosol samples
collected from the deciduous broadleaf forest at Sapporo in
northern Japan. The concentrations of total sugar compounds (SCs)
in Sapporo aerosols were comparable in spring, summer, and
autumn, while they were lower in winter. We found a predomi-
nance of sugar alcohols followed by primary sugars and anhy-
drosugars. Levels of sugar alcohols and primary sugars were
12
comparable in spring, summer, and autumn. However, very low
concentrations of sugar alcohols and primary sugars were found in
winter, although anhydrosugars were dominant inwinter. The local
meteorological parameters largely control the seasonal variations
of SCs in the Sapporo forest.

Local emission from the deciduous broadleaf forest is the main
contributor to the primary sugars and sugar alcohols in the forest
aerosols. Mannitol is the dominant sugar alcohol in the samples.
Mannitol and arabitol showed peaks at spring due to the emissions
from growing plants, while microbes contributed both sugar alco-
hols in summer and autumn in the deciduous forest. Similarly, the
vegetation sources contributed to glucose and trehalose in spring,
while the microbial contribution was higher in autumn. Levoglu-
cosan was detected as a major anhydrosugar, showing clear sea-
sonal variations with maxima in winter and autumn and minimum
in summer. The local BB emission in winter and autumn were the
sources of BB tracers in the Sapporo forest. In addition, sucrose
concentration was significantly higher in spring due to the emis-
sion of pollen spores from flowering plants in the Hokkaido de-
ciduous forest.

PMF analyses demonstrated that local vegetations were a prime
source of SCs. Microorganisms also significantly contributed to SCs
in the deciduous forest. The BB contribution in Sapporo aerosol was
low and it is mostly from the local BB activities. The vegetation was
the major carbon source contributing to OC, while BB was the least
carbon source in the forest atmosphere. L/M ratios calculated for
the Sapporo aerosols suggest that softwood burning is the major
source of BB tracers. SCs are an essential component of OAs on a
global scale. Therefore, they were recognized as significant factors
that affect air quality and possibly climate. This study of SCs in the
deciduous forest indicates the high sensitivity of SCs to meteoro-
logical and thus climate changes, which have a considerable effect
on scattering and absorbing lights. We found lower levels of BB
tracers and their lessor contribution to SCs than other sugar com-
pounds in the Sapporo forest site.
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