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Abstract: Polycyclic aromatic hydrocarbons (PAHs) were detected in different types of PAH-containing
samples collected in Lake Baikal during wildfires in the adjacent areas. The set of studied samples
included the following: (i) water from the upper layer (5 m); (ii) water from the surface microlayer;
(iii) water from the lake tributaries; (iv) water from deep layers (400 m); and (v) aerosol from the
near-water layer. Ten PAHs were detected in the water samples: naphthalene, 1-methylnaphthalene,
2-methylnaphthalene acenaphthylene, acenaphthene, fluorene, phenanthrene, fluoranthene, pyrene,
and chrysene. The total PAH concentrations (ΣPAHs) were detected in a wide range from 9.3 to
160 ng/L, characterizing by seasonal, intersessional, and spatial variability. In September 2016, the
ΣPAH concentration in the southern basin of the lake reached 610 ng/L in the upper water layer
due to an increase in fluorene, phenanthrene, fluoranthene, and pyrene in the composition of the
PAHs. In June 2019, ΣPAHs in the water from the northern basin of the lake reached 290 ng/L,
with the naphthalene and phenanthrene concentrations up to 170 ng/L and 92 ng/L, respectively.
The calculation of back trajectories of the atmospheric transport near Lake Baikal, satellite images,
and ΣPAH concentrations in the surface water microlayer of 150 to 960 ng/L confirm the impact of
wildfires on Lake Baikal, with which the seasonal increase in the ΣPAH concentrations was associated
in 2016 and 2019. The toxicity of PAHs detected in the water of the lake in extreme situations was
characterized by the total value of the toxic equivalent for PAHs ranging from 0.17 to 0.22 ng/L, and
a possible ecological risk of the impact on biota was assessed as moderate.
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1. Introduction

The water crisis, a decline in the quality and quantity of water on the planet, is a
global problem of our time [1]. Wildfires are one of the main causes of the water crisis [2–5]
because they lead to hydrological and structural changes in the landscape [6,7] and to a
change in the composition of surface and ground waters [8–10]. An increase in the number
and intensity of wildfires, as well as in the areas of their distribution, seems to be a direct
consequence of global warming and climate change on the planet [11–17].

East Siberia has unique forest resources; forests cover an area of up to 2.2 million km2

and are subjected to a significant number of fires. Wildfires in Siberia have been recorded
from 2001 to 2019 in areas from 34,600 to 196,000 km2. From 2015 to 2019, fires engulfed
forests in areas of 62,500, 79,500, 44,400, 36,100, and 72,400 km2, respectively. In 2019,
fires in East Siberia were considered a global environmental disaster: forests in an area of
up to 72,400 km2 were engulfed in fire; the volumes of emissions of carbon dioxide and
fine РМ2.5 aerosol were ≈46 and ≈0.39, respectively [18]. During forest burning, not only
carbon dioxide is released into the atmosphere but also persistent organic pollutants (POPs)
that include polycyclic aromatic hydrocarbons (PAHs) as the main components.
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In the atmosphere and soil, the outcome of PAHs generated during fires has been
sufficiently studied [19–26], while studies of PAHs in surface and ground waters are
limited [8–10,27]. Water bodies located in clean background areas can be the optimal
study objects of the effect of fires on the surface waters because trace levels of the PAH
concentrations in these sites suggest a sharp response to the pollutants entering their
waters in extreme situations. Lake Baikal located in the southeast of Siberia was chosen as a
model for studying the impact of wildfires on surface waters. Lake Baikal covers an area of
31,700 km2, contains up to 20% of the world reserves of surface freshwaters, ≈23,600 km3,
and is the most important water resource on the planet. Water in the lake is clean, has
a low mineralization degree [28] as well as the minimum content of suspended organic
matter [29], and POPs [30]. In the studies of POPs in Baikal water, much attention was
paid to organochlorine pollutants [31–36], because these substances are resistant in the
environment and toxic to wildlife and humans. Systematic monitoring of PAHs in Baikal
water has not been carried out, despite the presence of anthropogenic and natural sources
of the substances of this class in its ecosystem.

In the Baikal aerosol, PAHs are trace components in the aerosol composition, and their
content does not exceed 0.05%. Above the Baikal water surface, the ΣPAH concentrations
range from 0.10 to 0.61 ng/m3; in the atmosphere of the cities and settlements on the coast
of the lake, it is up to 1.7 ng/m3 [37,38]. Regional transport of polluted air masses from the
industrial zone of the Baikal region is considered one of the sources of anthropogenic POPs
entering the water area of the southern basin of Lake Baikal. Examination of pine needles
(Pinus sylvestris L.) as a bioindicator of air pollution revealed that the contribution from of
the regional transport of the PAHs to the air pollution of the southern part of Lake Baikal is
insignificant and comparable with the input local sources along the coast [39].

Anthropogenic sources of PAHs are represented by atmospheric emissions from small
heating plants and house stoves on the coast of Lake Baikal [40]. Natural sources of PAHs
include wildfires in the adjacent areas and natural oil seepages in the aquatic ecosystem of
Lake Baikal. The composition of oil entering Baikal water during the deep-water discharge
is characterized by a wide range of hydrocarbons, containing PAHs. We have shown that
the influx of oil to Baikal water takes place at the limited sites of the lake, and the water
pollution is localized [41–44]. At the same time, wildfires as sources of PAHs are discussed
for the first time, and the impact of wildfire smoke plumes on the water area of Lake Baikal
is possible over a large area of the water surface. To assess the impact of wildfires on
surface waters in background areas, PAHs were monitored in Baikal water from 2015 to
2020. This period included seasons of intense fires as well as time intervals before and after
their occurrence. The block of studied samples included: (i) water from the upper layer
(5 m); (ii) water from surface microlayer; (iii) water from the lake tributaries; (iv) water
from deep layers (400 m), and (v) aerosol from the near-water layer. The detected PAH
concentrations in the selected samples allowed us to assess the level of PAHs in surface
water during periods of exposure to forest fires, the toxicity of detected PAHs, and the
possible ecological risk for biota.

2. Materials and Methods

Water samples from the pelagic zone of Lake Baikal were collected by an SBE-32
cassette sampler (Carousel Water Sampler, Sea-Bird Electronics, Bellevue, WA, USA) at
21 stations from a 5 m water layer and at 3 stations (6, 11, and 16) from a 400 m water layer
(Figure 1a) in June 2015, June and September 2016, June 2018, and June and September
2019–2020. The water samples from the lake’s tributaries, stations A–E (Figure 1b), were
taken from the water surface at the estuaries of the rivers. The two samples at each station
were taken in 1 L glass bottles, to which 0.5 mL of a 1 M aqueous solution of sodium
azide (Merck, Darmstadt, Germany) was added as a preserving agent. Water bottles were
closed with a lid with an aluminium foil gasket and stored at 5 ◦C until laboratory analysis.
Samples of the upper water layer of the Barents Sea and the East Siberian Sea were collected
during the “Arctiс-2018” marine expedition in August–September 2018. Water was taken
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from the upper water layer (10 m) using a Seabird SBE-32 cassette sampler at 26 stations.
The two samples at each station were taken in 100 mL glass bottles. Samples of the Baikal
surface water microlayer were taken according to the method given in [44] during the
intense wildfires on the lake’s coast in 2015 and in the northern areas of Siberia in 2019
as well as during the minimum number of fires in the adjacent territories in August 2018.
Samples of aerosol from the near-water layer were collected on a glass microfiber filter
(Watman EPM 2000, dimensions 17 × 21 cm) using a volume air sampler (ModelРМ-
10 Andersen Samplers, Inc, Atlanta, GA, USA) on board the research vessel during the
expeditions throughout Lake Baikal in July–August 2016, 2019, and 2020. Each filter was
wrapped in an aluminum foil envelope and placed in a sealable plastic bag until use. Filter
blanks were assessed in the same manner as the sampling procedure. The filters were
stored at −20 ◦C until chemical analysis.
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Figure 1. Map of Lake Baikal and sampling sites: (a) Water sampling stations in the pelagic zone of
Lake Baikal; (b) Water sampling stations in the tributaries in the southern basin of Lake Baikal.

PAHs were extracted with 25 mL of n-hexane from 1 L of unfiltered water because the
concentration of suspended particles does not exceed 0.01 to 0.05% in Baikal water. PAHs
on the filters with aerosol were extracted with 30 mL of n-hexane in an ultraviolet bath
for 30 min. Before extraction, a mixture of deuterated naphthalene-d8, acenaphthene-d10,
phenanthrene-d10, chrysene-d12, and perylene-d12 (Supelco, Bellefonte, PA, USA) was
added to water samples and filters (20 µL mixture, 1 ng/µL of each). A 1 mL aliquot
was taken from the first extract; then, the extraction of water was repeated, and extracts
were combined. The aliquot and the combined extract were dried over sodium sulfate;
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the extract was concentrated on a rotary evaporator up to a volume of ≈1 mL and then
in argon flux up to a volume of ≈0.1 mL. Samples of the surface microlayer and water
samples collected in the Arctic area were analyzed using the technique given in [45], which
differed in the extraction of PAHs from 100 mL of water with 1 mL of n-hexane and
GC-MS/MS analysis of the extracts without their concentration [46]. The detection of
PAHs in water samples collected in the Arctic area included the extraction of PAHs on
board the research vessel followed by the determination of analytes in the extract in the
laboratory at Limnological Institute SB RAS. Polychlorinated biphenyls (PCBs) in the water
of Lake Baikal were determined as described in [47]. On filters with an aerosol, PCBs were
determined according to the method used for the determination of PAHs, and a mixture
of PCB indicator congeners Marker-7 PCB Mixture, 13C (Cambridge Isotope Laboratories,
Inc., Shirley, NY, USA) was used as internal surrogate standards (10–30 µL, 0, 1 ng/µL
each).

The aliquots and extracts were analyzed using an Agilent Technologies 7890B GC
System 7000C GC-MS Triple Quad chromatography-mass spectrometer with an OPTIMA®

17 ms Macherey-Nagel capillary column (30 m × 0.25 mm × 0.25 µm). PAH and PCB
peaks were recorded using the MRM mode [46,47]. The limits of determination (LOD) of
PAHs and PCB in the water were estimated at 1.0–01 ng/L and 0.01–0.02 ng/L [45,46]; on
filters with an aerosol, they were 2.0 and 0.02 pg/m3, respectively. The LOD method was
assessed based on the peak-to-peak signal to noise response of each of the PAH and PCB
peaks and at the lowest standard concentration. Values for S/N >10 were employed to
determine the limit of quantitation (LOQ) for each target compound. The presence of PAH
traces in extractant (n-hexane) was considered a systematic error of the determination; it
was subtracted from the results of the analysis. Relative standard deviation (RSDRl) for the
determination procedure ranged from 15% to 25% for individual PAHs and from 17% to
35% for individual indicator congeners: Nos 28, 52, 101, 118, 138, 153, and 180.

The toxic equivalent (TEQ) for PAHs was calculated using the following equation:

TEQ = Ci × TEFi

where Ci (ng/L) and TEFi are the concentrations and toxic equivalent factors (TEFs) of the
individual PAHs with relevance to benzo[a]pyrene [48].

Risk quotient (RQ) was applied to evaluate the eco-toxicity of water contamination
after exposure to wildfire. The negligible concentration (NCs) and the maximum permissi-
ble concentrations (MPCs) of individual PAHS were used as the quality values (Table S1)
[49–51].

RQNCs = Ci/NCs

RQMPCs = Ci/MPCs

where RQNCs is the negligible concentrations (NCs) for individual PAHs; RQMPCs is the
maximum permissible concentrations (MPCs) for individual PAHs; Ci is the concentration
of PAHs detected in water, ng/L.

Statistical analysis was performed with the vegan package [52] using the R language
(R Core Team). RDA analysis (redundancy analysis) was used to compare the PAH compo-
sition in different water samples by sampling site, year, and month.

PAHs influx of PAHs with the waters of the tributaries (MPAHs) was calculated using
the following equation:

MPAHs = VWR × ΣPAHs

where VWR is the volume of water flow during a month, km3; data are from the Russian
Hydrometeorological Service [53]; ΣPAHs is the total concentration of PAHs determined in
the waters of the tributaries, kg/km3.

Back trajectories of the air transport near Lake Baikal were calculated using the
HYSPLIT model [54] and the data from the Russian Hydrometeorological Service [53].
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In the analysis of the results of PAH monitoring in Baikal water, the following charac-
teristics were taken into account: (i) water in the southern basin of the lake is more exposed
to anthropogenic pollution from local and regional sources than water in the northern
basin; (ii) water mixing between the basins is limited [55]; (iii) in the central basin, there is
the Gorevoy Utes natural deep-water oil seepage characterized by the influx of crude oil to
the lake’s water; (iv) the Selenga River, the largest tributary of the lake, flows within the
central basin, the water of which is a potential source of POPs in the aquatic ecosystem of
Lake Baikal.

3. Results and Discussion
3.1. PAHs in the Upper Layer of the Pelagic Zone of Lake Baikal

Ten compounds represented the qualitative composition of the PAH fraction detected
in the upper water layer of the pelagic zone of Lake Baikal, including naphthalenes (naph-
thalene, 1-methylnaphthalene, and 2-methylnaphthalene), acenaphthylene, acenaphthene,
fluorene, phenanthrene, fluoranthene, pyrene, and chrysene. Naphthalenes were the
dominant components in the PAH fraction, the total concentrations of which reached
4.8 to 16 ng/L (from 50 to 80% of ΣPAHs). Benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[e]pyrene, benzo[a]anthracene, and anthracene were identified in single samples at
a concentration level from three to five times exceeding the limit of detection for PAHs
(LOD = 0.1 ng/L).

The total concentrations of ΣPAHs were estimated over a wide range of concentrations
(Figure 2a, Table S2), which is characterized by seasonal, interseason, and spatial variability.
The extreme concentrations of ΣPAHs were recorded in September 2016, in the southern
basin of Lake Baikal, and in June 2019, in the northern basin of Lake Baikal (Figure 2b). In
the pelagic zone of the southern basin, the mean ΣPAH value was higher than the median
of the range of the detected concentrations (210 ng/L—the mean value and 150 ng/L—the
median), which indicated the presence of individual areas with high concentrations of
pollutants. In particular, at stations 2 and 4 (3 km from the north and south coasts of
the southern basin, Figure 1a), the ΣPAH concentrations in the collected samples reached
480 and 610 ng/L. The high level of ΣPAHs was due to an increase in the total fraction
of fluorene, phenanthrene, fluoranthene, and pyrene (from 85 to 95% of ΣPAHs). At the
same time, at stations 5 and 7, the ΣPAHs concentrations were by an order of magnitude
lower and corresponded to the range from 23 to 39 ng/L, with an increase in the share
of naphthalenes in the composition (from 21 to 40% of ΣPAHs). In June 2019, the ΣPAH
concentrations in the water samples from the northern basin reached 290 ng/L, and the
high PAH concentrations, up to 20 times higher than the background (the 2020 season)
were recorded at all sampling stations (230 ng/L—the mean value and 260 ng/L—the
median). In contrast to the situation in the southern basin of the lake in September 2016,
samples with high PAH concentrations had a maximum naphthalene fraction (from 110 to
170 ng/L and from 50 to 62% of ΣPAHs) and the elevated phenanthrene concentrations
(from 66 to 92 ng/L and from 28 to 35% of ΣPAHs).
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Obviously, the change in the ratio of individual PAHs is associated with the influx
of pollutants from different sources. In this context, the 2016 data on the southern basin
can be associated with the local transport of the smoke from wildfires that took place in
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that season on the coast of the lake, whereas an increase in the PAH concentrations in
the water of the northern basin in 2019 due to light naphthalenes—with the long-range
atmospheric transport of the wildfire smoke from the northern areas of the Baikal natural
territory [18,56].
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3.2. PAHs in the Baikal Aerosol

An increase in the PAH concentrations in the upper water layer of the pelagic zone of
the lake in 2016 and 2019 can be explained as a result of the impact of plumes from wildfires
in the adjacent areas of the water area of Lake Baikal. These seasons [18] were distinguished
by the most severe wildfires. In July 2016, the fires were recorded in an area of 28,100 km2,
and in September, they were recorded in an area of 14,100 km2. In the samples of aerosol
from the near-water atmospheric layer taken in July along the west coast of the southern
basin of Lake Baikal, the ΣPAHs concentration reached 130 ng/m3; in the samples collected
in the northern basin of Lake Baikal, the ΣPAH concentrations were lower by several orders
of magnitude and did not exceed 0.84 to 8.9 ng/m3. The calculations of back trajectories of
air mass transport using the HYSPLIT model and satellite imagery for this period (Figure 4)
confirms the transport of smokes from fires to the water area of the southern part of Lake
Baikal and, hence, the source of the extreme ΣPAH concentrations in the aerosol and the
upper water layer of the pelagic zone of the southern basin in 2016.

In May 2019, wildfires in the north of the Irkutsk Region were recorded in an area
of 8600 km2, whereas in July, the areas of fires reached 28,000 km2 (Figure 5a), and in
September, they decreased to 1700 km2 [18]. The calculation of back trajectories of air mass
transport (Figure 5b) testified to the possibility of combustion products entering the water
area of the northern basin of Lake Baikal. In the samples of aerosol collected at station
21 (Figure 1a) during northerly winds, the ΣPAHs concentrations ranged from 0.17 to
3.9 ng/m3. In the samples of water from the upper water layer collected in the pelagic zone
of the northern basin in June before the intense fires in the north of the region, at stations
17, 19, 20, and 21, the PAHs concentrations ranged from 130 to 290 ng/L (the average
value is up to three times higher than the average value for ΣPAH concentrations in the
southern basin during this period). Notably, in September, the areas of fires reduced to
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1700 km2, and the ΣPAH concentrations in the upper water layer decreased by a factor
of eight, confirming the insignificant contribution from wildfires in the northern areas of
Siberia to the concentration of PAHs in Baikal water.
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In the composition of the aerosol PAH fraction, 19 compounds were detected (Table S3),
which were distinguished by significant characteristics confirming the atmospheric trans-
port of PAHs with smoke from wildfires. Indicator ratios of the detected PAHs (anthracene—
phenanthrene, fluoranthene—pyrene and benzo[a]anthracene—chrysene) indicated the
wood combustion processes and wood soot as sources of the detected polyarenes (Table S4).
The ratio of benzopyrenes, benzo[e]pyrene to benzo[a]pyrene, taking into account the rapid
degradation of the latter in the atmosphere, confirms the atmospheric transport of the
detected PAHs. In the aerosol fraction, we detected perylene, the presence of which in
the atmosphere is associated with soil dust, because the soil contains significant amounts
of perylene due to the biodegradation of vegetation [58]. The perylene concentration
less than 0.002 ng/m3 indicates the minimum contribution of terrigenous material to the
aerosol composition. Notably, retene in the composition of the PAH fraction was at a high
concentration level, up to 0.33 ng/m3. Retene results from a high-temperature degradation
of resinous wood substances [59], and its significant amounts in the aerosol reflect the
inclusion of combustion products of forests in East Siberia where coniferous species (Pinus
sylvestris L and Larix sibirica) are dominant (up to 80%).

3.3. Wildfire Effects on the Surface and Watershed Basin of Lake Baikal

A high level of the ΣPAH concentrations in aerosol above the water surface and
a 3.5-fold increase in transport rates of airborne particulate matter onto the surface of
Lake Baikal are of key importance for explaining the phenomenon of the appearance of
the extreme concentrations of pollutants in the upper water layer. During the period of
cleaning the atmosphere, the transport of airborne solid particles to the surface of Lake
Baikal within 24 h was estimated at 41 µg/m2; during large fires, it was 150 µg/m2 [56].
Increased flux of aerosol particles from the atmosphere was recorded with the appearance
of the spots of soot and ash on the water surface and the growth in the PAH concentrations
in the microlayer of the water surface, up to 960 ng/L. In seasons with the minimum
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impact of wildfires on the water area of Lake Baikal, the ΣPAH concentration in the surface
microlayer did not exceed 50 to 60 ng/L but were by an order of magnitude higher than
in the Antarctic areas (Gerlache Inlet Sea, from 6.0 to 9.1 ng/L [60]). In the surface water
microlayer near seaports and harbors characterized by high anthropogenic pressure, the
PAH concentrations can reach from 6000 to 17000 ng/L (Chesapeake Bay USA [61], the
harbor of Los Angeles [62], Leghorn Italy [63]).

The minimum PAH concentrations recorded during the 2020 season in the pelagic
zone of Lake Baikal were grouped separately (Figure 2b) and assessed as corresponding to
the global background level and the global atmospheric transport—as a dominant source
that determines the PAH concentrations in the Baikal aerosol and the surface waters of
Lake Baikal at the trace level. In the upper water layer of the lake’s pelagic zone, the
Σ8PAH (hereinafter the total PAH concentrations among the 16 priority substances are
presented) concentrations ranged from 6.0 to 21 ng/L (Table 1); in the upper water layers
of the Barents Sea and East-Siberian Sea, Σ8PAHs ranged from 16 to 60 ng/L, and in the
Antarctic region, Σ13PAHs ranged from 5.3 to 9.4 ng/L (Gerlache Inlet Sea) [60]. In the
Arctic aerosol, the Σ16PAH concentrations ranged from 0.57 to 0.86 ng/m3 [64], and the
Σ16PAH concentrations in the aerosol above the water surface of Lake Baikal ranged from
0.09 to 0.58 ng/m3.

Polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins, and dibenzofu-
rans detected in wildfire smoke [8,65] indicate wildfires as a potential source of organochlo-
rine pollutants. In the summer seasons of 2019 and 2020 (seasons of intense fires and after
their occurrence), the total concentrations of the seven indicator PCB congeners (Σ7PCB)
in the Baikal aerosol above the water surface were comparable and ranged from 0.09 to
1.9 pg/m3 (with equal mean values and medians, Table S7). At the same time, the Σ19PAH
concentrations in the aerosol of the 2019 summer season reached values that were 2.5 times
higher than during the 2020 season (Table S3). In the upper water layer of Lake Baikal,
PCBs were detected in the Σ7PCB concentration range from 0.07 to 0.34 ng/L [47], which
corresponds to the previous one determined in 1992–1993 (from 0.08 to 1.9 ng/L) and
is estimated as background [31–33]. Apparently, PCBs detected in Baikal waters are not
associated with wildfires in the adjacent areas.

Table 1. PAH concentration in the surface waters of the world.

Area ΣPAHs, ng/L Reference

Timor Sea, Australia Σ1554,000–213,000, mean 100,000 [66]
Jiulong River Estuary and west

Xianmen Sea, China Σ167000–27,000, mean 1700 [67]

Poyng Lake, China Σ165.6–270 [68]
Hooghly and Brahmaputra Rivers,

India Σ164000–4800, mean [69]

Sarno River, Italy Σ1623–2700, mean 740 [70]
Rivers in the north of France,

Belgium Σ161500–7800 [71]

Daya Bay, China Σ164200–29,000 [72]
Langkawi Island, Malaysia Σ186100–46,000, mean 25,600 [73]

Coastal streams, American Samoa Σ930–380 [74]
Ikpa River Basin, Niger Σ16580–900 [75]
Almendares River, Cuba Σ14800–16,000 [76]

Angara River, Russia Σ1036–95 [46]
Baltic Sea, Europe Σ152.6–7.7 [77]

Gerlache Inlet Sea, Antarctica Σ135.3–9.4, mean 7.1 [60]
Lake Baikal, Russia Σ86.0–21, mean 12 This study

Arctic (Barents Sea, East Siberian
Sea), 2018 Σ816–60, mean 32 This study

The plume of wildfire smoke above the Baikal natural territory affects not only the
upper water layer of the lake but also its watershed basin. The tributaries of Lake Baikal,
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which have extensive watershed areas on the slopes of the Hamar–Daban mountain range,
from 60 to 3000 km2 in the southern part and from 600 to 21,000 km2 in the northern part of
the Baikal natural territory [55], in this case, are the potential sources of PAHs in the aquatic
ecosystem of the lake. During the monitoring of PAHs in estuarine waters of the Utulik,
Solzan, Khara-Murin, Snezhnaya, and Pereemnaya rivers (Figure 1b), ΣPAH concentrations
ranged from 15 to 45 ng/L (43 ng/L—the mean value and 30 ng/L—the median). The
composition of PAHs in the waters of the tributaries (Table S5) is similar to the compo-
sition of PAHs in Baikal water and demonstrates a high concentration of naphthalenes
(from 45 to 80% of ΣPAHs). High molecular weight PAHs such as benzo[b]fluoranthene,
benzo[k]fluoranthene, and benzo[e]pyrene were detected at a level less than 1.0 ng/L (2.5%
of ΣPAHs) in individual samples.

The exception was the 2019 season, during which there was an increase, up to the
four-fold mean value, in the ΣPAH concentrations in the waters of the tributaries for the
observation period (from 2016 to 2021). In May, the ΣPAH concentrations in the tributaries
of the southern basin increased to 110 ng/L; in September, they increased to 140 ng/L at
the estuaries of the rivers in the northern basin, the Kichera and the Tompuda. An increase
in the PAH concentrations was associated with an increase of naphthalenes in the total
concentration (up to 94% of ΣPAHs). During the impact of the wildfire smoke plume on
the watershed basins, the ΣPAH concentrations in waters of the tributaries could be higher
than or comparable to the pelagic zone of the lake (Figure 6a,b). The calculation of the
amount of the PAH release into Lake Baikal has revealed that PAH entering the lake with
the elevated concentrations of pollutants in waters of the tributaries up to 18 kg for 30 days
(Table S6) are extremely minor compared to the volume of the lake water masses and can
increase the concentration of pollutants in the upper water layer (from 0 to 200 m) by less
than ≈0.001% to 0.05%.
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3.4. Toxicity and Risk Assessment

At the elevated PAH concentrations in Baikal water, no pollutants with carcinogenic
properties such as benzo[a]pyrene and dibenzo[a,h]anthracene (above LOD of 0.1 ng/L)
were detected in the polyarene fraction. In particular, the LOD value of benzo[a]pyrene
corresponds to 0.01 of the maximum permissible concentrations (MPC, 10 ng/L) established
for this pollutant in drinking water in the European Union and Russia [78,79]. The toxicity
of PAHs in the water of the lake and possible ecological risks under conditions of an
increase in their concentrations were assessed by the total toxic equivalent (ΣTEQ) and the
values of risk quotient (RQ) proposed in [49–51]. The mean values of ΣTEQ for PAHs in the
southern basin in 2016 and in the northern basin in 2019 were up to 15 times higher than the
background but were down to 50 times lower than MPC. Acenaphthylene, acenaphthene,
fluorene, and fluoranthene (80% of ΣTEQ) were dominant in the ΣTEQ value for PAHs in
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the water of the southern basin in 2016, whereas in the northern basin in 2019, naphthalene
and phenanthrene made the maximum contribution to ΣTEQ (Table S8).

Risk quotient (RQ) was applied to evaluate the eco-toxicity of water pollution. The
negligible concentrations (NCs) and the maximum permissible concentrations (MPCs) of
individual PAHs and the total PAHs are shown in Table S9. During the 2020 season, the
mean RQNCs values were <1 for the total PAHs in the upper layer of the pelagic zone
(Figure 7). The concentrations of acenaphthene and fluorene were an exception, for which
the RQNCs value was >1. Evaluation by the RQMPCs criterion, taking into account MPCs of
individual PAHs, confirmed a negligible eco-risk effect for biota with the background PAH
concentration. With an increase in the PAH concentrations in 2016 and 2019, the RQNCs
values for the individual and total concentrations of the detected PAHs were >1, except
for naphthalene and chrysene (September 2016) as well as acenaphthylene and chrysene
(June 2019), for which the RQNCs values were <1. We estimate the ecological risk for biota
under the impact of the plume of wildfire smoke on the surface Baikal water as moderate
(RQMPCs < 1).
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Importantly, the seasonal increases in the PAH concentrations in the surface water re-
sulting from the impact of wildfires do not lead to significant changes in the concentrations
of pollutants in deep layers. During the monitoring of PAHs from 2015 to 2020 in the water
column of the lake (400 m), the ΣPAH concentrations corresponded to a narrow range of
the Σ10PAH values, from 12 to 51 ng/L, and they were comparable with the background
concentration of pollutants of this class in the upper water layer (Table S10).

The preservation of the purity of Baikal water after the impact of wildfire smoke on
its surface water is one of the lake’s phenomena, which is associated with the presence
of appropriate mechanisms in its ecosystem. PAHs entering the neuston of the water
surface undergo biodegradation. Model experiments have indicated that communities of
Baikal microorganisms effectively biodegrade naphthalenes (up to 95–97%) within five
days [45]. Moreover, the Synedra acus subsp. Radians diatoms, the dominant species of
Baikal phytoplankton, accumulated PAHs in their lipid bodies [80].
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4. Conclusions

Ten compounds represent polycyclic aromatic hydrocarbons in the upper water layer
of the pelagic zone Lake Baikal: naphthalene, 1-methylnaphthalene, 2-methylnaphthalene
acenaphthylene, acenaphthene, fluorene, phenanthrene, fluoranthene, pyrene, and chry-
sene. The total concentration of the detected PAHs varies in the wide range from 9.3 to
160 ng/L, characterizing by seasonal, inter-seasonal, and spatial variability. The concen-
tration level of priority PAHs (Σ8PAHs: 6.0–21 ng/L) recorded during the 2020 season is
comparable with the concentration of pollutants of this class in the Arctic and Antarctic
waters and is estimated as background. The results of the analysis of aerosol samples from
the near-water layer and samples of surface water of the microlayer, as well as the calcula-
tion of back trajectories of air transport near Lake Baikal and satellite images, indicate the
impact of wildfires in adjacent areas on Lake Baikal and, consequently, wildfires appear
to be a natural source of PAHs in Baikal water, with which a seasonal increase in ΣPAH
concentrations was associated in 2016 and 2019. The ratio of individual PAHs in water
samples distinguished by extreme ΣPAH concentrations indicate the influx of pollutants
from various sources. In particular, in 2016, the transport of PAHs to the lake’s water in
the southern basin was from local sources (wildfires on the lake’s coast), and in 2019, the
influx of PAHs to the northern part of the lake was due to the long-range atmospheric
transport from the northern areas of Siberia. The influx of PAHs from the atmosphere is the
main channel of the impact of wildfires on the cleanness of water in the lake. The Baikal
tributaries, whose water areas are under the influence of plumes from wildfire smoke, do
not significantly affect the PAH concentrations in Baikal water. Notably, the increase in the
PAH concentrations is of seasonal nature and detected in the upper water layers of the lake.
The toxicity of PAHs detected in extreme situations is up to 50 times lower than the MPC
level, and the ecological risk for biota during these periods is moderate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13192636/s1. Table S1: Toxicity equivalency factors (TEF), rick quotient for negligible
concentrations (RQNSs), and rick quotient for the maximum permissible concentrations (RQMPCs)
of the individual and total PAHs in water; Table S2: Concentration range (mean/median) for the
detected PAHs in the upper water layer of the pelagic zone of Lake Baikal (the monitoring from
2015 to 2020); Table S3: Concentration range for the detected PAHs in the aerosol above the water
surface; Table S4: PAH ratios in Baikal aerosol during wildfires in adjacent areas; Table S5: ΣPAH
concentrations in waters of the tributaries of Lake Baikal; Table S6: Estimation of the influx of PAHs to
Lake Baikal with the Baikal tributaries; Table S7: The concentration range for detected PCB indicator
congeners in aerosol above the water surface; Table S8: The benzo[a]pyrene equivalent concentrations
of PAHs in the upper water layer of the pelagic zone of Lake Baikal: Table S9: Risk quotient for
negligible concentrations (RQNSs) and the maximum permissible concentrations (RQMPCs); Table S10.
Concentration ΣPAHs in the water column of Lake Baikal (400 m), ng/L.

Author Contributions: A.G.G.: the idea of the study, methodology, writing, and preparation of the
original draft; O.N.I. and O.V.K.: water sampling, chromatography-mass spectrometric analysis;
I.I.M.: aerosol sampling, chromatography-mass spectrometric analysis; Y.P.G.: statistical analysis;
V.N.S.: estimation of the influx of PAHs to Lake Baikal; T.V.K.: the idea of the study and assistance in
analysing the results. All authors have read and agreed to the published version of the manuscript.

Funding: This study was carried out within the framework of the State Task, project No. 0279-2021-
0005 (121032300224-8) and project No. 0279-2021-0014 (121032300199-9). Water sampling in the
Arctic was carried out within the Russian Federation State Programme No. 326 of 15 September 2014
“Organization and support of work and scientific research in the Arctic and Antarctic of the state
program of the Russian Federation Environmental protection”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/w13192636/s1
https://www.mdpi.com/article/10.3390/w13192636/s1


Water 2021, 13, 2636 13 of 16

Data Availability Statement: We acknowledge the use of imagery from the NACA Worldview
application (https://worldview.earthdate.nasa.gov), part of the NACA Earth Observing System Date
and Information System (EOSDIS).

Acknowledgments: Chromatography mass spectrometry analysis was carried out in the Collective
Instrumental Center “Ultramicroanalysis” at Limnological Institute SB RAS.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Economic Forum. Global Risks 2015, 10th ed.; World Economic Forum: Geneva, Switzerland; Available online: https:

//www.weforum.org/reports/global-competitiveness-report-2015 (accessed on 24 September 2021).
2. Bladon, K.D.; Emelko, M.B.; Silins, U.; Stone, M. Wildfire and the future of water supply. Environ. Sci. Technol. 2014, 48, 8936–8943.

[CrossRef]
3. Jolly, W.M.; Cochrane, M.A.; Freeborn, P.H.; Holden, Z.A.; Brown, T.J.; Williamson, G.J.; Bowman, D.M.J.S. Climate-induced

variations in global wildfire danger from 1979 to 2013. Nature. Commun. 2015, 6, 7537. [CrossRef]
4. Martin, D.A. At the nexus of fire, water and society. Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150172. [CrossRef] [PubMed]
5. Robinne, F.N.; Miller, C.; Parisien, M.A.; Emelko, M.B.; Bladon, K.D.; Silins, U.; Flannigan, M. A global index for mapping the

exposure of water resources to wildfire. Forests 2016, 7, 22. [CrossRef]
6. White, I.; Wade, A.; Worthy, M.; Mueller, N.; Daniell, T.; Wasson, R. The vulnerability of water supply catchments to bushfires:

Impacts of the January 2003 wildfires on the Australian Capital Territory. Austral. J. Water Resour. 2006, 10, 179–194. [CrossRef]
7. Shakesby, R.A.; Doerr, S.H. Wildfire as a hydrological and geomorphological agent. Earth–Sci. Rev. 2006, 74, 269–307. [CrossRef]
8. Smith, H.G.; Sheridan, G.J.; Lane, P.N.J.; Nyman, P.; Haydon, S. Wildfire Effects on water quality in forest catchments: A review

with implications for water supply. J. Hydrol. 2011, 396, 170–192. [CrossRef]
9. Mansilha, C.; Carvalho, A.; Guimaraes, P.; Marques, E. Water Quality Concerns Due to Forest Fires: Polycyclic Aromatic

Hydrocarbons (PAH) Contamination of Groundwater from Mountain Areas. J. Toxicol Environ. Health A 2014, 77, 806–815.
[CrossRef]

10. Mansilha, C.; Duarte, C.G.; Melo, A.; Ribeiro, J.; Flores, D.; Marques, G.E. Impact of wildfire on water quality in Caramulo
Mountain ridge (Central Portugal). Sustain. Water Resour. Manag. 2019, 5, 319–331. [CrossRef]

11. Westerling, A.L.; Hidalgo, H.G.; Cayan, D.R.; Swetnam, T.W. Warming and Earlier Spring Increase Western U.S. Forest Wildfire
Activity. Science 2006, 313, 940–943. [CrossRef]

12. Emelko, M.B.; Silins, U.; Bladon, K.D.; Stone, M. Implications of land disturbance on drinking water treatability in a changing
climate: Demonstrating the need for “source water supply and protection” strategies. Water Res. 2011, 45, 461–472. [CrossRef]

13. Carvalho, A.; Monteiro, A.; Flannigan, M.; Solman, S.; Miranda, A.I.; Borrego, C. Forest fires in a changing climate and their
impacts on air quality. Atmos. Environ. 2011, 45, 5545–5553. [CrossRef]

14. Verkaik, I.; Rieradevall, M.S.; Cooper, D.; Melack, J.M.; Dudley, T.L.; Prat, N. Fire as a disturbance in mediterranean climate
streams. Hydrobiologia 2013, 719, 353–382. [CrossRef]

15. Doerr, S.H.; Santin, C. Global trends in wildfire and its impacts: Perceptions versus realities in a changing world. Philos. Trans. R.
Soc. B Biol. Sci. 2016, 371, 20150345. [CrossRef]

16. Sankey, J.B.; Kreitler, J.; Hawbaker, T.J.; McVay, J.L.; Miller, M.E.; Mueller, E.R.; Sankey, T.T. Climate, wildfire, and erosion
ensemble foretells more sediment in western USA watersheds. Geophys. Res. Lett. 2017, 44, 8884–8892. [CrossRef]

17. Nunes, J.P.; Doerr, S.H.; Sheridan, G.; Neris, J.; Santín, C.; Emelko, M.B.; Silins, U.; Robichaud, P.R.; Elliot, W.J.; Keizer, J. Assessing
water contamination risk from vegetation fires: Challenges, opportunities and a framework for progress. Hydrol. Process. 2018, 32,
687–694. [CrossRef]

18. Voronova, O.S.; Zima, A.L.; Kladov, V.L.; Cherepanova, E.V. Anomalous Wildfires in Siberia in Summer 2019. Izv. Atmos. Ocean.
Phys. 2020, 56, 1042–1052. [CrossRef]

19. García-Falcón, M.S.; Soto-González, B.; Simal-Gándara, J. Evolution of the Concentrations of Polycyclic Aromatic Hydrocarbons
in Burnt Woodland Soils. Environ. Sci. Technol. 2006, 40, 759–763. [CrossRef] [PubMed]

20. Kim, E.J.; Choi, S.D.; Chang, Y.S. Levels and patterns of polycyclic aromatic hydrocarbons (PAHs) in soils after forest fires in
South Korea. Environ. Sci. Pollut. Res. 2011, 18, 1508–1517. [CrossRef] [PubMed]

21. Vergnoux, A.; Malleret, L.; Asia, L.; Doumenq, P.; Theraulaz, F. Impact of forest fires on PAH level and distribution in soils.
Environ. Res. 2011, 111, 193–198. [CrossRef] [PubMed]

22. Vicente, A.; Alves, C.; Monteiro, C.; Nunes, T.; Mirante, F.; Evtyugina, M.; Cerqueira, M.; Pio, C. Measurement of trace gases and
organic compounds in the smoke plume from a wildfire in Penedono (central Portugal). Atmos. Environ. 2011, 45, 5172–5182.
[CrossRef]

23. Choi, S.-D. Time trends in the levels and patterns of polycyclic aromatic hydrocarbons (PAHs) in pine bark, litter, and soil after a
forest fire. Sci. Total Environ. 2014, 470–471, 1441–1449. [CrossRef]

24. Campos, I.; Abrantes, N.; Keizer, J.J.; Vale, C.; Pereira, P. Major and trace elements in soils and ashes of eucalypt and pine forest
plantations in Portugal following a wildfire. Sci. Total Environ. 2016, 572, 1363–1376. [CrossRef] [PubMed]

https://worldview.earthdate.nasa.gov
https://www.weforum.org/reports/global-competitiveness-report-2015
https://www.weforum.org/reports/global-competitiveness-report-2015
http://doi.org/10.1021/es500130g
http://doi.org/10.1038/ncomms8537
http://doi.org/10.1098/rstb.2015.0172
http://www.ncbi.nlm.nih.gov/pubmed/27216505
http://doi.org/10.3390/f7010022
http://doi.org/10.1080/13241583.2006.11465291
http://doi.org/10.1016/j.earscirev.2005.10.006
http://doi.org/10.1016/j.jhydrol.2010.10.043
http://doi.org/10.1080/15287394.2014.909301
http://doi.org/10.1007/s40899-017-0171-y
http://doi.org/10.1126/science.1128834
http://doi.org/10.1016/j.watres.2010.08.051
http://doi.org/10.1016/j.atmosenv.2011.05.010
http://doi.org/10.1007/s10750-013-1463-3
http://doi.org/10.1098/rstb.2015.0345
http://doi.org/10.1002/2017GL073979
http://doi.org/10.1002/hyp.11434
http://doi.org/10.1134/S000143382009025X
http://doi.org/10.1021/es051803v
http://www.ncbi.nlm.nih.gov/pubmed/16509315
http://doi.org/10.1007/s11356-011-0515-3
http://www.ncbi.nlm.nih.gov/pubmed/21553034
http://doi.org/10.1016/j.envres.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20149913
http://doi.org/10.1016/j.atmosenv.2011.06.021
http://doi.org/10.1016/j.scitotenv.2013.07.100
http://doi.org/10.1016/j.scitotenv.2016.01.190
http://www.ncbi.nlm.nih.gov/pubmed/26875605


Water 2021, 13, 2636 14 of 16

25. Wentworth, G.R.; Aklilua, Y.-A.; Landisb, M.S.; Hsu, Y.-M. Impacts of a large boreal wildfire on ground level atmospheric
concentrations of PAHs, VOCs and ozone. Atmos. Environ. 2018, 178, 19–30. [CrossRef]

26. Berthiaume, A.; Galarneau, E.; Marson, G. Polycyclic aromatic compounds (PACs) in the Canadian environment: Sources and
emissions. Environ. Pollut. 2021, 269, 116008. [CrossRef] [PubMed]

27. Olivella, M.A.; Ribalta, T.G.; de Febrer, A.R.; Mollet, J.M.; de Las Heras, F.X.C. Distribution of polycyclic aromatic hydrocarbons
in riverine waters after Mediterranean forest fires. Sci. Total Environ. 2006, 355, 156–166. [CrossRef] [PubMed]

28. Domysheva, V.M.; Sorokovikova, L.M.; Sinyukovich, V.N.; Onishchuk, N.A.; Sakirko, M.V.; Tomberg, I.V.; Zhuchenko, N.A.;
Golobokova, L.P.; Khodzher, T.V. Ionic Composition of Water in Lake Baikal, Its Tributaries, and the Angara River Source during
the Modern Period. Russ. Meteorol. Hydrol. 2019, 44, 687–694. [CrossRef]

29. Yoshioka, T.; Ueda, S.; Khodzher, T.; Bashenkaeva, N.; Korovyakova, I.; Sorokovikova, L.; Gorbunova, L. Distribution of dissolved
organic carbon in Lake Baikal and its watershed. Limnology 2002, 3, 159–168.

30. Gorshkov, A.G.; Kustova, O.V.; Izosimova, O.N.; Babenko, T.A. POPs Monitoring System in Lake Baikal—Impact of Time or the
First Need? Limnol. Freshwater Biol. 2018, 1, 43–48. [CrossRef]

31. Kucklik, J.R.; Bidleman, T.F.; McConnell, L.L.; Walla, M.D.; Ivanov, G.P. Organochlorines in the water and biota of Lake Baikal,
Siberia. Environ. Sci. Technol. 1994, 28, 31–37. [CrossRef]

32. Kucklik, J.R.; Harvey, Н.R.; Ostrom, P.H.; Ostrom, H.E.; Baker, J.E. Organochlorine dynamics in the pelagic food web of Lake
Baikal. Environ. Toxicol. Chem. Int. J. 1996, 15, 1388–1400. [CrossRef]

33. Iwata, H.; Tanabe, S.; Ueda, K.; Tatsukawa, R. Persistent Orgnochlorine Residues in Air, Water, Sediments, and Soils from the
Lake Baikal Region, Russia. Environ. Sci. Technol. 1995, 29, 792–801. [CrossRef]

34. Nakata, H.; Tanabe, S.; Tatsukawa, R.; Amano, M.; Miyazaki, N.; Petrov, E. Persistent organochlorine residues and their
accumulation kinetics in Baikal seal (Phoca sibirica) from Lake Baikal, Russia. Environ. Sci. Technol. 1995, 29, 2877–2885.
[CrossRef]

35. Gorshkov, A.G.; Kustova, O.V.; Dzyuba, E.V.; Zakharova, Y.R.; Shishlyannikov, S.M.; Khutoryanskiy, V.A. Polychlorinated
biphenyls in Lake Baikal ecosystem. Chem. Sustain. Dev. 2017, 25, 269–278. [CrossRef]

36. Samsonov, D.P.; Kochetkov, A.I.; Pasynkova, E.M.; Zapevalov, M.A. Levels of Persistent Organic Pollutants in the Components of
the Lake Baikal Unique Ecosystem. Russ. Meteorol. Hydrol. 2017, 42, 345–352. [CrossRef]

37. Gorshkov, A.G.; Marinaite, I.I.; Zhamsueva, G.S.; Zayakhanov, A.S. Benzopyrene Isomer Ratio in Organic Fraction of Aerosols
over Water Surface of Lake Baikal. J. Aerosol. Sci. 2004, 35 (Suppl. S2), 1059–1060. [CrossRef]

38. Golobokova, L.P.; Filippova, U.G.; Marinaite, I.I.; Belozerova, O.Y.; Gorshkov, A.G.; Obolkin, V.A.; Potemkin, V.L.; Khodzher, T.V.
Chemical composition of atmospheric aerosol above the Lake Baikal area. Atmos. Oceanic. Opt. 2011, 24, 236–241. (In Russian)

39. Gorshkov, A.G.; Mikhailova, T.A.; Berezhnaya, N.S.; Vereshcagin, A.L. Needle of Scotch Pine (Pinus sylvestris L.) as Bioindicator
for Atmospheric Pollution with Polycycle Aromatic Hydrocarbonce. Chem. Sustain. Dev. 2008, 16, 155–162.

40. Semenov, M.Y.; Marinaite, I.I.; Golobokova, L.P.; Khuriganova, O.I.; Khodzher, T.V.; Semenov, Y.M. Source apportionment of
polycycle aromatic hydrocarbons in Lake Baikal water and adjacent layer. Chem. Ecol. 2017, 33, 977–990. [CrossRef]

41. Khlystov, O.M.; Gorshkov, A.G.; Egorov, A.V.; Zemskaya, T.I.; Granin, N.G.; Kalmychkov, G.V.; Vorob’eva, S.S.; Pavlova, O.V.;
Yakup, M.A.; Makarov, M.M.; et al. Oil in the lake of world heritage. Dokl. Earth Sci. 2007, 415, 682–685. [CrossRef]

42. Kontorovich, A.E.; Kashirtsev, V.A.; Moskvin, V.I.; Burshtein, L.M.; Zemskaya, T.I.; Kostyreva, E.A.; Kalmychkov, G.V.; Khlystov,
O.M. Petroleum potential of Baikal deposits. Russ. Geol. Geophys. 2007, 48, 1046–1053. [CrossRef]

43. Gorshkov, A.G.; Izosimova, O.N.; Pavlova, O.N.; Khlystov, O.M.; Zemskaya, T.I. Assessment of water pollution near the deep oil
seep in Lake Baikal. Limnol. Freshwater Biol. 2020, 2, 397–404. [CrossRef]

44. Gorshkov, A.; Pavlova, O.; Khlystov, O.; Zemskaya, T. Fractioning of petroleum hydrocarbons from seeped oil as a factor of purity
preservation of water in Lake Baikal (Russia). J. Great Lakes Res. 2020, 46, 115–122. [CrossRef]

45. Galachyants, A.D.; Suslova, M.Y.; Marinayte, I.I.; Izosimova, O.N.; Krasnopeev, A.Y.; Shtykova, Y.R.; Tikhonova, I.V.; Podlesnaya,
G.V.; Belykh, O.I. Polycyclic Aromatic Hydrocarbons in the Surface Microlayer of Lake Baikal during Wildfires and Naphthalene-
Degrading Strains from the Bacterioneuston. Microbiology 2020, 89, 609–615. [CrossRef]

46. Gorshkov, A.G.; Izosimova, O.N.; Kustova, O.V. Determination of Priority Polycyclic Aromatic Hydrocarbons in Water at The
Trace Level. J. Anal. Chem. 2019, 74, 771–777. [CrossRef]

47. Kustova, O.V.; Stepanov, A.S.; Gorshkov, A.G. Determining the Indicator Congeners of Polychlorinated Biphenyls in Water at
Ultratrace Concentration Level Using Gas Chromatography-Tandem Mass-Spectrometry. J. Anal. Chem. 2021, in press.

48. Nisbet, I.C.T.; LaGoy, P.K. Toxic equivalency factors (TEFs) for polycyclic aromatic hydrocarbons (PAHs). Regul. Toxicol. Pharmacol.
1992, 16, 290–300. [CrossRef]

49. Kalf, D.F.; Crommentuijn, T.; van de Plassche, E.J. Environmental quality objectives for 10 polycyclic aromatic hydrocarbons
(PAHs). Ecotoxicol. Environ. Saf. 1997, 36, 89–97. [CrossRef]

50. Cao, Z.; Liu, J.; Luan, Y.; Li, Y.; Ma, M.; Xu, J.; Han, S. Distribution and ecosystem risk assessment of polycyclic aromatic
hydrocarbons in the Luan River, China. Ecotoxicology 2010, 19, 827–837. [CrossRef]

51. Yu, Y.; Yu, Z.; Wang, Z.; Lin, B.; Li, L.; Chen, X.; Zhu, X.; Xiang, M.; Ma, R. Polycyclic aromatic hydrocarbons (PAHs) in multi-
phases from the drinking water source area of the Pearl River Delta (PRD) in South China: Distribution, source apportionment,
and risk assessment. Environ. Sci. Pollut. Res. 2018, 25, 12557–12569. [CrossRef]

http://doi.org/10.1016/j.atmosenv.2018.01.013
http://doi.org/10.1016/j.envpol.2020.116008
http://www.ncbi.nlm.nih.gov/pubmed/33229050
http://doi.org/10.1016/j.scitotenv.2005.02.033
http://www.ncbi.nlm.nih.gov/pubmed/15885751
http://doi.org/10.3103/S1068373919100078
http://doi.org/10.31951/2658-3518-2018-A-1-43
http://doi.org/10.1021/es00050a006
http://doi.org/10.1002/etc.5620150819
http://doi.org/10.1021/es00003a030
http://doi.org/10.1021/es00011a026
http://doi.org/10.15372/KhUR20170305
http://doi.org/10.3103/S1068373917050119
http://doi.org/10.1016/S0021-8502(19)30264-2
http://doi.org/10.1080/02757540.2017.1393533
http://doi.org/10.1134/S1028334X07050042
http://doi.org/10.1016/j.rgg.2007.11.004
http://doi.org/10.31951/2658-3518-2020-A-2-397
http://doi.org/10.1016/j.jglr.2019.10.010
http://doi.org/10.1134/S0026261720050082
http://doi.org/10.1134/S1061934819080082
http://doi.org/10.1016/0273-2300(92)90009-X
http://doi.org/10.1006/eesa.1996.1495
http://doi.org/10.1007/s10646-010-0464-5
http://doi.org/10.1007/s11356-018-1421-8


Water 2021, 13, 2636 15 of 16

52. Oksanen, J.; Kindt, R.; Legendre, P.; O’Hara, B.; Simpson, G.L.; Solymos, P.R.; Stevens, M.H.H.; Wagner, H. The 2008 Vegan
Package. Community Ecology Package Version 1.15–1; License GPL-2. Available online: https://cran.r-project.org/; https:
//vegan.r.-project.org/ (accessed on 24 September 2021).

53. Roshydromet. Available online: https://Global-Climate-Change.RU/Index.PHP/EN/Roshydromet (accessed on 30 June 2021).
54. Draxler, R.R. The calculation of low-level winds from the archived data of a regional primitive equation model. J. Appl. Meteorol.

Pap. 1990, 29, 240–248. [CrossRef]
55. Rusenek, O.T. Baicalogy; Rusenek, O.T., Ed.; Nauka: Novosibirsk, Russia, 2012; p. 466. (In Russian)
56. Khodzher, T.V.; Zagaynov, V.A.; Lushnikov, A.A.; Chausov, V.D.; Zhamsueva, G.S.; Zayakhanov, A.S.; ·Tsydypov, V.V.; Potemkin,

V.L.; Marinaite, I.I.; Maksimenko, V.V.; et al. Study of Aerosol Nano- and Submicron Particle Compositions in the Atmosphere of
Lake Baikal During Natural Fire Events and Their Interaction with Water Surface. Water Air Soil Pollut. 2021, 232, 266. [CrossRef]

57. Satellite Image. Available online: https://worldview.earthdata.nasa.gov/(Events--FilterEvents-Wildfires) (accessed on 18
December 2019).

58. Grice, K.; Hong, L.; Atahan, P.; Asif, M.; Hallmann, C.; Greenwood, P.; Maslen, E.; Tulipani, S.; Williford, K.; Dodson, J. New
insights into the origin of perylene in geological samples. Geochim. Cosmochim. Acta 2009, 73, 6531–6543. [CrossRef]

59. Rogge, W.F.; Hildemann, L.M.; Mazurek, M.A.; Cass, G.R.; Simoneit, B.R.T. Sources of fine organic aerosol. Pine, oak, and
synthetic log combustion in residential fireplaces. Environ. Sci. Technol. 1998, 32, 13–22. [CrossRef]

60. Stortini, A.M.; Martellini, T.; Del Bubba, M.; Lepri, L.; Capodaglio, G.; Cincinelli, A. n-Alkanes, PAHs and surfactants in the sea
surface microlayer and sea water samples of the Gerlache Inlet Sea (Antarctica). Microchem. J. 2009, 92, 37–43. [CrossRef]

61. Hardy, J.T.; Crecelius, E.A.; Antrim, L.D.; Kiessere, S.L.; Broadhurst, V.L.; Bohem, P.D.; Steinhauer, W.G.; Coogan, T.H. Aquatic
surface microlayer contamination in Chesapeake Bay. Mar. Chem. 1990, 28, 333–351. [CrossRef]

62. Cross, J.N.; Hardy, J.T.; Hose, J.E.; Hershelamn, G.P.; Antrim, L.D.; Gossett, R.W.; Crecelius, E.A. Contaminant concentrations and
toxicity of sea-surface microlayer near Los Angeles, California. Mar. Environ. Res. 1987, 23, 307–323. [CrossRef]

63. Cincinelli, A.; Stortini, A.M.; Perugini, M.L.; Checchini, L.L. Organic pollutants in sea-surface microlayer and aerosol in the
coastal environment of Leghorn (Tyrrhenian Sea). Mar. Chem. 2001, 76, 77–98. [CrossRef]

64. Golobokova, L.P.; Khodzher, T.V.; Izosimova, O.N.; Zenkova, P.N.; Pochyufarov, A.O.; Khuriganowa, O.I.; Onishyuk, N.A.;
Marinayte, I.I.; Polkin, V.V.; Radionov, V.F.; et al. Chemical composition of atmospheric aerosol in the Arctic region along the
routes of the research cruises in 2018–2019. Atmos. Oceanic. Opt. 2020, 33, 421–429. [CrossRef]

65. Estrellan, C.R.; Lino, F. Toxic emissions from open burning. Chemosphere 2010, 80, 193–207. [CrossRef]
66. Falahudin, D.; Munawir, K.; Arifin, Z.; Wagey, G.A. Distribution and sources of polycyclic aromatic hydrocarbons (PAHs) in

coastal waters of the Timor Sea. Coast. Mar. Sci. 2012, 35, 112–121.
67. Maskaoui, K.; Zhou, J.L.; Hong, H.S.; Zhang, Z.L. Contamination by polycyclic aromatic hydrocarbons in the Jiulong River

Estuary and Western Xiamen Sea, China. Environ. Pollut. 2002, 118, 109–122. [CrossRef]
68. Zhi, H.; Zhao, Z.; Zhang, L. The fate of polycyclic aromatic hydrocarbons (PAHs) and organochlorine pesticides (OCPs) in water

from Poyang Lake, the largest freshwater lake in China. Chemosphere 2015, 119, 1134–1140. [CrossRef] [PubMed]
69. Khumam, S.N.; Chakraborty, P.; Cincinelli, A.; Snow, D.D.; Kumar, B. Polycyclic aromatic hydrocarbons in surface waters and

riverine sediments of the Hooghly and Brahmaputra Rivers in the Eastern and Northeastern India. Sci. Total Environ. 2018, 636,
751–760. [CrossRef] [PubMed]

70. Montuori, P.; Triassi, M. Polycyclic aromatic hydrocarbons load into the Mediterranean Sea: Estimate of Sarno River inputs. Mar.
Pollut. Bull. 2012, 64, 512–520. [CrossRef] [PubMed]

71. Rabodonirina, S.; Net, S.; Ouddane, B.; Merhaby, D.; Dumoulin, D.; Popescu, T.; Ravelonandro, P. Distribution of persistent
organic pollutants (PAHs, Me-PAHs, PCBs) in dissolved, particulate and sedimentary phases in freshwater systems. Environ.
Pollut. 2015, 206, 38–48. [CrossRef]

72. Zhou, J.L.; Maskaoui, K. Distribution of polycyclic aromatic hydrocarbons in water and surface sediments from Daya Bay, China.
Environ. Pollut. 2003, 121, 269–281. [CrossRef]

73. Nasher, E.; Heng, L.Y.; Zakaria, Z.; Surif, S. Concentrations and sources of polycyclic aromatic hydrocarbons in the seawater
around Langkawi Island, Malaysia. J. Chem. 2013, 2013, 975781. [CrossRef]

74. Polidoro, B.A.; Comeros-Raynal, M.T.; Clement, C. Land-based sources of marine pollution: Pesticides, PAHs and phthalates in
coastal stream water, and heavy metals in coastal stream sediments in American Samoa. Mar. Pollut. Bull. 2017, 116, 501–507.
[CrossRef]

75. Inam, E.; Offiong, N.-A.; Essien, J.; Kang, S.; Kang, S.-Y.; Antia, B. Polycyclic aromatic hydrocarbons loads and potential risks in
freshwater ecosystem of the Ikpa River Basin, Niger Delta—Nigeria. Environ. Monit. Assess. 2016, 188, 49. [CrossRef]

76. Santana, J.L.; Massone, C.G.; Valde´s, M.; Vazquez, R.; Lima, L.A.; Olivares-Rieumont, S. Occurrence and Source Appraisal of
Polycyclic Aromatic Hydrocarbons (PAHs) in Surface Waters of the Almendares River, Cuba. Arch. Environ. Contam. Toxicol. 2015,
69, 143–152. [CrossRef]

77. Witt, G. Occurrence and transport of polycyclic aromatic hydrocarbons in the water bodies of the Baltic Sea. Mar. Chem. 2002, 79,
49–66. [CrossRef]

78. Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013. Available online: https://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:en:PDF (accessed on 24 September 2021).

https://cran.r-project.org/
https://vegan.r.-project.org/
https://vegan.r.-project.org/
https://Global-Climate-Change.RU/Index.PHP/EN/Roshydromet
http://doi.org/10.1175/1520-0450(1990)029&lt;0240:TCOLLW&gt;2.0.CO;2
http://doi.org/10.1007/s11270-021-05237-6
https://worldview.earthdata.nasa.gov/(Events--FilterEvents-Wildfires)
http://doi.org/10.1016/j.gca.2009.07.029
http://doi.org/10.1021/es960930b
http://doi.org/10.1016/j.microc.2008.11.005
http://doi.org/10.1016/0304-4203(90)90052-E
http://doi.org/10.1016/0141-1136(87)90024-9
http://doi.org/10.1016/S0304-4203(01)00049-4
http://doi.org/10.1134/S1024856020050085
http://doi.org/10.1016/j.chemosphere.2010.03.057
http://doi.org/10.1016/S0269-7491(01)00208-1
http://doi.org/10.1016/j.chemosphere.2014.09.054
http://www.ncbi.nlm.nih.gov/pubmed/25460753
http://doi.org/10.1016/j.scitotenv.2018.04.109
http://www.ncbi.nlm.nih.gov/pubmed/29723840
http://doi.org/10.1016/j.marpolbul.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22285406
http://doi.org/10.1016/j.envpol.2015.06.023
http://doi.org/10.1016/S0269-7491(02)00215-4
http://doi.org/10.1155/2013/975781
http://doi.org/10.1016/j.marpolbul.2016.12.058
http://doi.org/10.1007/s10661-015-5038-9
http://doi.org/10.1007/s00244-015-0136-9
http://doi.org/10.1016/S0304-4203(02)00035-X
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:en:PDF


Water 2021, 13, 2636 16 of 16

79. SanPiN (Sanitary Norms and Rules) 1.2.3685-21. Hygienic Standards and Requirements for Ensuring the Safety and (or)
Harmlessness to Humans of Environmental Factors, Moscow, 2021. Available online: https://biotorg.com/upload/medialibrary/
039/SanPiN-1.2.3685_21.pdf (accessed on 24 September 2021). (In Russian)

80. Shishlyannikov, S.M.; Nikonova, A.A.; Klimenkov, I.V.; Gorshkov, A.G. Accumulation of petroleum hydrocarbons in intracellular
lipid bodies of the freshwater diatom Synedra acus subsp. Radians. Environ. Sci. Pollut. Res. 2017, 24, 275–283. [CrossRef]
[PubMed]

https://biotorg.com/upload/medialibrary/039/SanPiN-1.2.3685_21.pdf
https://biotorg.com/upload/medialibrary/039/SanPiN-1.2.3685_21.pdf
http://doi.org/10.1007/s11356-016-7782-y
http://www.ncbi.nlm.nih.gov/pubmed/27714657

	Introduction 
	Materials and Methods 
	Results and Discussion 
	PAHs in the Upper Layer of the Pelagic Zone of Lake Baikal 
	PAHs in the Baikal Aerosol 
	Wildfire Effects on the Surface and Watershed Basin of Lake Baikal 
	Toxicity and Risk Assessment 

	Conclusions 
	References

