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Lakes have been observed as sentinels of climate change. In the last decades,
global warming and increasing aridity has led to an increase in both the number
and severity of wildfires. This has a negative impact on lake catchments by
reducing forest cover and triggering cascading effects in freshwater
ecosystems. In this work we used satellite remote sensing to analyse potential
fire effects on lake water quality of Lake Baikal (Russia), considering the role of
runoff and sediment transport, a less studied pathway compared to fire emissions
transport. The main objectives of this study were to analyse time series and
investigate relationships among fires (i.e., burned area), meteo-climatic
parameters and water quality variables (chlorophyll-a, turbidity) for the period
2003–2020. Because Lake Baikal is oligotrophic, we expected detectable changes
in water quality variables at selected areas near the three mains tributaries (Upper
Angara, Barguzin, Selenga) due to river transport of fire-derived burned material
and nutrients. Time series analysis showed seasonal (from April to June) and inter-
annual fire occurrence, precipitation patterns (high intensity in summer) and no
significant temporal changes for water quality variables during the studied periods.
Themost severe wildfires occurred in 2003 with the highest burned area detected
(36,767 km2). The three lake sub-basins investigated have shown to respond
differently according to their morphology, land cover types and meteo-
climatic conditions, indicating their importance in determining the response of
water variables to the impact of fires. Overall, our finding suggests that Lake Baikal
shows resilience in the medium-long term to potential effects of fires and climate
change in the region.
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1 Introduction

Lakes provide crucial ecosystem services (e.g., food and fresh water supply, aquatic
recreation) for human society (Mueller et al., 2016; McCullough et al., 2019) and they are
sentinels, integrators and regulators of climate (Adrian et al., 2009; Subin et al., 2012). It has
been evident for more than a decade (e.g., Williamson et al., 2009) that climate change is
generating complex responses in aquatic ecosystems that vary according to their geographic
distribution, magnitude, and timing across the global landscape. Climate change, in
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particular global warming and increasing aridity, is leading to an
increase of fires and fire severity (Brown et al., 2021). At the same
time wildfires are also a cause of the continuing process of global
climate change, by reducing forest cover and emitting greenhouse
gases (e.g., CO2 and CO) (Liu et al., 2022). Landscapes exposed to
fire often include stream, river and lake catchments leading to
cascade effects up to the loss of ecosystem services they provide
to humans. In fact, lakes are naturally downstream recipients and
integrator of transport from land to water and of processes that
occur in their watersheds (Williamson et al., 2008). A large part of
the literature focused on the fire impacts on water quality, mainly
streams and rivers, and less attention was paid to lake water effects
(McCullough et al., 2019). Recently a review article by McCullough
et al., 2019 proposed a conceptual model of hypothesized physical,
chemical, and biological responses of lakes to fire events. In
synthesis, they considered the interaction and feedbacks between
meteorological, catchment, and limnological processes with
weather, lake, landscape, and fire characteristics. Fire effects such
as vegetation loss, increase in soil erosion and sediments runoff and
transport, might lead to an increase in water turbidity in lake waters,
reducing light penetration and affecting lake primary production.
Variation in soil nitrogen (N) and phosphorus (P) content due to
burning may affect post-fire concentrations and loads of these
nutrients in runoff, rivers and ultimately in lakes (Smith et al.,
2011). Murphy et al. (2006a, b) reported that fires (combustion and
volatilization) can cause a significant reduction of N (92%, NH4-N
increase from combustion and subsequent NO3–N increases from
nitrification) and P (76%; particulate P bioavailable) stored in forest
floor (organic material), with minor decline (N 31%–51%) recorded
under lower fire intensity. The magnitude and duration of
hydrological and geomorphological activity following wildfires
depends on the complex interplay of factors including site (e.g.,
catchment size) and fire characteristics (e.g., burned area severity
and extent) as well as post-fire rainfall patterns (Pacheco and
Fernandes, 2021). Changes in post-wildfire runoff and erosion
are most severe during high-intensity rainfall (Moody et al.,
2013) especially when occurring after fire events, since vegetation
has little time to recover from fire. Indeed, the magnitude, intensity
and frequency of post-fire rainfall and associated flow events are key
drivers of erosion and sediment delivery in many burned
catchments (Malmon et al., 2007; Robichaud et al., 2007; Cannon
et al., 2008; Moody and Martin, 2009).

Changes induced by wildfires can last from 1 month to several
years depending on the type of fire event and site characteristics
(“window of disturban” as defined by Prosser and Williams,
1998). Smith et al. (2011) reviewed the effects of wildfires on
the quality of water supply in forest catchments, with a focus on
suspended sediments transport, reporting that post-fire turbidity
in streams and reservoirs are limited. The quantification of the
impact of wildfires on river and reservoir water quality is
hampered by the unpredictable nature of fires and the
distribution of monitoring network and/or the sampling
regimes. The use of satellite images for fire monitoring has a
long history: since early 70 s, a wide range of data sources and
methods have been utilized (Chuvieco et al., 2019) with highly
variable results in terms of product characteristics and accuracy.
Long- and short-term impacts of wildfires on the quality of lakes
water can be investigated with the use of datasets produced from

remotely sensing techniques, which provide consistent, global
and objective information and have been increasingly used for
monitoring the state of the earth systems (Zhao et al., 2022). earth
Observation (EO) data can support systematic delivery of active
fires, burned area and water quality (e.g., chlorophyll-a,
turbidity) products depicting their spatio-temporal variation
within fire affected areas worldwide (Warren et al., 2021;
Chuvieco et al., 2022; Lizundia-Loiola et al., 2020; Giglio
et al., 2009. While detecting burned areas relies on the
persistence of the burned signal, detecting changes in water
constituents concentration due to fires (or any other factor)
depends on sampling and/or observations frequency. Although
remote sensing can certainly improve observations and
monitoring frequency of water quality variables compared to
in situ measurements, there is still uncertainty on the likelihood
of detecting changes. This uncertainty is a function of the
variability of each constituent and of the hydrological
characteristics of the lake and its catchment (Smith et al., 2011).

Boreal regions represent a sensitive biome where wildfires are
the major source of climate-driven impacts (Whitman et al., 2019).
The Baikal region, in particular, has been identified as one of the
most vulnerable areas in Russia (Popovicheva et al., 2021) where
deforestation rapidly increased in the last decade. According to
Safronov (2020), the Baikal basin lost more than 12% of its forests
between 2013 and 2018. Severe fires contributed to the degradation
of both terrestrial and aquatic ecosystems by increasing watershed
loading of sediments, nutrients and pollutants as well as by
introducing smoke pollutants into the atmosphere (Brown et al.,
2021). Consequently, lake Baikal, the deepest and largest lake (by
volume) on earth, currently in oligotrophic state, might be receptive
to wildfires effects, such as sediments and nutrients runoff to river
and lake waters (Brown et al., 2021).

The main objectives of this study are to: i) analyse patterns and
trends of consistent time series of satellite products on both burned-
areas and water quality variables (chlorophyll-a, turbidity) along
with modelled precipitations; and ii) investigate the potential
relationship between wildfires (i.e., burned area) via terrestrial
pathways and meteo-climatic data on Lake Baikal water quality
and its catchment. To address this aim, we performed data analyses
considering the main tributaries of Lake Baikal and their
corresponding sub-basins. We expected changes in water quality
variables, such as turbidity and chlorophyll-a, to occur at the river
inflow into the lake because of the transport of suspended sediments
and nutrients from the lake catchment through the river network.
Hence, water quality analyses focused on Regions Of Interest (ROIs)
selected close to inflow area of the major rivers and on the catchment
area where water is collected through the river network.

2 Materials and methods

2.1 Study area

The ancient Lake Baikal (Siberia) has a volume of 23,000 km3,
with a maximum depth of 1,642 m (Figure 1) with a high number of
endemic species and it is a hotspot of biodiversity (Naumenko et al.,
2017; Brown et al., 2021). The lake is about 660 km long and 80 km
wide. The average residence time of the lake is of 300–400 years
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(Colman, 1998; Moore et al., 2009). There are three major tributaries
of Lake Baikal, the Upper Angara (annual water discharge of
8.5 km3 y−1) in the north, and Barguzin (annual water discharge
of 3.9 km3 y−1) and Selenga (annual water discharge of 29.3 km3 y-1)
on the eastern lake shore with over 500 minor rivers flowing into the
lake (Popovicheva et al., 2021). The Baikal catchment includes
mainly mountains, boreal forests, tundra and steppe of high
conservation value and extends over 551,000 km2 (Lake Baikal
excluded, 31,500 km2) between Siberia and Mongolia territories.
New activities in the catchment, include deforestation,
agriculture, and tourism to sustain the local economy, with a
reduction of the Russian heavy industrial sector (e.g., mining)
(Brown et al., 2021).

Lake Baikal is covered by ice for several months of the year, but
due to high transparency of the ice, phytoplankton and zooplankton
can grow under ice cover. The lake is ultra-oligotrophic and well
oxygenated due to water mixing (Shimaraev et al., 1994). The deep
waters are pristine, but since the last century, pollution of
anthropogenic origin (i.e., industrial pollution and cultural
eutrophication) has started to threaten this ecosystem (Moore
et al., 2009). Sources include industry, agriculture, forest fires,
civil waste waters from villages and small towns along the coast
and from the numerous tributaries, both from surface and
groundwaters. The Selenga River is the main tributary of lake
Baikal loading half of the water volume of the lake and the
higher quantity of pollutants, as well as both micro and
macronutrients, which are successfully filtered by the delta of the

river before inflowing the lake (Khodzher et al., 2017; Roberts et al.,
2020). In the last decade, the increase of phosphorus and nitrogen
loads favoured a massive proliferation of filamentous algae
(Spirogyra genus) mainly in autumn at the end of the touristic
season, and along the lake shoreline (Mincheva et al., 2020). In the
boreal zone of southern Siberia, forests are mainly composed by
larch mixed with spruce and pine populations. The tree density and
closeness of the canopy are low, which contributes to the drying of
dead wood, fallen wood and bedding. Consequently, ground fires are
more common in larch forests. Scarce rainfall and high summer air
temperatures due to the harsh continental climate contribute to a
high risk of large-scale forest fires. Forest fires in the region are
mainly caused by anthropogenic activity and thunderstorms
(Solovyev et al., 2009). Long time-series data show that forest
fires in Siberia usually occur from May to September, with a
maximum in the second part of the summer season (Solovyev
and Budishchev, 2010; Solovyev et al., 2009).

2.2 Datasets

Since the objective of this study is the analysis of terrestrial
pathway of the nutrient and sediment transport to lake water due to
fire occurrence, we identified major tributaries of Lake Baikal and
their catchments (Swiercz, 2007; Figure 1): Upper Angara (called
Angara hereafter; 22,393 km2), Barguzin (21,249 km2) and Selenga
(450,196 km2). The sub-basins considered covered the 90% of the

FIGURE 1
The Lake Baikal catchment (grey line; from HydroBASINS database, Siberia region level 4, Lehner and Grill, 2013), the three sub-basins
corresponding to the major rivers (Upper-Angara, Barguzin, Selenga) and the Regions of Interest (ROIs) selected over the lake’s surface (ROI Angara, ROI
Barguzin, ROI Selenga). In the small box the location of the study area into the globe.
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Lake Baikal catchment and they were used to spatially aggregate
daily burned areas and precipitation data. In both burned area and
precipitation we retained the information at a daily time interval.

In order to better identify changes in lake water conditions and
to reduce the impact of the diluting effect of the deepest open waters,
we selected ROIs on the lake close to the tributaries’ inflow point.
(Figure 1). In both cases of land and water variables, we built time
series data with a daily step over the 2003–2020 period.

All input datasets (Table 1) were derived from EO products that
can support long term monitoring of the relevant variables and, in
particular.

▪Wildfires: Fire_cci burned area datasets (Lizundia-Loiola et al.,
2020; CEDA, 2022a)

▪Water quality: Lakes_cci quality variables (Carrea et al. (2023);
CEDA, 2022b),

▪ Meteo-climatic data:ERA5 climate reanalysis products by
ECMWF

For this study case we decided to use a burned area (BA) product as
an input EOdatasets depicting the spatial distribution of wildfires rather
than active fires products. A burned area is the area affected by a fire that
is characterized by the post-fire signal due to removal of vegetation and
changes in vegetation structure and the deposit of combustion products
(charcoal and ash) (Pereira et al., 1997). EO burned area products can
better depict the amount of areas affected by fires compared to active
fires that, by observing burning simultaneous to satellite overpass, can
significantly underestimate the extent of the area burned (Roy et al.,
2008). The persistence of the burned area signal, that is a function of
several factors among which fire characteristics and land cover
characteristics and conditions, guarantees a more accurate and
reliable assessment of the area affected by fires.

2.2.1 Satellite-derived variables
The burned area (BA) product (Table 1) depicts spatio-temporal

distribution of the global BA generated from MODIS satellite
observations (Lizundia-Loiola et al., 2020) and it comprises maps
of global burned area covering the period 2001–2020. The BA maps
are obtained with a hybrid algorithm that combines MODIS highest
resolution near-infrared (NIR) surface reflectance (~250 m) and
active fire information from the thermal channels. The
FireCCI51 BA product, for each pixel identified as burned,
provides information on the land cover from the year before fire
detection as derived from the Land Cover (LC) v2.1.1 distributed by
the Copernicus Climate Change Service. The detailed description of
the algorithm and of validation are described in Lizundia-Loiola
et al. (2020).

Turbidity and Chlorophyll-a (Chl-a) (Table 1), derived from
satellite products provided by the Lakes_cci project (Carrea et al.,
2023) were selected as indicators of biogeochemical processes and of
water quality changes to investigate their correlation with fires. Ice
cover, also provided by Lakes_cci, was additionally used as ancillary
information to limit our analysis to ice-free days. The lake water
quality products were obtained from satellite observations, namely,
from MERIS-ENVISAT (15 spectral bands) for the period
2002–2012 and OLCI-Sentinel-3 A/B (21 spectral bands) for the
period 2016–2020. The instruments have a spatial resolution of
250–300 m and an overpass frequency of 1–2 days. The description
of the different algorithms used to create water quality products and
their validation are reported in the “Algorithm Theoretical Basis
Document—ATBD” and in the “Product Validation and Algorithm
Selection Report (PVASR) and Algorithm Development Plan
(ADP)” available on the project website.

The satellite products cover the period 2003 to 2020 for all
variables considered, expect for Chl-a and Turbidity products which
has a time gap of 4 years (2012–2015). For this reason, the two
datasets are presented for the two different time periods 2003–2011
(p1) and 2016–2020 (p2). The datasets are available with a daily
frequency, and they were aggregated temporally to weekly values to
enhance peaks/anomalies and to resolve discontinuity in daily values
due to missing observations. This dataset was previously used in Liu
et al. (2021) to retrieve Chl-a concentration and associated
uncertainty in optically diverse inland waters. EO-derived Chl-a
and Turbidity products might be affected by uncertainties stemming
from atmospheric correction as well as a lack of algorithms that can
be universally applied to waterbodies spanning several orders of
magnitude in non-covarying substance concentrations (Simis et al.,
2020; Liu et al., 2021). To improve data quality, Chl-a and Turbidity
values with an uncertainty <60% and <70% were hence used for
analysis, as previously applied by Free et al., 2021, 2022).

2.2.2 Meteo-climatic data
The ancillary meteo-climatic data were derived from ERA5,

which is the fifth-generation reanalysis for the global climate and
weather for the past decades carried out by the European Centre for
Medium-Range Weather Forecasts (ECMWF). ERA5 provides
hourly estimates for a large number of atmospheric, ocean-wave
and land-surface climate variables. Data is regridded to a regular
latitude-longitude grid of 0.25° for the reanalysis and 0.5° for the
uncertainty estimate. In particular, the hourly data downloaded for
this analysis were: mean snowmelt rate, snow depth, 10 m
v-component of wind (south-north direction), 10 m
u-component of wind (west-east direction), 2 m temperature,
total precipitation (Table 1). Hourly values were aggregated to

TABLE 1 Description of the source and resolution of the datasets used in this work.

Variable Product EO data Time step References

Burned Area FireCCI51 MODIS 250 m Daily Lizundia-Loiola et al. (2020)

Chlorophyll-a Lake Water Leaving Reflectance—LWLR MERIS (2003–2011) OLCI (2016–2020) 300 m–1 km Daily Carrea et al. (2023)

Turbidity Lake Water Leaving Reflectance - LWLR MERIS (2003–2011) OLCI (2016–2020) 300 m—1 km Daily Carrea et al. (2023)

Meteo-climatic ERA5 Modelled data 31 km Hourly Hersbach et al., 2020
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daily and weekly syntheses. Data are for the three focus sub-basins
(Angara, Barguzin, Selenga).

2.3 Trend and statistical analysis

The input time series extract for the variables of interest were
processed and analyzed using R and RStudio open-source
environment (R Core Team, 2013; Hijmans and van Etten, 2012)
and QGIS (QGIS Development Team, 2020). First, we analysed time
series individually by observing one variable at a time for each sub-
basin (i.e., BA, precipitation) and lake ROI (i.e., Chl-a, Turbidity) for
the period covered by the datasets (2003–2020). Since the CCI Chl-a
and Turbidity products have a 4-year gap and were derived from
different EO source data, water quality variables were analyzed
separately for 2003–2011 and 2016–2020. Moreover, only
summer months, June to September, were considered to retain
observations from ice-free days. The normalized Z-score statistic
was used to identify anomalous events for Chl-a and Turbidity based
on a weekly standardized difference. The formula used to calculate it
is: z � (xw,i−μw)

σw
Where xw,i is the weekly average of Chl-a or Turbidity in a given

year, μw and σw are, respectively, the mean and the standard
deviation of the parameter in the week w and computed
separately for the two periods (p1: 2003–2011, p2: 2016–2020).
Z-scores allow us to visualize the difference, in terms of standard
deviation, relative to the period mean for a given week, highlighting
values above and below the average and providing information on
the direction of the phenomenon; in our case, we are looking at
extreme values greater than the average (positive Z-scores). We
calculated also the burned area proportion as the ratio between
weekly burned area and sub-basin area.

We investigated the correlation between input variables and,
in particular, the correlation between occurrence of significant
wildfires and precipitation events that could trigger the increase
of Chl-a and Turbidity as a consequence of sediments transport
from the river network. First, Non-Parametric Multiplicative
Regression (NPMR) (McCune, 2006a) was used to estimate
the response of the Chl-a and Turbidity to the meteorological
variables (ERA5; listed in Table 1) and to burned area
(cumulative BA) for the two periods 2003–2011 and
2016–2020 due to the 4-year gap in the EO derived water
quality data. The months included in the analyses were June-
September. NPMR can define response surfaces using predictors
in a multiplicative rather than in an additive way. This method is
progressive in better defining unimodal responses than other
methods such as multiple regression (McCune, 2006a). NPMR
was applied using the software HyperNiche version 2.3 (McCune
and Mefford, 2009). The response of Chl-a was estimated using a
local mean multiplicative smoothing function with Gaussian
weighting. NPMR models were produced by adding predictors
stepwise with fit expressed as a cross-validated R2 (xR2) which can
be interpreted in a similar way as a measure of fit like a traditional
R2. The sensitivity, a measure of influence of each variable
included in the NPMR model, was estimated by altering the
range of predictors by ±0.05 (i.e., 5%) with resulting deviations
scaled as a proportion of the observed range of the response
variable. Sensitivity can be used to evaluate the relative

importance of variables included in models because NPMR
models are unlike linear regression and have no fixed
coefficients or slopes. More details including the mathematical
formula along with worked examples have been published
(McCune, 2006a; McCune, 2006b; McCune and Mefford,
2009). These options selected together with the data used
allow for repetition of the analysis.

3 Results

3.1 Time series analysis

3.1.1 Burned area
The BA product provided the amount of area burned for the

three sub-basins and for each day (through the Day Of the Year)
of the period of interest 2003–2020. Figure 2 shows the
distribution of the annual area burned per land cover and
the monthly amounts for the three sub-basins of the study
area. To make results easier to present, we aggregated land
cover class into six major categories: Cropland, Forest, Mixed
Natural, Shrubs, Grass and Sparse vegetation. Overall, most of
the fires occurred in forest with more than 70% of the total area
burned for the 18-year period covered by this analysis; the other
important classes for burning were Cropland (13%) and
Grassland (8%). These trends confirm previous studies on
global distribution of fires across biomes (Giglio et al., 2013).
A north to south gradient of the land cover affected by fires can
be observed with most of the burns in the Forest class for the
Angara sub-basin and the largest proportion of burned surface
in Forest and Mixed natural for Barguzin, and Forest and
Cropland for Selenga (Figure 2).

In Supplementary Table S1 the total burned area for each year
and sub-basin investigated is reported in the Supplementary
Materials section. Looking at the inter-annual variability of fires,
2003 was the most intense year for the Selenga and Angara sub-
basins with total annual burned area respectively of 34,410 km2 (8%
of the sub-basin surface) and 1,067 km2 (5% of the sub-basin
surface); in Barguzin, the largest amount of area burned was
3,929 km2 in 2015 (18% of the sub-basin surface).

The seasonal distribution of burned areas is graphically
presented in Supplementary Figure S1 (Supplementary Materials)
where color scale from blue to red represents the proportion of area
burned in each month with respect to total annual value. The figure
clearly shows differences among the sub-basins primary as a
function of the latitude: Angara is the basin with shortest fire
season and lowest amount of area burned. Months with greatest
area burned are April and May for the southernmost basins
(Barguzin and Selenga) while fire season start later for the
Angara basin (i.e., June in most of the years analysed) (Fig. S1).

3.1.2 Water quality variables
Figures 3, 4 show monthly boxplots of Chl-a and Turbidity,

respectively, and trend lines from Ordinary Least Square (OLS)
regression. Within the considered periods, p1 and p2, Chl-a and
Turbidity concentrations (median) did not change significantly
(p > 0.05), with exceptions of the decreasing Chl-a trend for the
p1 period in Barguzin and Selenga (p < 0.05) (Figure 3) and of the
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Turbidity increasing trend in the Barguzin (p < 0.05) (Figure 4).
In these cases, despite a significant trend, both significance level
and R2 (<0.1) are low. Only considering the entire period
(2003–2020), both Chl-a and Turbidity values have positive
trends that are highly significant (p < 0.001, ***) but, given
the 4-year gap, this result is not reliable.

The Chl-a average (±standard deviation) concentration for the
period June-September was 2.28 ± 1.24 in Angara, 1.73 ± 1.00 mg m-

3 in Barguzin and 2.27 ± 1.03 mg m-3 in Selenga during p1, while
3.06 ± 1.36 mg m-3 in Angara, 2.61 ± 1.56 mg m-3 in Barguzin and
2.49 ± 0.84 mg m-3 in Selenga during p2. In Figure 3, we observe a
slight increase in the median Chl-a values in July from 2004 to
2006 in the Angara sub-basin. Turbidity average was 0.47 ±
0.21 NTU in Angara, 0.49 ± 0.26 NTU in Barguzin and 0.61 ±
0.26 NTU in Selenga during p1, while 0.67 ± 0.21 NTU, 0.61 ±
0.21 NTU and 0.75 ± 0.21 NTU in the three sub-basins, respectively
during p2. Detailed results of the OLS fitting analysis are reported in
Supplementary Table S2.

In order to highlight anomalous weekly values of Chl-a
concentration and Turbidity, possibly induced by fires, we
aggregated daily values into weekly averages also to limit the
impact of missing daily observation in monitoring the dynamic

biological processes. Figure 5 shows weekly values of the
standardized difference with respect to the long-term/multi-
annual weekly average for Chl-a and Turbidity for the three sub-
basins Angara, Barguzin and Selenga, respectively. Positive (weekly
average above the multi-annual average) and negative (weekly
average below multi-annual average) are represented as green
and red, respectively, and the ratio between weekly burned area
and basin area (burned area proportion) is also plotted as black bars.
As in previous graphs, the two period p1 and p2 were treated
independently. This figure could help in identifying temporal
correlation with positive or negative weekly values significantly
different from the average concentration of Chl-a and Turbidity
in the period p1 and p2 likely due to fire activity. In all the sub-basins
both positive and negative Z-score values were observed with a high
variability for both variables.

3.1.3 Precipitation
The ERA5 dataset included the total precipitation which were

extracted on a daily basis for the three sub-basins. In Supplementary
Table S1 the total annual precipitation for Angara, Barguzin and
Selenga is reported. It is clear a gradient of decreasing precipitation
from north to south in all years of the period 2003–2020. Annual

FIGURE 2
The annual area burned by Land Cover (A) and the seasonality of Firecci51 BA totals for the three sub-basins: Angara (B), Barguzin (C) and Selenga
(D). Notice that the y-axis range change by sub-basin as a consequence of the different rate of area affected by fires and the three regions.
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FIGURE 3
Boxplots of daily chlorophyll-a (Chl-a; mg m-3) values showing monthly statistics (median, quartiles, range and outliers) split for the two periods:
2003–2011 and 2016–2020 for the three basins.

FIGURE 4
Boxplots of daily Turbidity (NTU) values showing monthly statistics (median, quartiles, range and outliers) split for the two periods: 2003–2011 and
2016–2020 for the three basins.
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precipitation was on average 786 ± 87 mm in Angara, 611 ± 94 mm in
Barguzin, and 429 ± 33 mm in Selenga. In Angara and Barguzin sub-
basins the maximum precipitation was registered in 2008 (973 and

808 mm, respectively), while the minimum values were registered in
2016 (615 mm) and 2015 (409 mm), respectively. The range of
precipitation in Selenga sub-basin in the period investigated is

FIGURE 5
Z-score for chlorophyll-a (Chl-a) and Turbidity computed over the 2003–2011 (left column) and 2016–2020 (right column) for the Angara (A),
Barguzin (B) and Selenga (C) sub-basins; positive and negative values are plotted as green and red and the ratio between weekly burned area and sub-
basin area (burned area proportion) is plotted as black bars (value on the secondary y-axis).
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TABLE 2 Results of NPMR (Non-parametric Multiplicative Regression) models for chlorophyll-a (Chl-a) and Turbidity (NTU). Analysis was carried out by sub-basin, years (2003–2011 and 2016–2020), step 1 with only time
variables, step 2 with all variables included xR2 = cross-validated R2; Av size = Average neighborhood size; V1 = variable 1, Tol. = Tolerance; Sen. = Sensitivity. Variables included in models: year (yr); week (wk); Fire (Cumulative
burned area km2); Temperature (Temp); Snow (snow depth m); Rain (precipitation mm); v_wind (v wind component); u_wind (u wind component).

Catchment years Variable Step xR2 Av size V1 Tol Sen V2 Tol Sen V3 Tol Sen V4 Tol Sen V5 Tol Sen V6 Tol Sen p

Angara 03–11 Chl-a 1 0.36 14.7 yr 6.0 0.01 wk 0.9 0.43 ≤.05

Angara 03–11 Chl-a 2 0.40 17.0 yr 6.0 0.01 wk 1.7 0.36 Fire 53.3 0.23 ≤.05

Angara 03–11 NTU 1 0.42 9.7 yr 1.2 0.10 wk 1.7 0.43 ≤.05

Angara 03–11 NTU 2 0.43 8.2 yr 1.2 0.11 wk 1.7 0.38 Temp 6.5 0.05 ≤.05

Angara 16–20 Chl-a 1 0.24 6.1 yr 0.8 0.22 wk 1.7 0.64 ≤.05

Angara 16–20 Chl-a 2 0.38 4.5 yr 0.8 0.23 wk 1.7 0.62 Snow 0.0 0.10 Rain 0.0 0.04 ≤.05

Angara 16–20 NTU 1 0.39 4.5 yr 0.6 0.20 wk 1.7 0.63 ≤.05

Angara 16–20 NTU 2 0.43 4.8 yr 2.4 0.03 wk 1.7 0.56 u_wind 0.3 0.16 Rain 0.0 0.05 ≤.05

Barguzin Ein 03–11 Chl-a 1 0.06 12.7 yr 0.8 0.14 wk 3.4 0.09 0.14

Barguzin Ein 03–11 Chl-a 2 0.20 6.8 yr 0.4 0.18 wk 12.8 0.01 Temp 3.1 0.12 ≤.05

Barguzin Ein 03–11 NTU 1 0.16 15.4 yr 2.0 0.06 wk 1.7 0.28 ≤.05

Barguzin Ein 03–11 NTU 2 0.19 4.9 yr 1.2 0.11 wk 1.7 0.25 u_wind 0.7 0.07 v_wind 1.3 0.01 Rain 0.02 0.03 ≤.05

Barguzin Ein 16–20 Chl-a 1 0.26 3.2 yr 0.4 0.17 wk 1.7 0.40 ≤.05

Barguzin Ein 16–20 Chl-a 2 0.29 2.7 yr 0.6 0.09 wk 1.7 0.39 Fire 59.1 0.07 u_wind 0.9 0.04 ≤.05

Barguzin Ein 16–20 NTU 1 0.39 4.5 yr 0.6 0.22 wk 1.7 0.58 ≤.05

Barguzin Ein 16–20 NTU 2 0.52 2.8 yr 3.0 0.01 wk 2.6 0.17 Fire 98.4 0.05 Snow 0.0 0.02 Temp 2.35 0.33 u_wind 0.4 0.18 ≤.05

Selenga Ein 03–11 Chl-a 1 0.27 5.1 yr 0.4 0.38 wk 2.6 0.25 ≤.05

Selenga Ein 03–11 Chl-a 2 0.43 6.2 yr 5.6 0.01 wk 1.7 0.21 Fire 8,455 0.03 v_wind 0.3 0.16 ≤.05

Selenga Ein 03–11 NTU 1 0.22 6.4 yr 0.8 0.21 wk 1.7 0.37 ≤.05

Selenga Ein 03–11 NTU 2 0.27 4.9 yr 6.0 0.01 wk 2.6 0.20 Fire 1,691 0.34 Temp 2.3 0.25 ≤.05

Selenga Ein 16–20 Chl-a 1 0.25 3.2 yr 0.4 0.22 wk 1.7 0.45 ≤.05

Selenga Ein 16–20 Chl-a 2 0.26 3.0 yr 0.4 0.21 wk 1.7 0.44 v_wind 1.6 0.01 ≤.05

Selenga Ein 16–20 NTU 1 0.40 4.5 yr 0.6 0.21 wk 1.7 0.62 ≤.05

Selenga Ein 16–20 NTU 2 0.50 2.9 yr 2.0 0.05 wk 0.9 0.94 Fire 881.1 0.07 Temp 11.8 0.01 ≤.05
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from 369 to 476 mm registered in 2014 and 2018, respectively.
Supplementary Figure S2 shows the distribution of daily
precipitation (grouped by months with the boxplot statistics) for
the three sub-basins for the period 2003–2020: the range of daily
precipitation varies from 0 to 40 mmwith themost wet periods in July
and August. The analysis carried out with Ordinary Least Square
(OLS) regression for daily precipitation showed that there is no
significant trend in rainfall for the three sub-basins (p > 0.05).

3.2 Non-parametric Multiplicative
Regression (NPMR): Fire, meteo-climatic,
and water quality data

Non-parametric Multiplicative Regression (NPMR) was used to
estimate the response of average weekly Chl-a and Turbidity
concentration to climate and the environmental parameters
(Table 2). Analysis was carried out for each of the three
catchments for both time periods (2003–2011 and 2016–2020).
The results are presented in two steps (Table 2), the first being
when only the time component was included as the predictor and
the second step was when other variables were introduced step-wise
to increase the xR2. Generally, the time component was most
important, accounting for an average of 83% of the xR2 when
comparing step 1 (just time component) with step 2 (all
variables). Considering models with only the time, the weekly
component was more important, having an average sensitivity
value across models of 0.46 compared with 0.18 for year. Of the
six regression models for Chl-a performed with environmental
components (3 sub-basins × 2 time periods) fire was included as
a variable in three of them with sensitivity ranging from 0.03 to 0.23.
For turbidity, fire was included in three models with sensitivity
ranging from 0.05 to 0.34. Fire was not consistently included in
models for either parameters, time-period or sub-basin. Wind
components were also included in three models for both Chl-a
and Turbidity. For the two sub-basins situated to the east of Lake
Baikal the u wind component was significant in the models with a
sensitivity ranging from 0.04 to 0.18. In contrast, for the sub-basin to
the south of Lake Baikal (Selenga) the v wind component was
included in the models (sensitivity 0.01–0.16). Rain was included
in three models of the two eastern sub-basins with sensitivity
ranging from 0.2 to 0.5, but was not included in the southern
Selenga sub-basin. Snow depth was included in two models but at
low sensitivity (<0.1). Air temperature was included in five models
with sensitivity ranging from 0.01 to 0.33.

4 Discussion

In order to interpret the findings of our study, it is necessary to
consider the main characteristics of Lake Baikal, which include large
extension (length of >600 km) along the north-south axis, extreme
depth (mean depth >700 m) and an overall condition of low
nutrients concentrations and low biological productivity. Previous
studies showed a large-scale north-south gradient in physical,
chemical and biological parameters (Goldman et al., 1996). The
lake catchment is vast (>550,000 km2) and covering a diverse range
of land cover types, land morphology (in latitude and altitude), snow

cover amount and ice formation and break up timing. All these
gradients are reflected in the characteristics of three different sub-
basins investigated, which are aligned along the north-south axis,
and ultimately in their role in transferring fire-derived burned
material and soil-released nutrients to the lake. According to our
initial hypothesis, the runoff of burnedmaterials and nutrients to the
lake might affect its water quality inducing detectable changes in
Chl-a and Turbidity.

4.1 Time series of fire, water quality
variables, and precipitations

The first aim of this study was the analysis of time series of
burned area, water quality variables derived from EO datasets and
precipitation derived from model reanalysis dataset in three main
sub-basins of the large oligotrophic Lake Baikal.

In this study, we found a gradient from north to south in terms
of amount of burned areas and land cover types, with the norther
Angara sub-basin characterized by the smallest burned areas and
Forest types most affected, while the southern Selenga sub-basin
with the largest burned areas affecting mainly Croplands beyond
Forest. The middle sub-basin Barguzin was characterized by
intermediate amount of burned areas affecting mostly Forest and
Mixed natural land cover types. The fire occurrence was registered
mainly during the spring months (April-May) for Barguzin and
Selenga, while later in June for the norther Angara. The seasonality
of precipitation could affect vegetation water content and
consequently fire occurrence and propagation. In the Baikal
boreal region, precipitation occurred mainly in the summer,
which means commonly after fire occurrence during the studied
period in the three sub-basins investigated.

Years most affected by fires, in terms of burned areas, were 2003 for
Angara and Selenga and 2015 for Barguzin. Indeed, 2003 was one of the
most devastating fire years in Eastern Siberia in the recent history due to
very dry winter season and above normal high temperatures in summer
months (Sitnov and Mokhov, 2018; Natole et al., 2021). Although the
high number of fire events was observed in all boreal regions from
Northern Eurasia to Northern America, some exceptions can be
pointed out as in the case of the Barguzin basin where 2003 burned
area was half the amount of area burned in the worst year 2015, which
was an exceptional dry year for this sub-basin (year with minimum
precipitation in the period 2003–2020).

In a recent work, Safronov (2020) analyzed EO-derived land cover
products in the eastern portion of Lake Baikal catchment for an 8-year
period (2010–2018) finding that the surface covered by forests was
around 20%, and that this area decreased by about 2.4%with the highest
deforestation occurring between 2013 and 2017. In addition, the
combination of active fire and burned area products with
precipitation data allowed the identification of the relationship
between aridity and fire hotspot. The author stated also that these
two factors alone could not explain the steep increase (20-fold) in the
number of wildfires. In fact, this study concluded that natural ignitions
sources such as dry thunderstorms and pyrocumulus lightning can be
the sources of fire in remote regions, but fires located closer to
settlements and human activities might be of anthropogenic nature.

In our study we detected a gradient of decreasing precipitations
from north to south, in the three different sub basins, with the
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northern Angara being the wettest basin with the highest annual
average precipitations; these conditions were observed every year
during the whole time period from 2003 to 2020 (see Supplementary
Table S1; Supplementary Figure S2). Time series analysis of
precipitation (OLS regression) during the considered period
shows no significant trend.

Chl-a and turbidity concentrations did not show a clear
temporal pattern along the two periods investigated with few
significant exceptions. In fact, in the period 2003–2011 Chl-a
showed a decreasing trend in the southern basins (Barguzin and
Selenga), while Turbidity showed an increasing trend in Barguzin
These findings suggest that the different areas investigated of
Lake Baikal are still oligotrophic with average Chl-a ranging from
1.7 to 3.0 mg m-3 (OECD, 1982; Poikane et al., 2011) with clear
waters (average Turbidity below 1 NTU). Similarly low values are
present in other lakes in this region, with Chl-a ranging from
0.2 to 3.2 mg m-3, attributed to large catchments with low
vegetation and human activity (Mitamura et al., 2010). We
can speculate that this deep lake shows resilience in the
medium-long term to ongoing climate change effects and
anthropogenic pressures.

Focusing on the fire events occurred in 2003, which have
caused an extremely large burned area, it is observable from our
results that during late spring/summer of the following years no
significant increases of Chl-a and Turbidity concentration
occurred. Smith et al. (2011) also observed that large storage
reservoirs might reduce the magnitude and rate of change of
suspended solids inputs from tributary streams thus resulting in
lower peaks, which can be the case of the large and deep Baikal
Lake. However, in the Angara sub-basin, which is characterized
by later vegetation period, fire occurrence (May-June) and
snowmelt timing, we observed an increase of the Chl-a
median values in July in the 3 years following 2003, which can
be explained by the release of dissolved constituents by upstream
snowmelt favouring downstream phytoplankton growth.
Murphy et al., 2015 observed that rain storm events post-
wildfire are the main drivers of the high increase in suspended
solids, DOC and nitrate concentrations in a river watershed in
Colorado, US. They highlighted also that the inter-annual
variations in run-off depends on snowmelt from headwater
areas. Therefore, precipitation intensity in the burned area was
most important for sediment load instead snowmelt runoff
affects mainly DOC load. Moreover, Mast et al. (2016)
reported for the Big Thompson River in Colorado a 2-year
study after wildfire events that burned 15% of the catchment.
They found that the dissolved constituents from the watershed
increased 20%–52% in the first 2 years following the fire, in
particular, the major ions concentration increased after the
first postfire snowmelt period, and nitrate in the second one.
In addition, they found that turbidity due to sediment transport
was instead influenced mainly by summer storms.

4.2 Relationships between fire, meteo-
climatic data, and water quality variables

The second aim of this study was the analysis of the spatio-
temporal relationships between fire occurrence, meteo-climatic

conditions and changes in Chl-a and Turbidity for the three sub
basins of Lake Baikal. Our hypothesis was that the impact of
vegetation removal due to wildfires on the erosion and surface
transport processes of sediments and nutrients, triggered by rainfall
events, could induce changes in Turbidity and/or concentration of
Chl-a in Baikal.

In order to investigate short-term effects of precipitations as
runoff carrier of burned material and nutrients to the lake, we
performed a graphic analysis evaluating the succession of fire events,
periods of precipitation and detectable changes in water quality
variables. A general response was not observed, while inter-annual
differences were found among sub-basins. In Selenga during
2003 concentration of Turbidity and Chl-a started to increase
one and 3 weeks after the high-intensity fires (weeks 16–21),
associated with precipitation events, with maximum Chl-a
concentration (7.8 mg m-3) reached during the 30th week
(Supplementary Figures S3A,B). In the same year, in Barguzin
sub-basin a prolonged fire season correspond to a peak in Chl-a
(10.6 mg m-3) during the 24th week (Supplementary Figure S4A).
However, in Barguzin after another intense fire (2011) and following
precipitation, there was no positive response in Chl-a concentration
(Supplementary Figure S4B).

In order to estimate the response of Chl-a and Turbidity
concentration to fires and to climate and environmental
parameters, Non-parametric Multiplicative Regression
(NPMR) was utilized. The results for all the regression
models, combined in three sub-basins (Angara, Barguzin, and
Selenga) by two time periods (p1 = 2003–2011 and p2 =
2016–2020), showed that temporal variability (seasonal and
annual) was the main predictor of Chl-a and Turbidity
concentrations. Additional parameters included in the models
resulted significant for different sub-basins. In the northern
Angara cumulative burned area and precipitation parameters,
such as rain and snow, resulted important factors especially
during p2. Angara has a longer ice and snow period and a
shorter vegetation period (Goldman et al., 1996) and in our
results, Angara is also the sub-basin with more total and
annual average precipitation (Supplementary Table S1;
Supplementary Figure S2) when compared to the other sub-
basins and its catchment includes vast mountain areas
(Figure 1). Angara in its upper course flows in a west-
southwest direction across mountainous terrain, with rapids
and waterfalls, thus it is likely to be considerably affected by
runoff of burned material and released nutrients to the lake. In
the southern Selenga sub-basin, fires and southerly winds (v wind
component) were significant factors for both chlorophyll-a and
turbidity concentrations. The importance of southerly winds in
the model may indicate that burned material derived from fires
occurring in the Selenga sub-basin have been transported by
southerly winds to the lake surface, directly affecting lake water
quality variables. However, this hypothesis will need further
investigation to be tested by appropriate models including
atmospheric variables. The lack of precipitation parameters in
the Selenga models may indicate that, although dealing with a
very vast sub-basin, burned materials and nutrients released in
the soil may not be transported to the lake water within a short
time-frame. Selenga is a major river in the region and, when
approaching Lake Baikal, it crosses a broad alluvial plain where it
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slows down and deposits sediments (United States Geological
Survey, 2010). The presence of extensive croplands and the
activities of water extraction and canalization for agricultural
uses from the Selenga (Mun et al., 2008) are possibly important
factors interfering with the transport via river or terrestrial
pathways of fire-derived burned material and associated
nutrients to the recipient lake. For the Barguzin sub-basin,
fires and easterly winds (u-wind component) were the most
significant factors affecting Chl-a and turbidity, indicating a
potential effect of burned material derived from fires, which
are located in the eastern part of the lake, being transported
directly by winds to the recipient lake.

In conclusion, in this study we have not observed a clear and
consistent response of water quality variables to the occurrence
of fires in Baikal catchment. Several reasons could explain this
result. First of all, the enormous water volume of Lake Baikal,
although being oligotrophic, may be unlikely to be affected in a
short time scale by regional fire events, since burned material
produced and nutrients released from the soil may be too small
to result in quick and permanent changes in water quality.
Second, burned material and nutrients may find it difficult to
actually reach the lake water body because the lake catchment,
and in particular the outflow areas of the three main tributaries,
may function as filters for nutrient input to the lake. Fire-
derived nutrients may be taken up by soils or vegetation before
reaching the lake, as was documented in other studies,
i.e., Alaska (Lewis et al., 2014). In Minnesota a large forest
fire caused increased phosphorus levels in runoff waters, but
much of this phosphorus was immobilized in the soil before
reaching nearby lakes (McColl and Grigal, 1975). The
important role of the rivers deltas in retaining fire-derived
material and nutrients is supported by previous studies on
the Selenga River, the main tributary of Lake Baikal
(Khodzher et al., 2017; Roberts et al., 2020); the river loads
its water to the lake, together with pollutants and micro- and
macro-nutrients, which are the successfully filtered by the
extensive delta (5,000 km2, Sorokovikova et al., 2017) before
flowing to the lake. Another important reason for the lack of a
clear response of water quality variables to fires could be related
to some limitations of satellite observations (e.g., cloud cover)
in the boreal region. While the burned area signal in satellite
images is persistent (removal of vegetation cover can be
detected later than the occurrence of the fire), anomalies in
water quality estimates can be detected only from simultaneous
observations.

Other studies on the effect of fires on boreal lake’s water
quality (Lewis et al., 2014) found that nutrients (nitrogen and
phosphorus) and chlorophyll concentrations were not affected by
fires. Although we did not find clear general relationships
between the occurrence of fires and changes in Lake Baikal
water quality variables, our study has highlighted the
importance of geographical and morphological features in lake
sub-basins. Northern Angara was the sub-basin with more
annual precipitation and a prolonged period of ice and snow
cover, with river Angara flowing through steep mountain areas in
which rain and snow meltwater may quickly drain and transport
fire-derived nutrients to the lake. In the NPMR analysis, the water
quality variables of Angara ROIs were the most influenced by

precipitation parameters (snow and rain) and in the time series
analysis it was the sub basin with an indication of Chl-a summer
increase lasted for one–three years following the intense fire of
2003. Angara had more precipitations than the other sub basins,
more fire-derived material and nutrients that are transported
through atmospheric vectors may fall directly onto the lake
surface, triggering slight increases in primary production and
Chl-a.

Our findings fit into the body of literature supporting that the
intrinsic complexity associated to lake responses to wildfire is
dependent on a wide range of different ecological variables. For
example, McCullough et al. (2019) in their review on the effects of
fire on lakes in the United States suggested that lake responses may
be weaker compared to river and stream, but prolonged in time
depending on factor such as water residence time. These effects are
commonly rapid depending on fire extent and severity and lasted for
two-three years following fire. They also pointed out that there is a
knowledge gap in quantifying how much fire effect in rivers
propagate downstream to lakes and how these waterbodies are
sensitive to river input, which depends on factors such as lake
volume, water residence time and trophic status.
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