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Abstract

Lake Baikal has held the title of the world's deepest freshwater lake for as long as records exist, yet
recent decades have brought worrying signs that its legendary water clarity is fading. This research
tracked the spatiotemporal evolution of six surface water quality parameters—dissolved oxygen (DO),
chlorophyll-a, total phosphorus (TP), total nitrogen (TN), turbidity, and pH—across 18 monitoring
stations distributed along Lake Baikal's southern and central basins from 2014 to 2022. Data were
drawn from the Russian Federal Service for Hydrometeorology archive and supplemented by three
field sampling campaigns. Mann-Kendall trend tests revealed significant downward trends in DO
(p<0.01) and upward trends in chlorophyll-a and TP (p<0.05) at 14 of the 18 stations. Mean DO fell
from 11.8 mg/L to 8.9 mg/L, while chlorophyll-a rose from 1.2 to 5.2 micrograms per litre—a fourfold
increase. Spatial clustering showed that deterioration was most pronounced within 3 km of tributary
mouths receiving industrial and domestic effluent. The findings indicate that eutrophication pressures
are tightening and that the lake's self-purification capacity may be approaching a threshold beyond
which ecological shifts become difficult to reverse.
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Introduction

For more than a century, Lake Baikal served as the benchmark against which freshwater
purity everywhere else was measured. Early Russian limnological expeditions in the 1890s
recorded Secchi-disk depths exceeding 40 m—values rivalled only by a handful of
oligotrophic high-mountain lakes [, That reputation rested on a combination of low nutrient
inputs, a vast dilution volume (23,615 cubic kilometres), and a unique food web dominated
by the endemic amphipod Epischura baikalensis, which filters roughly a quarter of the lake's
phytoplankton biomass each year [,

By the late twentieth century, however, tributary monitoring began to flag rising phosphorus
and nitrogen concentrations downstream of pulp mills, municipal outfalls, and expanding
livestock operations along the southern shore Fl. The Selenga River, which delivers roughly
half the lake's total inflow, drains a catchment undergoing rapid land-use change in
Mongolia, adding a transboundary dimension to the pollution problem . Satellite imagery
from the 2010s detected seasonal algal blooms of Spirogyra along nearshore zones that had
historically been bloom-free—a pattern that alarmed both scientists and the UNESCO World
Heritage Centre [,

Several previous analyses documented rising nutrient concentrations at individual stations !
or linked algal blooms to warm-season temperature anomalies ["l. But integrated assessments
that combine multiple parameters across many stations, apply formal trend statistics, and
map the spatial structure of deterioration remain rare [, Without such a picture, it is difficult
to prioritise intervention points or to judge how far the lake has moved toward a trophic
threshold.

This research addressed that need by assembling a nine-year, 18-station dataset and applying
the Mann-Kendall trend test and inverse-distance-weighted interpolation to six key water
quality indicators. The objectives were: (a) to quantify temporal trends in each parameter
across the southern and central basins, (b) to map the spatial gradient of quality loss relative
to pollution source locations, and (c) to assess whether observed trajectories suggest an
approaching tipping point for the lake's trophic status [,
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Seasonal Variations

Lake Baikal's ice cover typically forms in late December
and breaks up in May, creating two distinct limnological
seasons. During the ice-covered period (January-April),
photosynthesis is limited by light availability, and under-ice
DO remains high owing to cold temperatures and low
biological oxygen demand [2, The open-water season (June-
October) brings warming of the surface mixed layer to 10-
14 degrees Celsius, triggering phytoplankton production that
peaks in August. It is during this warm window that
chlorophyll-a values are highest and DO drawdown is most
pronounced in nearshore zones receiving nutrient-rich
tributary inflows "), All trend analyses in this research were
therefore stratified by season: ice-covered (December-April)
and open-water (June-October), with May and November
treated as transitional months and excluded.

Material and Methods

Material

Water quality records for the 18 stations were obtained from
the Russian Federal Service for Hydrometeorology
(Roshydromet) archive for the period January 2014 to
December 2022. Sampling frequency was monthly during
the open-water season and bimonthly under ice. Parameters

https://www.geojournal.net

(spectrophotometric after acetone extraction), TP and TN
(persulfate digestion), turbidity (nephelometric), and pH
(electrometric). Three supplementary field campaigns were
conducted by the research team in July 2019, August 2021,
and July 2022 at 12 of the 18 stations to cross-validate the
Roshydromet values. This research was carried out under
institutional approval from the Seoul Institute of Earth
Sciences (Protocol SIES-2019-023, approved 14 March
2019).

Methods

For each station and parameter, the non-parametric Mann-
Kendall test was applied to annual median values to detect
monotonic trends, with significance set at p<0.05 [1%. Sen's
slope estimator quantified the rate of change per year.
Spatial interpolation of the most recent three-year average
(2020-2022) used inverse-distance weighting in QGIS 3.28
to produce continuous surface maps of each parameter.
Nutrient loading from the three main tributaries (Selenga,
Barguzin, and Upper Angara) was estimated from published
flow-gauging records and concentration data . All
statistical work was performed in Python 3.10 using the
pyMannKendall package ™,

included DO  (Winkler  method), chlorophyll-a Results
Table 1: Mann-Kendall trend results for six water quality parameters (2014-2022, 18 stations)
Parameter 2014 Median | 2022 Median | Sen's Slope (/year) |p-value| Stations with Trend (%)
DO (mg/L) 11.8 8.9 -0.34 <0.01 77.8
Chl-a (pug/L) 1.2 5.2 +0.47 <0.01 83.3
TP (ug/L) 6.8 114 +0.54 <0.05 66.7
TN (mg/L) 0.31 0.48 +0.019 <0.05 61.1
Turbidity (NTU) 0.9 1.7 +0.09 <0.05 55.6
pH 7.6 7.8 +0.02 0.11 333

Table 1 shows significant trends for five of the six
parameters. DO declined at 14 of 18 stations, while
chlorophyll-a rose at 15 stations. pH showed the weakest

trend, with only a third of stations reaching statistical
significance.
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Fig 1: Lake-wide median dissolved oxygen (solid line) and chlorophyll-a (dashed line) from 2014 to 2022.

Figure 1 illustrates the inverse trajectories of DO and
chlorophyll-a. The crossing of the two trend lines around
2019 marks the point at which algal biomass, as indicated

by chlorophyll, began to rival the historical norm for
mesotrophic lakes, while DO dropped below 10 mg/L for
the first time in the available record.
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Estimated Nutrient Loading by Source Category
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Fig 2: Estimated annual nutrient loading to Lake Baikal by source category (2014-2022).

Figure 2 shows that industrial effluent contributed the
largest share of nutrient loading throughout the period,
rising from 12.3 to 20.4 tonnes per year. Domestic
wastewater and agricultural runoff also increased steadily,
reflecting population growth and intensifying land use in the
catchment.

Discussion

The 24.6% decline in dissolved oxygen and the fourfold
increase in chlorophyll-a over nine years paint a clear
picture of progressive eutrophication in Lake Baikal's
southern and central basins. These trends are consistent with
earlier warnings based on shorter records [ but extend the
evidence base both in time and in spatial coverage. The fact
that 14 of 18 stations showed significant DO declines
suggests that the process is not confined to a few hotspots
but is advancing lake-wide.

The spatial analysis revealed that deterioration was strongest
within 3 km of tributary mouths, where nutrient-laden river
water mixes with the nearshore zone. The Selenga delta area
consistently recorded the highest TP and chlorophyll-a
values, which aligns with the river's dominant role in the
lake's water and nutrient budget (.. Outside the 3-km buffer,
quality parameters improved markedly, indicating that the
lake's vast volume still provides significant dilution—but
the buffer zone of acceptable quality appears to be
narrowing year by year.

Whether Lake Baikal is approaching a trophic tipping point
is difficult to confirm from trend data alone. However,
chlorophyll-a levels in the 4-5 micrograms per litre range
place the nearshore zone firmly in the mesotrophic class
according to OECD lake classification criteria [, a category
historically reserved for much smaller and shallower lakes.
If current trajectories continue, the nearshore could cross the
eutrophic boundary (chlorophyll-a > 8 micrograms per litre)
within the next decade.

This research is limited by its reliance on surface samples at
a single depth (0.5 m). Deep-water quality—where Lake
Baikal's unique cold-water fauna resides—may follow a
different trajectory and should be assessed separately. The
nutrient-loading estimates are also approximate, based on
published flow data rather than continuous measurements.

Conclusion
This research established that surface water quality in Lake

Baikal's southern and central basins has deteriorated
significantly between 2014 and 2022, with dissolved oxygen
falling by nearly 25% and chlorophyll-a increasing fourfold.
The spatial pattern links the worst conditions to tributary
mouths carrying industrial, domestic, and agricultural
nutrient loads, with the Selenga delta emerging as the
primary hotspot.

The trajectory indicates that the nearshore zone has
transitioned from oligotrophic to mesotrophic status—a shift
that was unthinkable a generation ago for a lake of Baikal's
size and depth. Reversing this trend will require coordinated
action on wastewater treatment infrastructure, industrial
discharge  regulation, and transboundary  nutrient
management with Mongolia. Continued monitoring at the
station network used here, extended to include deep-water
sampling, is needed to track whether interventions succeed
in bending the eutrophication curve.
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