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Abstract. Regional climate change affects the flow conditions in river basins which can impact the health of

aquatic ecosystems. Potential impacts of future climate scenarios on Coregonus migratorius spawning migration
in the Selenga River were assessed. A regional process-based hydrological model was used to reproduce the
historical trends in the annual flow and assess its future changes under several climate change scenarios. Annual flow projections were used to identify preferential river reaches for spawning activity of the Arctic cisco
(Coregonus migratorius), based on the significant negative correlation of spawning activity with the Selenga
River streamflow. The applied methodology shows that the projected decline in runoff of 10 % to 25 % in XXI
century may result in shifting of the spawning locations further upstream of the Ulan-Ude city, a local “pollution
hotspot”.

1

Introduction

In natural ecosystems, environmental abiotic drivers may
play a crucial role in the development and survival of living organisms (Poff et al., 1997; Poff and Zimmerman, 2010;
Stagl and Hattermann, 2016). In riverine ecosystems, the reproduction, foraging, maturation and recruitment of aquatic
species are dependent on flow and temperature regime, both
of which are vulnerable to natural and anthropogenic impacts
(Gillenwater et al., 2006; Goto et al., 2015; Stagl and Hattermann, 2016; Wang et al., 2019). The health of aquatic
ecosystems is strongly affected by catchment-scale human
activities, such as dam construction (Fan et al., 2015; Wang
et al., 2019; Wu et al., 2019), irrigation (Baczyk
˛
et al.,
2018; Nhiwatiwa et al., 2017) and changes in hydro-climatic
regime (Goode et al., 2012; Johnson et al., 2009; Statham,
2012). The observed changes in river flow due to these impacts can be evaluated using indicators of alteration in a riverine system (Gao et al., 2009; Richter et al., 1996). However,
a commonly applied index for a basic assessment of the alteration of an aquatic system is the average annual streamflow
discharge (Bragg et al., 2005).

The most interacting with the river flow are migratory fish
species, such as salmonids, spawning in fresh water. The basic water quantity requirements for salmonid fish includes:
flows (at appropriate times of the year), water depths, and
flow velocities for spawning fish (Hendry et al., 2003). A reduction in flow causes a reduction in water levels and velocities, which is turn decreases available habitat and reduces
habitat diversity (Dewson et al., 2007). Low flow conditions
can be also attributed to other negative impacts such as increased sediment deposition and decrease in water quality.
Numerous studies have used experimental flumes in the laboratory to examine the critical swimming speeds and optimal longitudinal velocities on the microhabitat level, including how velocity and turbulence influence on the variation in
swimming behaviour (see Hockley et al., 2014). Whereas almost no studies were attributed to the effects of velocity to
fish migration patterns of migratory fishes.
In recent studies a common methodology for assessment
of future impacts of climate change on river flow and subsequently on the ecological state of the catchment system is
involving a hydrological model forced by expected climate
variables to simulate future flows and other ecohydrological
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indicators (Döll and Zhang, 2010; Gelfan et al., 2017; Moreido and Kalugin, 2017; Papadaki et al., 2016; Schneider et
al., 2013; Shrestha et al., 2014; Thompson et al., 2014). Several studies have previously addressed the impact of future
climate change on conditions of aquatic environments, such
as anadromous fish morphology (Andres et al., 2019) and
spawning success (Fenkes et al., 2016).
The present study examines hydroclimatic effects due to
climate change on the seasonal spawning migration of Arctic
cisco (Coregonus migratorius) in the Selenga Selenga River,
which is the largest tributary of Lake Baikal and provides
nearly a half of the annual inflow of water to the lake. The
observed climate change impacts on the annual flow and
regional hydrology (Karthe et al., 2014, 2017; Kasimov et
al., 2017; Frolova et al, 2017) have a high potential to impair aquatic ecosystem functions and spawning migration of
Coregonus migratorius. The Selenga River remains one of
the rivers in the world free of large flow alteration projects
(e.g. dams and water abstractions) of the comparable area
(Frolova et al., 2017; Törnqvist et al., 2014).
Our assessment involved the construction of a regionalscale hydrological model to reproduce the current flow conditions of the Selenga River, forcing it with the future scenarios of climate change and subsequently applying the obtained
results to a regression-based model the spawning migration
of Coregonus migratorius.
2

Case study site

The Selenga River is a large transboundary river originating in Mongolia and flows across the Republic of Buryatia
(Russia) to lake Baikal where it forms a large delta (Fig. 1).
The Selenga River is 1024 km in length and drains an area of
450 000 km2 . Total annual flow into the lake is 29 km3 and
the highest flows occur in August–September. The Selenga
River provides spawning habitat for the Coregonus migratorius (see Sect. 3.1). For the last two decades, annual flow
of the Selenga River has decreased significantly (Frolova et
al., 2017). With its diverse catchment flow generation conditions, ranging from dry steppe to mountainous taiga, and
occasional permafrost patterns, the fate of the Selenga River
and its ecosystem health under the expected climate change
(Karthe et al., 2017; Törnqvist et al., 2014) is of crucial interest.

ing populations in the Barguzin and Bolshaya rivers (population around 0.1–0.7 million) (Bazov and Bazova, 2015).
Annual spawning migration occurs between the end of August and the end of October. According to multi-year monitoring programs there is a strong negative relationship (R =
−0.77) between river stage and spawning migration distance during the spawning period (Bazov and Bazova, 2015;
Sokolov and Kalyagin, 2001; Voronov, 1993). Preferable
spawning conditions for Coregonus species include gravel
bed (Roseman et al., 2007), low channel slope and flow velocities between 0.8–2.8 m s−1 (Bazov and Bazova, 2016).
There has been no evidence in the local habitat studies of
Coregonus migratorius spawning on inundated floodplains
during high flows. During the spawning period, water temperature can vary between +9 and +20 ◦ C and there is no
significant correlation between temperature and spawning
activity (Bazov and Bazova, 2015). This is likely due to the
tendency of Coregonus migratorius to avoid additional energy loss due to overcoming the increased stream velocity.
Coregonus migratorius typically migrate 20 to 450 km upstream from the delta to spawn (Bazov and Bazova, 2015).
A major industrial centre Ulan-Ude (capital of Buryatia Republic) is located 153 km upstream from the delta. Industrial activity represents a pollution hot spot at this location
(Karthe et al., 2017). Accordingly, spawning activity is most
pronounced in a reach river 140 km from the delta with an
average distance of 110 km (Bazov and Bazova, 2010). During periods of low flow spawning activity can occur over a
range of 175 to 450 km from the delta with an average distance of 240 km. The analysis of the dependency between
the spawning distance and the mean water stage at the Kabansk gage in September showed a clear negative correlation
of −0.77 (Bazov and Bazova, 2015), implying that the higher
the stage, spawning activity occurs closer to the delta.
Bazov and Bazova (2015) outline the two types of Coregonus migratorius spawning behaviour:
1. “High-stage type” with the majority of spawning occurring downstream of Ulan-Ude, with the average distance
of 110 ± 2 km, characterized by high water stage at Kabansk gage −340 ± 12 cm;
2. “Low-stage type” with the average spawning distance
of 240 ± 26 km and water stage of 244 ± 15 cm.
3.2

3

Materials and methods

3.1 Coregonus migratorius migration behavior
assessment in current conditions

The Arctic cisco (Coregonus migratorius) is a migratory
species of the Salmonidae family foraging in Lake Baikal
and spawning in the tributaries. The Selenga and Upper Angara rivers contain the highest populations of Arctic cisco.
estimated population of 1.0–3.7 million followed by spawnProc. IAHS, 381, 113–119, 2019

The Selenga river flow modelling

ECOMAG modelling software was used to model current
and assess future flow conditions of the Selenga river. The
ECOMAG (ECOlogical Model for Applied Geophysics) is a
spatially-distributed process-based hydrological model that
considers hydrological processes such as rainfall/snowfall
canopy interception, snow accumulation and melt, soil freezing and thawing, water infiltration into unfrozen and frozen
soil, evapotranspiration, thermal and water regime of soil,
overland, subsurface, ground and river flow with a daily time
proc-iahs.net/381/113/2019/
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Figure 1. The location of the study region.

step (Motovilov et al., 1999; Motovilov, 2016). The model
is capable of reproducing streamflow discharge at any point
in the river network and is driven by time series data based
on daily air temperature, humidity, and precipitation intensity. The ECOMAG model has been applied to the Selenga
river basin to assess the future impact of the regional climate
change on annual flow using EWEMBI reanalysis dataset
(Lange, 2016) as input (Gelfan and Millionschikova, 2018).
The model parameters were calibrated against the observed daily streamflow discharge data at the most downstream hydrometric gauge located at Kabansk (Fig. 1) to
reproduce the observed trends in annual flow of the Selenga River. The model showed good agreement between the
measured and the calculated annual flow with the following efficiency estimates. For the calibration period (2000–
2013) NSE = 0.82, r = 0.93 and BIAS = 0.22 %, for the
validation period (1986–1999) NSE = 0.77, r = 0.88 and
BIAS = 4.4 %.

3.3

Assessment of the Selenga flow and Coregonus
migratorius spawning conditions under future
climate changes

To assess annual flow dynamics in the Selenga river under
future climate changes output from the General Circulation
Models was used (GCMs) from the ISIMIP2: HadGEM2-ES,
IPSL-CM5A-LR, MIROC-ESMCHEM, GFDL-ESM2M,
which operated under different conditions of the expected external atmospheric radiation impacts (RCP-scenarios – Repproc-iahs.net/381/113/2019/

resentative Concentration Pathways; IPCC, 2014). The original GCMs data were interpolated to a 0.5◦ × 0.5◦ grid and
bias-corrected on the continental scale (the bias-correction
procedure concept is described in Hempel et al., 2013). The
expected changes in the external parameters of the climate
models – the scenarios of anthropogenic greenhouse gases’
emissions – were introduced according to the radiation impact level for each of the four RCPs expected by 2100: RCP
2.6, RCP 4.5, RCP 6.0, RCP 8.5 (2.6, 4.5, 6.0, 8.5 W m−2 , respectively; IPCC, 2014). Based on the four GCMs forced by
four RCPs, an ensemble of possible climate projections for
the Selenga River basin in the XXI century was obtained with
correction factors that have been determined for the historical low-flow period (1996–2005). The correction commonly
consisted of minimizing the bias-error of GCM-based calculations on the regional scale (Gelfan et al., 2015) compared
with the EWEMBI-based calculations.
This approach is unsuitable for intra-annual flow projections (Moreido and Kalugin, 2017) due to large uncertainties in the annual cycle described by the GCMs. Hence we
used a linear regression model to change between the modelled annual flows and the September streamflow. The correlation coefficient between these variables is 0.91, which allows for such a transition. Next, the average streamflow value
in September was converted into the mean stage value with
the stage-discharge curve, established using long term data
from the Kabansk gauging station. The analysis of the observed mean stage of the Selenga River in September and
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Figure 2. Projections of the Baikal omul spawning distance range in the XXI century. Horizontal bars show mean projected distance for
different periods, whiskers show inter-model variance. Vertical grey dashed lines denote the historical minimum and maximum spawning
ground location, the shaded areas show the two types of the migration distance from the assessment of 1984–2013 (see Sect. 3.1). Vertical
black dotted line marks the location of the Ulan-Ude, black dash-dotted line shows the interstate borderline location.

the calculated using the described procedure showed a good
agreement with correlation coefficient r = 0.95.
To predict Coregonus migratorius spawning features under future hydrological conditions we used a conceptual
modelling approach. Accordingly, we employed a regression model (Bazov and Bazova, 2015) which links hydrological controls of the migration extent using relationship between distance of Baikal Coregonus migratorius spawning
sites from the delta with the average water level of the Selenga river at most downstream gage in Kabansk in September.
4
4.1

Results and discussion
Streamflow modelling for XXI century

The future regional climate trends for the Selenga river based
on the ensemble of four climate models’ projections throughout the XXI century were obtained. The ensemble-averaged
projections were used to assess the anomalies of air temperature (◦ C) and precipitation (%) over three thirty-year-long
periods for the XXI century (2010–2039, 2040–2069, 2070–
2099) as compared to the historical period of 1996–2005.
Based on these results, the trend in the anomaly of the average annual air temperature in the Selenga Basin in the XXI
century under different RCP-scenarios increased over time
(Table 1). Accordingly, the trend in the anomaly of the average annual precipitation under different scenarios is projected to be positive (Table 1).
Using these projections as inputs to the hydrological
model, we simulated flow changes in the Selenga River
basin. According to all climate projections, mean annual flow
Proc. IAHS, 381, 113–119, 2019

Table 1. Ensemble-averaged projections of air temperature (◦ C)

and precipitation (%) anomalies for the XXI century in the Selenga
river basin.
Variable

T , ◦C
P, %

Relative concentration
pathway (RCP)
2.6

4.5

6.0

8.5

+1.0
+2.5

+3.0
+8.0

+4.2
+9.0

+7.3
+11.0

will decrease and this will be more pronounced in the second
half of the XXI century. Under the RCP 8.5 scenario flow
will decrease by 25 % relative to the historical period. It is
assumed that the low-flow conditions into Lake Baikal will
remain throughout the XXI century.
4.2

Assessment of the future alteration of the Baikal
omul spawning migration

Using the obtained mean annual Selenga River streamflow
discharge for future periods at the Kabansk gauge, we calculated the mean stage for these periods and subsequently – the
possible alteration of the Baikal omul spawning distance using the methodology described in Sect. 3.1. Figure 2 shows
the comparison of the current and the expected conditions
of spawning grounds’ location expressed as the distance upstream from the Selenga River delta.
The assessment of spawning locations based on the control
catch data of 1984–2013 (Bazov and Bazova, 2015) showed
that 25 % to 75 % of spawning grounds are located between
110 and 250 km from the delta. Our results show that acproc-iahs.net/381/113/2019/
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cording to the expected decrease in the Selenga River flow,
the spawning migration distance will propagate further upstream. In the first period of 2010–2039 the distance assessed
under different RCPs is projected at 219 to 230 km, in the
second period – between 221 and 233 km, in the third – between 225 and 272 km. The inter-RCP and inter-model variance increase between the periods, with the most significant
difference in the third period of 2070–2099 (Fig. 2).
On average, all the spawning grounds are projected to be
located upstream of the Ulan-Ude city, which is ecologically
favorable. Most of the projected distances fall into the “lowstage type” of the spawning behavior.

5

Conclusion

A modelling approach was used to assess the effect of climate change on streamflow and hydrological conditions for
Coregonus migratorius spawning. Regional climate change
projections from Global Circulation Models operating under different greenhouse gas forcing was determined and a
regional hydrological model projecting future climate conditions was used with a regression-based spawning ground
location model. The resulting projections show that annual
flow of the Selenga River will decrease from 10 % to 25 % according to different climate change scenarios. These changes
in river flow indicate that Coregonus migratorius will propagate further upstream of the Selenga River delta to more
favorable spawning locations. Further investigations should
include a detailed assessment of site scale physical, chemical
and biological factors contributing to spawning success at the
site, reach and watershed scale.
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