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Abstract

The diatom oxygen isotope composition (δ18Odiatom) from lacustrine sediments helps tracing the hydrological and climate

dynamics in individual lake catchments, and is generally linked to changes in temperature and δ18Olake. Lake Bolshoye

Shchuchye (67°53’N; 66°19’ E; 186 m a.s.l) is the largest and deepest freshwater reservoir in the Polar Urals, Arctic Russia. Its

δ
18Odiatom record generally follows a decrease in summer insolation and the northern hemisphere (NH) temperature history.

However, it displays exceptional, short-term variations exceeding 5centennial-scale variability occurs contemporaneously with

and similarly to Holocene NH glacier advances. However, larger Holocene glacier advances in the Lake Bolshoye Shchuchye

catchment are unknown and have not left any significant imprint on the lake sediment record. As Lake Bolshoye Shchuchye is

deep and voluminous, about 30-50% of its volume needs to be exchanged with isotopically different water within decades to

account for these shifts in the δ18Odiatom record. A plausible source of water with light isotope composition inflow is snow,

known to be transported in surplus by snow redistribution from the windward to the leeward side of the Polar Urals. Here,

we propose snow melt and influx changes being the dominant mechanism responsible for the observed short-term changes in

the δ18Odiatom record. This is the first time such drastic, centennial-scale hydrological changes in a catchment have been

identified in Holocene lacustrine diatom oxygen isotopes, which, for Lake Bolshoye Shchuchye, are interpreted as proxy for

summer temperatures and palaeo precipitation.
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Key Points: 22 

 Diatom oxygen isotopes from sediments of Lake Bolshoye Shchuchye are valuable 23 

proxies for the Holocene hydrological and climate dynamics 24 

 Centennial-scale variability of the Holocene diatom isotope record is contemporaneous to 25 

glacier advances in the Northern hemisphere 26 

 Snow melt variability in the lake catchment is the main driver for the short-term changes 27 

in δ
18

Odiatom 28 
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Abstract  30 

The diatom oxygen isotope composition (δ
18

Odiatom) from lacustrine sediments helps tracing 31 

the hydrological and climate dynamics in individual lake catchments, and is generally linked to 32 

changes in temperature and δ
18

Olake. Lake Bolshoye Shchuchye (6753'N; 6619' E; 186 m a.s.l) 33 

is the largest and deepest freshwater reservoir in the Polar Urals, Arctic Russia. Its δ
18

Odiatom 34 

record generally follows a decrease in summer insolation and the northern hemisphere (NH) 35 

temperature history. However, it displays exceptional, short-term variations exceeding 5‰, 36 

especially in Mid and Late Holocene. This centennial-scale variability occurs 37 

contemporaneously with and similarly to Holocene NH glacier advances. However, larger 38 

Holocene glacier advances in the Lake Bolshoye Shchuchye catchment are unknown and have 39 

not left any significant imprint on the lake sediment record. As Lake Bolshoye Shchuchye is 40 

deep and voluminous, about 30−50% of its volume needs to be exchanged with isotopically 41 

different water within decades to account for these shifts in the δ
18

Odiatom record. A plausible 42 

source of water with light isotope composition inflow is snow, known to be transported in 43 

surplus by snow redistribution from the windward to the leeward side of the Polar Urals. Here, 44 

we propose snow melt and influx changes being the dominant mechanism responsible for the 45 

observed short-term changes in the δ
18

Odiatom record. This is the first time such drastic, 46 

centennial-scale hydrological changes in a catchment have been identified in Holocene lacustrine 47 

diatom oxygen isotopes, which, for Lake Bolshoye Shchuchye, are interpreted as proxy for 48 

summer temperatures and palaeo precipitation.  49 
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 56 

1. Introduction  57 

The ongoing climate warming is currently being debated at scientific, political and social 58 

levels. Comparisons with past climatic conditions are generally used to assess the stability or 59 

instability of regional environments as well as the potential to predict possible trends of future 60 

climate change. This is important for policymakers today and for human well-being in the future 61 

as food and water supply, energy production and use largely depend on the successful 62 

reconstructions of climatic conditions that existed in the past (IPCC, 2014; NOAA NCEI, 2020).  63 

Glaciers and ice or snow fields are visual indicators for climate changes in high mountain 64 

regions (Davis et al., 2009; Khromova et al., 2014, 2019; Solomina et al., 2015; WGMS, 2017). 65 

Their advances and retreats do not only significantly alter landscapes (Khromova et al., 2019), 66 

but can also increase risks of local hazards and natural disasters (Huggel et al., 2008; Petrakov et 67 

al., 2008; Khromova et al., 2019). Changes in glacier mass balances lead to rearrangements of 68 

local and regional water cycles (Koboltschnig & Schöner, 2011; Radić & Hock, 2014; Nazarova 69 

et al., 2021a) and may be linked to global sea level rise (Shahgedanova et al., 2012; Gardner et 70 

al., 2013).  71 

The Ural Mountains are a north-to-south stretching range of more than 2,000 km, separating 72 

Europe and Asia. As such, it is an orographic barrier playing an important role for atmospheric 73 

moisture transport to the Eurasian Arctic (i.e. Svendsen et al., 2004). In this region, small 74 

glaciers are widespread, mainly in the Polar Urals (Kononov et al., 2005; Shahgedanova et al., 75 

2012; Khromova et al., 2014; Solomina et al., 2015; Svendsen et al., 2019). Field-based and 76 

satellite observations revealed that significant changes in air temperature and precipitation in 77 

recent decades have caused a reduction of the glacier areas in the Polar Urals by 23% on average 78 

(Nosenko & Tsvetkov, 2003; Shahgedanova et al., 2012; Khromova et al., 2014; 2019). 79 

Although numerous studies have contributed to a better understanding of the climate and 80 

environmental history in the Polar Urals (Panova et al., 2003; Cremer et al., 2004; Andreev et al., 81 



2005; Jankovská et al., 2006; Solovieva et al., 2008; Regnéll et al., 2019; Nazarova et al., 82 

2021b), the glacier fluctuations in this region are still very poorly investigated (Kononov et al., 83 

2005; Solomina et al., 2010, 2015; Haflidason et al., 2019) and existing knowledge of the glacier 84 

dynamics history remains fragmentary (Mangerud et al., 2008; Astakhov, 2018; Svendsen et al., 85 

2014, 2019). Thus, reliable proxy data are required to reconstruct the long-term glacial history of 86 

the region in more detail.  87 

Continuous reconstructions of glacier size variations are based on information provided by 88 

different parameters from lake sediments, e.g. magnetic susceptibility, loss-on-ignition, grain-89 

size variations, and chemical element contents (Dahl et al., 2003; Nesje, 2009; Nesje et al., 2014; 90 

Regnéll et al., 2019; Lenz et al., 2021). The oxygen isotope composition of diatoms (
18

Odiatom) 91 

has been widely used as a proxy for climate and hydrological changes in many studies (Swann 92 

and Leng, 2009; van Hardenbroek et al., 2018). Shifts in diatom oxygen isotope records 93 

(Kostrova et al., 2013, 2019, 2021; Meyer et al., 2015; Cartier et al., 2019), often reflect changes 94 

in lake water (δ
18

Olake) related to variations in atmospheric precipitation patterns and/or in the 95 

hydrological conditions (evaporation, meltwater supply) in the catchment. 
18

Odiatom, 96 

consequently, has a high potential to enhance our understanding of coupled glacier-lake 97 

dynamics beyond the instrumental records.  98 

In the current study, 
18

Odiatom from Lake Bolshoye Shchuchye (Fig. 1) has been employed as 99 

novel proxy to trace environmental and climatic fluctuations in the Polar Urals through the 100 

Holocene. Our approach is supported by lake-internal proxies (i.e. chironomid and 101 

biogeochemical analyses) of the same sedimentary succession, complemented by modern isotope 102 

hydrology and isotope mass-balance modeling. The newly obtained 
18

Odiatom record is discussed 103 

in the context of other regional and hemispheric environmental reconstructions (Andreev et al., 104 

2005; Jankovská et al., 2006; Regnéll et al., 2019; Svendsen et al., 2019; Lenz et al., 2021; 105 

Cowling et al., 2021) including glacier fluctuations in order to explore the response of the lake 106 

system to hydroclimate change.  107 



 108 

 109 

2. Study area  110 

Lake Bolshoye Shchuchye (6753'N; 6619' E; 186 m a.s.l) is the largest and deepest 111 

freshwater reservoir of the Polar Urals, Arctic Russia, located in the permafrost zone at the 112 

boundary between Europe and Asia (Fig. 1). The lake surface area is 11.8 km
2
, with mean and 113 

maximum water depths of 78.2 m and 160.0 m, respectively (Pechkin et al., 2017). The lake 114 

basin consists of a tectonic, glacially-eroded and overdeepened V-shaped mountain valley 115 

(Kemmerich, 1966; Svendsen et al., 2019; Haflidason et al., 2019) orientated northwest to 116 

southeast (Fig. 1B). With an average width of 0.92 km (maximum of 1.35 km) and a length of 117 

12.7 km (Bogdanov et al., 2004), the lake is clearly elongated in shape. The lake is surrounded 118 

by ridges which peak up to more than 1000 m (Kemmerich, 1966). The lake basin is 119 

characterized by steep slopes and a sharp increase in depth in the central part and more gentle 120 

slopes in the northwestern and southeastern parts (Kemmerich, 1966; Pechkin et al., 2017). The 121 

bedrock comprises Proterozoic-Cambrian basaltic and andesitic rocks in the eastern and 122 

northwestern parts of the catchment and Ordovician quartzite and phyllitic rocks in the 123 

southwestern catchment (Dushin et al., 2009; Lammers et al., 2019; Svendsen et al., 2019). The 124 

catchment area of ~227 km
2
 consists of a narrow zone along the lake as well as a wider 125 

hinterland to the north (Bogdanov et al., 2004). The lake is a hydrologically open system fed by 126 

12 ephemeral streams with Pyryanatanë River as the main inflow forming a delta at the lake’s 127 

northern end (Bogdanov et al., 2004). The Bolshaya Shchuchya River outflows at the southern 128 

part of the lake (Fig. 1B). The annual runoff from the catchment area is around 0.13–0.15 km
3
 129 

a
−1

 and about 5–7 years of residence time are required to renew the whole volume of water (~1 130 

km
3
) stored in the lake basin (Haflidason et al., 2019). 131 

Lake Bolshoye Shchuchye is monomictic with mixing occurring only during the very short 132 

summer periods (Svendsen et al., 2019). The lake water temperature is persistently low, reaching 133 



1.2−3.1°C beneath the ice (Regnéll et al., 2019) and a mean surface water temperature not 134 

exceeding 10−14 °С even on very hot days in August (Mitrofanova, 2017; Vinokurova, 2017). 135 

The lake is typically ice-covered for more than half a year, from early October to ice-out in late 136 

June–early July (Kemmerich, 1966; Svendsen et al., 2019). The lake ecosystem is pristine, and 137 

not subject to anthropogenic impact and changes only under the influence of natural factors 138 

(Yermolaeva & Burmistrova, 2017). 139 

The regional climate is continental and quite severe with long, cold winters and short, cool 140 

summers. The catchment is characterized by excessive moisture with a lack of heat (Morozova et 141 

al., 2006). The average annual air temperature is −6.3 °C (at the Bolshaya Khadata station (260 142 

m a.s.l) located ~25 km to the south of Lake Bolshoye Shchuchye; Fig. 1A), ranging from −14.3 143 

°C (winter) to +7.0 °C (summer) (Solomina et al., 2010). Annual precipitation amounts are 144 

around 610 mm with the sum of warm period precipitation of 70 mm on average (Solomina et 145 

al., 2010; Shahgedanova et al., 2012). There are a few cirque- and niche-type glaciers less than 1 146 

km
2
 in size near the lake catchment today (Solomina et al., 2010; Khromova et al., 2014; Regnéll 147 

et al., 2019). However, glaciers almost disappeared in response to the recent climate warming 148 

(Svendsen et al., 2019).  149 

The hydroclimate in this region reflects the trajectories of prevailing air masses. Typically, 150 

westerly cyclones originating over the Northern Atlantic dominate in winter, bringing cloudy, 151 

windy weather and precipitation (Kemmerich, 1966; Kononov et al., 2005; Shahgedanova et al., 152 

2012; Pischalnikova, 2016). These are also related to strong winds that cause snow redistribution 153 

within mountains and its accumulation on leeward slopes and depressions (Mangerud et al., 154 

2008). In summer, dry continental air masses from the east provide conditions for relatively hot 155 

and dry weather, whereas incursions of northwesterly and northerly cyclones often cause rain 156 

and a sharp drop in air temperatures (Kemmerich, 1966; Kononov et al., 2005). 157 

 158 

3. Materials and methods  159 



3.1.  Sediment recovery, core lithology and chronology 160 

In April 2016, a 54-m-long sediment core (Co 1321; 6753' N, 6619' E; water depth: 136 m) 161 

was retrieved from the central part of Lake Bolshoye Shchuchye using gravity and percussion 162 

piston corers (UWITEC Ltd., Austria) from the central part of Lake Bolshoye Shchuchye (Fig. 163 

1). The depth interval from 9.15 to 0 mcd (meter composite depth) of the core, consisting of grey 164 

to brown fine-grained, diffusely layered, hemipelagic sediment intermitted by turbidite layers, is 165 

the focus of this paper. A recent study (Lenz et al., 2021) demonstrated that the upper 9.15-m 166 

part was deposited during the last ~11,400 years (calendar ages are used consistently in this 167 

study), i.e. covers the Holocene interglacial. The age-depth relationship of the analysed part of 168 

the Co1321 core is based on the surface age (AD 2016) and five AMS 
14

C dates. The age model 169 

was calculated with CLAM version 2.3.9 (Blaauw, 2010, 2021), which was run in R version 170 

4.0.3 (R core Team, 2020). The Holocene onset at ~ 11.5 cal. ka BP is supported by the results of 171 

pollen analysis. A detailed description of the age model and lake internal parameters of Lake 172 

Bolshoye Shchuchye are given in Lenz et al. (2021).  173 

 174 

3.2.  Geochemical analyses 175 

The Co 1321 core was X-ray fluorescence (XRF)-scanned at 1-mm resolution using an 176 

ITRAX core scanner (Cox Analytical, Sweden) at the University of Cologne. Sub-sampling for 177 

total carbon (TC) and total inorganic carbon (TIC) analyses was done in 8-cm intervals omitting 178 

turbidites, which offers a temporal resolution of about 100 years between two samples. TC and 179 

TIC contents were measured with a DIMATOC 2000 carbon analyser (Dimatec Corp., 180 

Germany). Total organic carbon (TOC) was calculated by subtracting TIC from TC (Lenz et al., 181 

2021).  182 

 183 

3.3. Biogenic silica analysis, diatom preparation and contamination assessment 184 



Biogenic silica (BSi) analysis was performed on 0.45 g of dry sediment sampled from Co 185 

1321. Samples were ground and analysed for BSi using the automated sequential leaching 186 

method (Müller & Schneider, 1993) at the Alfred Wegener Institute Helmholtz Centre for Polar 187 

and Marine Research (AWI Bremerhaven, Germany). Biogenic opal was calculated from BSi 188 

assuming a 10% water content within the frustule (Mortlock & Froelich, 1989; Müller & 189 

Schneider, 1993). 190 

A total of 48 Holocene sediment samples with an initial biogenic opal content (Fig. 2) above 191 

8% were processed for δ
18

Odiatom analysis. Diatom purification involved a multi-step procedure 192 

based on Chapligin et al. (2012a). First, sediment samples were heated to 50 C in 35% H2O2 for 193 

three days to remove organic matter, before adding 10% HCl to eliminate carbonates. To 194 

separate diatoms from the detrital contaminants with higher density, samples were centrifuged in 195 

sodium polytungstate (SPT; 3Na2WO49WO3·H2O) heavy liquid solution (at decreasing densities 196 

from 2.50 to 2.10 g cm
-3

) at 2500 rpm for 30 minutes. The detritus was retained for a 197 

contamination assessment and δ
18

Odiatom correction. Hardly soluble micro-organic and lighter 198 

contaminants were removed by applying an inverse separation with SPT of 2.05 g cm
-3

. Purified 199 

diatoms were then washed in ultra-pure water using a 3 µm filter. Finally, samples were wet 200 

sieved using a Rhewum Schallfix nylon mesh and sonication system, resulting in two diatom size 201 

fractions (3−10 μm and >10 μm). Only the 3−10 μm fraction yielded sufficient material (>2 mg) 202 

to be used for δ
18

Odiatom analysis. 203 

Energy-Dispersive X-ray Spectroscopy (EDS) under a scanning electron microscope (SEM) 204 

at the German Research Centre for Geosciences (GFZ Potsdam, Germany) was used to assess 205 

contamination of all diatom samples (Chapligin et al., 2012a). The EDS data (Table 1; Fig. 2) 206 

indicate that all 48 purified samples contained sufficient diatom material and less than 2.5% 207 

Al2O3 (Chapligin et al., 2012a) to be analysed for δ
18

Odiatom. 32 samples were highly purified, 208 

comprising between 97.1 and 98.8% SiO2, and 0.5–1.6% Al2O3, respectively. 16 samples were 209 

less pure with 94.8–96.8% SiO2, and 1.3–2.0% Al2O3.  210 



 211 

3.4. Diatom isotope analysis and δ
18

Odiatom correction 212 

The oxygen isotope composition of purified diatom samples (n = 48) and the detrital 213 

contaminant sub-samples (n = 5) were measured at the ISOLAB Facility at AWI Potsdam with a 214 

PDZ Europa 2020 mass spectrometer. Prior to isotope analysis, exchangeable oxygen was 215 

removed using inert Gas Flow Dehydration (iGFD) under Argon gas at 1100 C, after Chapligin 216 

et al. (2010). Dehydrated samples were fully reacted using laser fluorination with BrF5 as reagent 217 

to liberate O2 (Clayton & Mayeda, 1963) and then directly measured against an oxygen reference 218 

sample of known isotopic composition. Replicate analyses of the calibrated working standard 219 

BFC (Chapligin et al., 2011) yielded δ
18

O = +28.82±0.26‰ (n=76) indicating an accuracy and 220 

analytical precision corresponding to the method’s long-term analytical reproducibility (1σ) of 221 

±0.25‰ (Chapligin et al., 2010).  222 

All measured diatom δ
18

O values were contamination-corrected using the geochemical mass-223 

balance approach (Swann & Leng, 2009; Chapligin et al., 2012a):  224 

18
18 18( ) / ( )

100 100

cont cont diatom
corr meas

O c c
O O


 


        (1) 225 

where δ
18

Omeas is the original measured δ
18

O value of the sample. δ
18

Ocorr is the measured δ
18

O 226 

value corrected for contamination, with δ
18

Ocont = +12.8±0.6‰ (n = 5), which represents the 227 

average δ
18

O of the heavy detrital fractions after the first heavy liquid separation. The 228 

percentages of contamination (ccont) and diatom material (cdiatom) within the analyzed sample are 229 

calculated using the EDS-measured Al2O3 content of the individual sample divided by the 230 

average Al2O3 content of the contamination (21.5±1.0% in heavy fractions, n = 5) and as (100%–231 

ccont), respectively. 232 

 233 

3.5. Water sampling and stable water isotope analysis 234 

During the drilling campaign, lake water samples were collected in a depth profile of the 235 

water column between the lake ice cover and bottom (n = 17), at the same location as the 236 



sediment core (Fig. 1B). Additionally, a 2.0-m snow profile was sampled from the surface of the 237 

snowpack to ground level in 10–15 cm intervals (n = 20). Snow samples were melted at room 238 

temperature. All water samples were stored cool in airtight bottles prior to stable isotope 239 

analyses. 240 

Hydrogen (δD) and oxygen (δ
18

O) stable water isotopes were analyzed at the AWI ISOLAB 241 

Facility, Potsdam, Germany with a Finnigan MAT Delta-S mass spectrometer using equilibration 242 

techniques with an analytical uncertainty (1σ) of better than ±0.8‰ for δD and ±0.1‰ for δ
18

O 243 

(Meyer et al., 2000). The secondary parameter deuterium excess is calculated as d = δD – 8 · 244 

δ
18

O (Dansgaard, 1964). Data are given as per mil difference (‰) to V-SMOW and compared to 245 

the Global Meteoric Water Line (GMWL; Craig, 1961) and to the Local Meteoric Water Line 246 

(LMWL) based on Global Network for Isotopes in Precipitation data of Salekhard (GNIP; 247 

IAEA/WMO, 2021) as the nearest station. 248 

 249 

3.6. Isotopic mass-balance modeling 250 

Isotopic mass-balance modeling was performed simulating varying amount and isotopic 251 

composition of surface inflow as well as evaporative enrichment on Lake Bolshoye Shchuchye. 252 

The goal of this was to determine both the potential impact of these factors on lake water 253 

isotopic composition and the speed of the reaction. 254 

Assuming constant lake volume and hydrological parameters, the lake water isotopic 255 

composition after a given time can be calculated according to Gonfiantini (1986): 256 

𝛿18𝑂𝑙𝑎𝑘𝑒 = 𝛿18𝑂𝑆 − (𝛿18𝑂𝑆 + 𝛿18𝑂0) ∗ 𝑒−(1+𝑚𝑥)∗(
𝐼𝑡

𝑉
)
    (2) 257 

where δ
18

O0 is the initial isotopic composition of lake water and δ
18

OS the steady-state 258 

composition approached over time. The latter can be expressed as:  259 

𝛿18𝑂𝑆 =
𝛿18𝑂𝐼+𝑚𝑥𝛿18𝑂∗

1+𝑚𝑥
        (3) 260 

The limiting isotope enrichment δ
18

O* is calculated according to Gat (1981), m and x 261 

represent the temporal enrichment slope and the fraction of lake water lost by evaporation, 262 



respectively. For further elaboration on this approach, we refer to Darling et al. (2006) and 263 

references therein. The inflow isotopic composition δ
18

OI was assumed to be equal to δ
18

O0 and 264 

to δ
18

O of mean annual precipitation (-17.8‰). Mean annual precipitation and mean summer 265 

precipitation were modeled using the Online Isotopes in Precipitation Calculator (OIPC; Bowen, 266 

2021), c.f. chapter 4.2. Since data for evaporation are not readily available, the amount of 267 

evaporation from the lake surface was approximated as a function of summer mean air 268 

temperature T, atmospheric humidity h, altitude a and latitude A (Linacre, 1977).  269 

𝐸0 =
700

𝑇𝑚
100−𝐴

+15(𝑇−𝑇𝑑)

(80−𝑇)
 (

𝑚𝑚

𝑑
)        (4) 270 

where 𝑇𝑚 = 𝑇 + 0.006𝑎 and the dew-point Td is approximated according to Lawrence (2005) as 271 

𝑇𝑑 ≈ 𝑇 − (
1−ℎ

5
). Assuming an ice-free period of 100 days per year, the calculated daily 272 

evaporation rates were multiplied by 100 to obtain annual values. The isotopic composition of 273 

atmospheric moisture was calculated according to Gibson et al. (1999) based on summer 274 

precipitation.  275 

 276 

3.7. Chironomid analysis 277 

Eighty-four samples were prepared for chironomid analysis with standard techniques 278 

(Brooks et al., 2007). Chironomid identification followed Wiederholm (1983) and Brooks et al. 279 

(2007).  280 

The ratio of lotic (moving water or riverine) and lentic (standing water) chironomid taxa in 281 

sediments of the Lake Bolshoye Shchuchye, and chironomid-inferred mean July air temperature 282 

(Tair) are in the focus of this study. In this context, increasing representation of the lotic fauna 283 

reflects stronger runoff and more intensive water input with the inflowing rivers (Nazarova et al., 284 

2017c; Biskaborn et al., 2019). For information on ecology of chironomid taxa, we refer to 285 

Brooks et al. (2007), Stief et al. (2005), Moller Pilot (2009, 2013), and Nazarova et al. (2011, 286 

2015, 2017a, b). The reconstruction of mean July air temperatures was performed using the 287 



North Russian (NR) chironomid-based temperature inference model (WA-PLS, 2 component; r
2
 288 

boot = 0.81; RMSEP boot=1.43 °C) (Nazarova et al., 2015).  289 

 290 

3.8. Digital elevation model preparation and delineation of the lake catchment 291 

The freely distributed digital elevation model (DEM) ArcticDEM (Porter et al., 2018) was 292 

used for Lake Bolshoye Shchuchye catchment delineation and morphometric analysis of the 293 

catchment. Raw 10-m resolution ArcticDEM data covering the area of interest were downloaded 294 

from the Polar Geospatial Center data portal (https://www.pgc.umn.edu/data/arcticdem/). 295 

Contours at 20-m intervals were extracted from the DEM and were manually corrected for 296 

artefacts and missing patches in order to build up a hydrologically correct digital terrain model 297 

(DTM). This improved DTM was created by interpolating corrected contours using the 298 

TopoToRaster algorithm with drainage enforcement (Hutchinson, 1989) within the ESRI© 299 

ArcGIS 10.2 software. The catchment of Lake Bolshoye Shchuchye was extracted based on the 300 

hydrologically correct topographic representation within QGIS 3.10 software. For morphometric 301 

analysis, topographic variables were obtained, including slopes, aspects, total curvature, flow 302 

direction, flow accumulation. All topographic variables were calculated with R (R Core Team, 303 

2017) using the packages ‘raster’ (Robert & van Etten, 2012), ‘dynatopmodel’ (Quinn et al., 304 

1995) and ‘spatialEco’ (Evans, 2020). 305 

 306 

3.9. Calculation of the snow water equivalent within the catchment  307 

The catchment polygon was further used to analyze the distribution of snow depth and snow 308 

water equivalent (SWE). Snow depth within the lake catchment at 10-m resolution was 309 

calculated using auxiliary data: cumulative snow probability for snow melt period of 2019 310 

extracted from Sentinel-2 time series and snow depth ranges (0–845 cm of snow) measured 311 

within ten snow survey profiles within the neighboring lake Bol’shaya Khadata catchment 312 

(Gokhman & Zhidkov, 1979). The atmospherically corrected (sen2cor, ESA) Sentinel-2 Level-313 

https://www.pgc.umn.edu/data/arcticdem/


2A data archive was analyzed in order to calculate the cumulative snow probability value for the 314 

entire catchment. Level-2A data provide the snow probability band scaled from 0 to 1 based on 315 

the specific spectral signature of snow cover, where values of 0 and 1 correspond to 0% snow 316 

and 100% snow, respectively. For the 2019 glaciological year (October–May; Ivanov, 2013), we 317 

obtained all images (less than 20% clouds) and filtered out all scenes covering less than 85% of 318 

the lake catchment without clouds. Further, all snow probability bands of these images were 319 

summarized to calculate a cumulative value: there were seven scenes meeting the requirements 320 

covering the period from May 8, 2019 (maximum of snow) to July 25, 2019 (quasi-complete 321 

melting of snow). Within the range of cumulative snow probability, the range of snow depth was 322 

scaled to measured snow depths of the neighboring catchment in 1978 (Gokhman & Zhidkov, 323 

1979). The SWE was calculated based on the empirical relationship between snow depth and 324 

SWE obtained for tundra landscape in Central Yamal (500 km to the North from the lake) 325 

according to Dvornikov et al. (2015). All satellite image analysis and calculations were 326 

performed within Google Earth Engine Cloud Computing platform (Gorelick et al., 2017). 327 

 328 

4. Results  329 

4.1.  Stable water isotopes  330 

The results of stable water isotope analyses are presented in a δ
18

O–δD diagram (Fig. 3). One 331 

water sample taken directly at the ice-water boundary (Fig. 4A) and one surface snow sample 332 

(Fig. 4C) were excluded from interpretation due to significantly different isotopic signals from 333 

those for other samples; likely due to interaction between water phases. The average recent water 334 

isotope composition of Lake Bolshoye Shchuchye is −15.9±0.2‰ for δ
18

Olake, −114.4±2.6‰ for 335 

δDlake and +13.0±0.5‰ for d excess (n = 16). The water column δ
18

O-profile reveals no 336 

substantial changes with depth (Fig. 4A). Small variations of 0.5‰ were detected at 10 m depth, 337 

incoherent with Tlake changes (Fig. 4B). A positive (0.08 ‰/°C), but statistically not significant 338 

(R
2
 = 0.14) correlation was found between δ

18
Olake and Tlake.  339 



The snow cover displays a large variability between single layers in their δ
18

Osnow and δDsnow 340 

values ranging from −25.1 to −15.2‰ and from −190.1 to −103.1‰, respectively. The d excess 341 

ranges from +2.7 to +18.9‰. The minimum δ
18

Osnow with −25.1‰ is reached at the depth of 115 342 

cm. δ
18

Osnow values demonstrate a continuous decrease of ~0.07‰/cm in the lower (195−115 343 

cm) part of the column (Fig. 4C). Visible variations in δ
18

Osnow with smaller maxima at depths of 344 

10, 75 and 105 cm occur in the upper section (115−0 cm) of the core. In general, this interval 345 

displays a gradual increase of ~0.09‰.cm
-1

 in δ
18

Osnow values.  346 

As precipitation samples could not be collected at Lake Bolshoye Shchuchye, mean annual 347 

δ
18

Oprec and δDprec values of regional precipitation have been derived from the GNIP database 348 

(IAEA/WMO, 2021) for Salekhard (16 m a.s.l) situated ~150 km southeast of the lake (Fig. 1A). 349 

Additionally, δ
18

Oprec and δDprec values as well as a LMWL were modelled for the drilling 350 

location based on the algorithm published by Bowen and Revenaugh (2003) and Bowen et al. 351 

(2005) using the OIPC (Bowen, 2021). Modelled δ
18

Oprec and δDprec values of −17.8±0.4‰ and 352 

−135.0±3.0‰ (Bowen, 2021) are consistent with GNIP values of −17.5±1.7‰ and 353 

−136.1±13.2‰, respectively (IAEA/WMO, 2021). The LMWL based on modelled values was 354 

determined as: δD = 7.7 δ
18

O + 2.6‰ (R
2
 = 1.00; Fig. 3; Bowen, 2021) and is in a good 355 

agreement with the LMWL from GNIP data (IAEA/WMO, 2021) with a slope of 7.9 and an 356 

intercept of +1.2‰ (R
2
 = 0.99; Fig. 3). Minor offsets between the LMWLs are mainly due to 357 

differences in both temporal and spatial domains. Due to the distance of Salekhard to the 358 

sampling location, we assume the modelled δ
18

Oprec and δDprec values and the LMWL to be more 359 

reliable for Lake Bolshoye Shchuchye. 360 

 361 

4.2 Oxygen isotope record  362 

The Lake Bolshoye Shchuchye diatom δ
18

Ocorr values (further referred to as δ
18

Odiatom) range 363 

from +23.4‰ to +31.8‰ (Fig. 4; Table 1) and exhibit the same trend as δ
18

Omeas values. 364 

Contamination correction leads to an offset of δ
18

Ocorr towards higher values of about 0.7‰ in 365 



the upper part of the core (younger than 8.5 cal. ka BP) and 1.3‰ higher for the lower part (older 366 

than 8.5 cal. ka BP).  367 

The Co 1321 core is characterized by a mean δ
18

Odiatom value of +27.0‰ for the complete 368 

Holocene. In Early Holocene (11.4 to 7 cal. ka BP), the δ
18

Odiatom values are with +27.3±0.8‰ 369 

slightly higher than the Holocene mean. Highest mean δ
18

Odiatom values with +27.9±2.0‰ are 370 

observed in Mid Holocene (7 to 5 cal. ka BP), whereas lowest δ
18

Odiatom values of +26.3±1.7‰ 371 

characterize the Late Holocene (5 cal. ka BP to present). The maximum δ
18

Odiatom value 372 

(+31.8‰) in the record is registered at 6.3 cal. ka BP. The absolute minimum in the δ
18

Odiatom 373 

record occurs at the sediment surface at 0.0 cal. ka BP with +23.7‰. Sharp variations are 374 

observed every ~0.7–1.5 cal. ka with smaller maxima at 1.0, 1.9, 2.6, 3.7, 4.6, 6.4, 7.1, 8.1, 9.2, 375 

10.1 and 10.5 cal. ka BP and smaller minima at 1.7, 2.4, 3.0, 4.1, 5.8, 6.6, 7.3, 8.3, 10.4 and 10.9 376 

cal. ka BP. In general, a gradual depletion of ~0.39‰/1000 years is visible between 10.9 and 0.0 377 

cal. ka BP (Fig. 4). 378 

 379 

4.3 Chironomids 380 

The chironomid fauna of Lake Bolshoye Shchuchye is dominated by cold-tolerant lentic taxa 381 

usual for Arctic lakes. Several taxa characteristic for lotic environments have been found in the 382 

lake sediments. Among them are taxa from the subfamilies Diamesinae (e.g. Diamesa aberrata-383 

type, D. cinerella-type, D. bertrami-type), that usually inhabit small, cold running streams and 384 

brooks and Orthocladiinae (e.g. Eukiefferiella, Metriocnemus, Thienemanniella clavicornis-type, 385 

Tvetenia bavarica-type), that occur in flowing waters and surf zones of the lakes. 386 

Representation of the lotic taxa varies considerably reaching 50% of the fauna during the 387 

Early Holocene (at ~10.6 cal. ka BP) (Fig. 4). However, rather high concentration of lotic 388 

chironomids (25−33% of the fauna) have been observed between 7.7 and 4.5 cal. ka BP. 389 

Between 4.5 and 3.2 cal. ka BP, no lotic taxa appear in the lake, indicating a decrease of the 390 

water inflow (Fig. 4). At 3.2 cal. ka BP, lotic chironomids appear in the lake again and their 391 



abundance reaches 25% of the fauna. Between 3.2 and 0 cal. ka BP, the abundance of lotic taxa 392 

remains at 11% in average, and it rises to 31% towards the modern times. 393 

The chironomid-based reconstructed Tair during the Early Holocene are in average ~1.5 °C 394 

below modern level. The transition to the Mid Holocene is characterized by an increase in 395 

chironomid abundancies with a gradual rise in the reconstructed Tair to the modern level (10.6 396 

°C). Between ~8.0 and 3.2 cal. ka BP, the Tair are the highest and reach up to 3 °C above the 397 

present Tair at 5.5 cal. ka BP. However, there is a cooling tendency in Tair after 5.5 cal. ka BP, 398 

when reconstructed Tair gradually decrease and reach ~1 °C below the modern Tair at ~1.7 cal. ka 399 

BP. Chironomid-based reconstructed Tair are slightly above modern values between 1.0 to 0.6 cal 400 

ka BP, subsequently decreasing to the present level. 401 

 402 

5. Discussion  403 

5.1.  Isotope hydrology 404 

When interpreting lacustrine 
18

Odiatom records, a proper understanding of the modern 405 

hydrology is a precondition for assessing possible past hydrological changes. 406 

The recent mean Bolshoye Shchuchye δ
18

Olake of −15.8‰ is slightly higher than the regional 407 

δ
18

Oprec of −17.8‰ (Bowen, 2021). Additionally, the lake water isotope samples plot on the 408 

GMWL and slightly above the modelled LMWL (Fig. 3) and follow a linear dependency with a 409 

slope of 7.2 and an intercept of +0.3 (R
2
 = 0.90; n = 16). This suggests that δ

18
Olake roughly 410 

corresponds to δ
18

Oprec, slightly shifted to more positive values probably due to seasonality 411 

effects.  412 

At the same time, water samples are situated close to the GMWL (Fig. 3), indicating the 413 

absence of major evaporation effects in recent times. The V-shape of the lake basin, almost 414 

completely surrounded by steep slopes, allows for lake level fluctuations without significant 415 

changes in the lake surface area and water volume.  416 



Palaeogeographical and geomorphological studies yielded pre-Holocene Bolshoye 417 

Shchuchye lake level fluctuations with a highstand 8 m above present lake level along parts of 418 

the western shore (Svendsen et al., 2019). This higher than modern lake level might have 419 

resulted from intense meltwater influx from contemporaneous glaciers in the lake catchment and 420 

a simultaneous damming of the lake by a glacifluvial fan at the south outlet until around 14−15 421 

cal. ka BP (Svendsen et al., 2019). The lake level dropped when this fan was incised by glacial 422 

meltwaters (Regnéll et al., 2019). Additionally, seismic profiles point to lower lake levels prior 423 

to 15 cal. ka BP (Haflidason et al., 2019). A terrace in the northern part of Lake Bolshoye 424 

Shchuchye documents a 2–3 m higher lake level at ~2–3 cal. ka BP (Svendsen et al., 2019). 425 

Therefore, lake level changes and associated evaporation effects cannot be fully excluded at 426 

Lake Bolshoye Shchuchye, especially during the Last Glacial Maximum and the early 427 

deglaciation period, but are assumed to be weak for the Holocene, the period of interest.  428 

The water δ
18

Olake depth profile shows a constant isotope composition (Fig. 4A) and suggests 429 

a well-mixed water column lacking any isotopic stratification, at least in spring 2016. There is no 430 

notable relationship between δ
18

Olake and Tlake (Fig. 4A, B). Hence, water column temperature 431 

effects are assumed to be of minor importance on δ
18

Olake.  432 

The snow cover isotope samples plot on or close to the GMWL (Fig. 3) in the co-isotope 433 

diagram with a slope of 7.9 and an intercept of +10.8 (R
2
 = 0.96). The mean δ

18
Osnow of −20.4‰ 434 

(d excess = +12.9‰) is slightly higher than the regional mean δ
18

Oprec of −22.8‰ (d excess = 435 

+8.4‰) between October and April (when precipitation fall as snow) derived from the OIPC 436 

(Bowen, 2021). This likely represents a seasonal bias towards late winter and spring snow, but 437 

could also include effects of sublimation, evaporation and wind drift processes altering the snow 438 

pack’s isotopic composition over time (Friedman et al., 1991; Nikolaev & Mikhalev, 1995). The 439 

δ
18

Osnow profile displays variations with depth (Fig. 4C) which might be associated with isotopic 440 

differences between individual precipitation (or deposition) events persisting despite snow 441 

metamorphism (Friedman et al., 1991). Nevertheless, as Tair is a primary control of δ
18

Oprec 442 



especially in polar regions (Dansgaard, 1964), it is likely that the isotopically lightest layers 443 

(110−130 cm) with δ
18

Osnow of −24 to −25‰ were formed during the coldest months 444 

(January−February). Generally, it can be concluded that snow can be a source of isotopically-445 

depleted water draining into the lake. 446 

In summary, Lake Bolshoye Shchuchye is a well-mixed, non-evaporative and isotopically 447 

rather uniform lake, which is mainly fed by meteoric waters, i. e. precipitation with an important 448 

contribution of melting snow from higher altitudes. Although there are indications of evaporation 449 

effects in the past, we suggest the precipitation signal (δ
18

Oprec) to be most relevant for δ
18

Olake.  450 

 451 

5.2.  Isotope fractionation and main controls on δ
18

Odiatom 452 

Variations in 
18

Odiatom values of lacustrine sediment are mainly controlled by changes in 453 

water temperature (Tlake) and/or the corresponding
18

Olake (Labeyrie, 1974; Juillet-Leclerc & 454 

Labeyrie, 1987; Leng & Barker, 2006; Dodd & Sharp, 2010).  455 

When comparing the overall Holocene average Lake Bolshoye Shchuchye 
18

Odiatom of 456 

+27.0‰ with the recent average δ
18

Olake of –15.9‰, a fractionation coefficient α(silica-water) = 457 

(1000 + 
18

Odiatom)/(1000 + 
18

Olake) (Juillet-Leclerc & Labeyrie, 1987) of 1.0436 was 458 

determined. This yields an isotopic enrichment Δ
18

OSiO2-H2O = 42.9‰ corresponding to a Tlake 459 

of 4.5 C that matches well the blooming temperature of the diatom species Aulacoseira 460 

subarctica (~4 C; Gibson et al., 2003; Lepskaya et al., 2010) dominant in the sediments of the 461 

lake (A. Ludikova, pers. comm.). This suggests that the δ
18

Odiatom values at Lake Bolshoye 462 

Shchuchye (Table 1), are the right order of magnitude and, consequently, underline the general 463 

applicability of the diatom isotope signal for palaeoreconstructions at the lake.   464 

To test whether temperature effects are the dominant forcing responsible for the short-term 465 

variability in δ
18

Odiatom of up to 5‰, we calculated a scenario function displaying possible 466 

changes in Tair and Tlake. We used the aforementioned δ
18

Odiatom-temperature coefficient of 467 

−0.2‰/C (Dodd & Sharp, 2010) and the regional temperature relation between monthly mean 468 



δ
18

Oprec and Tair of δ
18

Oprec = +0.34‰/C (Salekhard; IAEA/WMO, 2021). The scenario function 469 

for a 5‰-shift as visible in the Bolshoye Shchuchye diatom isotope record constitutes a linear 470 

function, the slope of which is defined by the quotient of the Tlake and Tair coefficients (Figure 471 

S1). Intercept and Zero of the function represent ”traditional” interpretations of temperature 472 

effects regarding either Tlake or Tair alone, respectively. The former suggests a drop in Tlake of 473 

25C while the latter corresponds to a rise in Tair of 14.7C needed to explain the shifts of 5‰ in 474 

δ
18

Odiatom. Due to the fact that present lake temperature changes in the course of an annual cycle 475 

amount to 7−11 C only (Mitrofanova, 2017; Vinokurova, 2017; Regnéll et al., 2019), variations 476 

of 25C during the summer period (diatom bloom) are highly unlikely. Consequently, Tlake alone 477 

cannot be the primary control and rather plays a subordinate role in explaining δ
18

Odiatom in Lake 478 

Bolshoye Shchuchye. Similarly, a 14.7C increase in Tair is unlikely and contrasts with only ~3-4 479 

C from pollen reconstructions (Andreev et al., 2005) and maximum 6°C from the current 480 

chironomid-based reconstruction for the complete Holocene (Fig. 4). Other mathematically 481 

possible combinations of Tair and Tlake (points plotting on the scenario function) are not plausible 482 

either as they would require even more pronounced changes of Tair and Tlake.  483 

Since Lake Bolshoye Shchuchye currently does not show evaporative enrichment, we 484 

conclude the isotopic composition of the inflow to be main driver of the lake water isotopic 485 

composition and, hence, of the δ
18

Odiatom record. Inflow, in turn, largely reflects precipitation, but 486 

with temperature effects ruled out as the single decisive factor, such changes can only be 487 

attributed to atmospheric circulation changes or hydrological processes within the lake’s 488 

catchment.  489 

Reorganization of the atmospheric transport patterns in Early Holocene after the decay of the 490 

Eurasian Ice Sheet around ~10 cal. ka BP, allowed moisture from the North Atlantic to enter the 491 

region, in line with the northward migration of the treeline. Forest conditions persisted in the 492 

catchment until ~4 cal. ka BP, when the treeline retreated back south (Clarke et al., 2020). 493 

Today, westerly/northwesterly cyclones originating over the Atlantic (the Northern and 494 



Norwegian seas) moving across Scandinavia to the Taymyr Peninsula bring relatively warm and 495 

moist air masses to the Polar Urals year-round, especially in winter (Kononov et al., 2005; 496 

Shahgedanova et al., 2012; Pischalnikova, 2016). Relatively cold northerly cyclones forming 497 

around the Novaya Zemlya archipelago over the Barents and Kara seas deliver comparably less 498 

moisture (Kononov et al., 2005; Morozova et al., 2006). However, this northerly influence might 499 

have increased over the Holocene with a reduced sea ice concentration in the Kara and Barents 500 

Sea sectors. Moreover, recycled moisture from regional terrestrial surface waters might 501 

contribute through evaporation/evapotranspiration in summer (Bonne et al., 2020) in line with 502 

the establishment of forests in the catchment. Changes in the relative contribution of these 503 

moisture sources to the local water balance can therefore shift δ
18

Olake and δ
18

Odiatom both 504 

towards higher and lower δ
18

O values, but relative changes should be visible in regional 505 

palaeoenvironmental reconstructions. In summary, the changes in the Lake Bolshoye Shchuchye 506 

δ
18

Odiatom, are mainly driven by changes in δ
18

Olake signal, affected by Tair, atmospheric 507 

circulation and local hydrological conditions.  508 

 509 

5.3. The Bolshoye Shchuchye δ
18

Odiatom record 510 

The diatom isotope record displays higher overall values of +27.4±1.3‰ in Early- to Mid-511 

Holocene (with the absolute maximum δ
18

Odiatom of +31.8‰ at 6.4 cal. ka BP) and lower values 512 

of +26.4±1.7‰ in Mid- to Late Holocene (with a clear minimum of +23.2‰ at the surface 513 

corresponding to the most recent, ~100 years old sediments). Generally, a gradual decrease in 514 

δ
18

Odiatom of ~3–4‰ over the Holocene is notable in the Bolshoye Shchuchye δ
18

Odiatom record, 515 

especially when considering the minima (Fig. 4). This is in line with the summer insolation 516 

decrease at 60°N (Berger & Loutre, 1991). Insolation reaches a maximum in Early Holocene and 517 

a minimum in Late Holocene, i.e. during the Little Ice Age (LIA). The high overall variability in 518 

the Bolshoye Shchuchye δ
18

Odiatom record (
18

O of 8.6‰) results from both this trend with 519 



higher δ
18

Odiatom values in the first half of the Holocene and lower values in the Late Holocene as 520 

well as short-term fluctuations superimposed upon this trend. 521 

These fluctuations consist of short term (centennial-scale) maxima and minima of more than 522 

5‰, setting the Bolshoye Shchuchye δ
18

Odiatom record apart from most other diatom isotope 523 

records stemming from high-latitude open lakes. Since these variations in 
18

Odiatom are in most 524 

cases based on more than one data point they are unlikely to be artefacts related to sample 525 

preparation or contamination correction issues.  526 

The key questions are (1) which processes may be responsible for these short-term variations 527 

in δ
18

Odiatom and (2) whether these processes are related to a larger scale pattern, visible in other 528 

lake-internal proxies and beyond or rather singular observations for Lake Bolshoye Shchuchye.  529 

Generally, high-latitude lacustrine diatom isotope records from open lakes are rather smooth 530 

depending on depth, volume and residence time of the lake under consideration (Swann et al., 531 

2010; Chapligin et al., 2012b; Kostrova et al., 2019, 2021). These records vary usually by 3–5‰ 532 

over the entire Holocene and have been interpreted taking into account the individual 533 

hydrological situation and isotopic background of each lake. As a consequence, short-term 534 

fluctuations seldomly exceed 2‰ and have been found (but not interpreted) as single-point 535 

spikes in Lake Kotokel, a very shallow, highly evaporative lake (Kostrova et al., 2013, 2014). 536 

Moreover, two short-term negative excursions of 4-5‰ have been described in a published 537 

δ
18

Odiatom record only, at 4.7 and 1.4 cal. ka BP for Lake Chuna on Kola Peninsula (Jones et al. 538 

2004).  539 

Isotopic mass-balance modeling (Fig. 5) shows the potential impact of evaporative 540 

enrichment on Lake Bolshoye Shchuchye for three different scenarios, ranging from present 541 

conditions to hypothetic much lower annual precipitation and atmospheric humidity. While 542 

evaporation can indeed impart an effect of ~2‰ within several decades, it fails to reproduce the 543 

magnitude of the short-term fluctuations observed in the Lake Bolshoye Shchuchye record. 544 



The difference between present-day conditions (precipitation 610 mm/a, h=0.9) and the most 545 

arid, hypothetic scenario (200 mm/a, h=0.7) amounts to an isotopic enrichment of only 1.85‰. 546 

These results, in conjunction with the fact that Lake Bolshoye Shchuchye currently does not 547 

exhibit an evaporative signature, suggest that there must be a different locally-confined influence 548 

on the water isotope composition to explain the minima and maxima in the δ
18

Odiatom record. 549 

Large-scale atmospheric patterns (i.e. shifts in the moisture transport and precipitation 550 

regime, seasonality of precipitation) seem unlikely as they would have an influence on a larger 551 

region that should be visible in other proxies and regional datasets as well and would lead to 552 

rather moderate changes. Changes in lake ice coverage, and hence, seasonality of the diatom 553 

bloom seem also unlikely processes as these would also change moderately in a deep basin as 554 

Lake Bolshoye Shchuchye.  555 

For a significant change in the isotope composition of a lake, another option is substitution of 556 

lake water, i.e. a certain volume being replaced by isotopically different water. In mountainous 557 

areas such as the Polar Urals, water of lighter isotope composition than the lake itself might be 558 

glacier or snow melt waters draining from higher altitudes into the lake (i. e. Meyer et al., 2015). 559 

Taking into account the recent 
18

Olake of -15.8‰ and assuming the present-day volume as 560 

constant and 100%, it can be calculated, how much water needs to be exchanged in Lake 561 

Bolshoye Shchuchye to explain an isotopic difference 
18

O of 5‰. If this isotopically different 562 

inflow would correspond to the lightest snow measured within the catchment (-25‰; Fig. 3C), 563 

corresponding to a ~10‰ offset compared to 
18

Olake, about 55% of the lake water (equal to 0.55 564 

km
3
) need to be exchanged. Assuming lower snow endmember values of -30‰ and -35‰, less 565 

water would need to be replaced, but still amounting to 35% and 26% of the lake volume, 566 

respectively.  567 

Adding large amounts of water from a different than usual source (with different water 568 

isotope composition) or cutting off the major source for a certain period could, hence, 569 

substantially change the isotope composition of the lake. At Two-Jurts-Lake (Kamchatka), the 570 



diatom isotope composition follows summer insolation, but changes in Neoglacial times due to 571 

the addition of isotopically light water from melting glaciers (Meyer et al., 2015) even though 572 

there is currently no glaciation in the catchment. The more glacial meltwaters reach the lake, the 573 

more negative the inflow δ
18

O and, hence, δ
18

Olake. Less meltwater would imply lower 574 

contribution of isotopically light influx. If Lake Bolshoye Shchuchye received large amounts of 575 

meltwater, this should be notable both in the sediment and hydrological records. 576 

 577 

5.4. Glacier fluctuations 578 

Glacier fluctuations are poorly constrained in the Russian Arctic, including the Polar Urals 579 

(Kononov et al., 2005; Solomina et al., 2010, 2015; Haflidason et al., 2019). It is known though 580 

that the glaciers in the Urals display exceptional changes in local accumulation (and ablation) 581 

budgets (Mangerud et al., 2008). Westerlies, especially in the winter season, favor accumulation 582 

of snow on leeward sides of the mountains. This process, combined with snow avalanches, leads 583 

to extremely high local accumulation rates, which may be several times higher than local 584 

precipitation (Mangerud et al., 2008). Therefore, the situation on leeward sides of the Ural 585 

Mountains allows for short-term changes of the local accumulation and water balance, and 586 

hence, implies the possibility of contribution of light isotopic (winter and/or high altitude) 587 

precipitation to the lake. 588 

Svendsen et al. (2019) performed a detailed assessment of the glacial and environmental 589 

changes in the Polar Urals including geomorphological description, exposure ages and lake 590 

sediment coring. In their study, they concluded on a larger glaciation in the region during stage 591 

MIS 4, and more restricted mountain glaciers in MIS 2 and MIS 3, but only small glaciers in 592 

shaded areas of the Polar Urals during MIS 1 that formed during Late Holocene cooling. For the 593 

Ural Mountains, an endmoraine and glacier advances during the Little Ice Age (LIA) age have 594 

been described (Mangerud et al., 2008).  595 



A possibility to test our hypothesis of glacial meltwaters triggering centennial-scale changes 596 

in δ
18

Olake is a comparison with northern hemispheric (or Eurasian) glacial fluctuations as 597 

summarized in Solomina et al. (2015). Here, the Russian Arctic is poorly constrained, but several 598 

glacial advances have been described in Neoglacial times, generally associated with regional 599 

cooling i.e. for Franz Josef Land with a prominent advance in the LIA (Lubinsky et al., 1999). 600 

However, regional compilations of dated glacier advances exist for the Alps (Ivy-Ochs, 2009), 601 

Scandinavia (Nesje, 2009) or semi-arid Asia (Dortch et al., 2013), summarized in Solomina et al. 602 

(2015). 603 

Especially striking is the similarity to the Scandinavian reconstruction (Nesje, 2009) with 604 

described glacial advances at 0.2–0.7, 1.6, 2.3, 3.3, 4.4, 5.6 cal. ka BP, corresponding to 605 

prominent minima in the Bolshoye Shchuchye δ
18

Odiatom record (Fig. 4), which would 606 

correspond to enhanced influx of glacial meltwaters, either due to more winter precipitation or 607 

meltwater entering the lake lowering δ
18

Olake. Other prominent minima in the δ
18

Odiatom record at 608 

6.6–6.8 and 7.4–7.7 cal. ka BP are, however, not found in the Scandinavian reconstruction by 609 

Nesje (2009), but either in the Alps, in Norway (Matthews & Dresser, 2008) or in semi-arid Asia 610 

(Dortch et al., 2013).  611 

The centennial-scale fluctuations in the δ
18

Odiatom record are contemporaneous with northern 612 

hemisphere glacier advances, described for other Eurasian regions. Therefore, maxima in the 613 

Bolshoye Shchuchye δ
18

Odiatom record could hence be associated with either reduced meltwater 614 

or winter precipitation influx to the lake either due to lower precipitation amounts or less snow 615 

transported to the leeward side of the Ural Mountains. 616 

High-resolution glacier mass balance studies in the Polar Urals provide (additional) evidence 617 

for short-term snow changes in the region, with a generally positive glacier mass balance in the 618 

Little Ice Age (LIA) and a negative mass balance after 1850 (Kononov et al., 2005). LIA 619 

moraines have been described for several glaciers in the Polar Urals, including the Chernov and 620 

Obruchev glaciers (Mangerud et al., 2008). The second part of the 20th century shows a 621 



pronounced tendency towards glacier shrinkage, with solid precipitation in the region being 622 

generally lower than the ablation (Khromova et al., 2014; 2019).  623 

 624 

5.5. Lake-internal parameters  625 

In order to test whether the strong variability in the Holocene 
18

Odiatom record at Lake 626 

Bolshoye Shchuchye with their clear, short-term centennial-scale fluctuations is also reflected in 627 

the lakes’ sedimentary record, we inter-compare diatom isotopes and lake-internal parameters 628 

from Lenz et al. (2021). These parameters (Fig. 4) supposedly react on fast and major changes in 629 

the catchment hydrology and include abiotic (clay content and Ti cps) as well as biotic proxies 630 

(TOC, biogenic opal contents and chironomids).  631 

All these proxies display some internal variability throughout the Holocene, but do not 632 

reveal statistically significant relationships with the 
18

Odiatom record. During the Early 633 

Holocene the observed high representation of lotic chironomids can be related to a very poor 634 

lacustrine fauna at this time. Lotic chironomids are brought by riverine influx, i.e. fed by water 635 

from snowmelt and enrich the lake benthic communities. Decrease in the share of lotic taxa 636 

thereafter can be related to a better development of the lacustrine fauna under milder climatic 637 

conditions during the Mid Holocene. At ~7.5 to 8.5 cal. ka BP, when 
18

Odiatom shows a 638 

maximum and the diatom isotope variability increases clearly, a major phase shift is obvious in 639 

all lake-internal proxies with absolute maxima in biogenic opal, TOC and chironomid-derived 640 

summer Tair, as well as absolute minima in Ti and clay values. 641 

At 7.5 cal. ka BP, the lake-internal parameters show a slight decrease in biogenic opal and 642 

chironomid-based summer temperatures, a moderate increase in Ti cps, and rather constant 643 

values in clay and TOC contents. Biogenic opal as indicator of the lakes’ diatom production and 644 

chironomid-derived TJuly show similarities to the diatom isotope record such as common Mid 645 

Holocene maxima and Late Holocene minima. Meltwater events should lead to enhanced 646 

nutrient supply to the lake and, thus, a higher biogenic opal concentration in the core. Some 647 



minima, e. g. at 0.01, 1.7, 4.2, 6.0, 6.7 and 9.5 cal. ka BP in the δ
18

Odiatom record roughly 648 

correspond to maxima in the biogenic opal concentration (Fig. 6). Some of these δ
18

Odiatom 649 

minima are related to maxima (e. g. at 0.01, 6.0 cal. ka BP) in the total amount of lotic 650 

chironomids (Fig. 6). 651 

Despite lower frequency variations of biogenic opal compared to δ
18

Odiatom and the absence 652 

of a statistically significant relationship between both, the transport of nutrients by inflow 653 

processes (by meltwaters) to the lake seems to be reflected in δ
18

Odiatom. The only other biotic 654 

proxy displaying a few similar, although not well-expressed maxima (i. e. at ~8.0, 6.4 and 2.0 655 

cal. ka BP) is the TOC record as proxy for organic matter deposition of Lake Bolshoye 656 

Shchuchye (Lenz et al., 2021).   657 

A recent study by Cowling et al. (2021) deduced changes in the summer water balance and 658 

moisture sources during deglaciation and Early Holocene, using leaf wax hydrogen isotopes at 659 

Lake Bolshoye Shchuchye. However, a significant enrichment of 
2
Hleaf wax values between 660 

10.5 and 10.0 cal. ka BP does not correspond to the changes in the δ
18

Odiatom signal (Fig. 4). 661 

This inconsistency can be related to uncertainties in the age models and temporal resolution of 662 

the datasets. Moreover, leaf waxes are related to (soil) water uptake into terrestrial and aquatic 663 

plants and more complicated for deriving the lake water isotope composition.  664 

If we attribute the δ
18

Odiatom fluctuations to glacial advances, they should also be reflected in 665 

abiotic proxies such as clay content or Ti cps at Lake Bolshoye Shchuchye, which were 666 

interpreted as indicators for glacial meltwater input and catchment erosion, respectively (Lenz 667 

et al., 2021). Although there is a similarity between these abiotic parameters in the Holocene, 668 

they are neither reflecting a similar overall trend, nor similar short-term variations as found in 669 

the 
18

Odiatom record.  670 

Consequently, the hydrological changes inferred from the diatom isotopes have no clear 671 

linkage to the abiotic changes in the lake sediments, or these lake-internal proxies are not 672 

sensitive enough to record them. Hence, neither changes in glacial meltwater fluxes nor erosion 673 



levels in the catchment (as inferred from Ti cps and clay contents) can explain the short-term 674 


18

Odiatom variability. This suggests that glaciers in the catchment, if present in the Holocene, 675 

were either too small or too distant from the lake to have a major influence on the sediment 676 

record. Hence, the only water source that can plausibly explain the short-term fluctuations in 677 

the record are changes in the snow and its meltwater supply in the catchment, independent from 678 

glacier-derived meltwater.  679 

 680 

5.6. Snow as key driver for short-term δ
18

Odiatom fluctuations 681 

Topographical features in the Polar Urals include leeward accumulation caused by persistent 682 

westerly winds, snow avalanches and shadowing-effects from mountain ridges. These factors can 683 

lead to a substantial (5–6 times, in the period 1958–1978) increase of the mean winter mass 684 

balance as compared to local precipitation (Mangerud et al., 2008). Presently, enhanced snow 685 

accumulation is strongly favored at higher elevations, on leeward slopes and in depressions 686 

(Voloshina, 1988). We draw the following conclusions from regional glacier mass balance 687 

studies: (1) the hydrology of the Polar Urals is strongly dominated by snow; (2) redistribution of 688 

snow may lead to a much higher SWE than actual precipitation (3) shadowing effects protect 689 

cirque glaciers and nival niches.  690 

Figure 6 displays the geomorphological and snow characteristics of the Lake Bolshoye 691 

Shchuchye catchment. The DEM in Fig. 6A and the derived slopes angles in Fig. 6B reveal 692 

steeply (up to 65°) incised valleys and several small streams draining into the lake. Generally, 693 

the catchment extends to the northwest of the lake with a maximum and mean elevation of about 694 

1200 and 500 m a.s.l., respectively.  695 

For calculating the snow distribution of the Lake Bolshoye Shchuchye catchment we used 696 

the precipitation amount from snow profiles of the nearby Bol’shaya Khadata catchment 697 

(Gokhman & Zhidkov, 1979). Redistribution of snow may lead to a surplus of snow (reaching up 698 

to 8.45 m in snow height corresponding 3.40 m of snow-water equivalent; Figs 6 C and D) in 699 



some areas of the catchment, especially in the higher altitudes and in narrow valleys in the 700 

northern/northwestern part of the catchment (Fig. 6). This suggests that in colder years, perennial 701 

snow fields may develop in leeside positions, storing the a surplus accumulated snow and 702 

allowing for increased snow melt contribution in warmer years.  703 

These specific regional characteristics described above must necessarily have an impact on 704 

the lake hydrology, even though there are currently no glaciers in the Bolshoye Shchuchye 705 

catchment (Fig. 1B). As pointed out, a direct impact of glacier advances and retreat in the 706 

catchment in the Holocene is unlikely as abiotic indicators in the Holocene lake sediments do not 707 

suggest abrupt changes of sediment sources.  708 

We therefore assume snow changes within the catchment to be the main driver of the 709 

catchment’s hydrology and, thus, responsible for the short-term fluctuations in the δ
18

Odiatom 710 

record. Due to shadowing effects, only part of this snow melts in summer and discharges into the 711 

lake. In phases of stronger winds and/or more precipitation, the Bolshoye Shchuchye catchment 712 

on the leeward side of the Polar Urals can receive excess snow amounts. While the exact 713 

mechanisms of how the snow and the snow melt affect the lake are yet to be identified, two 714 

dominating effects can be assumed: (1) more snow precipitation and redistribution directly lead 715 

to more snow in the catchment, and hence, possibly to a higher snow-derived and isotopically-716 

depleted influx to the lake, (2) a local warming and/or reduced shadowing effect (Mangerud et 717 

al., 2008) may provide more snow melt to the lake, especially when the catchment is snow-718 

saturated.  719 

Enhanced snow influx hence directly impacts on the lake water isotopic composition when 720 

more melt waters from higher altitudes with lighter isotopic composition are drained to the lake. 721 

Conversely, centennial-scale maxima as observed in the Bolshoye Shchuchye diatom oxygen 722 

isotope record could be attributed to short-term interruptions of snow melt supply to the lake due 723 

to reduced influx from higher altitudes, and hence, lead to isotopically heavier δ
18

Odiatom values. 724 

The quick rebounds towards isotopically lighter values may then reflect a return to the “normal” 725 



conditions prevailing before these excursions: large amounts of snow being redistributed from 726 

the windward side of the Polar Urals towards the leeward side (into the Bolshoye Shchuchye 727 

catchment).  728 

In summary, the complex interplay between local hydroclimatic conditions with more snow 729 

delivered to the catchment (more P, stronger winds) and temporarily enhanced snow-melt phases 730 

(higher summer T) likely drives the observed short-term changes in the Bolshoye Shchuchye 731 

catchment. This mechanism allows for using the Bolshoye Shchuchye diatom oxygen isotopes as 732 

local snow-melt indicator, hence as paleo precipitation and summer temperature proxy.  733 

 734 

6. Conclusions 735 

Lake Bolshoye Shchuchye is a well-mixed lake, covered by ice for more than half of the 736 

year, with negligible evaporative effects, as derived from the recent water isotope dataset. 737 

Diatom oxygen isotopes (δ
18

Odiatom) from the lacustrine sediments of Lake Bolshoye Shchuchye 738 

have been used as proxies for the hydrological and climate dynamics in the lake catchment.  739 

During the Holocene, the Lake Bolshoye Shchuchye δ
18

Odiatom record generally follows a 740 

decrease in summer insolation, in line with the northern hemisphere (NH) temperature history. 741 

However, Lake Bolshoye Shchuchye displays exceptional, short-term, centennial-scale changes 742 

of exceeding 5‰, especially in Mid and Late Holocene contemporaneous with and similar to NH 743 

glacier advances. As most of these minima and maxima are confirmed by more than one data 744 

point, these are considered as no methodological artefacts. Mixing calculations reveal that ~ 30–745 

50% of the Lake Bolshoye Shchuchye water needs to be exchanged with isotopically different 746 

water within short time to account for these shifts in δ
18

Odiatom. However, larger Holocene glacier 747 

advances in the Lake Bolshoye Shchuchye catchment are not known and have left no significant 748 

imprint on the lakes’ abiotic proxies. Accordingly, a source of light isotope composition is snow, 749 

known to be transported in significant quantities and with large variability to the leeward side of 750 

the Polar Urals. Hence, we consider snow transport to the catchment and switch on/off of 751 



meltwater supply to the lake as dominant hydrological process responsible for the observed 752 

short-term changes in the δ
18

Odiatom record. A linkage between meltwater influx to lakes and 753 

δ
18

Odiatom has been found before (Meyer et al., 2015). Here, however, centennial-scale 754 

hydrological changes have been documented in this high-latitude diatom oxygen isotope record, 755 

which, for this specific setting, are interpreted as indicator for palaeo precipitation and summer 756 

temperature changes. 757 
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Table 1. Main geochemical characteristics of diatoms from Lake Bolshoye Shchuchye based on EDS data. Measured δ
18

O values (δ
18

Omeas), calculated 1114 

contamination (ccont; %) and δ
18

O values corrected for contamination (δ
18

Ocorr) are given. 1115 

Core 

Sample 

depth 

(cm) 

Age 

(cal. ka BP) 

SiO2 

(%) 

Al2O3 

(%) 

Na2O 

(%) 

MgO 

(%) 

K2O 

(%) 

CaO 

(%) 

MnO 

(%) 

FeO 

(%) 
Total 

δ18Omeas 

(‰) 

ccont 

(%) 

δ18Ocorr 

(‰) 

Co1321-3-SL surface  98.77 0.52 0.23 0.14 0.03 0.02 0.02 0.26 100.00 23.17 2.4 23.44 

Co 1321-2 4.4 0.008 98.57 0.48 0.55 0.12 0.01 0.05 0.05 0.17 100.00 23.41 2.2 23.66 

Co 1321-2 20.9 0.327 98.02 0.71 0.63 0.20 0.01 0.05 0.03 0.36 100.00 24.73 3.3 25.15 

Co 1321-2 35.8 0.614 98.76 0.51 0.37 0.11 0.00 0.02 0.03 0.22 100.00 25.06 2.4 25.36 

Co 1321-2 54.1 0.956 97.44 0.86 1.04 0.15 0.03 0.05 0.06 0.39 99.99 26.15 4.0 26.71 

Co 1321-2 67.8 1,181 97.98 0.88 0.46 0.16 0.01 0.07 0.01 0.43 100.00 24.51 4.1 25.02 

Co 1321-31-II 97.9 1.676 96.65 1.49 0.86 0.21 0.09 0.08 0.02 0.61 100.00 23.61 7.2 24.48 

Co 1321-31-II 112.4 1.868 97.85 0.78 0.69 0.16 0.02 0.04 0.06 0.40 100.00 29.22 3.6 29.85 

Co 1321-32-I 152.7 2.378 98.21 0.53 0.79 0.14 0.00 0.02 0.05 0.27 100.00 24.89 2.5 25.20 

Co 1321-32-I 167.7 2.562 98.14 0.85 0.38 0.17 0.01 0.06 0.02 0.39 100.00 28.06 3.9 28.70 

Co 1321-32-I 187.5 2.804 98.01 0.75 0.66 0.15 0.02 0.03 0.04 0.35 100.01 27.71 3.5 28.26 

Co 1321-32-I 200.6 2.965 95.14 1.47 2.58 0.10 0.14 0.13 0.03 0.41 100.00 24.47 6.8 25.35 

Co 1321-32-I 215.4 3.178 97.89 0.81 0.60 0.18 0.01 0.09 0.04 0.38 100.00 25.16 3.8 25.65 

Co 1321-32-II 235.2 3.462 97.58 1.09 0.65 0.13 0.07 0.05 0.09 0.35 100.00 26.43 5.1 27.17 

Co 1321-32-II 249.8 3.672 98.04 0.74 0.75 0.10 0.01 0.05 0.08 0.25 100.00 27.37 3.4 27.89 

Co 1321-32-II 265.8 3.904 98.09 0.85 0.49 0.16 0.01 0.05 0.02 0.34 100.00 25.29 3.9 25.81 

Co 1321-32-II 281.8 4.136 97.50 0.97 0.81 0.15 0.04 0.07 0.04 0.43 100.00 25.05 4.5 25.64 

Co 1321-32-II 298.1 4.372 97.73 0.65 1.19 0.03 0.03 0.13 0.05 0.20 100.00 25.84 3.0 26.25 

Co 1321-32-II 314.5 4.611 96.01 1.89 0.93 0.30 0.18 0.06 0.01 0.63 100.01 26.84 8.8 28.22 

Co 1321-32-II 330.3 4.842 97.89 0.89 0.66 0.09 0.02 0.03 0.02 0.40 99.99 26.83 4.1 27.45 

Co 1321-33-I 353.6 5.181 97.76 0.96 0.74 0.11 0.02 0.04 0.03 0.34 99.99 26.31 4.5 26.96 

Co 1321-33-I 368.6 5.392 96.58 1.53 0.92 0.21 0.09 0.09 0.02 0.56 100.00 26.15 7.1 27.19 

Co 1321-33-I 400.9 5.847 98.18 0.82 0.45 0.12 0.04 0.11 0.04 0.24 100.00 25.62 3.8 26.14 

Co 1321-33-I 425.6 6.227 96.45 1.87 0.50 0.34 0.14 0.08 0.03 0.59 100.00 27.51 8.7 28.94 

Co 1321-33-II 434.8 6.369 96.83 1.26 1.15 0.17 0.06 0.06 0.04 0.45 100.00 30.70 5.9 31.83 

Co 1321-33-II 450.8 6.613 97.16 1.25 0.85 0.14 0.02 0.08 0.04 0.47 100.00 25.87 5.8 26.69 

Co 1321-33-II 465.9 6.821 97.98 1.00 0.28 0.14 0.06 0.07 0.03 0.43 100.00 26.09 4.6 26.75 

Co 1321-33-II 483.1 7.057 98.12 0.89 0.26 0.15 0.05 0.07 0.04 0.40 100.00 28.61 4.2 29.31 

Co 1321-33-II 499.1 7.277 96.04 1.69 1.46 0.08 0.15 0.11 0.02 0.46 100.00 25.53 7.9 26.64 

Co 1321-33-II 534.5 7.628 97.09 1.35 0.94 0.13 0.04 0.05 0.01 0.39 100.00 25.71 6.3 26.60 

Co 1321-34-I 555.1 7.832 97.78 0.95 0.49 0.14 0.01 0.08 0.04 0.51 100.00 27.44 4.4 28.13 

Co 1321-34-I 572.6 8.008 97.76 0.82 0.72 0.06 0.01 0.07 0.02 0.55 100.00 26.61 3.8 27.17 

Co 1321-34-I 585.3 8.137 97.63 1.01 0.77 0.13 0.02 0.07 0.03 0.36 100.00 28.14 4.7 28.91 

Co 1321-34-I 602.8 8.316 97.31 0.99 1.10 0.03 0.03 0.08 0.04 0.42 100.00 25.24 4.6 25.85 



Co 1321-34-I 617.6 8.477 97.16 1.12 0.81 0.15 0.09 0.18 0.05 0.45 100.00 25.74 5.2 26.46 

Co 1321-34-II 667.6 9.012 97.96 1.09 0.37 0.14 0.03 0.14 0.01 0.26 100.00 25.77 5.1 26.48 

Co 1321-34-II 684.7 9.191 96.05 1.93 1.01 0.30 0.12 0.08 0.07 0.41 99.95 26.58 9.0 27.97 

Co 1321-34-II 698.6 9.336 97.49 1.32 0.36 0.17 0.11 0.10 0.04 0.42 100.00 26.95 6.1 27.90 

Co 1321-34-II 713.1 9.483 96.50 0.92 2.15 0.07 0.02 0.12 0.00 0.23 100.00 26.36 4.3 26.98 

Co 1321-35-I 768.9 10.050 97.26 1.62 0.29 0.21 0.14 0.14 0.03 0.32 100.00 26.24 7.5 27.36 

Co 1321-35-I 778.4 10.146 98.24 1.05 0.13 0.12 0.03 0.14 0.00 0.30 100.00 25.92 4.9 26.61 

Co 1321-35-I 787.4 10.237 96.13 1.97 0.62 0.35 0.14 0.15 0.05 0.59 100.00 25.49 9.2 26.81 

Co 1321-35-I 802.3 10.389 95.51 1.74 2.08 0.09 0.18 0.08 0.04 0.29 100.00 25.16 8.1 26.28 

Co 1321-35-I 817.0 10.538 96.46 1.83 0.50 0.29 0.17 0.20 0.02 0.53 100.00 26.78 8.5 28.12 

Co 1321-35-I 835.3 10.724 96.68 1.77 0.74 0.22 0.07 0.07 0.03 0.42 100.00 26.49 8.3 27.75 

Co 1321-35-II 851.3 10.887 96.01 2.00 0.65 0.37 0.16 0.18 0.05 0.56 100.00 25.30 9.3 26.62 

Co 1321-35-II 872.4 11.110 96.21 2.02 0.55 0.27 0.17 0.23 0.06 0.50 100.00 25.86 9.4 27.25 

Co 1321-35-II 915.2 11.555 94.76 1.99 2.20 0.21 0.12 0.17 0.07 0.48 100.00 26.43 9.3 27.86 
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Figure 1. A. Schematic maps of the Polar Urals including the study site and other points of 1117 

interest modified from Andreev et al. (2005). B. Location of Lake Bolshoye Shchuchye 1118 

(6753'N; 6619' E; 186 m a.s.l.) with the position of the Co 1321 sediment core (black diamond) 1119 

and the water sampling site (grey circle); as well as location of the snow cover column (black 1120 

circle). The sketch was adapted from Regnéll et al. (2019). The Shchuchy and Tronov glaciers 1121 

are outside the Lake Bolshoye Shchuchye catchment. 1122 

 1123 

 1124 



Figure 2. 
18

O–D diagram for water samples from Lake Bolshoye Shchuchye and snow 1125 

cover. Additionally, GNIP data for regional precipitation, the Global Meteoric Water Line 1126 

(GMWL; D = 8 · 
18

O + 10; Craig 1961; Rozanski et al., 1993) and Local Meteoric Water Line 1127 

(LMWL) based on GNIP data (black dash line; IAEA/WMO, 2021) and LMWL modelled from 1128 

OIPC (grey solid line; Bowen, 2021) are given. 1129 
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Figure 3. Depth profiles. A. Oxygen isotope composition of water from Lake Bolshoye 1134 

Shchuchye. B. Lake water temperature, measured 50 m north of the coring site. C. Oxygen 1135 

isotope composition of snow cover. Water and snow samples excluded from interpretation are 1136 

marked as crossed out signs.  1137 

 1138 

 1139 

 1140 

Figure 4. (A) Holocene oxygen isotope composition of diatoms from Lake Bolshoye 1141 

Shchuchye (grey raw data: δ
18

Omeas; black: contamination-corrected δ
18

Ocorr values, referred to as 1142 

δ
18

Odiatom) compared to other lake internal parameters, such as: (B) the biogenic silica 1143 

percentage, as proxy for the diatom production, (C) clay content, as glacial meltwater proxy, (D) 1144 

Ti cps (counts per second), a proxy for detrital input and catchment erosion. (E) TOC content, as 1145 

proxy for organic matter input to the lake, as well as (F) the sum of lotic chironomids, indicative 1146 

for riverine influx, and (G) a chironomid-based July air temperature reconstruction for Lake 1147 

Bolshoye Shchuchye. The dashed line corresponds to the modern mean July air temperature (of 1148 

10.6°C). All lake internal proxies are introduced and discussed in detail in Lenz et al. (2021). 1149 

Greyscales indicate periods of known glacier advances in Scandinavia (Nesje, 2009).  1150 
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Figure 5. Modelled evaporative enrichment of lake water over time for three different 1152 

scenarios of precipitation and atmospheric humidity. The black line represents present-day 1153 

precipitation (P) and humidity (h) level, whereas the blue and red lines characterize hypothetical 1154 

conditions with much lower precipitation and humidity.  1155 
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Figure 6. Geomorphological and snow characteristics of the Lake Bolshoye Shchuchye 1158 

catchment. (A) Digital Elevation Model (DEM), (B) Slope (in degrees), (C) snow depth (in cm) 1159 

and (D) Snow water equivalent (SWE, in mm) .  1160 
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Figure 7. (A) Oxygen isotope composition of diatoms from Lake Bolshoye Shchuchye 1170 

compared to other North Hemispheric (NH) climate reconstructions, such as (B) the NGRIP 1171 

oxygen isotope record from Greenland ice (Svensson et al., 2008), an proxy for the NH air 1172 

temperature, (C and D) the NH summer and winter insolation at 60 N (Berger & Loutre, 1991), 1173 

as well as other regional diatom-based oxygen isotope records (E) from Lake Ladoga (Kostrova 1174 

et al., 2019) and (F) Lake 850, Swedish Lapland (Shemesh et al., 2001), and (G) a cellulose-1175 

based reconstruction from Lake Saariko, Finland (Heikkilä et al., 2010).  1176 
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Figure S1. Scenario functions of Tair and Tlake changes corresponding to a 5‰-shift in 1178 

δ
18

Odiatom, based on a diatom-temperature coefficient of −0.2‰/C (Swann & Leng, 2009; Dodd 1179 

& Sharp, 2010) and the regional temperature relation between monthly mean δ
18

Oprec and Tair of 1180 

δ
18

Oprec = +0.34‰/C (Salekhard; IAEA/WMO, 2021). 1181 
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