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A B S T R A C T   

Long-term hydroclimate records provide an opportunity to understand potential drivers of the past, and give 
context to modern and future climate warming. A wide variety of proxy data now allow for reconstruction of 
climate variables that were not previously possible. Here we present a multi-proxy dataset including n-alkane 
δ2H (δ2Hn-alk) values from an open-basin lake in Estonia to reconstruct past hydroclimate conditions for the 
eastern Baltic region. We complement our sedimentary δ2Hn-alk data with existing carbonate-based oxygen stable 
isotope (δ18O) data to derive deuterium (d-) excess. We present multiple isotopic records and reconstructed 
relative humidity (ΔRH) values over the Holocene, and link these with modern precipitation δ2H and δ18O values 
to guide the interpretation of the paleo-proxies. Fossil pollen and chironomid-based temperature reconstructions, 
as well as biogeochemical data provide additional information for inferring past environmental changes. Our 
results indicate that the middle Holocene in Estonia had on average 6 ± 3% higher RH values than the late 
Holocene. The δ18O and δ2H values were also higher during the middle Holocene, which we interpret as 
increased warm season precipitation. Our reconstructed d-excess values were relatively higher during the middle 
Holocene, indicating a more northerly or cold source water origin, in comparison to the late Holocene. In 
addition to the paleoclimatic significance, our results show how multiple quantitative proxies can be combined to 
characterize hydroclimate sensitivity to changes in relative humidity, temperature and moisture source.   

1. Introduction 

1.1. Hydroclimate in the Baltic region 

Global temperatures during modern times have been rising at an 
unprecedented rate (IPCC, 2019), causing increased rainfall, severe 
weather events and droughts, and changes in the seasonality of pre
cipitation (Rosenzweig and Neofotis, 2013). Climate models predict 
significant change in global climate over the next century, and the Baltic 
region in northern Europe could experience up to ~15% rise in pre
cipitation (Räisänen, 2016). However, climate models show high 

uncertainty regarding the magnitude of possible future change (Tren
berth, 2011). These future projections rely on analogous data of past 
climate change, however a recent study by Bova et al. (2021) demon
strated that reconstructions of mean annual conditions are not fully 
descriptive of past climates. Russo and Cubasch (2016) also argue that 
the amplitude of past climatic changes in the models in Europe is 
incorrect. The confidence of the models predicting future climate change 
can be improved by examining long-term (centennial to 
millennial-scale) climate mechanisms and processes from periods that 
experienced warm conditions similar to today (Bracegirdle et al., 2019). 

The Baltic region is a prime area to better comprehend past ocean- 
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atmosphere processes and their potential thresholds. Estonia, in partic
ular, lies in a zone that is sensitive to cold arctic airmasses during the 
winter months, yet experiences relatively warm summers. Observed 
modern precipitation and temperature patterns in the Baltic region are 
well associated with shifts in North Atlantic sea-surface temperatures 
and coupled atmosphere-ocean dynamics (Rummukainen et al., 2001). 
While modern precipitation patterns demonstrate the importance of 
seasonal changes on local hydroclimate (Bonfils et al., 2004), it is 
currently unclear how hydroclimate in the Baltic region responded to 
seasonal distribution of solar insolation and to ocean-atmospheric cir
culation changes on millennial timescales. 

1.2. Research questions 

Temperature reconstructions based on pollen records are in agree
ment that the northern European summers were generally warmer in the 
middle Holocene (from 8200 to 4200 cal yrs BP) than in the late Holo
cene (from 4200 cal yrs BP to present), however, greater uncertainty is 
associated with the hydrological conditions during these time intervals 
(Wanner et al., 2008). It is possible that the balance of seasonal pre
cipitation during the Holocene shifted in response to declining warm 
season and increasing cold season insolation. The available proxy re
cords suggest that although the middle Holocene in northern Europe was 
likely drier overall, there might have been greater seasonality in pre
cipitation, making winters wetter and summers drier than today (Guiot 
et al., 1993; Mauri et al., 2014; Russo and Cubasch, 2016). Some studies 
have argued that Holocene hydroclimatic shifts were driven more by 
changes in cold season moisture source and less by temperature (Char
man et al., 2009; Perșoiu et al., 2017; Surić et al., 2021). It has also been 
suggested that the middle Holocene was dominated by enhanced zonal 
flow (Perșoiu et al., 2017) implying that the annual hydroclimatic 
conditions in Europe during the middle Holocene could have been 
relatively wetter instead of drier (Lauterbach et al., 2011). Conversely, 
the Atlantic Meridional Overturning Circulation (AMOC) likely experi
enced weakening during the Holocene that would have resulted in 
decreasing westerly air mass flow, and therefore more arid conditions 
(Hammarlund et al., 2002). These uncertainties can be addressed by 
developing new proxy records that we use here to quantitatively 
reconstruct hydroclimatic and atmospheric circulation variables. 

1.3. Lake sediment proxies – theory 

Lake sediments are excellent proxies to help resolve the questions 
related to past hydroclimate due to their capacity to continuously record 
environmental signals at a relatively high temporal (in most cases 
decadal to centennial) resolution (Leng and Marshall, 2004). Oxygen 
(δ18O) and hydrogen (δ2H) stable isotope records preserved in lake 
sedimentary biomarkers provide an opportunity to track changes in 
paleo-precipitation using multiple information sources, and past atmo
spheric moisture cycling (Henderson-Sellers et al., 2004). To date, there 
are only a few well-dated Holocene-spanning lacustrine oxygen isotope 
records from the Baltic region (Veski et al., 2004; Laumets et al., 2014; 
Stančikaite et al., 2015; Stansell et al., 2017; Street-Perrott et al., 2018). 
The records provide long-term information about local and 
regional-scale hydroclimate dynamics in Estonia with a broad perspec
tive of past circulation changes across the region. However, cases where 
δ18O and δ2H proxies have been studied in the same lake basin are 
scarce, and a detailed investigation of the combined effects of effective 
moisture and past air mass origins remains unexplored. 

Estimating the changes in the δ2H of paleo-precipitation (δ2Hpaleo- 

precip) using a multi-proxy approach can provide insight to hydrological 
history of a region. The δ2H of precipitation (δ2Hprecip) undergoes a se
ries of isotope fractionations before storing the precipitation signal in a 
leaf wax biomarker such as the δ2H value in n-alkanes (δ2Hn-alk), which 
are refractory compounds forming in plant leaves. The leaf water used as 
the hydrogen source to form long-chain n-alkanes (n-C25 – n-C33) carries 

information about the plant’s source water and relative humidity 
(Sachse et al., 2004; Aichner et al., 2017). Once the available water is 
taken up by the plant and transported to leaves, leaf transpiration in 
terrestrial plants includes a significant offset, which also varies as a 
function of relative humidity (RH) and temperature, and has been 
evaluated as 49.4 ± 7.2‰ at our specific field site (Eensalu et al., 2023). 
Furthermore, the RH varies regionally and is often higher in forests than 
in the surrounding areas at a given site. Based on a recent study con
ducted on Estonian plants, the apparent fractionation (εapp), which de
scribes the net effect between δ2Hprecip and δ2Hn-alk, is −92 ± 21‰ on 
average for all n-alkanes (Eensalu et al., 2023). 

Mid-chain n-alkanes (n-C17 – n-C23) typically dominate in aquatic 
plants and algae (Ficken et al., 2000; Aichner et al., 2010; Gao et al., 
2011). Despite this generalization, these compounds can also be pro
duced in lower quantities by terrestrial plants, in appreciable quantities 
by some types of Sphagnum, and in other cases aquatic plants have been 
shown to produce few alkanes with chain lengths shorter than n-C23 
(Pancost et al., 2003; Bush and McInerney, 2013; Aichner et al., 2017; 
Berke et al., 2019; Eensalu et al., 2023). Nevertheless, when an aquatic 
origin can be supported, short/mid-chain length alkane δ2H values from 
compounds such as n-C23 have been applied as tracers of a 
non-isotopically enriched precipitation isotope signal (Rach et al., 2014, 
2017). This approach rests on the assumption that the primary source 
water for the plants that synthesize the majority of these compounds 
found in a sediment record is representative of local precipitation 
without alteration by evaporation, or by transpiration within leaves 
exposed to dry air prior to biosynthesis. Aquatic plants growing in a lake 
with open basin hydrology meet these requirements. Although this is not 
as clearly the case for plants that may grow nearby the lake, such as 
Sphagnum, in this case we note that Sphagnum lipid δ2H values have been 
shown to be insensitive to wet vs dry growth regimes (Brader et al., 
2010). Unfortunately, n-alkanes are not highly source-specific bio
markers, but despite this, general patterns in co-variation among 
n-alkane abundances and δ2H values within a sediment record can be 
leveraged to improve interpretations of sedimentary records provided 
that data from multiple compounds are available. For example, changes 
in n-C23 abundance or δ2H values that closely track changes in more 
unambiguous terrestrial plant compounds such as n-C29 or n-C31 may 
indicate a major terrestrial source for n-C23, while uncorrelated changes 
may support interpreting an aquatic plant origin for n-C23. Provided that 
an appropriate aquatic source interpretation can be made, in an 
open-basin lake such as Nuudsaku (Fig. 1), mid-chain n-alkanes (spe
cifically n-C23) provide a means for reconstructing past precipitation 
isotope information (Brader et al., 2010; Rach et al., 2014; Stansell et al., 
2017). When paired with data from unambiguous terrestrial plant 
markers such as n-C29, the data can be combined to estimate past 
changes in humidity (Rach et al., 2017). 

Relative humidity (in addition to temperature) impacts the εapp 
values in terrestrial plants (Cernusak et al., 2016). Until recently, the 
mechanisms behind the processes influencing the relative humidity 
changes (ΔRH) in sedimentary archives were challenging to assess as 
there was a lack of methods that allowed for a direct and quantitative 
reconstruction of past hydrological dynamics. Although our knowledge 
of processes affecting the transport and deposition of biomarkers is still 
limited, and several assumptions accompany even the most up to date 
methodologies, the modeling advancement by Rach et al. (2017) 
demonstrated that a dual-biomarker approach is an effective means for 
inferring quantitative ΔRH values from lipid biomarkers. This method 
uses pollen data to account for changes in the vegetation distribution in 
the sedimentary δ2Hn-alk values, and chironomid proxy to account for 
changes in the paleotemperature. 

Paleo-lake water δ18O values, and past precipitation δ18O (δ18Opaleo- 

precip) can be inferred from the δ18O of authigenic calcite (δ18Ocalc) proxy 
(Talbot, 1990; Leng and Marshall, 2004). Authigenic calcite precipita
tion in the lake water captures the lake water δ18O signal, but also in
cludes temperature-dependent isotope fractionation (Sharp, 2007), 
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which can bias the lake water signal in the absence of a temperature 
correction. For example, the lake Nuudsaku record from Estonia is likely 
sensitive to both temperature and precipitation changes, and the 
hydroclimate interpretation based on the δ18Ocalc signal would benefit 
from an independent temperature proxy. 

Chironomid (Diptera: Chironomidae) head capsules and pollen as
semblages in the lake sediments can be used as proxies of past temper
atures (Seppä and Poska, 2004; Luoto and Nevalainen, 2009). The larvae 
of various chironomid (non-biting midge) species are sensitive to envi
ronmental conditions and prefer to live at different temperatures and 
water depths. Once the larvae develop into pupae, the unique larvae 
head capsules are shed during summer months, deposited and 
well-preserved within lake sediments (Luoto et al., 2020). The warm 
season temperature record inferred from chironomid assemblages can 
serve as a tool for calculating past calcite to water fractionation factors 
(Kim and O’Neil, 1997), which facilitates quantitative reconstructions of 
past lake water δ18O values from δ18Ocalc values. Pollen records 
commonly identify local vegetation changes on the landscape in 
response to climatic, environmental, and also anthropogenic variables, 
such as crop growing, increasing landscape openness, and herding 
(Seppä et al., 2004). As a widely used quantitative method, pollen 
proxies provide a great amount of detail about the development of an 
area as each vegetative species has a different preference and range of 
temperatures, light conditions, pH, nutrient availability and moisture 

regimes (Felde and Birks, 2019). 
Although each informative in their own right, interpreting δ2Hpaleo- 

precip and δ18Opaleo-precip records together can provide an enhanced view 
into past hydrological changes. Deuterium excess (d-excess) is a second- 
order parameter calculated from the stable water isotopes (d-excess =
δ2H – 8 x δ18O) which carries information about the origin of the 
moisture source that is not apparent with either isotope in isolation 
(Dansgaard, 1964; Jouzel et al., 2005). For example, there are equilib
rium and kinetic isotope fractionations for both oxygen and hydrogen 
isotopes when water is evaporated to vapor that leave a distinct imprint 
on the combined isotope signal of the resulting vapor (Dansgaard, 1964; 
Klein et al., 2015; Klein and Welker, 2016). Subsequent atmospheric 
transport and rainout effects generally result only in equilibrium isotope 
effects while preserving the kinetic isotope-based offset between δ2H 
and δ18O values that was stored at the point of evaporation, which can 
be described by the d-excess value (Gat, 1996). 

1.4. Current study 

We developed records using the proxies described above in Lake 
Nuudsaku sediments to help resolve questions relating to hydroclimate 
and atmospheric circulation in the Baltic region since the early Holocene 
(~9500 cal yrs BP). With this approach, we reconstructed ΔRH and 
isotopic fractionation between terrestrial and aquatic n-alkanes based on 
δ2H values. We calculated d-excess and developed complementary data- 
sets using pollen, chironomids, and stable carbon and nitrogen isotopes 
to provide a new perspective on the timing and patterns of Holocene 
hydroclimate dynamics in the eastern Baltic region. We specifically set 
out to contextualize these reconstructed hydroclimate shifts, and pro
vide quantitative values for past ΔRH, and calculated the d-excess with 
the purpose of increasing our understanding of the potential changes in 
moisture sources. 

2. Study site 

2.1. Lake location and surroundings 

Lake Nuudsaku (Fig. 1) is an open-basin lake located in the center of 
Sakala Upland in Viljandi County, southern Estonia (58◦11′49″ N, 
25◦37′40″ E). The lake lies ~90 m above sea level with a surface area of 
~8 ha, maximum water depth of ~5.1 m and a catchment area of ~6.2 
km2. A small stream (5.1 km; slope declination of 1.86 m/km) flows 
through the lake from south to north, and a stream originating from an 
adjacent spring-water fed Lake Müüri flows to Lake Nuudsaku from the 
west. The lake water turnover time is ~1 year. Lake Nuudsaku is sur
rounded by fens, which are abundant in graminoids, not Sphagnum moss. 
Aquatic plants can be found on most of the shores as well as in the deeper 
parts of the lake. Water chemistry measurements from July 2019 show 
that Lake Nuudsaku dissolved organic carbon (DOC), inorganic carbon 
(IC), total carbon (TC) and total nitrogen (TN) concentrations were 0.5, 
5.3, 5.8 and 1.1 mg/L, respectively. Measurements from the Nuudsaku 
stream conducted at the same time resulted in 0.0 mg/L DOC, 7.0 mg/L 
IC, 6.9 mg/L TC and 1.9 mg/L TN. 

Lake Nuudsaku typically freezes over during the winter months. 
There is a small campground near the lake, and no roads are in close 
proximity of the lake except for the local private courtyard. The lake 
basin consists of Quaternary deposits on top of Devonian sandstone 
(Mäemets, 1968). Local vegetation around Lake Nuudsaku is best 
described as a mix of (Euro-Siberian) boreal coniferous and deciduous 
forests. The local plants mostly photosynthesize between April and 
October as Estonia lies in the northern part of the temperate climate 
zone (Jaagus and Ahas, 2000). 

2.2. Local climate conditions 

Estonian climate is shaped by both maritime and continental climate 

Fig. 1. Map of Europe in top panel (a) where the x in Southern Estonia rep
resents the location of Lake Nuudsaku. Asterisk in the middle of Lake Nuudsaku 
in bottom panel (b) marks the approximate sediment coring location. 
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(Jaagus, 2009). Precipitation in Estonia mostly originates from the 
North Atlantic Ocean, but a small fraction comes from the Mediterra
nean and Black Sea areas of the Balkans (Mätlik and Post, 2008; Gimeno 
et al., 2013). Annual precipitation at Lake Nuudsaku (Viljandi Meteo
rological station) is ~715 mm, of which ~ 75% is lost to evapotrans
piration (Fig. 2). Based on measurements from 2011 to 2020 at the 
Viljandi station, the cold season (Nov–Apr) precipitation makes up ~ 
300 mm and warm season (May–Oct) ~ 420 mm. Average cold season 
temperature is −0.4 ◦C and warm season temperature 13.5 ◦C (Estonian 
Meteorological Survey, https://www.ilmateenistus.ee/kliima/ajalool 
ised-ilmaandmed/). The average monthly evaporation at Lake Nuud
saku is ~45 mm/month and ~540 mm/year, 350 mm in summer and 
190 mm in winter (modeled using R package Evapotranspiration (Guo 
et al., 2016) with hourly air pressure, precipitation, temperature, dew 
point, wind speed, relative humidity and solar radiation data from 2011 

to 2020 provided by the Estonian Meteorological Survey). Evapotrans
piration exceeds precipitation from March to May. 

2.3. Climate drivers 

The North Atlantic Oscillation (NAO) is a dominant mode of vari
ability affecting northern European hydroclimate, defined by an atmo
spheric pressure gradient between the Icelandic Low and the Azores 
High (Hurrell and Van Loon, 1997). Strong positive phases result in 
higher precipitation amounts over northern Europe due to 
below-normal air pressure at high latitudes, which is most pronounced 
during winter months, however correlation between the modern-day 
NAO and precipitation during summer months is negative (Hurrell 
et al., 2003; Luoto and Helama, 2010). The negative phase of NAO is a 
result of lower-than-average difference between the Azores High and 

Fig. 2. Isotopic composition of precipitation at Tartu-Tõravere station is shown in top panels (a to c) and monthly measured precipitation and modeled evapo
transpiration amounts in the bottom panel (d). Precipitation δ18O (a), δ2H (b) and d-excess (c) data with error bars at the GNIP Tartu-Tõravere monitoring station 
(58◦15′51″ N, 26◦27′41″ E) from 2013 to 2018 are shown as black squares with mean yearly values represented by black horizontal dashed lines. Green notched and 
gray boxes represent modeled Piso.AI data at Tartu-Tõravere from 1900 to 2010 and from 2013 to 2018, respectively. Bottom plot (d) shows average monthly 
precipitation and air temperature data (2011–2020) acquired from Viljandi meteorological station (http://www.ilmateenistus.ee/kliima/), accompanied by modeled 
evapotranspiration rates (R package Evapotranspiration) based on the same data set. 
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Icelandic Low, a condition which is characterized by cold and dry con
ditions in northern Europe, and warm and wet conditions in southern 
Europe (Lamb and Peppler, 1987). The positive phase of NAO, on the 
contrary, is characterized by above-average pressure differences be
tween the subtropical high and sub-polar low, which in turn, results in 
an intensified Atlantic jet stream that brings warmer and wetter condi
tions to the northern, and colder and drier conditions to southern Europe 
(Lamb and Peppler, 1987). 

The Scandinavian pattern (SCP) teleconnects the north Atlantic and 
the climate of continental Europe (Barnston and Livezey, 1987). This 
sub-seasonal climate index is a measure of the relative north to south 
atmospheric pressure gradient across Europe. A 55-year reanalysis study 
by Wang and Tan (2020) demonstrates that a positive (negative) phase 
of SCP is associated with anticyclonic (cyclonic) conditions and dry 
(wet), below (above)-average temperatures and precipitation over 
Scandinavia and western Russia. 

2.4. Modern isotopes in precipitation 

The instrumental δ18Oprecip, δ2Hprecip and d-excess values at the 
Tartu-Tõravere station in Estonia between 2013 and 2018 (Fig. 2) range 
from −20.26‰ to −4.75‰ (mean −11.00‰), −154.5‰ to −33.1‰ 
(mean −79.8‰), and 2.90‰ to 14.24‰ (mean 8.25‰), respectively. 
The Piso.AI (Nelson et al., 2021) modeled δ18Oprecip, δ2Hprecip and 
d-excess values from 1900 to 2020 at the same location range from 
−18.8‰ to −5.6‰ (mean −11.0‰), −132‰ to −41‰ (mean −80.0‰), 
and −8.4‰ to 24.2‰ (mean 7.72‰), respectively. Modeled values from 
2013 to 2018 range from −15.6‰ to −5.9‰ (mean −8.0‰), −116‰ to 
−44‰ (mean −77.5‰), and between −8.4‰ and 18.4‰ (mean 8.0‰) 
for δ18Oprecip, δ2Hprecip and d-excess, respectively (Fig. 2). The warm and 
cold season d-excess mean values calculated from the instrumental data, 

are 8.0‰ (1σ = 2.4‰) and 8.5‰ (1σ = 2.7‰), respectively. The 1900 to 
2020 data from Piso.AI results in d-excess mean values of 8.1‰ (1σ =
4.3‰) during warm seasons and 7.4‰ (1σ = 4.8‰) during cold seasons. 

3. Methods 

3.1. Lake water sampling and analyses 

Water samples from southern Estonian lakes (n = 62), rivers/streams 
(n = 13) and bogs (n = 13) were collected during summer months be
tween July 2019 and July 2022 (Supplemental Table 1). The water 
isotope data are plotted (Fig. 3) with previously published data (Stansell 
et al., 2017) and Estonian spring and well data (Raidla et al., 2016). 
Water samples were measured for δ18O and δ2H in the Klein Lab at the 
University of Alaska Anchorage. All water samples were screened prior 
to analysis to avoid any organic matter contamination during the ana
lyses, and none of the samples in this study needed filtering. Each water 
isotope sample was analyzed on a L2130-i or Picarro L2140-i water 
isotope analyzer. The measurement precision for the samples in this 
study was ±0.2‰ for δ18O and ±2‰ for δ2H, and repeat measurements 
of the USGS 45 (−2.2‰ δ18O and −10.3‰ δ2H vs Vienna Standard Mean 
Ocean Water, or VSMOW) and USGS 46 (−29.8‰ δ18O and −235.8‰ 
δ2H vs VSMOW) standards were used to verify these precision ranges. 
Each sample was injected six times. The first three injections of each 
sample were excluded due to potential memory effects, and the mean of 
the last three injections was used to calculate the water isotope value. All 
isotope results for this study are reported in per mil (‰) notation and 
calculated using the equation of δ =

Rsample
Rstandard

− 1 where the R represents 
the ratio of the abundance of heavy isotope to the light isotope (Coplen, 
2011). 

Fig. 3. Modern surface and meteoric water δ18O and δ2H values from Estonia. Warm (May to October) and cold (November to April) season precipitation isotopes are 
shown in the left panel. Lines represent the regional meteoric water line (LMWL), local evaporation line (LEL) and global meteoric water line (GMWL, y = 7.64x +
6.85; Putman et al., 2019). LMWL was calculated from modeled Piso.AI (1900–2020; Nelson et al., 2021), Global Network of Isotopes in Precipitation (GNIP) re
ported at Tartu-Tõravere meteorological station (2013–2018) and precipitation water data by Stansell et al. (2017), which are also plotted on panel a. Blowout of the 
left panel (a) is the right panel (b), showing Estonian well and spring data by Raidla et al. (2016), and wetland, river and lake water isotope results from the current 
study (Supplemental Table 1) as well as by Stansell et al. (2017). The LEL is a linear fit through Estonian lake water isotope data (n = 205) from this study and by 
Stansell et al. (2017). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Sediment sampling, processing, and chronology 

Lake Nuudsaku sediment cores were collected from the deepest part 
of the lake (58◦11′49″N, 25◦37′39″E; Fig. 1) during the summer of 2014 
using a modified Livingston piston corer, and transported to the lab in 
polycarbonate tubes. Lake Nuudsaku sediment core collection in the 
field, sedimentology, bulk geochemistry and endogenic sedimentary 
carbonate stable isotopes are described in detail by Stansell et al. (2017). 
Furthermore, the lake sediment cores were scanned with a smartcube® 
Camera Image Scanner SmartCIS. The existing radiocarbon chronology 
(Stansell et al., 2017) was improved by measurements from four new 
samples, which were pretreated and combusted at Northern Illinois 
University. The samples were then converted to graphite and measured 
at the W.M. Keck Carbon Cycle AMS Laboratory at the University of 
California Irvine. The age-depth model was developed using the 
IntCAL20 calibration curve (Reimer et al., 2020) and BACON package in 
R (Blaauw and Christen, 2018). All ages discussed are modeled cali
brated years before 1950 CE (cal yrs BP). 

3.3. Chironomid fossil assemblage analysis and temperature 
reconstruction 

The chironomid fossil assemblage analyses of Lake Nuudsaku sedi
ments was performed as described in Luoto et al. (2020). Briefly, sample 
preparation and analyses involved sieving the untreated (without KOH 
pre-treatment) wet sediment samples (n = 39) through a 100-μm mesh 
to remove all fine-grained sediment material. Chironomid head capsules 
were then extracted with fine forceps under a stereo microscope at a 25x 
magnification and mounted on microscope slides. Chironomids were 
identified under a light microscope at 100 to 400x magnification ac
cording to Brooks et al. (2007) with a target counting sum set to 50 
individuals. The chironomid-inferred mean July temperature (CI-TJul) 
reconstruction was carried out using the East European calibration 
model (Luoto et al., 2019) that was constructed as described by Luoto 
et al. (2020). The temperature range in the calibration set is 
11.3–20.1 ◦C from 212 sites and it includes 142 chironomid taxa. 
Chaoborids are not included the temperature calibration set, and 
therefore do not contribute to the temperature reconstruction. Chiron
omid and Chaoborus community diversity indices were estimated using 
Hill’s (1973) N2 effective number of occurrences. 

3.4. Carbon and nitrogen abundance and isotope analyses 

The stable isotopes of carbon (δ13C) and nitrogen (δ15N) from dry 
bulk sediment (n = 13) were measured on Elemental Combustion Sys
tem (ECS 4010, Costech Instruments) coupled with the Delta Plus 
Advantage IRMS (Thermo Fisher Scientific) at Northern Illinois Uni
versity. Aliquots of each sample were measured before acidification to 
obtain δ13C values of total carbon (δ13Cbulk), % total carbon (TC), δ15N 
values and % total nitrogen (TN). Subsequently, additional sample ali
quots were acidified by fumigation with concentrated HCl (according to 
Harris et al., 2001) to obtain δ13C values of organic carbon (δ13Corg) and 
% total organic carbon (TOC). Seven samples were additionally acidified 
directly with 1 N HCl. The difference in δ13C between fumigated and 
directly acidified samples was between 0.01 and 0.15‰. The isotopic 
values were calibrated using two reference standards for both carbon 
and nitrogen. These standards were selected to bracket the range of the 
values in analyzed samples. In-house standards were previously cali
brated with the use of NBS-22 oil and IAEA–CH–6 sucrose (carbon) and 
USGS-25, IAEA-N1 (nitrogen). One of the in-house standards included 
Acetanilide, a commercially available standard calibrated at Indiana 
University as one of the anchors for both nitrogen (+19.56 ± 0.03‰) 
and carbon (−29.5 ± 0.02‰) (Schimmelmann et al., 2009). These 
standards were run in the beginning and end of each sequence. Quality 
control standard was run every 12 samples. The ratio of % Total Organic 
Carbon (TOC) over % Total Nitrogen (TN) was then calculated (C/N 

ratio) by multiplying the result by their atomic ratio of 1.167 (Meyers 
and Lallier-Vergès, 1999). Relative proportions of the terrestrial vs 
aquatic organic matter were calculated following standard procedure 
(Ishiwatari et al., 2009). The average C/N values of 20 and 6 were 
estimated for terrigenous (TOC/TNterr) and aquatic (TOC/TNaq) organic 
matter, respectively. 

3.5. Lipid biomarker (n-alkane) extraction and quantification 

Lake Nuudsaku sediment was subsampled at ~300-year intervals (n 
= 30) from a previously acquired composite core (Stansell et al., 2017) 
and the samples were freeze dried. Dry samples weighed between 3 and 
14.3 g, and were spiked with 50 μg of 5α-androstane. Samples in capped 
Erlenmeyer vials were placed in Fisher Scientific FS30 Ultrasonic bath 
three times for 20 min with 30 ml of 9:1 v/v dichloromethane/methanol 
(DCM/MeOH). The resulting Total Lipid Extract (TLE) was pipetted off 
the sediments after every sonication and then filtered using 55 mm 
diameter 0.45 μm Whatman glass microfiber GF/A filters and Wheaton 
0.45 μm PTFE filters. The n-alkane aliphatic fraction was separated from 
the TLE using activated silica gel (VWR high purity irregular, 40–60 μm, 
60 Å) on a Solid Phase Extraction block (Supelco Visiprep™) using 12 ml 
of hexane. Sulphur particles and unsaturated compounds were removed 
using 6 ml of hexane on activated copper (<425 μm Aldrich) columns 
and activated AgNO3 coated silica gel (+230 mesh), respectively. Urea 
adduction was performed on all samples to remove the remaining cyclic 
and branched compounds after biomarker quantification on a gas 
chromatograph coupled with a mass spectrometer (GC-MS). Samples 
were concentrated under Organomation Associates, Inc. N-EVAPTM111 
Nitrogen Evaporator and stored airtight in 1.5 ml amber vials. 

The sedimentary n-alkanes were identified and quantified using a 
GC-MS (QP2010S, Shimadzu Scientific Instruments, Kyoto, Japan) at 
Northern Illinois University. For quantification we used an n-C7-C40 
alkane standard (1000 μg/ml each component in hexane, Supelco, 
Sigma Aldrich, MO, USA) along with 5α-androstane (Sigma Aldrich, MO, 
USA) as an internal standard. The DB5-MS column (Agilent Technolo
gies, 30 m length, 0.25 mm i.d., and 0.25 μm film thickness) was used to 
separate the compounds with a splitless injection at 290 ◦C. The GC 
temperature was kept at 60 ◦C for 1 min, followed by a temperature 
gradient of 10 ◦C/min to 170 ◦C, and afterwards, of 4 ◦C/min to 300 ◦C. 
Out of the 30 samples analyzed, 7 were run in duplicates. Relative 
standard deviation (RSD) was generally below 10% for all analytes, 
exceeding that value in 8% of cases. The average RSD was 3.7%. Percent 
error between expected and calculated amounts for calibration stan
dards at three different concentration levels (calculated for n-alkanes in 
the range of n-C17 to n-C35), which were treated as unknows, was below 
24% (7 injections, at the beginning, in the middle and at the end of the 
measurement sequence). 

3.6. Stable hydrogen isotope analysis of sedimentary n-alkanes 

Hydrogen stable isotope analyses were made using a gas chromato
graph coupled with a High Temperature Conversion oven and an isotope 
ratio mass spectrometer (GC-HTC-IRMS) system (Trace GC Ultra inter
faced to a MAT253, Thermo Scientific, Bremen, Germany). Compounds 
were separated on a DB5-MS column (Agilent Technologies, 30 m 
length, 0.25 mm i.d., and 0.25 μm film thickness), for which a spitless 
injection was used for 2 min at 280 ◦C. The GC temperature was kept at 
70 ◦C for 3 min, followed by a temperature gradient of 10 ◦C/min to 
150 ◦C, and afterwards, by a gradient of 4 ◦C/min to 320 ◦C. The High 
Temperature Conversion (HTC) oven was kept at 1420 ◦C. The δ2H 
values were normalized to the VSMOW scale using a mixture of n-al
kanes obtained from Indiana University. Stable hydrogen isotope ratios 
of these standards were measured off-line according to Schimmelmann 
et al. (1999) at Indiana University. The H3

+ factor was measured before 
every major sequence run. Samples were run before and after the pro
cedure of urea adduction. For samples that were run before the 
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adduction procedure, the internal standard was used as a quality check. 
The δ2H of 5α-androstane was −249.8 ± 3.5‰, calculated from a set of 
86 injections from a period of two months. The measurement precision 
(1σ) of 6 n-alkane compounds (n-C23 to n-C29) in calibration standard 
was between 3.0 and 4.1‰ for 88 injections done over the period of two 
months, and these were treated as unknows which were not included in 
the normalization procedure. The difference between calculated value 
and the certified value was between 1.2 and 3.4‰ for 5 n-alkanes and 
8.3‰ for an n-alkane for which the δ2H value was outside of the cali
bration range. The values of all n-alkanes extracted from the sediment 
samples analyzed in this study were within the calibration range of δ2H 
values used for scale correction procedure. 

3.7. Proxy-derived variables 

The measured n-alkane data were used to calculate several variables. 
Carbon preference index (CPI) characterizes the relative abundance of 
odd over even n-alkane chains (Bray and Evans, 1961) and was calcu
lated using the formula: 

CPI =
1
2

×

(∑
Codd

23−31∑
Ceven

22−30
+

∑
Codd

23−31∑
Ceven

24−32

)

(1) 

The n-C17 and n-C18 content was often below the detection limit, 
hence these are not included in the CPI calculation. Average carbon 
chain length (ACL) describing changes in vegetation was calculated as 
follows (Eglinton and Hamilton, 1967): 

ACL =

∑
Ci × i

∑
Ci

(2)  

where i represents carbon chain length from n-C23 to n-C33 (Poynter and 
Eglinton, 1990). The ACL value of the surface-most sediment was ac
quired from Eensalu et al. (2023). 

The proportion of aquatic plants in the n-alkane content (Paq) was 
estimated using equation (3) (Ficken et al., 2000): 

Paq =
C23 + C25

C23 + C25 + C29 + C31
(3) 

Hydrogen isotopic fractionation between terrestrial (δ2Hterr from n- 
C29) and aquatic (δ2Haq from n-C23) n-alkane derived δ2H (ε2Hterr/aq) was 
calculated using equation (4) (Rach et al., 2017): 

ε2Hterr/aq =

(
δ2Hterr + 1
δ2Haq + 1

)

− 1 (4) 

The grouping of terrestrial vs aquatic n-alkane chains was decided 
based on hierarchical cluster analysis which is a method used to hier
archically partition variables based on their dissimilarity to one another 
(Revelle, 1979). In case of a missing n-C23 alkane δ2H (δ2HC23) value in 
sediment sample data, the δ2Haq values were inferred from the δ2HC25 
value (n = 3). 

We reconstruct the quantitative change in % relative humidity 
(ΔRH) from δ2HC23 following Rach et al. (2017): 

ΔRH =

(
ε2Hterr−aq

−esat × (ε+ + εk)
+

1
esat

)

× 100% (5)  

where the esat represents the saturation vapor pressure, ε+ the equilib
rium isotope fractionation between liquid and vapor and εk is the kinetic 
isotope fractionation from intercellular leaf water to atmosphere. The 
esat and ε+ are both function of temperature, which was calculated using 
our CI-TJul values after Rach et al. (2017). Atmospheric pressure value 
of 1001.65 hPa at 90 m above sea level was also incorporated in 
calculating the esat values. We corrected the Lake Nuudsaku ε2Hterr/aq 
values by calculating the relative amount of grasses vs trees (Feakins, 
2013; Rach et al., 2017) in a nearby Lake Päidre pollen profile (Saarse 
et al., 1995). We used the average relative amount of grasses vs trees 

(7.74% vs 92.26%) from ~8500 to ~ 1250 cal yrs BP as an input vari
able after ~ 1250 cal yrs BP in the Lake Nuudsaku data set as Lake Päidre 
sedimentary record only spans from early Holocene up to ~ 1250 cal yrs 
BP (details below). We assumed that air the temperature was equal to 
CI-TJul values from our Lake Pangodi record with a mean error of 
1.17 ◦C. 

Plant physiological parameters in our ΔRH model (gs and rb, which 
were used to calculate εk) were input according to Eensalu et al. (2023). 
The previously calculated modern peak summer time gs (stomatal 
conductance) values in Estonia range from 0.07 to 0.09 with an error 
range of 0.006 mol m−2s−1 (Eensalu et al., 2023). Boundary layer 
resistance (rb) in modern plants was estimated to be 1.0 m2 s mol−1, as 
suggested by previous studies (Jones, 2013; Rach et al., 2017). We used 
the variance of ±0.006 mol m−2s−1 for gs and ±0.05 m2 s mol−1 for rb to 
estimate the range in the ΔRH values. See Rach et al. (2017) for details. 
Since this method cannot be used to calculate absolute changes in RH, 
we normalized the ΔRH model output to the modern (from 2010 to 
2014, which is 5 years prior to the sediment collection) RH value of 
80.5%. We assumed that the top sediment would represent ~5 years in 
the record, and the % values of ΔRH presented are therefore in com
parison to modern values. 

The Lake Nuudsaku δ18Ocalc proxy from the same core (Stansell et al., 
2017) was converted from the Vienna Pee Dee Belemnite (VPDB) to the 
VSMOW scale using formula 6 (Kim et al., 2015): 

δ18Ocalc(VSMOW) = αcalc/w × δ18O(VPDB) + 30.92‰ (6) 

Chironomid-inferred July temperatures (CI-Tjul) were used to 
calculate calcite/water fractionation factors (α(calc/w)) using formula 7 
(Kim and O’Neil, 1997): 

1000 ln α(calc/w) = 18.03 ×
103

T
− 32.42 ≈ αcalc/w − 1 = εcalc/w (7)  

where the T (in K) is represented by CI-TJul values. Mean July tem
peratures were used in particular because carbonate deposition in 
Estonia is the highest during summer months as a result of abundant 
photosynthetic algae (Laugaste and Lessok, 2004). The εcalc/w was then 
applied to the calcite-derived δ18O to calculate for the lake water δ18O 
(δ18Olakewater) which we interpret as δ18Opaleo-precip (VSMOW): 

δ18Opaleoprecip =

(
δ18O + 1

εcalc/w + 1

)

− 1 (8) 

The n-C23 alkanes were not abundant enough in our surface sediment 
to measure the δ2HC23 value. Based on regime shift analyses, the avail
able δ18Ocalc record (Stansell et al., 2017) does not suggest any major 
changes in the late Holocene. Therefore, we infer the mean δ2H values of 
paleo-precipitation (δ2Hpaleo-precip) for the topmost sediment from the 
Piso.AI model results (−80.7‰, 1σ = 18.0‰) spanning from 1901 to 
2020 (Nelson et al., 2021), which is similar to the instrumental GNIP 
record (−79.8‰, 1σ = 23.2‰) from 2013 to 2018 (IAEA, 2022). In other 
words, we assume that our most recent δ2HC23 value (−168.3‰, 1σ =
6.8‰ from 191 years ago) is reasonably consistent with the mean con
ditions from 1901 to 2020. Applying an apparent isotope fractionation 
(εapp) of −95‰ to this δ2HC23 value results in a δ2Hprecip value of 81.0‰. 
This is in agreement with the Piso.AI mean precipitation δ2H value from 
the past 120 years, so we use this to calculate δ2Hpaleo-precip values for the 
Lake Nuudsaku record, as shown in equation (9). 

δ2Hpaleoprecip =

(
δ2HC23 + 1
εC23/w + 1

)

− 1 (9) 

Deuterium excess (d-excess) was calculated using formula 10: 

d − excess = δ2Hpaleoprecip − 8 × δ18Opaleoprecip (10) 

The combination of δ2H terrestrial and aquatic data, and δ2H aquatic 
and δ18O aquatic data rely on temporal synchroneity of the proxy data 
and a lack of seasonal bias. However, the lake and soil water at 
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Nuudsaku integrate the precipitation δ2H and δ18O signal over time, 
smoothing out the seasonal cycle. The modern annual evaporation 
(Fig. 2) was modeled using the R package Evapotranspiration (Guo et al., 
2016) with Estonian Weather Service from 2011 to 2020 hourly tem
perature, precipitation, dew point, solar radiation, average wind speed, 
relative humidity and air pressure data measured at the Tartu-Tõravere 
meteorological station. The monthly precipitation water isotope 
(δ18Oprecip and δ2Hprecip) data spanning from 2013 to 2018 was provided 
by the same station (IAEA, 2022). The Piso.AI model v1.2020 (down
loaded on January 03, 2022) was used to predict δ18Oprecip, δ2Hprecip and 
d-excess values at Nuudsaku (Nelson et al., 2021). The prediction errors 
were ±1.9‰ for δ18Oprecip and ±14.5‰ for δ2Hprecip. 

All data were projected to a uniform age scale using the FORECAST 
function in Excel for principal component analysis (PCA). All available 
data (including δ18Opaleo-precip, Loss-on-Ignition (LOI) data sets from 
Stansell et al., 2017) with a currently updated age-depth scale), δ2Hn-alk 
and chironomid results were analyzed using PCA with FactoMineR 
software in R (Husson et al., 2016). Insolation was modeled using Acycle 
package in Matlab (Li et al., 2019). The sequential Regime Shift 
Detection (Rodionov, 2004) software (v. 6.2) with a 95% confidence 
level and a Huber’s tuning constant of 2 was used to detect shifts in 
δ18Ocalc proxy record. All correlation coefficients presented are statisti
cally significant (p ≤ 0.05). 

Lake Päidre (11 km NW from Lake Nuudsaku) pollen profile (Saarse 
et al., 1995) age scale was updated with IntCAL20 (Reimer et al., 2020), 
and the species divided into gymnosperms, C3 mono- and dicots, bryo
phytes and pteridophytes. The pollen was also categorized as trees, 
herbs, shrubs and spores to assess the possible influence of vegetation 
shifts on the δ2Hn-alk. 

4. Results 

4.1. Water isotopic compositions 

The meteoric and lake surface water stable isotope composition in 
Estonia have been monitored since 2013. The δ18Oprecip and δ2Hprecip 
yield more negative values during cold season (November–April) than 
during warm season (May–October) due to isotopic fractionation caused 
by temperature changes (Dansgaard, 1964). Cold season (Nov–Apr) 
δ2Hprecip and δ18Oprecip measured at the station are correlated with air 
temperatures and vapor pressure (ρ ≥ 0.68), but not precipitation 
amounts. Warm season (May–Oct) δ2Hprecip and δ18Oprecip are slightly 
less correlated with air temperatures (ρ ≥ 0.63) and vapor pressure (ρ ≥
0.51) than during the cold season. Precipitation amounts are best 
characterized by vapor pressure (ρ = 0.47) all year round. The instru
mental (measured) δ18Oprecip and δ2Hprecip monthly (n = 66) median 
values correlate with the Piso.AI 2013 to 2018 (n = 66) modeled 
monthly median values (ρ = 0.94 and ρ = 0.97, respectively) as well as 
with the 1900 to 2020 (n = 1440) Piso.AI data set (ρ = 0.92 and ρ =
0.94, respectively). The instrumental d-excess values lie between 2.90‰ 
and 14.24‰ (mean 8.25‰, median 8.48‰). The median of the monthly 
values of d-excess from Tartu-Tõravere station were well correlated with 
the Piso.AI 1900 to 2020 d-excess data set (ρ = 0.64, p = 0.02). 

The local evaporation line (LEL, y = 4.97x – 23.15) is defined by 
Estonian lake water isotope data (Fig. 3). The local meteoric water line 
(LMWL, y = 7.61x + 3.78) was calculated as a linear fit through the 
water isotope values (n = 205) from this study (Supplemental Table 1), 
measurements by the GNIP station between 2013 and 2018, modeled 
Piso.AI data from 1901 to 2020, measured precipitation and surface 
water (wetlands, rivers, wells, springs) by Raidla et al. (2016), and by 
Stansell et al. (2017). 

Cold season (Nov to April) precipitation has relatively lower values 
while warm season (May to Oct) water isotopes have higher values. Most 
of the lake water samples on Fig. 3 lie within the warm season isotopic 
range as these were collected during summer months. The lake water 
samples likely reflect a compounded precipitation water isotope signal 

from at least a couple of months prior to each sampling date. The 
modern Nuudsaku lake water (n = 20) δ18O values range from −11.38‰ 
to −9.44‰ (mean −10.12‰) and δ2H values between −80.9‰ and 
−69.5‰ (mean −73.2‰). These samples were collected between April 
and December from 2014 to 2022 (Supplemental Table 1). Lake Nuud
saku modern water δ18O and δ2H values plot on the LMWL, indicating 
that the lake is not sensitive to evaporation (Fig. 3). 

4.2. Chronology 

All lake Nuudsaku updated age-depth values and Bayesian model 
results are presented in Table 1 and Fig. 4. The sediment core overlaps 
were adjusted by a few centimeters, and there are four new radiocarbon 
ages in addition to the previously published seven 14C ages (Stansell 
et al., 2017). The new age-depth model suggests the oldest mean cali
brated age of ~10 070 cal yrs BP, and the oldest modeled age of ~9990 
cal yrs BP. 

4.3. Loss-on-Ignition 

A total of 172 LOI measurements from the Lake Nuudsaku core are 
presented with an updated age-depth scale on the Supplemental Fig. 1. 
The % organic matter (OM; LOI @ 550 ◦C), carbonate (LOI @ 1000 ◦C) 
fraction abundances are reproduced from Stansell et al. (2017). The 
middle Holocene OM averaged at 37 ± 7%, and the late Holocene value 
at 22 ± 10% (1σ). Carbonate content in lake Nuudsaku was 21 ± 10% 
during the middle, and 14 ± 5% (1σ) during the late Holocene. 

4.4. Chironomid analyses and July temperature reconstruction 

There were 45 Chironomid taxa found in the Lake Nuudsaku sedi
ment profile with a total of 2027 head capsules counted (n = 39) The CI- 
TJul values ranged from 15.0 ◦C to 20.3 ◦C (mean 17.7 ◦C) with the 
highest temperature recorded at 7300 cal yrs BP and the lowest at ~ 
1400 cal yrs BP (Supplemental Fig. 2). The middle and late Holocene Ci- 
TJul averages did not notably differ (>0.5 ◦C). This temperature vari
ability reflects changes in the Chironomid abundances, which also 
contribute to the PCA scores. The chironomid PCA axis 1 (including only 
the most common species) explained 13.9 % and axis 2 explained 12.5 % 
of the entire variance. Chironomus plumosus-type (ρ = 0.58) and Crico
topus (I.) intersectus-type (ρ = 0.50) species contributed the most to PCA 
axis 1. The most contributing species to PCA axis 2 were Glyptotendipes 
pallens-type (ρ = 0.72) and Limnophyes (ρ = 0.69). Procladius species 
occurred in all samples. Chaoborus flavicans are abundant in deep as well 
as shallow eutrophic lakes (Luoto and Nevalainen, 2009), and the 
relative content of this species in Lake Nuudsaku record was relatively 
high, making up > 45% of all head capsules counted between ~5800 
and ~5200 and at ~2800 cal yrs BP. 

4.5. Carbon and nitrogen isotopes and elemental abundance 

Three out of the 13 total samples selected for carbon and nitrogen 
analyses were from middle Holocene sediments and the rest from the 
late Holocene. The TOC in Lake Nuudsaku sediments varied between 
4.3% and 18.2% with the lowest value recorded at the bottom of the 
record at ~7500 cal yrs BP and the highest at ~2800 cal yrs BP. The TN 
changed in a respective manner from 0.4% to 1.3% (Supplemental 
Fig. 3). The calculated C/N values (weighted mean) averaged at 15.8 
from ~7500 to ~1500 cal yrs BP and at 13.3 from ~1200 to ~ 400 cal 
yrs BP, δ15N at 1.4‰ and 3.2‰ (vs AIR), respectively. Carbon stable 
isotope values from bulk sediment (δ13Cbulk) ranged from −28.2‰ to 
−18.1‰ (25.3‰ mean, vs VPDB) and δ13C from organic matter (δ13Corg) 
between −38.0‰ and −31.3‰ (−33.3‰ mean). The TN and TOC were 
significantly correlated with each other (ρ = 0.95) indicating no pref
erential degradation of these proxy data (Meckler et al., 2004). The TOC 
and TN were in positive correlation with δ13Cbulk (ρ ≥ 0.90) and in 
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negative correlation with δ13Corg (ρ ≤ −0.95). 

4.6. Sedimentary n-alkane distribution 

Leaf wax n-alkanes were found in all Lake Nuudsaku samples (n =
30), and the distributions were dominated by odd numbered com
pounds. The most abundant n-alkanes in the sediment record were n-C27 
and n-C29 with 7.6 and 8.3 μg/g content averages, respectively (Fig. 5). 
The sum of all even and odd numbered n-alkanes (n-C17-C35) ranged 
from 13.5 to 86.5 μg/g per sample. The middle Holocene average con
tent of all n-alkanes (n-C17-C35) was 26.8 μg/g per dry sediment sample 
and the late Holocene average roughly doubled that at 50.7 μg/g per 
sample. The relative contribution of n-alkanes changed throughout the 
record (Fig. 5). The n-C19 curve was the most variable changing from 0.3 
to 20.5% (1σ = 5.6), and n-C33 the least variable with relative 

abundances between 2.0 and 5.2% (1σ = 0.8). The n-C29 and n-C27 had 
the highest mean relative abundance values of 26.2 and 23.6%, 
respectively. 

Positive correlations of the odd-chain n-alkanes (n-C17-35) were 
found between n-C23 and n-C25 (ρ = 0.62), n-C29 and n-C31 (ρ = 0.81), n- 
C31 and n-C33 (ρ = 0.66) contents, and negative between n-C23 and n-C29- 

33 (ρ < −0.49) as shown in Supplemental Table 2. The relative pro
portion of n-C33/n-C31 (not shown) describing the abundance of grasses 
(Colcord et al., 2018) in Lake Nuudsaku sediments was the highest (−2.5 
average) between 8400 and 4200 cal yrs BP, then decreased to −5.9 
until 3000 cal yrs BP, whereafter rising to an average of −3.5 until the 
modern time. 

Average chain length (ACL) values varied from 26.8 to 28.3 
throughout the core. The ACL weighted average was 27.3 from ~8400 to 
~6000 cal yrs BP, which increased to 28.2 from thereafter until ~4200 
cal yrs BP, and then decreased to 27.8, remaining at this level until 
modern time. The carbon preference index (CPI) in the sediments was 
between 2.0 and 10.0 with weighted average values of 4.9 from ~8400 
to 3200 cal yrs BP, followed by higher values (8.4) until the modern 
time. There was no correlation between the ACL and CPI. The ACL was 
negatively but well correlated with Paq (ρ = −0.99). The Paq (Fig. 5) 
results varied from 0.23 to 0.55 (median 0.39) with relatively decreased 
values (~0.25) between ~ 5700 and ~4500 cal yrs BP. 

4.7. δ2Hn-alk, relative humidity, δ18O and d-excess 

The δ2Hn-alk values in Lake Nuudsaku sediment samples (n = 30) 
varied between −201‰ and −137‰ with the greatest variability (1σ) 
occurring in δ2HC23 (21‰), δ2HC31 (19‰) and δ2HC25 (16‰), and 
slightly less variability in the δ2HC29 (13‰) and δ2HC27 (9‰) data sets 
(Fig. 6). The individual δ2Hn-alk profiles show significant correlation 
with each other (ρ ≥ 0.69). Correlation is the highest between δ2HC23 
and δ2HC25 (ρ = 0.96), and between δ2HC29 and δ2HC31 (ρ = 0.94), 
indicating that these compounds likely have similar sources. The δ2HC23 
values ranged between −206‰ and −137‰, and the δ2Hpaleo-precip be
tween −123‰ and −47‰. The non-weighted average fractionation 
between terrestrial and aquatic δ2H (ε2Hterr/aq) varied between −49.1‰ 
and 23.8‰ (Fig. 6), with the modern value at −18.3‰. The calculated 
Monte Carlo range for our ε2Hterr/aq was at an average of 0.05‰. 

The reconstructed ΔRH (smoothed) values at Lake Nuudsaku varied 
between −12% and 11% in comparison to modern (Fig. 6). The lowest 
value occurred at 3000 cal yrs BP, and the highest at 6600 cal yrs BP. The 
average middle Holocene ΔRH value is 1%, and the late Holocene value 
−5% in comparison to modern. The average ΔRH model error was 3%. 

Stansell et al. (2017) demonstrated that the Lake Nuudsaku surface 
sediment δ18Ocalc value was −12.5‰ (vs VPDB). We calculated the 

Table 1 
Lake Nuudsaku radiocarbon (14C) and210Pb ages used in the current study. New radiocarbon dates are marked by asterisks (*) after the sample lab number in the first 
column, all other ages presented are from Stansell et al. (2017). Radiocarbon ages were calibrated using IntCal20 (Reimer et al., 2020), using the R package BACON 
(Blaauw and Christen, 2018). Minimum and maximum calibrated and modeled ages (years before 1950 CE) represent the 95% range.  

UCI14C Lab # Material Depth (cm) Measured 
210Pb/14C age 

Measured error (±) Calibrated ages BACON modeled ages 

min median max min mean max  
210Pb sample 0.375 −51 6.7    −71 −60 −35  
210Pb sample 0.875 −35 7.6    −70 −57 −30  
210Pb sample 1.375 −8 4.3    −70 −54 −22 

218706* Plant macro 55.55 1010 60 652 930 1208 51 459 878 
146782 Charcoal 155.7 735 50 501 684 883 612 878 1296 
146783 Charcoal 231.7 1600 90 1167 1528 1884 1344 1586 1926 
218707* Leaf fragment 271.7 2345 35 2110 2418 2730 2155 2347 2602 
218708* Leaf fragment 434.5 3795 20 3973 4195 4417 4015 4167 4287 
146785 Charcoal 458.3 3180 100 2864 3380 3896 4155 4391 4758 
146786 Charcoal 550.6 5145 20 5730 5874 6018 5758 5891 5989 
146787 Charcoal 617.1 6070 50 6631 6934 7237 6713 6904 7136 
146788 Charcoal 685.2 6480 160 6665 7315 7965 7322 7689 8292 
218709* Leaf fragment 700 7490 300 7292 8453 9613 7724 8363 9145 
146789 Birch leaf 729 8960 25 9876 10068 10260 9653 9986 10196  

Fig. 4. Lake Nuudsaku age-depth model with a sediment image profile on the 
right. Black diamonds and the middle line represent modeled BACON mean age 
values at given depths. Open diamonds denote new radiocarbon ages. The 
vertical error bars and the outer lines represent the age model uncertainty 
range. Original calibrated median values are shown as orange empty circles, 
and the accompanying error range as orange vertical bars. 
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δ18Opaleo-precip value of −11.6‰ (vs VSMOW) from the same δ18Ocalc 
(after Kim et al., 2015), which is in an agreement with the modern 
δ18Oprecip range (mean −11.00‰ vs VSMOW). The δ18Ocalc values from 
the same lake sediments (Stansell et al., 2017) ranged from −15.0‰ to 
−9.4‰ (vs VPDB) that translates (Leng and Marshall, 2004) to values 

between 15.4‰ and 21.3‰ (vs VSMOW). Our calculated δ18Opaleo-precip 
values lie between −11.6‰ and −9.2‰ (vs VSMOW), with the average 
middle Holocene value of −10.2‰ and late Holocene value of −10.5‰. 

The calculated unsmoothed d-excess values ranged from −40.4‰ to 
35.8‰ throughout the Lake Nuudsaku sediment profile (Fig. 6), and the 

Fig. 5. Lake Nuudsaku carbon preference index (CPI), average chain length (ACL), proportion of aquatic plants (Paq) calculated from the n-alkane abundance (see 
methods for details), n-alkane content (from n-C19 to n-C33) and relative abundances (bottom colored plot). 
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smoothed values between −37.1‰ and 15.1‰. The middle Holocene 
average value was −1‰, and the late Holocene average was −19‰. The 
reconstructed d-excess value of the surface-most sediment sample from 
120 cal yrs BP (3.7‰) falls within the 1σ error range of the modern GNIP 
data from 2013 to 2018 between 2.9 and 14.2‰ (mean 8.3‰) and the 
Piso.AI modeled values from 1900 to 2020 that were between −8.4 and 
24.2‰ (mean 7.7‰; Fig. 6). 

5. Discussion 

5.1. Evidence from δ15N, δ13C and loss-on-ignition data 

Bulk sediment organic matter δ15N and δ13C values have been used 
for reconstructing lake hydrological and ecological evolution (Brenner 
et al., 1999; Meyers and Teranes, 2001), however these proxies greatly 
depend on the local ecological and hydrological parameters, and can be 

Fig. 6. Lake Nuudsaku sediment-derived δ2H values of odd-chain n-alkanes (δ2HC23-31; a to e); δ2Hpaleo-precip (a); δ18Opaleo-precip (f); d-excess calculated from δ2Hpaleo- 

precip and δ18Opaleo-precip (g); fractionation between terrestrial (n-C29) and aquatic (n-C23) n-alkane derived δ2H (ε2Hterr/aq; h); and ΔRH = relative humidity (calculated 
from ε2Hterr/aq; i). The d-excess plot (g) shows calculated values as stars, which is overlain by a smoothed bold brown line (points of window = 5). Gray dashed lines 
on the d-excess plot (g) mark the Piso.AI modeled mean values from 1900 to 2020 (7.7‰), modern GNIP mean d-excess from 2013 to 2018 (8.3‰) and the 
reconstructed mean surface sediment (13.2‰) value. The gray dashed line on the ε2Hterr/aq plot (h) marks the modern value, and the green bold line represents 
smoothed adjacent-averages (points of window = 5). Monte Carlo ranges are marked by blue lines in panels a and g. Change in the relative humidity (ΔRH; i) values 
are normalized to 81.3%, an average RH from 5 years prior to surface sediment extraction 2010–2014, and shown as relative to the modern value (dashed line). The 
gray ΔRH data as symbols represent model output (following Rach et al., 2017), which is overlain by an adjacent-averaging smoothed bold black line (points of 
window = 5), and orange lines represent smoothed model error ranges. Modern surface sediment δ2HC25-31 values were acquired from Eensalu et al. (2023). 
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highly variable due to catchment topography, basin morphology, lake 
internal processes (such as nutrient loading, water and sediment mix
ing), surrounding vegetation, human impact and climate change (Mey
ers and Lallier-Vergès, 1999; Herzschuh et al., 2005). The relatively 
lower δ15N values (1.4‰) in the Lake Nuudsaku proxy from the base of 
the record at ~ 7500 cal yrs BP until ~ 1200 cal yrs BP likely reflect 
lower lake primary productivity (Supplemental Fig. 3) as nitrogen is a 
key limiting nutrient in lakes (Altabet and Francois, 1994). Increased 
values (3.2‰) towards the top of the record after ~ 1200 cal yrs BP 
possibly point to slightly higher productivity, which was likely a result 
of several changing ecological and/or climate parameters at Nuudsaku. 
The four-fold increase in TOC values (4.3–18.2%) from ~7500 to ~ 
2800 cal yrs BP roughly tracks the sediment organic matter (LOI @ 
550 ◦C) curve and probably suggests increased allochthonous matter 
input to the lake and/or increased vegetation presence near the lake. 
Despite the increasing TOC, the C/N ratios are fairly constant (ranging 
between 13.2 and 16.9) throughout the entire record, indicating that the 
partitioning between terrestrial and aquatic sources remained stable. 
Interestingly, Lake Nuudsaku data show a similar decrease in C/N to 
Lake Trikātas after ~1500 cal yrs BP, which the authors attributed to an 
increased input of algal matter related to increased soil erosion due to 
anthropogenic land use (Stivrins et al., 2019). The δ13Cbulk values 
(−18.1‰) at the base of the sediment core at ~ 7500 cal yrs BP suggest 
high carbonate matter proportion in the lake which is also supported by 
relatively high endogenic calcite content (LOI @ 1000 ◦C = 27.9%; 
Supplemental Fig. 1). 

5.2. Potential sedimentary n-alkane sources 

The Lake Päidre pollen profile (Saarse et al., 1995) consisted of 50 
samples between ~ 9000 and 1250 cal yrs BP (Supplemental Fig. 5). The 
abundance of tree pollen ranged from 85.1% to 93.0% (mean 89.6%) 
throughout the Lake Päidre core while herbs made up 3.9% to 9.2%, 
shrubs 0.6% to 4.1% and spores 1.3% to 4.9%. The most abundant 
species in this record were Alnus, Betula, Picea and Pinus. The correlation 
between trees versus other groups was negative throughout the record. 
Relative overall abundance of C3 dicot pollen counts in the Lake Päidre 
record was 62% while gymnosperms made up 29%. The rest of the 9% 
plant types were C3 monocots and dicots, Bryophytes and 
Pteridophytes. 

Modern plant odd-chain n-alkane composition at Lake Nuudsaku 
(Eensalu et al., 2023) shows high abundance (>43 μg/g) of n-C31, n-C29 
and n-C27 alkanes, and relatively low (~4 μg/g) n-C23 content (Sup
plemental Fig. 4). Other studies have reported similar distributions of 
angiosperm plants (Diefendorf et al., 2011; Bush and McInerney, 2013). 
Based on the abundance of the Lake Nuudsaku sedimentary n-alkane and 
Lake Päidre pollen data, we find that the sedimentary n-C23 is positively 
well correlated with Corylus (ρ = 0.52), Alnus (ρ = 0.51) and Ulmus (ρ 
= 0.48), and negatively with Picea (ρ = −0.54) and aquatic Nym
phaeaceae (ρ = −0.36). However, the lack of high correlation between 
abundances of n-C23-25 and n-C27-31 in the Nuudsaku sediments (Sup
plemental Table 2) suggests that each of these groups have a common 
source, but these two sources are different from each other. The simul
taneous lack of correlation between n-C23-25 and n-C27-31 abundances, 
and positive correlation between n-C23-25 and tree species pollen from 
Lake Päidre is difficult to explain, but may represent an indirect lake 
productivity signal in response to temperature changes as deciduous 
trees prefer warmer climates, and coniferous species thrive in colder 
conditions (Poska et al., 2004). There is a negative correlation between 
Lake Nuudsaku n-C23 alkane and Lake Päidre aquatic pollen profile 
(Supplemental Table 2). Therefore, the marsh-type emergent plant 
groups are likely not the major sources of n-C23 and n-C25, but we 
emphasize that the pollen record represents another lake basin. While 
the pollen record from terrestrial species is likely easily transferred be
tween nearby lake basins, data from aquatic plants would only be ex
pected to apply if external factors drove similar expansion or contraction 

in both lakes. This necessarily increases the uncertainty for interpreting 
aquatic pollen sources at Lake Nuudsaku based on the Lake Päidre pollen 
data. 

The decreasing C3 dicot composition during the middle Holocene 
(Supplemental Fig. 5) is likely reflected in the Lake Nuudsaku δ13Corg 
record (Supplemental Fig. 3). We suggest this as gymnosperms and C3 
dicots make up most (91%) of the components in the nearby Lake Päidre 
pollen record, and the relative proportion of C3 dicots (primarily de
ciduous plants) in Lake Päidre decreases from ~9000 to ~ 2800 cal yrs 
BP while gymnosperm (coniferous tree) pollen increases (Supplemental 
Fig. 5). Therefore, this change in vegetation most likely explains the 7‰ 
gradual increase in lake Nuudsaku δ13Corg values from the start of the 
record until ~2800 cal yrs BP. 

The Päidre pollen PCA dimension 1 likely reflects the relative change 
of gymnosperms and C3 dicots (Supplemental Fig. 5). However, the 
relative proportion of trees versus shrubs, herbs and spores in Lake 
Päidre pollen record does not notably change over the course of the last 
9000 years (Supplemental Fig. 5). The weighted average δ2H value of 
plant groups in Lake Päidre pollen profile resulted in a negligible 3.2‰ 
difference across all counts. Although small, we did incorporate Lake 
Päidre pollen correction (Feakins, 2013; Rach et al., 2017) to Lake 
Nuudsaku δ2Hn-alk data for reconstructing past ΔRH values. 

The relatively low C/N values during the late Holocene (<17; Sup
plemental Fig. 3) likely indicate that the n-alkane source is at least 
partially of aquatic origin at that time. The Paq is generally an indicator 
of the relative dominance of terrestrial (<0.1) versus aquatic (>0.4) 
taxa, although most of the values in Lake Nuudsaku lie within the range 
of 0.2 to 0.4, which Ficken et al. (2000) classify as emergent (Fig. 5). The 
period between ~6000 and ~4500 cal yrs BP showed decreased n-C23 
and n-C25 and increased n-C27, n-C29 and n-C31 content in comparison to 
the earlier middle Holocene, which is also reflected in the ACL profile. 
Aichner et al. (2017) demonstrated that lipid distributions can exhibit 
significant variability, with many aquatic plants lacking alkanes shorter 
than n-C23. The absence of shorter alkanes therefore does not negate the 
possibility of an aquatic source dominating the lipid composition. While 
the use of alkanes is limited due to their lack of perfect source specificity, 
there are overarching patterns that can still offer valuable insights into 
the lake catchment. For example, our results (Fig. 5) reveal the presence 
of n-C19 and n-C33 alkanes, but we were analytically limited to deter
mining the δ2H values in the n-C23 and n-C31 range. 

The biomarker composition in Lake Nuudsaku has a high odd-over- 
even and dominantly long-chain n-alkane distribution, and the median 
CPI value of 7.4 implies that the n-alkane sources at the lake are primarily 
terrestrial leaf waxes with very little compound degradation (Bush and 
McInerney, 2013). The relatively higher ACL (27.8) in Lake Nuudsaku 
sediments between ~ 6900 and ~4500 cal yrs BP may suggest increasing 
aridity (Keisling et al., 2017), most likely as a result of relatively high, yet 
declining warm season insolation (Fig. 7). Our ΔRH and ε2Hterr/aq proxies 
(Fig. 7) are in an agreement with this interpretation as these indicate that 
the moisture content at Lake Nuudsaku decreased during that time in
terval. Furthermore, the ACL, CPI and n-alkane contents were lower at 
~7800 cal yrs BP in comparison to the rest of the record. This could be 
explained by soil stabilization due to increased vegetation in the lake 
catchment (Operstein and Frydman, 2000). There is a period from ~3000 
to ~2000 cal yrs BP where CPI values are high (>9.5) while ACL is 
relatively low (<27.7) due to the occurrence of high n-C17 content of algal 
origin, which may be linked to changes in land use. 

5.3. Sedimentary δ2H 

The sedimentary δ2Hn-alk record at Lake Nuudsaku most likely in
corporates the δ2Hpaleo-precip signal as the modern terrestrial plant δ2Hn- 

alk values reflect δ2Hprecip signal during the leaf flush period from May to 
June (Eensalu et al., 2023). The same study suggested that the δ2Hprecip 
value of n-alkanes reflects a compounded δ2Hprecip signal from at least a 
few months prior to sampling, until the end of leaf flush period. 
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The calculated δ2Hpaleo-precip from our topmost sediment (~−81 ±
4‰; Monte Carlo range ± 25‰) at Lake Nuudsaku is in the range of 
both modern instrumental and modeled δ2Hprecip values (~−80‰; 
Figs. 2 and 6). There was a gradual change from −51‰ to −122‰ in 
the δ2Hpaleo-precip from 4200 to 2500 cal yrs BP, which may have been a 
result of prevailing colder summer temperatures (decreasing CI-TJul 
values), warmer source water temperatures (decreasing d-excess; 
Fig. 7), or a combination of these two. These changes could not be 

explained by an increase in cold season precipitation because our 
ε2Hterr/aq demonstrates relatively drier conditions at that time. Ac
cording to Sachse et al. (2012), the median εapp values (calculated 
between δ2H of mean annual precipitation and δ2HC29) of gymno
sperms and C3 dicots are −110‰ and −118‰, respectively. The two 
dominant taxonomic categories in the Lake Päidre record range be
tween 10% and 51% (gymnosperms), and 40%–81% (C3 dicots). 
Leaving the rest of the taxa of 9 ± 3% (2σ range) aside, the lowest 

Fig. 7. From top to bottom: Lake Nuudsaku ε2Hterr/aq representing wet vs dry conditions (a) shown as a gray line with wet conditions marked as blue and dry 
conditions as yellow symbols, overlain by an adjacent-averaging smoothed bold green line (points of window = 5); δ2Hpaleo-precip (reconstructed from δ2HC23; b); 
relative humidity change (ΔRH) modeled after Rach et al. (2017) shown as a gray symbols and line, overlain by a 5-pt smoothed black line, and the orange lines 
represent smoothed model error ranges (c); Lake Nuudsaku temperature δ18Opaleo-precip (d) and chironomid-inferred July temperatures (CI-TJul; e); July temperature 
reconstruction from Laihalampi, Finland (f; Giesecke et al., 2008); annual temperature reconstruction from Raigastvere, Estonia (g; Seppä and Poska, 2004); modeled 
warm season (JJA) insolation at 58 ◦N (h; using R package Acycle); Norwegian alkenone-based SST reconstruction (i; Grimalt and Marchal, 2006); Lake Nuudsaku 
d-excess representing moisture origin (j) as a gray line with symbols, and bold brown show a 5-pt smoothed data of the d-excess with blue lines as smoothed Monte 
Carlo ranges. Blue lines in panels b and e represent non-smoothed Monte Carlo ranges. The symbols with bars above the x-axis at the bottom of the figure mark 
sample ages and 95% uncertainty ranges. The vertical line across all panels separates the middle and late Holocene periods at 4200 cal yrs BP. Gray horizontal dashed 
lines mark modern values. 
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gymnosperm and highest dicot assemblage results in a −107‰ 
average, and the opposite in a −105‰ average, which would only 
explain a ~2‰ shift in the δ2Hpaleo-precip values. According to the GNIP 
data from 2013 to 2018 at the Tartu Tõravere station, a 1 ◦C increase 
would correspond to a ~4‰ increase in δ2Hprecip (T (◦C) = δ2Hprecip ×

0.2527 + 26.813; ρ = 0.56). However, as our reconstructed CI-TJul 
varies between 16.5 ◦C and 19.3 ◦C, the CI-TJul temperature shift of 
5.3 ◦C is highly unlikely, but would theoretically result in ~21‰ 
change in δ2Hpaleo-precip. There is a strong correlation between modern 
δ2Hprecip (and δ18Oprecip) and air temperature at Lake Nuudsaku (ρ =
0.69; Fig. 2), characteristic of higher latitudes (Dansgaard, 1964). 
Therefore, the decrease to lower values between 4200 and 2500 cal yrs 
BP is most probably a combination of lower warm season temperatures 
at Nuudsaku, and higher source water temperatures (decreasing 
d-excess). 

5.4. Hydroclimate signals inferred from d-excess, ΔRH and ε2Hterr/aq 

The d-excess value of vapor evaporating from water varies due to the 
effects of temperature and relative humidity on the degree of kinetic 
isotope fractionation. These effects can be broadly characterized by a 
0.35‰ increase per ◦C and a −0.43‰ decrease per % relative humidity 
for evaporation above the ocean, which is the primary source for pre
cipitation (Feng et al., 2009). Additional d-excess signals in precipitation 
can also indicate evaporation of water from a non-ocean source, either 
as re-evaporated precipitation or evaporation from inland water bodies, 
soil water, or plant transpiration (Aemisegger et al., 2014). Precipitation 
in northern Europe tends to originate from the North Atlantic during 
cold seasons, while modern warm season precipitation in Estonia orig
inates from both the Atlantic ocean as well as the Mediterranean and the 
Black Sea area (Mätlik and Post, 2008). These moisture sources should 
therefore carry distinct d-excess signals which can be used to distinguish 
changes in precipitation sources or seasonality through time (Xia et al., 
2022). 

The hydroclimate in northern Europe is affected by moisture source 
changes (Pfahl and Sodemann, 2014; Stansell et al., 2017; Kopec et al., 
2019). The short-term d-excess in the individual marine regions gener
ally shows low summer and high winter values (Aemisegger et al., 2014; 
Kopec et al., 2019). On a seasonal scale, Klein et al. (2015) associate 
higher d-excess in Arctic Alaska with northerly sources and lower hu
midity at the source, which is also consistent with other work showing 
that northern sources have higher d-excess precipitation values (Puntsag 
et al., 2016). Additionally, a recent European study indicates that pre
cipitation during storms from a northern source, Barents Sea, resulted in 
relatively higher d-excess values (Bailey et al., 2021). 

Similarly, we suggest that the long-term change in moisture source 
arriving at Nuudsaku could result in higher d-excess from northern, and 
lower d-excess from the southern moisture sources. A recent study, 
which could serve as a modern analog, recorded higher d-excess values 
during higher winter precipitation events with northern sources (Punt
sag et al., 2016). However, long-term d-excess records in the 
mid-latitude regions are scarce, and it is possible that the annual means 
may mask the inferred seasonal changes (Aemisegger et al., 2014). 

The Lake Nuudsaku mean d-excess value of 1.6 ± 5‰ (MC ± 17‰) 
between 8100 and 3900 cal yrs BP is in the range of the modern value 
(Fig. 3) inferred from the surface lake sediments (3.7 ± 4‰), the 
instrumental (8.3 ± 3‰) data, and the global value of 6.85 ± 6.2‰ 
(Putman et al., 2019). Our data suggests that the precipitation reaching 
lake Nuudsaku between ~8100 and ~3900 cal yrs BP was similar to that 
of today, and generally originated more from northern areas in com
parison to the subsequent millennia. However, the late Holocene 
average value of −19‰ is significantly lower than the mean annual 
values recorded in the northern high latitude regions (~0‰ in Svalbard, 
according to Mellat et al. (2021) measurements conducted in the sum
mer of 2018). This discrepancy could be attributed to noise, a temporal 
mismatch between the water isotope formation, variability in the mean 

ecosystem apparent fractionation, changes in moisture sources, or a 
combination of these factors. We therefore focus on the broad trends and 
patterns in the reconstruction, acknowledging the potential for 
uncharacterized uncertainty in the reconstructed values. 

Our ΔRH reconstruction suggests that the period between 8100 and 
6000 cal yrs BP was relatively wet (mean 7%) in comparison to modern 
(defined as 0% which is equivalent to the mean annual RH of 81%). 
There was a shift in seasonality after 6000 cal yrs BP, and the recon
struction suggests that ΔRH values between 5800 and 700 cal yrs BP 
were ~8% lower than modern, and ~13% higher thereafter. Similarly, 
the ε2Hterr/aq in the Lake Nuudsaku record indicates that the period be
tween 8100 and 5800 cal yrs BP was likely wetter than today, more arid 
between 5700 and 700 cal yrs BP, and again wetter thereafter until 
reaching the modern values. 

6. Holocene paleoclimate 

6.1. End of the early Holocene 

The beginning of our δ2Hn-alk record is dated at 8500 cal years BP, 
before the start of the middle Holocene (8200 cal years BP). From this 
early to middle Holocene transition, we highlight the most 2H-depleted 
δ2Haq (~−200‰) and δ2Hpaleo-precip (~−115‰) values at the base of the 
record (from 8500 to 8100 cal years BP), which may reflect increased 
winter precipitation. The so-called 8.2 ka cold event (Walker et al., 
2012) falls within that time range. However, Lake Nuudsaku ΔRH and 
ε2Hterr/aq records suggest that this cold event in Estonia was slightly drier 
in comparison to the following millennia. The 8.2 ka event therefore 
likely exhibited similar conditions to modern day negative phase of 
NAO, or positive phase of SCP, which are characterized by cold and dry 
conditions. An Estonian study has documented this event by observing a 
significant decrease in their δ18Ocalc record in annually layered Lake 
Rõuge Tõugjärv sediments (ca 100 km SE from Lake Nuudsaku), which 
translates to a ~3 ◦C decrease in annual temperatures between 8200 and 
8080 cal yrs BP (Veski et al., 2004). This temperature anomaly is also 
recorded in Lake Laihalampi summer temperature reconstruction (Gie
secke et al., 2008, Fig. 7). The δ2Hprecip and δ18Oprecip are directly related 
to mean annual temperature (Dansgaard, 1964), as cold season precip
itation has lower isotope values, and the opposite can be observed for 
warm season precipitation (Figs. 2 and 3) at Lake Nuudsaku. 

6.2. The middle Holocene 

Higher δ2Hpaleo-precip (−85 ± 25‰, 1σ), δ18Opaleo-precip (−10.2 ±

0.4‰) and ε2Hterr/aq (−19.3 ± 16‰) values during the middle Holocene 
(between 8200 and 4200 cal yrs BP) at Lake Nuudsaku suggest increased 
summer precipitation in comparison to the late Holocene (Fig. 7). A 
recent study (Corcoran et al., 2021) suggested that higher δ2Hn-alk values 
could be a result of increased evaporation from the lake surface, which 
in turn would result in slower lake water turnover times. However, lake 
Nuudsaku modern isotope data do not suggest any evaporation signals 
as the modern lake water samples plot on the LMWL (Fig. 3). Cold season 
hydrological conditions did not therefore likely have a significant 
impact on the δ2Hn-alk, even though there may not have been ice cover 
on the lakes during the middle Holocene. Besides, the ε2Hterr/aq suggests 
relatively wetter conditions until 5800 cal yrs BP (Fig. 7). Thus, we 
interpret the higher δ2Hpaleo-precip and δ18Opaleo-precip values as increased 
summer precipitation. Our middle Holocene ΔRH reconstruction 
average is +1% in comparison to modern, although as previously stated, 
the first half of the middle Holocene at Nuudsaku was likely wetter than 
the latter half. 

Stansell et al. (2017) suggested that the generally higher δ18Ocalc 
values during the middle Holocene may have been a result of higher 
temperatures or an increase in the amount of warm season precipitation. 
The mean middle Holocene CI-TJul value at Lake Nuudsaku is 18.0 ◦C, 
and we do not detect any statistically significant changes in that data set. 

M. Eensalu et al.                                                                                                                                                                                                                                



Quaternary Science Reviews 334 (2024) 108736

15

A reconstruction of July temperatures in a paleo-record from Laiha
lampi, Finland (Fig. 7) shows similar consistency in warm season tem
peratures. However, pollen proxies from the Baltic region covering the 
Holocene suggest that the summer temperatures in the Baltic region 
were the highest between ca 9500 to 4200 years BP (Renssen et al., 
2012), and a reconstruction from Raigastvere (Estonia; Fig. 7) suggests 
that annual temperatures were more than 3 ◦C higher, and hydroclimate 
more arid in comparison to modern times (Seppä and Poska, 2004). The 
overall warm conditions were likely linked to strong anticyclonic 
blocking (Heikkilä and Seppä, 2010) which has been attributed to 
changes in solar insolation (Russo and Cubasch, 2016). This is also the 
most probable explanation for the relatively higher Norwegian Sea 
Surface Temperatures (SST) during the middle Holocene (Fig. 7). Based 
on our ε2Hterr/aq proxy (Fig. 6), we suggest that about half of the middle 
Holocene between ~8000 and ~5800 cal yrs BP was wetter than pre
sent, with increased aridity thereafter. 

Our reconstructed d-excess, which describes the environmental 
conditions at the moisture origin, shows relatively higher values 
(~−1‰) during the middle Holocene, which we interpret as relatively 
more northern/colder moisture source in comparison to the late Holo
cene (~−19‰). The higher d-excess values could be expected as there 
was probably less sea ice in the North (Bailey et al., 2021). This in 
concert with wet conditions inferred from ε2Hterr/aq, and generally 
higher δ2Hpaleo-precip and δ18Opaleo-precip values support overall increased 
summer precipitation, arriving from higher latitudes. We suggest that 
these conditions were particularly enhanced during three excursions in 
our un-smoothed data sets at 7800, 6900 and 6300 cal yrs BP when the 
δ2Hpaleo-precip and d-excess values were higher in comparison to the rest 
of the middle Holocene. 

6.3. The 4.2 ka event 

The period at around 4200 cal yrs BP, often referred to as the 4.2 ka 
climate anomaly (or event), has been identified as a time of abrupt 
changes in climate across the globe (Bradley and Bakke, 2019). As most 
of the proxy records during the event indicate relatively colder condi
tions, a few from Greenland suggest short-lived warmer conditions 
(Middleton, 2018; Bradley and Bakke, 2019 and the references therein). 
For example, Gkinis et al. (2014) demonstrated a warming signal in the 
NGRIP record at 4.2 ka. The pollen-based temperature reconstructions 
from Scandinavia argue that the general decrease in warm season 
insolation was responsible for an overall decrease in annual tempera
tures, however the time resolution of these proxies may not be high 
enough to detect such an abrupt event (Bradley and Bakke, 2019). The 
same study also suggested that the 4.2 ka climate anomaly was likely a 
result of changes in the Earth’s atmosphere, and not the changing ocean 
circulation or solar forcing. They argue that there may have been 
anomalous trends in internal modes of variability which could have 
disrupted the local climate patterns. The Lake Nuudsaku unsmoothed 
ΔRH curve at 4200 cal yrs BP is significantly increased (13% above 
modern; Fig. 7), which is in an agreement with modeling results 
(Renssen, 2022). We also note the relatively higher unsmoothed 
d-excess value, which indicates that Nuudsaku precipitation originated 
from higher latitudes or colder sources during the 4.2 ka global anomaly 
(Fig. 7). Since the unsmoothed ε2Hterr/aq data also indicates relatively 
more moist conditions, we suggest that the warm season during that 
brief time interval at Nuudsaku experienced increased wet conditions 
with northerly moisture origin. 

6.4. The late Holocene 

The late Holocene δ2Hpaleo-precip (−101 ± 20‰), δ18Opaleo-precip 
(−10.5 ± 0.6‰) and ε2Hterr/aq (−10.1 ± 18‰) values at Lake Nuudsaku 
between 4200 cal yrs BP and modern time suggest decreased summer 

precipitation in comparison to the middle Holocene. The average ΔRH 
reconstruction value for Lake Nuudsaku during the late Holocene was 
−5% in comparison to modern, indicating that the overall effective 
moisture content decreased. This also suggests that spring conditions in 
our study region could have become milder/warmer as it takes signifi
cantly less water vapor to saturate cold air in comparison to warm. We 
assume that the δ2HC23 record is not significantly 2H-enriched by tran
spiration, nor sensitive to evaporation. Therefore, the lower δ2Hpaleo- 

precip values during the late Holocene may indicate a delay in the timing 
of spring meltwater, which would have left less time for warm season 
evapotranspiration. However, our late Holocene ε2Hterr/aq indicates 
more arid conditions (Fig. 7) prevailing at Nuudsaku. During modern 
times, the cold and dry conditions are associated with a negative phase 
of NAO, however we suggest decreased warm season precipitation at 
Nuudsaku during the late Holocene, and the modern-day NAO phases 
and precipitation amounts are only correlated during winter, not sum
mer months. We note a brief excursion in our unsmoothed ΔRH and 
ε2Hterr/aq curves at 3300 cal yrs BP when the effective moisture content 
was the lowest in our record, coinciding with the driest conditions. An 
increase in the CPI and an overall decrease in the n-alkane content at 
~3000 cal yrs BP is likely linked to changes in land use as Poska et al. 
(2004) suggest an increase in agricultural practices and herding by 
human settlements. Another period with arid conditions occurred at 
700 cal yrs BP. The δ2Hpaleo-precip values were increasing, suggesting 
higher summer precipitation, and the increasing d-excess more north
erly sources from 700 cal yrs BP until modern. The same time period also 
shows wetter conditions in comparison to the preceding period between 
5700 and 700 cal yrs BP. 

The mean late Holocene CI-TJul at Lake Nuudsaku is 17.5 ◦C, with no 
statistically significant changes. The annual temperature reconstruction 
from Estonia (Seppä and Poska, 2004) suggests that the conditions 
became colder as the warm season insolation was decreasing (Fig. 7). 
This possibly shifted the local seasonality towards less extreme changes 
between winter and summer conditions as the annual temperatures in 
Estonia decreased over the Holocene (Fig. 7). The decreasing Atlantic 
SSTs in addition to modeling studies suggests that the westerly winds 
have weakened from the early Holocene until modern times (Grimalt 
and Marchal, 2006). Although our ε2Hterr/aq proxy does indicate more 
arid conditions (which could be linked to a negative phase of the NAO, a 
positive phase of SCP, or a combination of these), our relatively lower 
late Holocene d-excess at suggests that the moisture probably originated 
from warmer sources in comparison to the middle Holocene. 

7. Conclusions 

In this study, we used sedimentary biomarkers with other proxies to 
reconstruct the hydroclimatic conditions in Estonia during the middle 
and late Holocene. We were able to use δ2H values from multiple bio
markers to quantify the relative humidity changes (ΔRH) at Lake 
Nuudsaku in relation to modern times, which was aided by estimates of 
the vegetation (pollen) composition of the lake catchment. We were also 
able to combine sediment-derived δ2Hpaleo-precip and δ18Opaleo-precip 
values from Lake Nuudsaku to examine hydroclimate changes recorded 
in both water isotope systems, and to combine them to calculate the d- 
excess. The relatively higher middle Holocene d-excess indicates that the 
precipitation most likely originated from northern latitudes. Conversely, 
the relatively lower average d-excess during the late Holocene implies 
more southerly dominating moisture sources. The middle Holocene 
period at Lake Nuudsaku was characterized by relatively higher ΔRH 
(similar to today), higher variability in δ2Hpaleo-precip, and slightly higher 
warm season temperatures in comparison to the late Holocene. Our data 
demonstrates the possibility of warmer temperatures generally being 
accompanied by wetter conditions, which may prevail in the eastern 
Baltic region under future warming. 
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