
CLIMATIC MOISTURE CONDITIONS IN 
THE NORTH-WEST OF THE MID-RUSSIAN 
UPLAND DURING THE HOLOCENE

Elena Yu. Novenko1,2, Andrey N. Tsyganov2,3, Kirill V. Babeshko3, 
Richard J. Payne4, Jinlin Li5, Yuri A. Mazei1,3, Alexander V. Olchev1,6

1 Lomonosov Moscow State University, Moscow, Russia
2 Institute of Geography Russian Academy of Science, Moscow, Russia
3 Penza State University, Penza, Russia
4 Environment and Geography, University of York, York YO105DD, United Kingdom.
5 Shenzhen MSU-BIT University, Shenzhen, Guangdong province, China
6 A.N. Severtsov Institute of Ecology and Evolution, Russian Academy of Sciences, 
Moscow, Russia
*Corresponding author: lenanov@mail.ru

ABSTRACT. This study aimed to reconstruct the climatic moisture conditions of the Mid-
Russian Upland through the Holocene. Surface moisture conditions in the study region 
were inferred from published pollen records from the Klukva peatland, in the north-
west of the Mid-Russian Upland. Three climatic indices were derived from previously-
published reconstructions of mean annual temperature and precipitation: the Climate 
Moisture Index, the Aridity Index and the Budyko Dryness Index. A simple modeling 
approach to reconstruct annual potential evapotranspiration and net radiation was 
developed and used to estimate the indices for different periods of the Holocene. The 
moisture indices were compared with independent proxies of climate moisture such as 
peatland surface wetness, reconstructed from testate amoebae and regional fire activity, 
reconstructed from charcoal. Results show that the surface moisture conditions in the 
study region were characterized by large variability. Periods of mild temperature and 
moderately wet conditions were followed by dry periods, which resulted in significant 
changes in palaeoenvironments. The method developed for calculation of potential 
evapotranspiration and indices of surface moisture conditions could be a useful tool for 
climate reconstructions. Our results demonstrate the detailed and nuanced palaeoclimate 
data which can be derived from pollen data.
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INTRODUCTION

Information about spatial and temporal 
variability of climate and vegetation 
in past epochs is important for better 
understanding of climate-vegetation 
interactions and prediction of possible 
vegetation changes under future climate 
change scenarios. During recent decades 
various proxy methods have been 
developed and applied for reconstructions 
of plant species composition and regional 
climatic conditions (Khotinsky 1977; Zagwijn 
1994; Isarin, Bohncke 1999; Krementski 
et al. 2000; Barber et al. 2004). Many 
methods are based on analysis of pollen 
data in order to reconstruct long-term 
temperature variability. While pollen-based 
temperature reconstructions often perform 
well, reconstructions of climatic moisture 
conditions are largely limited to assessing 
major changes between wetter and drier 
phases (Velichko et al. 2002; Stančikaite et al. 
2008; Inisheva et al. 2013; Kalnina et al. 2015). 
Precipitation amount has been considered 
as key factor influencing surface moisture 
conditions in these studies (Khotinsky 
and Klimanov 1997; Nakagawa et al. 2002; 
Davis et al. 2003; Tarasov et al. 2009; Mauri 
et al. 2015). Surface evapotranspiration 
(potential and actual evapotranspiration) 
has been either ignored, or parameterized 
using simplified regression functions and 
modeling approaches (Prentice et al. 1992; 
Olchev and Novenko 2012; Novenko and 
Olchev 2015). Other studies have compared 
pollen-based moisture reconstructions 
to independent reconstructions of local 
surface moisture based on methods such 
as plant macrofossil and testate amoeba 
analysis from peatlands (Lamentowicz et al. 
2008; Bunbury et al. 2012; Gałka et al. 2017; 
Tsyganov et al. 2017). 

Boreal and temperate forests cover large 
areas of Northern Eurasia and are expect-
ed to be very sensitive to projected climate 
warming (Olchev et al. 2009, 2013; Noven-
ko et al. 2014). Despite numerous studies 
of past temperature variability, temporal 
change in surface moisture conditions 
and effects on vegetation cover are poor-
ly-constrained. According to the classical 
paradigm (the so-called ‘Blytt-Sernander 

scheme with Khotinsky modification’ (Kho-
tinsky 1977), the climate conditions of the 
Holocene in the East European Plain can 
be classified as follows: a cold and relative-
ly dry Boreal (10.3 – 8.8 ka BP), a wet and 
warm Atlantic (the Holocene thermal max-
imum, 8.8-5.7 ka BP), a cool and dry Subbo-
real (5.7-2.6 ka BP) with a warm phase in its 
middle part, and a wetter Subatlantic (2.6 
ka BP – present). Recent studies have how-
ever demonstrated that the Holocene cli-
mate conditions in the East European Plain 
were characterised by greater variability 
than was previously supposed. Specifically, 
it has been shown that the Boreal period 
included a humid phase between 9.3 and 
9.1 ka BP (Fleitmann et al. 2008; Novenko 
and Olchev 2015). The early Atlantic warm-
ing period was interrupted by a short-term 
but abrupt cooling, the so-called ‘8.2 ka 
event’, which has been traced, almost si-
multaneously, in northwestern Europe (Al-
ley et al. 1997; Allen et al. 2007; Thomson 
et al. 2007). The late Atlantic (7.0-5.5 ka BP) 
may have been relatively dry in Eastern 
Europe as studies have shown decreased 
river discharge in Central European Russia 
(e.g. Sidorchuk et al. 2012) and very high 
fire frequency in some regions of the East 
European Plain (Novenko et al. 2016, 2017).

In this study we attempt to develop a de-
tailed reconstruction of Holocene climate 
moisture conditions in the north-west of 
the Mid-Russian Upland. The study area is 
situated close to the southern boundary 
of the mixed coniferous-broad leaved fo-
rest zone, in the ecotone between forest 
and steppe zones (Fig. 1). This combination 
makes the vegetation of the area very sen-
sitive to changes in regional thermal and 
moisture conditions. To reconstruct mois-
ture conditions through the Holocene we 
use several different surface moisture indi-
ces: the Aridity Index, the Budyko Dryness 
Index and the Climate Moisture Index. All 
of these indices classify moisture condi-
tions as the difference between available 
annual precipitation and potential land 
surface evapotranspiration. For the re-
construction of these parameters we use 
previously-published pollen-based recon-
structions of the mean annual tempera-
ture and precipitation from a small peat 
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bog (Klukva) situated in the northwestern 
part of the Mid-Russian Upland (Novenko 
et al. 2015). To verify reconstructed mois-
ture conditions of the study area through 
the Holocene we compare pollen-based 
reconstructions to independent proxy data 
on peatland surface wetness inferred from 
testate amoebae (Tsyganov et al. 2017) 
and to reconstructed regional fire activity, 
based on charcoal (Novenko et al. 2018). 

MATERIALS AND METHODS

Study area

The Klukva peatbog (53.834°N, 36.252°E) is 
located on the sandy fluvio-glacial plain ad-
jacent to the right bank of the Upper Oka 
River, near the town of Belyov (Tula region) 
in the north-western part of the Mid-Rus-
sian Upland (Fig. 1). Early-to-Middle Pleis-
tocene fluvio-glacial sands are underlain by 
Lower Carboniferous limestones, resulting 
in active karst processes. Previous studies 
by Novenko et al. (2015) have shown that 
the Klukva peatbog was formed in a sink 

hole (280 cm depth) around 10.0 ka BP. An 
age-depth model of the peat core has been 
developed based on 6 radiocarbon dates 
using the “clam 2.2” package (classical age-
depth modelling; Blaauw 2010).

The climate of the study area is temperate 
and moderately continental with a mean 
annual air temperature +5.5°C and mean 
January and July temperatures of -9.7°C 
and +19°C, respectively. The mean annual 
precipitation is about 600 mm [http://www.
meteo.ru]. The vegetation cover of Klukva 
peatbog largely consists of ombrotrophic 
species with Pinus sylvestris, Oxycoccus pa-
lustris, Eriophorum vaginatum and Sphag-
num mosses particularly abundant (Volkova 
2011). The peatbog is surrounded by very 
diverse mesophytic and hygromesophytic 
coniferous and mixed broadleaf-coniferous 
forests (Bohn et al. 2003). The main forest 
forming species in the area are Picea abies, 
Tilia cordata, Quercus robur, Ulmus laevis, Ul-
mus glabra and Acer platanoides. Scots Pine 
(Pinus sylvestris) forests are also present in 
areas of sandy soils (Fig. 1). 

Fig. 1.  Location of the study area
a) Location of the Mid-Russian Upland within the East European Plain

b) Vegetation map of the Mid-Russian Upland (after Bohn et al., 2003) and location 
of the Klukva peatland. Vegetation units: 1 – Mesophytic and hygromesophytic 
coniferous and mixed broadleaf-coniferous forests; 2 – Mesophytic deciduous 

broadleaf and mixed coniferous-broadleaf forests; 3 – Boreal and hemiboreal pine 
forests, 4 – Forest steppe; 5 – Vegetation of flood-plains and other moist or wet sites.

с) Klukva peatland and location of the coring site
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Reconstruction of the air temperature 
and precipitation

Mean annual temperature and precip-
itation were reconstructed using the 
Best Modern Analogue (BMA) technique, 
based on pollen data. Details of the BMA 
approach have been described in many 
previous publications (e.g. Nakagawa et 
al. 2002; Williams and Shuman 2008) and 
the implementation applied here has been 
described and tested in several studies in 
various regions of the East European Plain 
(Novenko et al. 2015; 2016; 2017). The 
main principles of this technique can be 
summarized as follows: (i) comparing the 
fossil pollen assemblages with modern 
pollen assemblages using squared-chord 
distance (SCD) as the index of dissimilarity 
between pollen spectra (two spectra are 
considered analogous if their SCDs are less 
than a threshold “T” value); (ii) for each fos-
sil assemblage selecting the closest mod-
ern pollen assemblages (the best modern 
analogues). The climatic characteristics 
(temperature, precipitation, etc.) of these 
selected best analogues are then averaged 
to estimate the environmental conditions 
represented by the fossil assemblage. The 
threshold value used in our study is 0.1. We 
kept eight best modern analogues for data 
analysis as recommended by Nakagawa et 
al. (2002). BMA calculations were undertak-
en using Polygon 1.5 software (http://pol-
systems.rits-palaeo.com).

As modern analogues for our reconstruc-
tion we used 720 pollen spectra originat-
ing from a wide diversity of landscapes 
in Northern Eurasia, including European 
Russia and Siberia (Novenko et al. 2014). All 
modern surface samples were extracted 
from the European Pollen Database (Davis 
et al. 2014). Climatic information was taken 
from the BRIDGE Earth System Modelling 
dataset (https://www.paleo.bristol.ac.uk). 
Analogue selection was geographically 
constrained (Williams and Shuman 2008). 
We used surface pollen spectra only from 
the places in which the modern vegetation 
and environmental conditions could be 
considered potentially analogous for Holo-
cene paleoenvironments in the forest zone 
of the East European Plain. Therefore we re-

stricted the area of calibration datasets to 
the northern and eastern parts of Europe, 
and Western Siberia (30–55°N, 45–65°E).

To test the accuracy of climate reconstruc-
tions based on the BMA approach, a leave-
one-out cross-validation was applied to 
the modern training set (Ter Braak 1995). 
One modern pollen spectrum was sequen-
tially removed from the total modern data 
set and mean annual temperature and pre-
cipitation were calculated for our site on 
the basis of the remaining data. 

Comparisons of pollen-based reconstruc-
tions of mean annual temperature with 
observed values in the sites show a strong 
correlation (R2 = 0.81, RMSEP = 1.5 °C). Cor-
relation between reconstructed and ob-
served values of annual precipitation are 
somewhat lower (R2 = 0.51 and RMSEP = 
101 mm); however we assume that they 
are nevertheless adequate for the recon-
struction of prevailing climatic changes in 
the area.

It is clear that climatic reconstructions pro-
vided by the BMA approach are reliable 
only in the case of undisturbed vegetation 
not affected by human activity. In our pol-
len records from the Klukva peatbog, three 
periods of human impact were identified: 
the Neolithic occupation (5.2 – 4.3 ka BP), 
the Middle Ages (about 1.2-0.9 ka BP) and 
the last 300 years (Novenko et al. 2015). 
These periods with pollen assemblages 
representing vegetation disturbance were 
therefore excluded from our data analysis.

Indices of surface moisture conditions

To quantify change in surface moisture 
conditions through the Holocene we 
re-analysed the results of published paleo-
reconstructions of annual temperature and 
precipitation. From the pollen-based re-
constructions we calculated three indices 
characterizing surface moisture conditions: 
the Aridity Index, the Budyko Dryness In-
dex and the Climate Moisture Index (Fig. 2). 

The Aridity Index (AI) is calculated as (UNEP 
1992):
AI = P / PET (1)
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where PET is the annual potential evapo-
transpiration (mm/yr), and P is the annu-
al precipitation (mm/yr). For humid and 
sub-humid areas AI is typically greater 
than 0.65, while for dry sub-humid areas AI 
is typically between 0.50 and 0.65 and for 
semi-arid and arid areas AI is typically lower 
than 0.50 (UNEP 1992).

The Budyko Dryness Index (DI) can be cal-
culated as (Budyko 1958):

where Rn is mean annual net radiation at 
ground surface (MJ m-2 yr-1) and λ is latent 
heat of vaporization (MJ kg-1). The ratio of Rn 
and λ can be considered as a rough equiv-
alent to potential evapotranspiration rate. 
The Rn value in our study is calculated as a 
sum of mean daily net radiations estimated 
taking into account the annual variability of 
incoming solar radiation, surface albedo, air 
temperature, etc. For excessively wet areas 
DI is typically lower than 0.45, for wet areas 
it ranges between 0.45 and 1.0, for insuffi-
ciently wet areas DI varies between 1.0 and 
3.0 and dry areas are characterized by DI > 
3.0 (Giese 1969).

An Annual Average Climate Moisture In-
dex (CMI) has been suggested by Willmott 
and Feddema (1992) and compared to oth-
er dryness and moisture indexes it is well 

adapted to evaluating moisture conditions 
in both dry and humid regions. The CMI 
indicator ranges from -1 to +1 and can be 
computed as:

     
Wet climates are characterized by positive 
CMI, and dry climates by negative CMI, re-
spectively. To quantify the various surface 
moisture conditions we used the nine cat-
egories described in Table 1. 

These categories were determined accord-
ing to the drought index classification sug-
gested by Rind and Lebedeff (1984). Annual 
P is obtained by the BMA technique and 
annual PET is assumed to be equal to po-
tential evaporation (PE), is simulated based 
on the well-known Priestley-Taylor equation 
(Priestley, Taylor 1972) from mean daily PE 
values (PEd) as:

      

where Nd is the number of the days per year, 
γ is the psychrometric constant (γ=0.0665 
kPa °C-1), αPT is the Priestley-Taylor constant 
(αPT =1.26 mm day-1) and Δ is the slope of the 
relationship between saturation vapor pres-
sure and the air temperature (Δ, kPa °C-1). 
Δ can be parameterized as:

DI = Rn / P (2)

Table 1.The main categories applied to describe the surface moisture conditions using 
the Climate Moisture Index

CMI ranges Categories of surface moisture conditions

0.8 to 1.0 Extremely wet

0.6 to 0.8  Severely wet

0.2 to 0.6 Moderately wet

0 to 0.2 Mildly wet

0.0 Normal

-0.2 to -0.0  Mildly dry

-0.6 to -0.2 Moderately dry

-0.8 to -0.6 Severely dry

-1.0 to -0.8 Extremely dry

CMI =
(P / PET ) 1 when P < PET
1 (PET / P) when P PET

PET = PE = PEd
1

Nd

• dt = PT
•

+
•

Rnd

1

Nd

• dt

(3)

(4)
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where T is the mean daily air temperature 
on the sequential day of the year. This is ap-
proximated by a sine function using recon-
structed mean annual temperature and 
annual temperature range.

The daily net radiation at ground surface 
is derived as a sum of short-wave (Rns) and 
long-wave (Rnl) radiation balances:

where Q is the incoming daily solar radia-
tion, α is the surface albedo and Ril and  Rol 
are the incoming and outgoing long-wave 
radiation, respectively. Surface albedo de-
pends on vegetation types (e.g. conifer-
ous forest, deciduous forest, mixed forest, 
grassland), soil properties and forest cover 
percentage.

Following to McMahon et al (2013) the 
equation for Q can be written as: 

where N is the number of tenths of the sky 
covered by clouds and QS is mean daily so-
lar radiation on a horizontal surface at the 
top of the Earth's atmosphere, which can 
be calculated as:

where QS0 is the solar constant 
(QS0=0.001367 MJ m-2 s-1), φ is latitude, dr is 
the inverse relative distance between the 
Earth and the Sun, δ is the solar declination 
angle, and ωS is the sunset hour angle.

Equations for dr can be written as (McMa-
hon et al. 2013):

for ωS as:

and for δ as: 

where doy is the sequential day number of 
the year.

The equations for Ril and  Rol are written as:

    

where σ is the Stefan-Bolzmann constant 
(σ=4.903x10-9 MJ m-2 K-4 day-1) and Cf  the 
fraction of cloud cover that is derived em-
pirically as a function of mean daily precip-
itation (McMahon et al. 2013).

Reconstruction of peatland surface wet-
ness

Peatland surface wetness in terms of the 
water table depth (WTD, cm), has been 
suggested to be a useful proxy for cli-
mate moisture conditions. WTD was re-
constructed from palaeoecological data 
(Novenko et al. 2015) using a testate 
amoeba-based transfer function (inverse 
weighted averaging regression model) 
which was specifically developed for the 
forest zone of European Russia (Tsyganov 
et al. 2017). The transfer function included 
80 samples from 18 peatlands located in 
the taiga, mixed and broadleaf forest, and 
forest-steppe zones of European Russia. 
Leave-one-out cross-validation showed 
reasonably strong model performance (R2 
= 0.74; RMSEP = 5.5 cm). In ombrotrophic 
peatlands, water-table depths inferred 
from testate amoebae generally reflect the 
length and severity of the summer mois-
ture deficit, which may correspond to rate 
of summer precipitation and evapotrans-
piration (Charman 2007). 

Reconstruction of fire activity 

As an additional independent proxy for 
climate moisture conditions we used the 
macro-charcoal record from the Mochulya 
peatland in the “Kaluzhskie Zaseki” Natural 
Reserve, located 70 km to the north-west 
of the Klukva peatbog. The results of mac-
ro-charcoal analysis were expressed as 
charcoal concentration (pieces cm-3). The 
chrononology for the cores is based on 
5 radiocarbon dates with an age-depth 
model produced by the “clam 2.2” pack-
age (Blaauw, 2010). The main source of 
macroscopic charcoal particles (>125 µm) 

=
4098.0 • 0.6108 • exp 17.27 • T

T + 237.3

T + 237.3( )2

Rol = 0.97 • • (T + 273.16)4

Ril = (C f + (1 C f ) • (1 (0.261• exp( 7.77 10 4
• T 2 )))) •• (T + 273.16)4

Rol = 0.97 • • (T + 273.16)4

Ril = (C f + (1 C f ) • (1 (0.261• exp( 7.77 10 4
• T 2 )))) •• (T + 273.16)4

Rn = Rns + Rnl = Q • (1 ) + (Ril Rol )

Q = QS
• (0.85 0.047 • N )

QS = 86400 / • QS 0
• d 2

• ( S
• sin • sin + cos • cos • sin S )r

dr = 1+ 0.033• cos(2 • doy / 365),

S = arccos( tan • tan )

= 0.409 • sin(2 • doy / 365 1.39)

QS = 86400 / • QS 0
• d 2

• ( S
• sin • sin + cos • cos • sin S )r

(5)
(12)

(6)

(7)

(8)

(9)

(10)

(11)
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Fig. 2. Indices of surface moisture conditions: Climate Moisture Index, Aridity Index 
and Budyko Dryness Index. Grey bands indicate dry periods
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in peat deposits is assumed to be atmo-
spheric deposition as a result of convective 
processes arising from the thermal effects 
of fires (Mooney and Tinner 2011). Fire oc-
currence and intensity can be assumed to 
represent climatic aridity in the absence 
of human activity. Macro-charcoal records 
are available for the last 4200 cal years only.

RESULTS AND DISCUSSION

We reconstructed variability in environ-
mental conditions over the last 10.0 ka BP 
(Fig. 2) using pollen-based modeling ap-
proaches for the reconstruction of changes 
in surface moisture indices, and compared 
them with independent proxy data (Fig. 
3). Pollen data showed that the study area 
was occupied mainly by pine-birch forests 
with minor admixture of Quercus, Tilia and 
Ulmus between 10.0 and 8.5 ka BP (the sec-
ond part of the Boreal period). During this 
period the climate was colder than today 
with the mean annual temperature around 
3-4ºC, 2-3ºC lower than at present. The an-
nual precipitation was close to modern val-

ues (about 600 mm per year). Overall, the 
climate in the period was relatively humid: 
CMI reached 0.3-0.4 (moderately wet); the 
Aridity Index was around 1.5 and the Bu-
dyko Dryness Index varied from 0.5 to 0.8 
(Fig. 2). WTD reconstructed from testate 
amoeba data was not lower than 5 cm, in-
dicating a relatively high water table and a 
wet peatland surface environment. 

During the period 10.0-8.5 ka BP, climatic 
fluctuations with a duration of several cen-
turies were identified. A cooling phase de-
tected at 9.3-9.2 ka BP correlates with the 9.2 
ka event (Fleitmann et al. 2008). This cooling 
was associated with increased precipitation 
(by about 100 mm), and reduced potential 
evapotranspiration. As result, the CMI in the 
period declines to 0.1, corresponding to 
moderately wet surface moisture conditions 
(Fig. 3).

Between 8.5 and 6.7 ka BP climate was warm 
and moderately wet. The mean annual tem-
peratures reached 6-7.5°C, 1.0-2.5°C higher 
than at present. The mean annual precip-

Fig. 3. Summary of pollen records from the Klukva peatland, reconstruction of climatic 
conditions and water table depth inferred from pollen and testate amoeba data; 

macro-charcoal data from the Mochulya peatland, located in the Kaluzhskie Zaseki 
Natural Reserve. Grey bands indicate periods of probable vegetation disturbance due 

to human impact
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itation increased to 800 mm and exceeded 
modern values by 200 mm. CMI increased 
up to 0.3 (around 7.5 ka BP); the Aridity Index 
decreased to 1.3-1.4 and the Budyko Dryness 
Index was close to 0.6 (Fig. 2) Reconstructed 
WTDs varied from 5 to 10 cm, indicating a 
moderately wet peatland surface environ-
ment (Fig. 3). Vegetation cover was repre-
sented by Quercus forests with an admixture 
of Ulmus, Tilia, Fraxinus and Corylus in the 
understory (Novenko et al. 2015). This spe-
cies composition persisted in the study area 
during the middle and late Holocene, until 
disturbance by humans in historical time.

In the period 6.7-5.5 ka BP, the mean annu-
al precipitation decreased to modern values 
while the temperatures remained somewhat 
higher than at present. Climate conditions 
became somewhat drier than present, as 
demonstrated by surface moisture indices 
(Fig. 2): CMI decreased to -0.1 (mildly dry) and 
the Aridity Index dropped to 0.9-1.0 while the 
Budyko Dryness Index increased to 0.8-0.9. 
Reconstructed WTDs fell to 15 cm, probably 
due to reduced summer precipitation and/
or greater evapotranspiration. These findings 
agree well with evidence for decreased river 
discharge in the Don and Dnieper Rivers ba-
sins during this time (Sidorchuk et al. 2012), 
and evidence for very high frequencies of 
forest fires in the Meschera Lowlands (No-
venko et al. 2016; Dyakonov et al. 2017). 

During the next phase, 5.5-3.7 ka BP, mean 
annual temperatures decreased to modern 
values, and mean annual precipitation varied 
around 600 mm. CMI rose up to 0.2, indicat-
ing increased climate humidity. The Aridity 
Index varied from 1.1 to 1.2 and the Budyko 
Dryness Index was 0.7-0.8 (Fig. 2). WTD in-
creased to 10-12 cm, suggesting slightly 
wetter surface conditions as compared to 
the previous period. This climate deteriora-
tion and increased surface wetness coincid-
ed with global climate cooling (Davis et al. 
2003; Mauri et al. 2015) and glacier advances 
in the Northern Hemisphere (Solomina et 
al. 2015) after 5.7 ka BP. General circulation 
model simulations show a clear tendency 
for climate cooling in Northern and Central 
Europe during the period, primarily driven by 
decreased air temperatures in the summer 
(Wanner et al. 2008).

A warm and extremely dry phase was detect-
ed between 3.7 and 2.7 ka BP. Mean annual 
temperatures increased to 7-8°C, 1.5-2.5°C 
higher than at present, while precipitation 
was similar to modern values. An increase 
in surface dryness was also shown in the dy-
namics of the moisture indices considered 
here. The CMI was about -0.1 (mildly dry) and 
reached its minimum for the entire period 
under consideration; the Aridity Index de-
creased to 0.9-1.0 and the Budyko Dryness 
Index was 0.8-0.9. WTD in the peatland fell 
to a depth of 20-25 cm, the maximum water 
table depth in the Klukva mire for the entire 
Holocene indicative of very dry conditions.

Indirect evidence for dry climate conditions 
during this period is provided by a large 
amount of macro-charcoal in the Mochu-
lya peatland in the “Kaluzhskie Zaseki” Nat-
ural Reserve (Novenko et al. 2018). It is well 
known that the frequency and severity of for-
est fires depends on various factors such as 
climate conditions, vegetation type, soil wa-
ter availability and human impact (Whitlock 
et al. 2010; Dyakonov et al. 2017). In the areas 
where human activity was relatively low, fire 
events occur more frequently during dry cli-
matic periods, while fire frequency typically 
declines with increasing climatic moisture 
(Clear et al. 2014). In the time interval 3.7-2.7 
ka BP macro-charcoal accumulation rates in 
peat cores from the Mochulua peatland were 
an order of magnitude higher than in subse-
quent periods (Fig. 3). In the absence of any 
human impact, the high fire activity is likely 
to have been caused by summer drought. 

Climatic reconstructions in the south taiga 
vegetation zone have also shown warm and 
dry phases during the same time interval 
(Novenko et al. 2017). Based on pollen 
and testate amoeba data taken from the 
Staroselsky Moch peatbog, in the south of 
Valdai Hills the mean annual temperature 
exceeded modern-day values by 1–2°С 
between 3.4 and 2.5 ka BP, while the CMI 
decreased to its minimum values. The WTD 
in the Staroselsky Moch peatbog dropped 
to 20–25 cm during this time period and 
reached the deepest level for the entire 
Holocene (Payne et al. 2016).
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During the period 2.7-2.0 ka BP, climate in 
the study area became cooler and wetter. 
The mean annual temperature dropped 
to 4°C and the mean annual precipitation 
reached 700 mm (Fig. 3). The CMI increased 
to 0.1-0.2 (mildly wet), the Aridity Index 
ranged between 1.0 and 1.1 and the 
Budyko Dryness Index decreased to 0.7-0.6 
(Fig. 2). In this period, WTD was 7–12 cm, 
which is typical for relatively humid climate 
conditions. This cooling was superimposed 
on the global temperature decline in Europe, 
mainly due to summer cooling from 2.7-2.6 
ka BP (Wanner et al. 2011; Mauri et al. 2014). 
An increase in climate moisture in Eastern 
Europe after 2.6 ka BP was accompanied 
by increased rates of peat accumulation in 
ombrotrophic peatbogs in the forest zone 
of the East European Plain (Klimanov, Sirin 
1997; Inisheva et al. 2013; Kalnina et al. 2013; 
Novenko et al. 2017), by decreased water 
table depth in the peatlands of Poland (Gałka 
et al. 2017) and reduced fire frequencies in 
different regions of European Russia and 
Eastern Europe (Clear et al. 2014; Novenko et 
al. 2016, 2017; Dyakonov et al. 2017).

The next warm phase in the study area was 
identified between 2.0 and 1.7 ka BP. The 
mean annual temperatures rose to 7°C and 
precipitation varied from 600 to 700 mm per 
year (Fig. 3) implying relatively wet climatic 
conditions. The CMI in the period exceeded 
0.2 (moderately wet), the Aridity Index was 1.3 
and the Budyko Dryness Index was 0.6 (Fig. 
2). WTD moved to 5-10 cm, indicating high 
surface wetness in the peatbog. This phase 
with relatively warm climate could correlate 
with the Roman Warm Period (~200 BC-600 
AD/ 2.2 – 1.4 ka BP; Davis et al. 2003). This 
warming was followed by cooling between 
1.4 and 1.0 ka BP with the mean annual tem-
perature declining to 4°C and precipitation 
around 700 mm per year. Probably, this peri-
od corresponded to the European cooling of 
the ‘Dark Ages’ (Helama et al. 2017). However, 
this cooling was represented in the peat core 
from the Klukva mire by a single sample that 
is not sufficient for any accurate conclusions. 
Climate dynamics during the last millennium 
were characterized by a series of short-term 
warm and cool intervals (Mauri et al. 2015). 
Surface moisture conditions varied between 
moderately wet and mildly dry (Fig. 2). Low 

sampling resolution due to low peat accu-
mulation rate or, probably, loss of part of the 
peat profile due to a fire, and the probability 
for human impacts on the vegetation, did 
not allow us to make reliable climatic recon-
structions for the last 1000 years. 

CONCLUSIONS

The results of climatic reconstructions based 
on pollen data from the Klukva peatbog 
show clear temporal variability in surface 
moisture conditions, derived by the mod-
elling approaches applied here. This study 
shows that in the study area during the Ho-
locene, the CMI index reached -0.13 in the 
period 3.7-2.7 ka BP and -0.09 in the period 
6.7-5.5 ka BP which corresponded to mild-
ly dry conditions, to 0.30-0.35 in the period 
between 10.0 and 8.5 ka BP, indicating a 
moderately wet climate. The Aridity Index 
ranged between 0.88 and 1.6 (humid and 
sub-humid climate) through the Holocene, 
and the Budyko Dryness Index from 0.49 to 
0.93 (wet climate). The temporal variability of 
surface moisture conditions agreed well with 
indirect estimation of climate wetness using 
testate amoeba data and macro-charcoal 
analysis. 

Our research is the first reconstruction of 
the moisture characteristics for the Central 
European Russia.  It is clear that fully rep-
resentative reconstructions of the climatic 
conditions in the study region require addi-
tional data showing, in particular, the spatial 
variability of temperature and moisture con-
ditions along meridional and zonal profiles 
crossing the Mid-Russian Upland from the 
south to the north and the west to the east. 
This study provides new data and method-
ological insights towards this aim. 
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