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This paper presents the result of the studies of soil formation on different aged 
coastal bars in the transgression zone of Lake Ladoga in the Nizhnesvirsky Nature 
Reserve (Leningrad region, North-West of the Russian Federation). The investigation 
presents the data on soil chronoseries, located on four Ladoga coastal bars of different 
ages from 70±25 to 1590±25 years BP. We estimated the trends of accumulation 
and transformation of organic matter, elemental composition of humic acids (HAs), 
development of plant communities and the influence of soil formation factors on 
the formation rate of soil horizons. We assessed the degree of soil organic matter 
stabilization using modern instrumental methods (spectroscopy of nuclear magnetic 
resonance CP/MAS 13C-NMR). An integral indicator of the hydrophobicity of HAs, 
which represents the total fraction of unoxidized carbon atoms, is proposed. The 
Ladoga Holocene transgression is one of the most informative and applicable models 
for pedogenesis; successional processes occurring in young and mature areas can 
be traced here. We identified local processes of soil formation such as podzolization, 
gleyfication, peat formation and humus accumulation. Physical, physical-chemical 
and biological soil properties with a detailed description of the morphology of soil of 
different aged coastal bars are presented.
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Introduction

The study of soils of chronoseries of the coastal bars of Lake Ladoga transgres-
sion provides the most representative model of soil formation, unlike the chrono-
series in post-mining dumps, dunes and under mounds. This model describes the 
formation of Podzols from 0 to about 3500 years, which allows to fully evaluate 
the formation of embryonic Podzols on the first coastal bars and fully formed 
Podzols in areas over 2000 years old, since it is generally accepted that the stage 
of quasiequilibrium occurs 1500-2000 years ago [1-3]. While the soil formation 
models in quarries can assess the rapid processes of soil formation, long-term soil 
formation processes can be evaluated. 
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Soil formation is a biolithogenic or biocosmic process that connects biologi-
cal and geological cycles in time and space. The temporal cycles of pedogenesis 
reflect the rates of bio-nutrient interactions and can be investigated by the goal 
of parametrization of soil-biological processes in anthropogenic disturbances. In 
the modern ecology of soils, the issue of assessing the efficiency of soil imple-
mentation of the main ecological functions and parametrization of the efficiency 
of soil implementation of the most important ecosystem services is acute [4-5]. 
Soil formation as a modern process is becoming increasingly relevant in new 
regenerative models on uncovered land surfaces, dumps of quarries, territories of 
perspective development (brownfields) and reclamation areas. In these models, 
taking into account temporal development, variants of diversity of different aged 
stages of pedogenesis in space are realized, which is described by the property of 
ergodicity of soils i.e. the possibility of having an analogue of the temporal stages 
of ontogenesis in space [1, 6-8]. 

The evolution of soils is the result of their constant movement toward equi-
librium with the environment. Periodic changes of external environmental factors 
determine the variability of soils in time. The study of uneven-aged coastal bars 
on sandy soil-forming rocks has long been considered a classic object of evolu-
tionary soil science. Historically, it was the soils of different ages on the sands 
that became the main research object of the soil formation in the taiga zone [1, 
5, 9-11]. Chronoseries of soil restoration and recovering by vegetation are more 
often found there. Chronoseries include continental coastal dunes, uneven-aged 
surfaces exposed as a result of the transgression of lakes, as well as dumps of 
quarries and substratum of military constructions [1, 4-5, 7, 12-17].

Soil evolution has been considered as a complicated process related, for the 
first time, to combination of soil forming factor or soil-formation potential as a 
cumulative result of soil forming factor interrelation [5]. A number of investiga-
tions [2, 14] showed that the rate (speed) of soil formation varies sufficiently and 
depends on natural zones, parent materials and type of vegetation community 
[13, 18]. Many studies were devoted to interpretation of soil morphological data 
in chronoseries [12, 17, 19-20], assessment of diversity of cultivated forms of 
microorganisms, their biomass and metabolical activity in soils, alteration of soil 
organic matter quality and mineral part transformation [20]. The obtained data 
were used to simulate modeling experiments in order to analyze temporal soil de-
velopment dynamics and to develop methods and criteria for prognostic scenarios 
of soil/ecosystem development [21].

Mechanisms of Podzol formation, weathering agents and migration processes 
of organo-mineral compounds [22-23], have been poorly investigated in the study 
area. The Podzol formation process can be defined as a set of weathering phenom-
ena in the surface layers of the weathering crust and continuously developing in 
time phenomena of transformation (decomposition and synthesis) and movement 
of substances, phenomena that are in close functional interdependence and which 
are based on bilateral exchange of substances between soil and vegetation. Even 
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less studied are functional options between vegetative cover development and 
soil formation in the study area. The study of the carbon content of different aged 
soils is of a current interest from the standpoint of genetic and evolutionary soil 
science, since it provides information on the organic content in the soil profile.

The territory of the research area was affected by the retreat of the Valdai glacier 
and a series of transgressions of Lake Ladoga, which took place 8000-3000 years 
ago. About 2000 (1500) years ago, the level of transgression equaled the height of 
the watershed, and the Ladoga water flowed through it. The Neva was formed and 
the level of the lake dropped to the modern level in a few decades.

The southeastern part includes up to 20 sand bars oriented along the shore of 
Lake Ladoga. The strips of pine ridges are replaced in depressions mainly by me-
sotrophic bogs. The slopes oriented to the rivers and a richer vegetation related to 
an oxalis type characterize streams in the zone of diluvial drift.

Changes in the shoreline of Lake Ladoga during the Holocene have been ac-
tively studied in recent decades. The main sources of data for studying the fluctua-
tions in the level of Ladoga Lake were the bottom sediments of lakes, marshes and 
peatlands of the Ladoga surrounding areas [24]. The main stages of the history 
of Ladoga Lake in the post-glacial period have been recreated. Nevertheless, the 
dating of the transgressive-regressive phases of the lake in the investigation of 
various authors is contradictory, as are the data on the altitude marks of the water 
level of the southern region in these periods. The change in the Ladoga shorelines 
is mainly associated with two factors: oscillations in the level of the Baltic Sea 
and isostatic uplift of Fennoscandia in the postglacial period [24].

The most controversial stage in the history of the Ladoga is the period of the 
Ladoga transgression, which followed a significant increase in the water balance 
of the reservoir, which led to an increase in the water level in the lake [25-27]. The 
Ladoga transgression is fixed in time (about 5000-2000 BP according to the scale 
of absolute age) and altitude (from 6 to 18 m) intervals [28].

The causes of the Ladoga transgression are uncertainly interpreted by many 
researchers. Obviously, the main reason was the lopsided glacio-isostatic uplift 
of the northern and southern parts of the Ladoga basin, as a result of which the 
flow from the lake in the northern part of the Karelian Isthmus decreased, and the 
territories of the southern Ladoga area were flooded [28]. The development of the 
Ladoga transgression is most often associated with a change in the direction of the 
water flow from Lake Saimaa system (south-eastern Finland) [27]. 

During the isostatic uplift of the given territory, the flow from the Saimaa 
system to the Gulf of Bothnia, and, later, to the Gulf of Finland, changed its direc-
tion towards the Ladoga basin, forming the Vuoksa River that sharply increased 
the water level of Lake Ladoga. However, AV Snitnikov (1957), according to 
MV Sheetov et al. (2010), believed that the development of the Ladoga trans-
gression was due to the centuries-old rhythm of the fluctuation of the total mois-
ture content in the Holocene, which resulted in a breakthrough of the water from 
Saimaa Lake and a significant increase in the flow to the Ladoga from the drain-
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age basin. Several factors, endogenous and exogenous, contributed to changes in 
the hydrographic network of the drainage basin and the water balance of Ladoga 
Lake [25, 29].

The breakthrough of Saimaa Lake water through the Salpausselkä ridge sys-
tem and the formation of the Vuoksa River, which is currently one of the main 
tributaries of the Ladoga, dates within 5000-3000 years ago (radiocarbon age). 
The difference in the uplifts of Ladoga Lake basin caused water overflow from 
the deep northern to the shallow southern part and the flooding of significant areas 
in the Southern Ladoga [30, 24]. Then the water level in the Ladoga began to rise 
and reached a maximum about 3200 years ago [24].

During this period, a breakthrough of the Ladoga water through the Mginsky-
Tosnensky watershed occured, and the Neva River was formed [24-25]. DA Sub-
etto (2007), referring to DD Kvasova, notes that the Neva Channel between Lake 
Ladoga and the Baltic Gulf was formed as a result of the glacier isostatic uplift 
of the northern Ladoga and the skewing of the Ladoga Basin, in consequence of 
which the southern part was flooded with the waters of Lake Ladoga; its water 
flowed into the valley of the Mga River, which flowed into the Ladoga. The Mgin-
sky-Tosnensky watershed (about 18 m high), represented by moraine loams, was 
washed out, and the waters of the Ladoga fell into the valley of the Tosno River, 
which had previously flowed into the Gulf of Finland [25]. However, NN Versilin 
and GI  Kleimenova (2012) in their research indicate that there is no reliable data 
to believe that over the past 6000 years Lake Ladoga level has risen above the ab-
solute 15m mark, the formation of the Neva should be referred to the earlier dates 
[31]. Aleksandrovsky AA et al. (2009) note a sharp decrease in the level of Lake 
Ladoga during the period of 2800-2500 years, which caused the water level drop 
in the entire hydrological system, and links it to the formation of the river [32].

The current studies are focused on determination of elemental composition 
of HAs, the degree of its decomposition and determination of soil organic matter 
stabilization degree. One of the methods for studying the molecular composition 
of organic matter is nuclear magnetic resonance (NMR), which enables to study 
the qualitative and quantitative characteristics of organic matter [33, 34, 35]. An 
application of this method give a possibility to identify the main trends of soil 
organic matter stabilization. It was shown that the accumulation of aliphatic com-
pounds is associated with the processes of depositing fresh soil organic remnants, 
and the group of aromatic compounds indicates the processes of humification and 
stabilization of organic matter in the soil and accumulation of plant tissues [36].

In this work, we set the goal of the most complete characterization of the pro-
cesses of Podzol formation, the accumulation of organic matter, analysis of mi-
crobiological activity in the chronoseries of Podzols. The research tasks include: 
1) morphological characteristics of soil formation on sands, 2) determination of 
humus content, biological activity of soils of different ages, 3) molecular compo-
sition of the humic substances.

Podzol development on different aged coastal bars of Lake Ladoga
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Materials and method

The study site
The Nizhnesvirsky Nature Reserve was established in 1980 in the southeast-

ern Lake Ladoga region (Leningrad region). It is located in the Ladoga lowland 
and is bounded from the south and east by the Svir River, and from the west by the 
Gulf of Svir of Lake Ladoga, a part of which is a part of the reserve. The northern 
border is at the same time the border of Leningrad oblast and Karelia. The area of 
the reserve is 41000 hectares, of which 19000 hectares are occupied by forests, 
14000 hectares by bogs, and 6000 hectares of the water area of the Gulf of Svir 
(strip 1-3.2 km from the coast), rivers and lakes. The study site is presented in 
Fig. 1.

Fig. 1. Study area. The Nizhnesvirsky Nature Reserve 
(60°34ꞌ58ꞌꞌN 33°00ꞌ24ꞌꞌE). Source: ESRI, GeoEye
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The reserve is characterized by a temperate continental climate, the average 
annual air temperature is + 3.64°C, the annual precipitation is 737 mm, the aver-
age thickness of the snow cover is 76 cm [27]. The maximum height above sea 
level is 22-24 m. The coastal bars of Lake Ladoga, whose height is up to 40 m, 
cover a strip up to 4 km wide along the Gulf of Svir. The height of the rolls is 
0.5-4 m, the width is 10-200 m. The depressions between bars have a width of 20-
200 m. In general, the Ladoga lowland can be described as a sandy, lacustrine ter-
raced plain. The largest water area is the Gulf of Svir Bay, which is rather shallow 
and, therefore, warms up well. In the north of the reserve, Segezha Lake (18 km2) 
is located in the center of the Segezha bog. To the basin of the Svir River belongs 
the Lakhtinsky Bay, a part of the old river bed, 6 km long and 200-300 m wide. 
Several small rivers with a source in the Segezhsky bog flow into the Svir River. 
Into Lake Ladoga flow such small rivers as the Zubets, the Gumbarka and others. 
The location of soil pits is shown in Fig. 2.

Fig. 2. Location of soil pits. 1 - First coastal bar, 2 - Second coastal bar, 
3 - Third coastal bar, 4 - Fourth coastal bar. Source: ESRI, GeoEye

The flat territory and the presence of depressions along geomorphological ter-
races with poor drainage cause a high percentage of swampy areas. Forests are 
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located on hills, mostly composed of sands, so pine forests prevail here. They are 
severely damaged by waterlogging and fires, as well as by the military actions of 
1941-1943. Therefore, nowadays, young plantations with lichen-green moss cov-
er predominate. Pine sphagnum forests are widespread. Minor areas are occupied 
by oxalis and bilberry-sphagnum types of spruce forests. In the reserve, typical 
are secondary birch forests of bilberry, eagle fern and reed grass types growing on 
the sites of pine forests.

Factors of soil formation in the investigated region
On the territory of the drainage basin of Lake Ladoga the following processes 

of soil formation are widespread: podzolization, humus formation, gleyfication 
and peat accumulation.

The podzolization process develops in soils of an automorphic location under 
cover of coniferous and mixed-coniferous forests. When decomposing plant litter, 
which is poor with elements and coming mainly to the surface of the soil, aggres-
sive organic acids are formed. Under their influence, intensive acid weathering of 
the soil-forming rock takes place and the moisture content of the decomposition 
products of minerals drifts downward to the lower horizons of the soil profile. 
The main role during the decomposition of primary and secondary minerals is 
played by fulvic acids. Illuvial-ferruginous Podzols form on sandy parent rocks; 
as the humidity of the terrain increases illuvial-humus-ferruginous Podzols and 
illuvial-humus (spodic) Podzols form. On loamy and clayey parent rocks form 
Podzols and podzolic soils without pronounced illuvial-humus horizon. They are 
the dominant type of soil in the study area [27].

The process of humus accumulation is associated with a high content of alkaline 
bases in the parent rock, which entails their high content in plant litter, and also with 
the entry of organic substances into the soil not only on its surface, but also deep 
in the soil profile due to decomposition of the remains of grass vegetation root sys-
tems. The sod process is developed under coniferous-deciduous forests with grass 
vegetation [27]. Humus formation can be considered as a biogeochemical mecha-
nism of adaptation of plant communities to terrestrial living conditions in case of 
poor acids sandy textured parent materials in the boreal climate [37].

The process of gleyfication occurs under anoxic conditions when the water stag-
nates on the soil surface or the soil-groundwater is wedged out into the soil. Be-
cause of anaerobic decomposition of organic matter in the soil, reduction processes 
develop increasing the mobility of iron, manganese, nitrogen and phosphorus [27].

The process of peat accumulation takes place under conditions of constant 
excessive moistening. In this case, the mineralization of plant remains is difficult, 
the process of their conservation dominates. The formation of bog soils can pro-
ceed under conditions of excessive atmospheric moistening (upland bog soils) or 
due to groundwater feeding (lowland marsh soils). Combination of podzolization 
and gleying processes is common in such conditions. Histic Albic Podzol develop 
on loamy parent rocks, whereas peaty-podzolic soils with an illuvial humus hori-
zon form on rocks of fine texture [27].

Evgeny V. Abakumov, Vyacheslav I. Polyakov, Ksenia S. Orlova
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Chemical and physical-chemical methods of soil determination
To study the soils of the Ladoga transgression formed on the shoreline, we 

used chemical and physical-chemical methods. Classification of soils was carried 
out according to the WRB system [38].

Soil samples were air-dried (24 hours, 20°C), grounded, and passed through a 
2 mm sieve. Soil samples were selected for each horizon to analyze physical and 
chemical properties. Analyses were conducted in the certified laboratory at the 
Department of Applied Ecology (St. Petersburg State University, St. Petersburg, 
Russia). 

Soils were analyzed according to the following methods: determination of ac-
tual acidity (pHH2O), potential acidity with CaCl2, by a stationary pH meter in 
aqueous solution and 1M CaCL2 solution, respectively [39].

The microbiological activity of soils, the basal respiration, using incubation 
chambers and substrate-induced basal respiration was determined [39].

The carbon and nitrogen content was conducted by “dry combustion” method 
by CHN Analyzer (Euro EA3028-HT, Italy). Data were corrected for water and 
ash content. Oxygen content was calculated by difference of whole samples mass 
and gravimetric concentration of C, N, H and ash.

The texture class was made by the Kachinsky method based on sedimentation 
of particles of various sizes [40-41].

The carbon content of the microbial biomass (Cmic) was determined in field 
moist samples with the chloroform fumigation-extraction method. A metabolical 
quotient was calculated as the ratio of respiration C–CO2 to Cmic per day of incu-
bation [42-43]. We determined the soil microbiological characteristics on all soil 
horizons, where the soil amount was enough. While the soil respiration and micro-
bial biomass were measured in the described laboratory conditions, data obtained 
in this experiment cannot be interpolated directly to field conditions, but can only 
be used for a comparison of soil microbiological activity in the same experimental 
conditions (temperature 20 ºC, moisture 60% to initial soil weight) [44].

The exchange acidity was also investigated, it is caused by the hydrogen and 
aluminum ions present in the exchange state in the soil absorptive complex, which 
are extracted from the soil by a neutral salt solution. Usually CaCl2 solution is 
used to determine the exchange acidity of soils. The exchange acidity is measured 
by the pH of the salt extract (pHCaCl2

).
Hydrolytic acidity is caused by the amount of hydrogen and aluminum ions 

present in the exchange (partially non-exchangeable) state in the soil absorptive 
complex, which are extracted by a solution of the hydrolytically alkaline salt of a 
strong base and a weak acid (usually a 1M solution of sodium acetate CH3COONa 
is used). The hydrolytic acidity is total of exchange and actual acidity [45].

The method of radiocarbon dating of 14C was used to determine the age of coast-
al bars, it was carried out at the Laboratory of Radiocarbon dating and electron 
microscopy (Institute of Geography of the RAS, Moscow, Russia) and Center of 
Isotopic Research University of Georgia (Institute of Georgia, Athens, USA) [45].

Podzol development on different aged coastal bars of Lake Ladoga
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Humic acids (HAs) were extracted from each sample according to a published 
IHSS protocol [46]. The soil samples were treated with 0.1 M NaOH (soil/solu-
tion mass ratio of 1:10) under nitrogen gas. After 24 hours of shaking, the alkaline 
supernatant was separated from the soil residue by centrifugation at 1.516 × g for 
20 minutes and then acidified to pH 1 with 6 M HCl to precipitate the HAs. The 
supernatant, which contained fulvic acids, was separated from the precipitate by 
centrifugation at 1.516 × g for 15 minutes. The HAs were then dissolved in 0.1 M 
NaOH and shaken for four hours under nitrogen gas before the suspended solids 
were removed by centrifugation. The resulting supernatant was acidified again 
with 6 M HCl to pH 1 and the HAs were again isolated by centrifugation and 
demineralized by shaking overnight in 0.1 M HCl/0.3 M HF (soil/solution ratio of 
1:1). Next, the samples were repeatedly washed with deionized water until pH 3 
was reached and then finally freeze-dried. HAs extraction yields were calculated 
as the percentage of carbon recovered from the original soil sample [47]. Solid-
state CP/MAS 13C-NMR spectra of HAs were measured with a Bruker Avance 
500 NMR spectrometer in a 3.2-mm ZrO2 rotor. The magic angle spinning speed 
was 20 kHz in all cases and the nutation frequency for cross polarization was 
u1/2p 1/4 62.5 kHz. Repetition delay was 3 seconds. The number of scans is 
6500-32000.

Results of the research

Morphology of soils
The soil description is presented in Table 1. The spatial soil distribution is 

clearly related to the age of the coastal bars. The observed soils are referred to 
a single group Podzols. Depending on the age, chemical, physical-chemical and 
morphological properties of soil change (thickness of horizons and texture), the 
vegetation cover also differs (Fig. 3). 

Revegetation of coastal bars occurs gradually; firstly appear mosses and vari-
ous shrubs and then trees. At the age of 70±25 years BP pine forests with a preva-
lence of bilberry and sphagnum were formed. High humidity and low degree of 
illumination are favorable conditions for mosses. The first coastal ridge is the 
youngest of the investigated region, the characteristic feature is the predominance 
of mosses. The soil cover is poorly developed, represented here by Entic Podzols. 
Due to the young age of the soil, the eluvial horizon, from which the mineral part 
of the soil is released under the action of organic acids and deposited in the illuvial 
horizon has not been formed. Soil formation proceeds according to the podzolic 
type and is associated with the destruction of the mineral part of the soil in the 
upper layers and transition of the soil particles down through the profile. The age 
of the coastal bars is presented in Table 2.

The next stage of revegetation is confined to the second coastal bar of 
135±30 years BP, the moss and pines that occupy here 30% of the total cover 
replace shrubs. 
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Fig. 3. Morphological features of the studied soils. A - Fourth coastal bar;  
B - Third coastal bar, C - Second coastal bar, D - First coastal bar. Photo by EV Abakumov 

The high content of mosses is also confirmed by waterlogging. The Podzol soil 
group forms here. With increasing age, the soil acquires the characteristics of the 
fully formed profile (climacteric condition), there is horizon E, where the mineral 
part of the soil is being destroyed. The underlying horizon accumulates mineral 
compounds, ferrous concretion is also noted, and coal particles are presented as 
the result of wildfires in the region.

The age of the third coastal bar is 455±30 years BP, the occurrence of pine 
and the crown density on the territory are increasing. A high level of groundwater 
leads to the formation of a gley horizon at a depth of 65 cm. 

Here Podzols develop, the thickness of the podzolic horizon is 12 cm. It is 
connected with the active processes of weathering of soil particles. A high level of 
groundwater leads to the formation of ferrous conditions, in which the accumula-
tion of ferrum compounds Fe2+ actively occurs.

The fourth coastal bar, 1590±25 years BP, was distinguished by the most de-
veloped soil profile. Well-drained conditions are formed here. This is a high de-
gree of density and the prevalence of pines is up to 60%. 

Podzol development on different aged coastal bars of Lake Ladoga
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Table 1 
The morphological description of the soils  

of the Ladoga transgression bars of different ages

Soil Hori-
zon Depth Soil horizon description

Location, vegetation description, 
Total vegetation cover (TVC) and 
individual cover of some plants, 

inclusions, coordinates, age

Folic 
Stagnic 
Podzol (a)

O 0-6 Forest floor, non-
decomposed, 5YR 4/6

Fourth coastal bar 
Pinus sylvestris (L.) 60% 
Vaccinium myrtillus (L.) 20% 
Sphagnum sp. (L). 20% 
60°38ꞌ44.7ꞌꞌN 32°57ꞌ53.9ꞌꞌE 
1590±25 years BP

E 6-11 Dry, grains of quartz, 
5YR 7/1, Clay Loam

Bs (1) 11-45

Roots, moist, 
structureless, iron 
concretions, 5YR 
6/6, Fine Sand

Bs (2) 45-70 Red spots of iron, GLEY 
1 7/N, Fine Sand

Bg 70-90 Anoxic conditions, 
GLEY 1 6/N, Fine Sand

Folic 
Stagnic 
Podzol 
(b)

O 0-11 Forest floor, non-
decomposed, 5YR 4/6

Third coastal bar 
P. sylvestris 40% 
V. myrtillus 30% 
Sphagnum sp. 30% 
60°38ꞌ47.4ꞌꞌN 32°57ꞌ51.3ꞌꞌE 
455±25 years BP

E 11-23 Dry, roots, 5YR 7/1, 
Loamy Fine Sand

Bs (1) 23-44
Pseudofiber, iron 
flow, wet, roots, 5YR 
6/6, Sandy Loam

Bs (2) 44-65 Gray, pseudofiber, 
LEY 1 7/N, Fine Sand

Bg 65+ Wet, sand, GREY 
1 6/N, Fine Sand

Folic 
Podzol 

O 0-10 Forest floor, non-
decomposed, 5YR 4/6

Second coastal bar 
P. sylvestris 30% 
V. myrtillus 30% 
Sphagnum sp. 60% 
60°38ꞌ44.4ꞌꞌN 32°57ꞌ46.6ꞌꞌE 
135±30 years BP

E 10-13 Dry, inclusions of stones, 
5YR 7/1, Sandy Loam

Bs 13-75
Coal layer, ocher, 
rusty spots, 5YR 
6/6, Fine Sand

Entic 
Podzol 

O 0-3 Forest floor, non-
decomposed, 5YR 4/6 First coastal bar

 P. sylvestris 20% 
V. myrtillus 30% 
Sphagnum sp. 50% 
60°38ꞌ43.4ꞌꞌN 32°57ꞌ42.3ꞌꞌE 
70±25 years BP

E 3-6 Sand, roots, 5YR 
4/4, Clay Loam

Bs 6-40

Ocherous, moist, sandy, 
inclusions of coals, 
roots, red spots, 5YR 
6/6, Sandy Loam

In our opinion, high soil drainage prevents the development of a well-devel-
oped E horizon. In this soil, ferruginous pellicles were observed; an anaerobic 
environment and the development of gley processes occur at a depth of 70 cm. 
The thickness of the podzolic horizon is 5 cm with a high content of quartz. The 

Evgeny V. Abakumov, Vyacheslav I. Polyakov, Ksenia S. Orlova



17

underlying horizon is the horizon for the insertion of the mineral phase, which is 
divided into two parts, differing in colour and density of addition. The underlying 
horizon is denser and has a greater number of ferrous spots. This is due to the soil 
type which is close to the stage of quasiequilibrium (climacteric condition), or is 
already in this state.

Table  2 
The age of the coastal bars in the transgression of Lake Ladoga 

Soil Depth, cm Radiocarbon age, years BP±SD
Folic Stagnic Podzol (a) 11-45 1590±25
Folic Stagnic Podzol (b) 63-70 455±25

Folic Podzol 13-75 135±30

Entic Podzol 6-40 70±25

As a result of the analysis of spatial distribution of soils, it can be concluded 
that, as the age increases, the degree of weathering of the mineral part of the soil 
profile increases. That process of podzalization is closely related to the position 
in the landscape and the drainage of the territory. As the age increases, the oc-
currence of pines increases. The occurrence of mosses depends on the moisture 
content in the soil and the crown density. Soils develop according to the podzolic 
type, migration of ferrum elements and accumulation in gley horizons with the 
formation of ferruginous complexes occurs.

Physical-chemical characteristics of soils and biological activity
The main soil physical-chemical and biological analyses of soils were carried 

out. The results are shown in Table 3.
From the data obtained, pH of the soils is slightly acid (6.1-6.5), moderately 

acid (5.6-6.0), strongly acid (5.1-5.5) and very strongly acid 4.5-5.0. This is due 
to the presence of aggressive organic acids (fulvic acids) in the soil. The processes 
of Podzol formation are closely related to the acid reaction, due to the destruction 
of the mineral part of the soil by organic acids and the presence of ferrum and 
aluminum ions in the soil-absorbing complex. In the horizons, where there is 
active weathering of the mineral part, the lowest acidity is observed.

According to the data on the microbiological activity, the processes of 
biological transformation of a substance are actively undergoing in soils due to 
favorable conditions for the activity of microorganisms. 

This is linked with the high humidity of the sites under investigation and the 
availability of organic material in the soil. It is also possible to note the high 
microbial biomass in the investigated areas. Forest ecosystems are characterized 
by high activity of microbial biomass in the upper horizons, referring to our data, 
microbial biomass is concentrated in horizon O, where microorganisms transform 
vegetative forest litter. Down through the soil profile, this indicator drops. In the 

Podzol development on different aged coastal bars of Lake Ladoga
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soil of the coastal bars of Lake Ladoga, there is a trend towards an increase in 
biological activity with age. More developed soils have a high index of microbial 
activity and microbial biomass. The metabolic quotient is an indicator of the 
stability of the microbial community, the higher it is the less stable the community 
is. The microbial communities of the studied region are stable in the ecosystem. 
There were no significant differences between young and old age coastal ridges. 
On the first and second bars, the microbiological activity and biomass are slightly 
higher. Climax forest communities are characterized by a high level of energy 
conservation.

Data on the content of organic carbon and nitrogen in the soil were also 
obtained, and the C/N index was calculated, the data are presented in Table 4.

Table  4 
The content of organic carbon, nitrogen and C/N index  

of the soils of the Ladoga transgression bars (m±SD)

Soil horizon C, g*kg-1 N, g*kg-1 C/N
Folic Stagnic Podzol (a)

O 223.1±11.15 11.2±0.5 20
E 3.2±0.16 0.2±0.01 16.0

Bs (1) 1.6±0.08 0.3±0.01 5.3
Bs (2) 1.1±0.05 0.2±0.01 5.5

G 0.9±0.05 0.2±0.01 4.5
Folic Stagnic Podzol (b)

O 345.0±17.25 23.0±1.1 15
E 4.3±0.21 0.3±0.01 14.3

Bs (1) 2.7±0.13 0.3±0.01 9.0
Bs (2) 1.9±0.09 0.3±0.01 6.3

G 1.5±0.08 0.2±0.01 7.5
Folic Podzol

O 364.0±18.2 23.4±1.1 12
E 2.3±0.11 0.3±0.01 7.7
Bs 1.1±0.05 0.2±0.01 5.5

Entic Podzol 
O 365.0±18.2 29.8±1.4 12
E 19.7±0.98 0.9±0.05 21.9
Bs 2.3±0.11 0.3±0.01 7.7

The content of carbon and nitrogen in soils is not high, which indicates a high 
activity of microorganisms in this region. The carbon content can present an in-
verse of the microbiological activity; the higher the carbon content in the soil, the 
lower the microbiological activity index. The enrichment of humus with nitrogen 
is high in the lower horizons. In podzolic horizons it is low, this is due to active 
weathering processes. The carbon content in the soil decreases with the depth, 
the same dependence is also noted for the nitrogen content. Most of the organic 
residues accumulate in the upper horizon and are represented by plant litter; due 
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to the activity of microorganisms this material is transformed and re-absorbed 
by plants, the part that is not absorbed by plants goes into organomineral com-
pounds and migrates down the profile. Depending on the age of the ecosystems, 
the content of organic matter in the soil decreases, as does the nitrogen. This is 
due to the involvement of carbon and nitrogen pools in the biological cycle of 
substances.

We analyzed the soil texture; the results are shown in Table 3. According to 
the data obtained, we can identify some patterns in the formation of the mineral 
part of the soil profile. With increasing age of soils, the destruction of soil aggre-
gates and the migration of soil particles down the profile are clearly pronounced. 
First, this is due to the high level of moistening in the region, as well as to the 
active processes of Podzol formation and, as a consequence, the destruction of 
the mineral part of the soil by aggressive organic acids. In the E horizons, active 
chemical weathering of minerals occurs, as well as their further accumulation in 
the underlying horizons of the soil profile.

Elemental Composition of HAs
The obtained data on the HAs elemental composition, atomic ratios and de-

gree of oxidation are presented in Table 5. From the distribution of organic carbon 
in HAs, it can be noted that they are divided into two groups, the first, up to 40% 
and more than 40%. In the fourth coastal bar, which is the oldest, in the elemental 
composition of HAs, the carbon content reaches 39%, this is due to the leaching 
of low-carbon molecules from organogenic horizons. In profiles of other coastal 
bars, the distribution varies from 42 to 49%. In the third coastal bar, the carbon 
percentage reaches 42%, which is also associated with the active leaching of low-
carbon molecules. In the first coastal bar (youngest bar), the carbon content also 
reaches 42%, this is due to the low profile development and accumulation of or-
ganic matter in the upper horizon, the process of removal of mineral and organic 
particles is poorly developed here. The highest carbon content is observed in the 
profile of the second coastal bar. Also noted is the pattern of increasing the oxy-
gen content with age, in the fourth coastal bar the oxygen content reaches 51%, 
in the second from 44 to 49%. An analysis of the elemental composition of humic 
acid preparations showed that soil HAs are the most humified, their low values of 
atomic ratio H/C mod and high O/C values indicate this.

An increase in the degree of hydromorphism in taiga soils is accompanied 
by an increase in H/C values. This is due to the lower microbiological activity 
of podzolic soils, which contributes to better preservation of carbohydrate and 
amino acid fragments in the structure of HAs. Assessment of the degree of 
hydromorphism was carried out based on signs of gley processes (color, peat 
accumulation and oxidation degree). Analysis of the elemental composition of 
HAs of the studied soils revealed a decrease in the profile values H/C mod in all 
soils, which indicates an increase in the share of aromatic fragments in the HAs 
structure of the mineral horizons (Fig. 4).
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Table 5
Elemental composition of the studied humic acids from surface soil horizons (m±SD) 

Sample 
No

Soil
horizon C, % H, % N, % O, % C/N H/C O/C H/C 

mod* W**

Folic Stagnic Podzol (a)
1 O 39±1.95 6±0.3 4±0.2 46 11 1.89 0.97 3.19 0.05

Folic Stagnic Podzol (b)
2 O 42±2.1 6±0.3 2±0.1 45 21 1.74 0.87 2.91 0
3 E 48±2.4 6±0.3 2±0.1 39 24 1.52 0.68 2.44 -0.15
4 Bs 49±2.4 6±0.3 2±0.1 38 25 1.35 0.67 2.24 -0.02

Folic Podzol
5 E 49±2.1 6±0.3 3±0.15 37 17 1.39 0.64 2.25 -0.11

Entic Podzol
6 O 42±2.1 6±0.3 3±0.15 44 19 1.80 0.89 3.00 -0.02
7 E 42±2.1 6±0.3 3±0.15 44 18 1.59 0.88 2.77 0.17
8 Bs 48±2.4 6±0.3 3±0.15 38 18 1.56 0.68 2.48 -0.20

Note: *H/C mod - The number of substituted hydrogen atoms in the humic acids; (H/C) mod = 
(H/C) + 2 (O/C) x 0.67; H/C and W indexes are calculated according to DS Orlov (1985). * H/C 
mod - The number of substituted hydrogen atoms in the HAs. (H/C)mod = (H/C) + 2(O/C) x 
0.67. ** W - Oxidation coefficient. W = (2C–H)/O. C/N, H/C, O/C, H/Cmod and W was calcu-
lated from mole fraction of carbon, hydrogen, oxygen and nitrogen content.

Fig. 4. H/Cmod and O/C atomic ratios of the elements in humic acids. H/C 
mod - The number of substituted hydrogen atoms in the humic acids, (H/C) 

mod = (H/C) + 2*(O/C) * 0.67. Sample numbers correspond to Table 5

The degree of oxidation showed that almost all studied HAs were weakly re-
duced (from –0.20 to 0.05). The exception was the HAs of the first coastal bar, 
the degree of oxidation reaches +0.17. Weak reduction of preparations of HAs of 
organogenic horizons is determined by the constant flow of fresh organic residues 
and their weak humification.

Podzol development on different aged coastal bars of Lake Ladoga
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Characterization of HAs by 13C-NMR spectroscopy
 Spectra’s of the CP/MAS 13C-NMR are given in Figure 5. Various molecu-

lar fragments were identified by CP/MAS 13C-NMR spectroscopy (Table 6): car-
boxyl (–COOR); carbonyl (–C=O); CH3–, CH2–, CH–aliphatic; –C–OR alcohols, 
esters and carbohydrates; phenolic (Ar–OH); quinone (Ar=O); aromatic (Ar–), 
which indicates the great complexity of the structure of HAs and the polyfunc-
tional properties that cause their active participation in soil processes [48].

The presence of carboxyl, hydroxyl, and carbonyl groups in combination with aro-
matic structures ensures the ability of HAs to enter exchange and donor-acceptor inter-
actions, formation of hydrogen bonds, and active participation in sorption processes.

Table  6 
Chemical shifts of atoms of the 13C molecular fragments of humic acids

Chemical shift, ppm The type of molecular fragments
0-46 C, H-substituted aliphatic fragments
46-60 Methoxy and O, N-substituted aliphatic fragments

60-110 Aliphatic fragments doubly substituted by heteroatoms (including 
carbohydrate) and methine carbon of ethers and esters

110-160 C, H-substituted aromatic fragments; O, 
N-substituted aromatic fragments

160-185 Carboxyl groups, esters, amides and their derivatives
185-200 Quinone groups; Groups of aldehydes and ketones

The group’s chemical shifts are given in Table 7. The aromatic group is calcu-
lated from the sum of the shifts of 110-185 ppm. Aliphatic fragments are calculated 
from the sum of the shifts of 0-110 ppm, 180-200 ppm. AL h, r + AR h, r (total num-
ber of unoxidized carbon atoms) - the signals were summed over the regions 0-46 
and 110-160 ppm. C, H–AL / O, N–AL. Signals from C, H–alkyls were summed 
in the range 0-47 ppm, O, N–alkyl at regions 46–60 and 60–110 ppm [48]. The 
presence of all peaks of the carbon species which are required for identification of 
the studied substances as humic acids was revealed. The most pronounced peaks 
were related to the aliphatic carbon groups. Also, the presence of evident peaks of 
aromatic and carboxylic areas was obvious as well. This indicates that the inves-
tigated powders could be identified as humic substances, namely, as humic acids.

From the obtained morphological data, we can conclude that the development 
of soils of the coastal bars proceeds through a podzolic type of soil formation with 
the accumulation of long aliphatic chains (fatty acids, phospholipids). They are 
dominated by oxygen-containing fragments, which can cause their high migration 
ability. They promote the mobilization of mineral compounds and their migra-
tion along the soil profiles. On different aged coastal bars, the accumulation of 
aromatic fragments of humic substances was discovered. On the fourth and first 
coastal bars, carboxyl groups accumulate (26-31%). Aliphatic groups accumulate 
on the second and third coastal bars, which is associated with excessive moisture 
and reduction of environmental conditions.
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Fig. 5. CP/MAS 13C-NMR spectra of soils from the coastal bars. 
Number corresponds to Table 7; 

Horizontal axis - Chemical shift, ppm, 
Vertical axis - Relative intensity, dimensionless

Podzol development on different aged coastal bars of Lake Ladoga
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Table 7 
Percentage of carbon in the main structural fragments of humic acids 

from the studied surface soil horizons (according to CP/MAS 13C-NMR data) 

Sam-
ple No

Soil
horizon

Chemical shifts, ppm
AR AL AR/

AL
AL h,r +
AR h,r

C,H-AL/ 
O,N-AL0-

47
47-
60

60-
110

110-
160

160-
185

185-
200

Folic Stagnic Podzol (a)
1 O 40 9 23 19 7 2 26 74 0.35 59 1.23

Folic Stagnic Podzol (b)
2 O 47 12 17 18 5 1 23 77 0.30 65 1.62
3 E 49 10 13 14 9 5 23 77 0.30 63 2.12
4 Bs 37 19 17 14 11 1 25 75 0.34 52 1.03

Folic Podzol
5 E 59 6 14 13 6 3 19 81 0.23 71 2.96

Entic Podzol
6 O 38 10 24 19 6 2 25 75 0.34 58 1.12
7 E 26 8 30 24 7 5 31 69 0.45 50 0.68
8 Bs 38 8 20 19 11 4 29 71 0.41 57 1.35

Note: *AR - Aromatic fraction; AL - Aliphatic fraction; AL h,r + AR h,r % - Hydrophobicity 
degree; C,H-AL/O, N-AL - The degree of decomposition of organic matter.

Fig. 6. The diagram of integrated indicators of the molecular composition of humic acids. 
Sample numbers correspond to Table 7; AL h,r + AR h,r 

indicates total number of unoxidized carbon atoms

For a numerical description of the structure of humic acids, we used the method 
of graphical representation of the data in the coordinates C,H-alkyl/O, N-alkyl – 
AL h,r + AR h,r (Fig. 6), which serves as a convenient technique to demonstrate 
the contribution of oxidation (humification) processes and hydrophobicity 
(sustainability). 

HAs of the studied soils are represented by weakly oxidized compounds and 
are more resistant to environmental factors. Excessive moistening not only leads 
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to accumulation of humic substances, but also causes accumulation of humic 
substances in the hydromorphic soils enriched with aliphatic structures.

Discussion of the research

The investigations of chronoseries allow analyzing the dynamics of ecosys-
tems in time and determining the trends of accumulation and transformation of 
organic material [1, 3, 10]. Time and spatial distribution of soils are the most 
important factors of soil formation, which provides the appearing of material and 
energy factors that are a necessary condition for the evolution of soils [1-2, 14]. 

There are many studies of chronoseries of anthropogenic landscape (post-
mining areas, dumps). The development of Podzols occurs according to the zonal 
types of soil formation, the accumulation of organic material, microbiological 
activity increase and the stable microbial communities in old-age areas form. Ac-
cording to our data, the same dependence is revealed, young sites are character-
ized by low biomass stability and low microbiological activity [49-52]. 

The content of nitrogen and carbon in young natural ecosystems is higher than 
that in anthropogenic ecosystems. The ratio of carbon and nitrogen in natural 
ecosystems is higher. These factors develop due to the involvement of carbon and 
nitrogen pools in the natural cycle. Young ecosystems are most similar to the eco-
systems of the Arctic and Antarctic regions affected by the alluvial factors due to 
poor development of the soil cover. It is also worth noting that research of techno-
genic postchronoseries can begin at the first stage of soil formation, whereas natu-
ral ecosystems are usually old-age systems, this article describes a chronoseries 
of four transgression bars with an age of 70±25 to 1590±25 years BP. This allows 
to study the processes of soil formation considering the time of their activity. The 
main parameter by which developing soils of regenerative biogeocoenoses of new 
lithogenic surfaces can be referred to models is the determined time of the be-
ginning of soil formation in certain bioclimatic and lithologic-geomorphological 
conditions [18, 53-57].

 To determine the age of the coastal bars, we used the method of radiocarbon 
dating, which made it possible to determine the age of the investigated soils with 
high accuracy. To determine the age of the coastal bars, we used the method of 
radiocarbon dating, which made it possible to estimate the age of the investigated 
soils with high accuracy [58-63]. The evolution of the humus state is clearly dis-
tinguished in the ranks of chronoseries of anthropogenic and natural landscapes. 
For natural ecosystems with stable microbial communities, organic matter is in-
volved in the cycle, whereas on technogenic ones, accumulation occurs under 
conditions of a low microbial biomass content. The formation of Podzols is as-
sociated with a change in the chemical characteristics of fine texture soils. This is 
due to the weathering of the mineral part in the soil profile, expressed primarily in 
the decarbonatization of fine particles, which leads to a decrease in the pH of the 
aqueous suspension [64].
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In general, the elemental composition of the HAs is comparable with previous 
data for soils of the boreal zone [35-36, 47-48, 65-66]. Features of HAs formed in 
cold conditions and, especially, in hydromorphic soils are characterized by a rela-
tively high H content and a reduced O content compared to sub-boreal and polar 
soils [67-69]. The elemental composition of HAs is the most important indicator 
determining the progress of humification, oxidation and degree of condensation 
of HAs [66, 70]. The term hydrogenation refers to a chemical reaction involving 
the addition of a hydrogen molecule to an organic substance [71]. An increase in 
the hydrogen content of the humification products indicates that long aliphatic 
chains are formed or can be inherited from parent material. Excessive moisten-
ing not only leads to the accumulation of humic substances, but also affects their 
molecular composition, and causes the accumulation of humic substances in the 
studied soils enriched with aliphatic structures. 

The molecular composition of HAs is also similar to HAs isolated from the 
boreal zone, the prevalence of the alkyl zone is noted, which is associated with a 
low degree of humification of the organic material [35-36, 47-48, 65-66]. Depend-
ing on the age, the molecular composition of the HAs from Podzol changes; more 
mature soils contain more aromatic fragments. In younger soils, the content of 
aromatic fragments decreases, while in the youngest studied Podzol, the content of 
aromatic fragments increases again. Such dynamics can be associated with precur-
sors of humification, composition of plant residues, and hydrophobicity degree.

Conclusions

As a result of the study of the soil chronoseries of transgression bars, it was 
determined that all soils are of the Podzol group with varying degrees of profile 
development. The youngest soils (70±25 years BP) are characterized by a thin 
profile with signs of podzolic horizon (Entic Podzols). As the thickness of the 
podzolic horizon increases, a powerful horizon with signs of Stagnic appears and 
anaerobic conditions near the entry of groundwater form. All investigated area is 
composed of sediments of Lake Ladoga and is well drained and aerated, the type 
of texture class is sandy, loamy sand and sandy loam. The formation of Podzols in 
waterlogged conditions leads to the leaching of organic carbon into Lake Ladoga, 
this is due to the light texture class and a high hydrogen content in HAs.

The content of carbon and nitrogen in the soil, the degree of enrichment of hu-
mus with nitrogen, and microbiological activity were determined. In chronoser-
ies, the carbon content connects with the microbiological activity. Thus, as the age 
increases, carbon and nitrogen content decreases and microbiological activity in-
creases. This is due to the high level of carbon involvement in the biological cycle 
of the ecosystem. The decrease in nitrogen content is associated with a change in 
vegetation on the coastal transgression. A high rate of stability of microbiological 
communities in the investigated areas was noted.

Analysis of the molecular composition of HAs showed that aliphatic groups 
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accumulate in the soils. This is due to the precursors of humification. Because 
of the increased oxidation, HAs molecules have a high migration ability. Due to 
evolution of Podzols, aliphatic groups and the accumulation of humic substances 
in the soil increased, with an increase of -OCH compounds in molecular compo-
sition of HAs; it makes HAs more aggressive and leads to increased migration 
ability. The molecular composition of HAs of young soils is enriched with aro-
matic fragments and oxygen-containing functional groups, which ensures their 
high thermodynamic stability.
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