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Abstract. European Bank for Reconstruction and Development, within the framework of the Energy and Natural
Resources program, invests in regions to irrigate peatlands for the implementation of a large-scale international
project “Wetlands and Climate”. Similar activities began in Meshchera, a large forest and marsh area in Central
Russia, where wildfires often occur in dry summers. However, in these investment projects, environmental and
economic risks are not sufficiently taken into account. The proposed new approach is based on modelling the
soil cover after implementing measures for flooding fire-hazardous peatlands. This allows us to quantify how
flooding affects the risks associated with fires. It also allows finding the most economically effective type of
land use after flooding. We carried out numerical simulation of flooding for a separate land plot in Ryazan
Meshchera, which showed a twofold reduction in the risks associated with fires, as well as an increase in large-
scale heterogeneity of the soil cover. This led to the conclusion that for this site the most cost-effective will be
investment in projects aimed at narrowly specialized land use.
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Introduction

The Wetlands International and the Ministry of Natural Resources and Ecology of the Russian
Federation signed a memorandum of understanding on the conservation and rational use of wetlands in
Russia. Currently in Russia, within the framework of the International Climate Initiative, the project
“Restoration of peatlands in Russia — to prevent fires and mitigate the effects of climate change” is
being implemented. The purpose of the project is to prevent forest fires and mitigate the climate. The
German Development Bank KfW is funding this project. The project participants are the Wetlands
International, the Institute of Forest Science of the Russian Academy of Sciences, the Michael Zukkov
Foundation, the Greifswald Institute of Botany and Geoecology, the Ministry of Natural Resources
and Ecology of the Russian Federation, the government and administration of some constituent entities
of the Russian Federation. Financing of the project in 2017 was increased by 1.5 million euros [1].

Initiators of measures to restore wetlands in the Ryazan region are the Ministry of Natural
Resources of the Russian Federation, KfW Bank and the German Embassy in Russia. The Wetlands
International calls for the conservation of peatlands to reduce the emission of carbon dioxide due to
the mineralization of peat on drained bogs. Given this and other reasons, the organization tries to
restore peatlands [2]. One of the ways for restoration of peatlands in the European Union and the
Eastern Europe is secondary waterlogging. There are many such studies and they are related to
environmental management [3-9].

However, Russian legislation significantly limits the secondary flooding of peatlands due to a
decrease in natural rent and adverse social consequences. As a rule, flooding of peatlands is carried out
on the lands of specially protected natural areas, where small areas of disturbed peatlands are flooded.
For example, in the Ryazan region wetlands are allowed to be restored on the biosphere polygon of the
Oka State Natural Biosphere Reserve on an area of 910 hectares. It should be noted that the area of
fire-dangerous peat bogs in the Ryazan Meshchera is tens of thousands of hectares.

Technological work on the flooding of peat bogs is carried out using the specialized software
complex MIKE FLOOD. This program was developed by DHI Water & Environment for detailed
modeling of flood zones and similar phenomena. Complex modeling solves the problem of
determining zones of flooding and drainage of floodplain territories [10]. The MIKE FLOOD was
used in the design of peat flooding systems in Ryazan Meshchera [11].

However, the application of the MIKE FLOOD outside the floodplain zones — on most of the
territory of the Ryazan Meshchera — is problematic. The main reasons are related to the flat terrain of
this territory, the presence of drainless areas, low vertical infiltration of drained reservoir peat bogs,
high lateral infiltration of sand and sandy loam around peatlands, a large area of peat bogs on
watersheds, considerable desiccation of soil moisture in forest areas. For example, this software
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suggests flooding the lowland bogs with alluvial-marsh peaty soils in the river Pra flood plain that are
one of the least flammable [12]. This demonstrates an irrational approach to solving the problem of
reducing the fire hazard of peatlands.

In order to assess investment risks, when changing the status of land reclamation with fire-
hazardous peat bogs in Ryazan Meshchera, it is required to develop a new methodical approach. It is
necessary to take into account the integral fire risks of soils on land sites, and also to predict changes
in the nature of land use after flooding of peatlands.

The purpose of our study is to obtain, even approximate, but quantitative estimates of the change
in certain characteristics of lands subject to waterlogging. Namely, we are interested in the percentage
change in the types of soils that occur on these lands, as well as the change in the configuration of
their distribution. These characteristics largely determine the most preferable type of land use for these
sites, as well as the risks associated with fire hazard. The quantitative estimates obtained in our work
can be directly used in the future both in calculating the most economically efficient bogging model
and in analyzing the economic impact of bogging on the economy of these lands.

Materials and methods

The study was conducted in the Ryazan part of Meshchera outside the floodplain of the Oka
River. It is a wooded lowland with peat bogs, its area is several thousand square kilometers, the relief
is flat, absolute heights are less than 125 m, the relative heights are generally less than 5 m (sometimes
5-10 m), the natural erosion network is extremely rare, many drainless areas, drainage network, on the
contrary, very dense [13].

It is well known that the soil is a “landscape mirror”, because the morphology of the soil reflects
local natural features. Therefore, in this study, special attention was paid to the characteristics of the
soil cover.A decrease in the altitude of the terrain by 0.5-1 m leads to an increase in the degree of soil
hydromorphism (bogging) in Meshchera. With the increase ofhydromorphism, soils replace each other
in space in the following order:sod-podzolic soil, sod-podzolic slightly-gleyed soil, sod-
podzolicgleyey soil, sod-podzolicgley soil, peaty-podzolic soil, peaty soil. We take this effect into
account when predicting the degree of fire hazard of soils.

As it is known, the water regime of the soil depends on the availability of precipitation. Reduction
of the moisture content of organogenic upper soil horizons to a level below the moisture of the
capillary rupture is a prerequisite for soil dryness and fire hazard.

The data on the water regime of soils in Meschera, received by Zaidelman F. R., were also taken
into account [14]. He established the relationship between the precipitation availability of the warm
period and the drop in humidity of the upper soil horizon (depending on the soil type) below the
moisture level of the capillary rupture. For instance, when the precipitation availability of the warm
period is above 17 %, then the humidity of the upper soil horizon is less than the moisture level of the
capillary rupture for the light brown podzolized soil (sod-podzolic soil), which then becomes fire-
hazardous. At the same time, soils with signs of hydromorphism remain sufficiently moist and not
fire-hazardous. With precipitation availability above 30-35 %, the humidity of the upper soil horizon
drops below the moisture level of the capillary rupture already for some soils with the signs of
hydromorphism(sod-podzolic slightly-gleyed soil and sod-podzolicgleyey soil), and now they also
become fire hazard. Just to mention, the precipitationavailability describes the precipitation level that
is reached in the appropriate number of years (in percent) in the region. For example, the low value of
precipitationavailability corresponds to a high amount of precipitation (the number of years with such
or higher precipitation level is small).

Therefore, for the study it was important to assess the availability of atmospheric precipitation fire
season in the Ryazan Meshchera [15].Such calculations were carried out using data on atmospheric
precipitation for 60 years of observations (1951-2010) during the fire season from April to September
(see Fig. 1). The average long-term norm of precipitation in the fire-hazardous period is 328 mm and
corresponds to 50 % of the supply. Taking into account the data on the water regime of soils obtained
by Zaydelman [14], sod-podzolic soils are fire-hazardous for 50 years out of 60, sod-podzolic softly
gleyed soils — for 42 years out of 60, sod-podzolicgleyey and gley soils — 12 years out of 60. In
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addition, according to statistics, about every 15 years there are severe droughts, in which the peaty-
podzolic and peaty soils become fire-dangerous too.

500

400 |

300 -

200 -

| |
.

10% 20% 30% 40% 50% 60% 70% 80% 90 % 100 %

Amount of precipitation, mm .

Precipitation availability

Fig. 1. Availability and amount of precipitation in fire season (from April to September)

To simulate the effects caused by swamping, we chose a typicalRyazanMeshchera site measuring
48 km by 48 km. For the lands of the Ryazan Meshchera, continuous and smooth changes in all
parameters are generally characteristic, therefore the results obtained in the simulation on this site can
be extrapolated to a significant part of the Meshchera. The soil map of this section is shown in Fig. 2.
From the viewpoint of fire hazard, it is possible to break down the types of soils into 5 classes: class 0
— meadow-bog soils; class 1 — marsh lowland, transitional and upland peat soils on small and medium
peat, peaty and peaty-podzolicgleyey and gley soils; class 2 — sod-podzolicgleyey and gley soils; class
3 — sod-podzolic softly gleyed soils; class 4 — sod-podzolic soils.For convenience, we numbered the
mber, the higher the fire hazard of these soils.
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Fig. 2. Soil map of selected site with breakdown of soils by fire hazard classes

The soil map of the selected site is presented in Fig.2. It can be noted that soils of one type form
structures with a characteristic scale of 1 km. Therefore, for the purposes of numerical modeling, we
presented a soil map in the form of a uniform grid of 48x48 cells (each cell is a square with a side
length of 1 km), each of which was assigned one of the soil classes, depending on which soil of the
class dominated the site corresponding to this cell. With flooding, the soils of classes 0 and 1 do not
change, and soils of classes 2, 3, 4 pass to soils of classes 1, 2, 3 respectively. Therefore, the modeling
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of flooding consisted in rebuilding the map with the appropriate replacement of the soil class for each
cell. Fig. 3 shows simulated soil maps before and after flooding.
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Using these simulated maps, it is not difficult to find the areas (as a percentage of the total area of
the site) occupied by the soils of each class, before and after flooding. The results are presented in
Table 1.

Table 1
Land areas occupied by soils of each class
Flooding state | Class0 | Class1 | Class2 | Class3 | Class 4
Before flooding 2.7 % 46 % 24 % 19 % 8.3 %
After flooding 2.7 % 70 % 19 % 8.3 % 0 %

The fire hazard of soils can be calculated from long-term observations of rainfall and precipitation
availability. Let us define the fire risk for each soil class as the ratio of the number of years, when the
soils of this class are fire hazardous to the total number of years for the period of observation.
According to the data given above, the fire risks of the classes 0 to 4 are 0, 0.067, 0.2, 0.7 and 0.83,
respectively. The integrated fire risk of the soils of the simulated site can be calculated as the sum of
the areas presented in Table 1, taken with weights corresponding to the fire risks for each class. Before
flooding, this value is 27.8, and after — 14.1. The ratio of these values shows that fire risks associated
with the soils can be reduced by approximately 50 % after flooding.

However, an important characteristic of a land plot is not only the total area occupied by the soils
of each class, but also their distribution over the site. Namely, we can calculate the total length of the
boundaries between soils of different classes. That is, if neighboring cells are occupied by soils of one
class, then we believe that there is no border between them. And if they are occupied by soils of
different classes, we increase the length of the boundary by one (here the unit length corresponds to
the size of the cell, i.e., 1 km.). These values for the simulated land plot are L = 1930 and L = 1160
before and after flooding. In absolute terms, these numbers are not informative, since they depend on
the calculation method. But they can be compared with the corresponding values calculated using the
same method for “averaged” soil maps using the Monte Carlo method.

We generated 20,000 virtual soil maps, in which soils of classes from 0 to 4 occupy the same
areas as those presented in Table 1 for a real soil map. However, the cells in these virtual maps were
assigned different soil classes randomly. For each virtual map, the length of the boundary was
calculated, and the result was averaged. We obtained the values Lz = 3101 and Lz = 2104 (before and
after the virtual flooding). This allowed us to calculate the relative extent of the boundary (L / Lg ratio)
before and after flooding: 0.62 and 0.55, correspondingly. Interpretation of these results is quite
simple: the smaller the relative extent of the boundary, the more heterogeneous is the distribution of
soils on the site. In fact, on a real soil map, the areas occupied by soils of one class are grouped into
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clusters, as compared to random soil maps. And after flooding, this heterogeneity increases by 13 %
(if we consider it proportional to the change in the relative extent of the border).

Results and discussion

The obtained results can be interpreted as follows. After flooding, fire risks are reduced not only
due to a significant (twice for the considered area) integral decrease in fire hazard of soils, but also due
to the formation of a safer geometric configuration by fire-hazardous soils. We note that the fractal
model of forest fires [16] shows that for an equal area of fires, those that have a longer fire front (in
our case, this may be the boundary of fire-dangerous soils) are more dangerous. And the grouping of
fire-hazardous soils also facilitates their monitoring and reduces the cost of fire-prevention measures.

Secondly, there are two main approaches to land use in the regions where wetland restoration is
taking place. The first is the explicit allocation of lands subjected to flooding, which greatly changes
the nature of land use (compared to what was before flooding). The second approach is to maintain the
use of flooded land in the framework of the previous land use model, which can be appropriately
modified to take into account changes in the ecosystem. Despite the fact that the second approach is
considered more economical [17], in Ryazan Meshchera the modeling of land flooding, taking into
account the decrease in fire danger, clearly shows the need for applying the first approach, since lands
with different types of soils (and, consequently, with different ecosystems) will be grouped into
separate clusters. The increasing large-scale heterogeneity of the soil cover after flooding makes it
more preferable for those investment projects that are not targeted at integrated land use, but on a more
narrowly specialized.

From Table 1 it follows that the total area of marsh lands grows by about one and a half times,
while the area of agricultural land and forest land will decrease significantly. This will inevitably
entail a decline in general economic rent. On the other hand, the growing area of bogs will allow
extracting a large environmental rent associated with the absorption of carbon dioxide from the
atmosphere, and the costs associated with the risk of fires should be significantly reduced. Thus, the
restoration of wetlands carries both benefits and losses. To maximize the benefits, it is necessary to
invest in a corresponding way in changing the nature of land use in the flooded lands.

Conclusions

1. In the restoration of wetlands, the investment risks associated with fires can be reduced by a factor
of two by reducing the integral fire hazard of soils.

2. Strengthening large-scale heterogeneity in the distribution of soil types makes it more preferable
not for complex but highly specialized land use.

3. The approach that we used for a certain land plot of the Ryazan Meshchera can be used for any
other land plot located in the wetland restoration zone. Changes in the results will be quantitative,
but qualitative changes are unlikely, if flooding is carried out on the same principle: soils of
classes 0, 1,2,3,4 goto 0, 1, 1, 2, 3 respectively.
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