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accurate spatial analysis and more precise 
definition of the area’s potential to provide 
ecosystem services (Fig. 2). Furthermore, the 
map reflects well the structure of young gla-
cial landscape. 

Examples of application

The above map of ecosystems (see: inset) was 
used as a basic map for the cartographic 
presentation of spatial diversification of the 
potential of particular types of ecosystems for 
ES supply. The examples given are a modified 
version of the analysis presented more exten-
sively in the monograph “Ecosystem services 
in a postglacial landscape – assessment of po-
tential and utilisation” (Solon et al. 2017). The 
examples include one benefit from the Provi-
sioning section (Fig. 3A) and five from the Reg-
ulation and Maintenance section (Fig. 3B-3F). 
One indicator from the Regulation and Main-
tenance section represents the division Media-
tion of flows (Fig. 3B), and the other represents 
different groups in the division Maintenance 
of physical, chemical and biological conditions 
of the environment. The detailed characteristics 
of the indicators are shown in Table 1 and the 
spatial variation is described in the text below.

A. Service – Forest fruits (indicator: 
abundance of wild species that 
produce edible berries)

Forest fruits are one of the most widely ac-
cepted ecosystem services. The main fruit 
plants in Poland include the European blue-
berry, red raspberry, blackberries, wild straw-
berry and cowberry and, locally, also small 
cranberry and other species. In intensively 
managed forests, where woodland clearcut-
ting and preparation of soils is practised be-
fore artificial regeneration, the abundance 
of berries is reduced. On the other hand, their 
abundance and growth are also poorer in old 
stands (Nestby et al. 2011). Berry populations 
are stable in forests subject to gradual fell-
ing as well as in unmanaged natural forests 
(Mäkipää 1999).

The ecosystem potential for edible fruits 
supply in the study area is the highest in the 
youngest oak-hornbeam forests, mature (over 
80 years old) pine (-spruce) and mixed pine 
forests as well as boggy pine and similar for-
ests on peat of all age categories. Slightly 
lower potential is seen in pine (-spruce) 
and mixed pine forests of intermediate age 
(60-80 years old) as well as on high and 

Figure 2. Comparison of the results of selected analyses based on the MAES map and our map of eco-
systems: A – MAES map, B – content of Total Organic Carbon in soils, C – invasive species, D – oxygen 
production (according to Solon et al. 2017)
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intermediate moors (meso- and oligotrophic 
mires). Most ecosystem types are character-
ized by moderate potential of edible fruits 
supply. These include the remaining forest 
ecosystems (except alder boggy forests older 
than 60 years), and grasslands on dry min-
eral habitats. Rather low potential character-
ises alder boggy forests older than 60 years, 
and it depends only on the presence of black 
currant, whose cover seldom exceeds 5%. 
The relatively lowest potential for the supply 
of edible fruits is seen in grasslands on moist 
mineral habitats. All other ecosystem types 
do not generally support wild plants with ed-
ible fruits.

B. Service – Regulating air quality 
(indicator: efficiency of aerosol 
emissions of plant origin)

Various types of chemical compounds sus-
pended in the air and plant and animal parti-
cles, called organic aerosols, are an element 
of the natural environment (in habitats used 
for recreational purposes) which shapes the 
quality of broadly understood bioclimate. 
Their concentration in the air depends not 
only on external factors, mainly weather, but 
also on internal ones directly related to plants 
as their producers. A small amount of volatile 
substances emitted into the air is sufficient 
to induce therapeutic effects in the human 
body (Krzymowska-Kostrowicka 1997).

Direct measurements of aerosol pro-
duction are very difficult to conduct and, 
as a consequence, they are rarely performed. 
Therefore, the data compiled by Krzymowska-
-Kostrowicka (1997) were used for estimating 
the value of the indicator efficiency of aero-
sol emissions of plant origin, with data ex-
pressed using different scales converted 
to a rank scale. 

The intensity of aerosol emissions of plant 
origin is the highest in all pine (-spruce) and 
mixed pine forests. Slightly lower (although 
still high) phytoaerosol production is found 
in oak-hornbeam forests and boggy pine and 
similar forests on peat as well as in all types 
of peat bogs, mires and moors. By the same 

level of potential are also characterized grass-
lands on dry mineral habitats. All riparian 
alder-ash and boggy alder forests together 
with grasslands on moist and wet habitats 
(mineral and peat/mud) produce just a little 
smaller quantities of phytoaerosols. All reeds 
and rushes are characterized by low levels 
of aerosol emissions, while in arable lands 
of different humidity-fertility habitats the pro-
duction is negligible.

C. Service – Regulating air quality 
(indicator: carbon stock in ecosystems)

Carbon storage by ecosystems is one of the 
most important functions influencing all ele-
ments of the natural environment (Lal 2004, 
2005; Wall et al. 2012). The social value 
of the ecosystem service, which is carbon 
sequestration, is significant because it is not 
limited to direct ecosystem-recipient relation-
ships, but it also influences interactions be-
tween ecosystems that generate subsequent 
benefits. Soils and plant biomass are impor-
tant reservoirs of carbon. The functioning 
of soils, and, primarily, the formation of their 
physical and chemical properties, is closely 
related to organic carbon content (TOC). 
Organic carbon losses lead to deterioration 
of soil conditions, which affects the biomass 
directly and negatively. As a result, this pro-
duces disturbances in the functioning of eco-
systems and, consequently, loss or limitation 
of the capacity to provide ecosystem servic-
es by individual components of the natural 
environment. 

The locally highest values of the organ-
ic carbon stock are observed in different 
types of peat bogs, mires and moors as well 
as in reeds and rushes on a peat substratum 
(up to 5,543 t ∙ ha-1). The poorest are dry eco-
systems (e.g. grasslands), where total carbon 
content is below 520 t ∙ ha-1. Taking into ac-
count the area occupied by ecosystems of dif-
ferent types, the most important role is played 
by different forests, containing ca. 74% of car-
bon accumulated in the entire study area. 
In this group of ecosystems the richest are 
boggy pine and similar forests on peat (ca. 
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5,000 t ∙ ha-1), the poorest are pine (-spruce) 
and mixed pine forests (less than 1,800 t ∙ ha-1).

Young forest ecosystems of various types 
are characterized by reduced TOC content 
compared to over 60 years old ecosystems. 
The decrease of this indicator value is also ob-
served in the oldest ecosystems (> 120 years). 

D. Service – Regulating incursions 
of alien species (indicator: resistance 
to invasions by alien plant species)

Invasion of alien plant species is a type of ter-
ritorial expansion of species beyond their 
natural habitat and/or biogeographic range, 
occurring rapidly and massively as a result 
of indirect and/or direct human involvement 
(Falińska 2004). Invasive species are a threat 
to local biodiversity and also cause economic 
losses.

So far no synthetic index accounting for 
most possible determinants has been de-
veloped to assess resistance to invasions 
by alien plant for particular ecosystems. The 
results presented here are based on a simpli-
fied method that takes into account only a few 
determinable ecosystem characteristics which 
attest to their resistance. 

In the study area, habitats with relatively 
low resistance to invasions by alien species 
are broadleaved forests (alder boggy forests, 
alder-ash riparian forests and oak-hornbeam 
forests). Greater resistance is demonstrated 
by grasslands on moist habitats, reeds and 
rushes, as well as young (up to 60 years old) 
pine (-spruce) and mixed pine forests and 
boggy pine and similar forests on peat rep-
resenting the intermediate (60-80 years) age 
class. The highest resistance is found in all 
types of peat bogs, mires and moors, grass-
lands on dry mineral habitats and – among 
forests – all the remaining types of coniferous 
forests. 

Areas of low resistance to invasion are con-
centrated in the central part of the study area, 
where they form extended patches, whereas 
in the southern part they are represented 
by small patches related to creek valleys. 
In terms of area, there is clear predominance 

of ecosystems of moderate and high resist-
ance, which cover 191.82 km2 and 319 km2, 
respectively. These ecosystems form a coarse 
grain mosaic that predominates in the remain-
ing part of the study area.

E. Service – Regulating air quality 
(indicator: oxygen emission yield)

Oxygen production is one of the most impor-
tant services provided by land ecosystems, 
especially forest ones. It plays a decisive role 
for the presence of life on Earth. A number 
of studies on the intensity of the photosyn-
thetic process show that between 0.5 and over 
1 kg of pure oxygen (O2) enters atmospheric 
air from a 1 m2 area of trees and shrubs dur-
ing one growing season. The trees that supply 
the largest quantities of oxygen are beech, 
maple and black locust (1.1 kg), willow and 
oak (0.8 kg), and lime and ash (0.7 kg). Similar 
amounts of oxygen are produced by conifer-
ous trees. One hectare of deciduous forest 
produces about 700 kg of pure oxygen within 
24 hours. This amount of gas meets the daily 
oxygen demand of 2,500 people (cf. Krzymow-
ska-Kostrowicka 1997).

Due to methodological difficulties and 
laboriousness of intensive direct measure-
ments of oxygen production in ecosystems, 
the value of the indicator emission yield 
of oxygen was estimated on the basis of data 
compiled by Krzymowska-Kostrowicka (1997). 
Only terrestrial ecosystems were considered, 
because aquatic ecosystems have been 
poorly researched in this respect, and exist-
ing data are not comparable to terrestrial 
ecosystem data.

Oxygen production is very high 
(> 20 t ∙ ha-1 ∙ year -1) in mature alder boggy 
forests (from 60 to over 120 years old) and 
in oak-hornbeam forests up to 60 years old. 
In the other age categories of alder boggy 
forests and oak-hornbeam forests and in ma-
ture pine (-spruce) and mixed pine forests 
(from 80 to over 120 years old), it is slightly 
lower (although still high), ranging between 
15-20 t ∙ ha -1 ∙ year -1. Most forest ecosys-
tems are characterized by moderate levels 
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of oxygen emissions (10-15 t∙ha-1∙year-1). These 
are alder-ash riparian forests (all age catego-
ries), the youngest alder boggy forests, pine 
(-spruce) and mixed pine forests up to 80 years 
old and grasslands on dry mineral, moist min-
eral, moist peat and mud habitats. All boggy 
pine and similar forests on peat and wetlands 
(reeds and rushes on a peat substratum), and 
arable lands on habitats varying in terms 
of humidity and fertility are characterized 
by low oxygen production (5-10 t ∙ ha -1 ∙ year -1). 
The lowest emission is seen in boggy ecosys-
tems, e.g. grasslands (< 5 t ∙ ha -1 ∙ year -1).

F. Service – Maintaining 
biogeochemical properties of soils 
(indicator: degree of saturation 
of the soil sorption complex with base 
cations)

The degree of saturation of the soil sorption 
complex with base cations (V) is considered 
an important biochemical indicator of the effi-
ciency of ecosystems (Degórski 2002). The con-
tent of calcium, potassium, magnesium and 
sodium (Ca2+, K+, Mg2+, Na+) in total sorption 
capacity is also an important feature of soil 
fertility. In addition, the degree of saturation 
is an important indicator of the agronomic 
quality of cultivated soils. Saturation of the 
soil sorption complex with base cations de-
pends on many factors, including lithological-
mineralogical conditions, soil acidity, humus 
type, etc. The higher the value of this indica-
tor, the better ecosystem resistance to external 
factors, e.g. anthropogenic pollutants (Ulrich 
et al. 1984).

Considering the entire study area, ecosys-
tems with humid soils with moder and mull 
humus types and high trophism are character-
ized by best biochemical properties. The high-
est values of saturation are characteristic for 
soils of ecosystems with the oldest stands of al-
der boggy forests, alder-ash riparian forests 
on Fibric Histosols, high bog ecosystems with 
Fibric Histosols and in eutrophic mires with 
Fibric/Sapric Histosols (IUSS Working Group 
2015), which is consistent with the natural con-
tent of these chemical components in these 

soil types, resulting from their trophism. Five 
groups of ecosystems demonstrating different 
levels of saturation of the soil sorption complex 
with base cations can be distinguished in the 
study area. The highest degree of saturation 
of the soil sorption complex with base cations 
is seen in the northwestern part (cultivated 
ecosystems) and northeastern part of the 
study area, characterized by a mosaic of eco-
systems on fertile habitats.

Final Remarks

1. The map of ecosystems presented in the ar-
ticle shows only land use, not taking into ac-
count the category of use and the econom-
ic or protection status of the study area. 
At the same time, it accounts for habitat 
diversity and, indirectly, via the age classes 
of tree stands, the degree of maturity of for-
est ecosystems. 

2. The map legend development principles 
and the resolution of the spatial map are 
so universal that similar maps can be con-
structed for any site (at least in the Euro-
pean Union), because most countries have 
a similar set of forest and soil-agricultural 
data. 

3. The map was designed to occupy an in-
termediate position (in terms of thematic 
detail and spatial resolution) between 
maps showing the diversity of ecosystems 
in terms of plant communities (which re-
quires detailed field data) and maps de-
veloped very locally based directly on level 
3 or 4 CLC units. 

4. The map legend design allows it (as well 
as derivative maps of the potential to pro-
vide benefits) to be generalized with regard 
to subject matter-related and cartographic 
parameters to match the CLC categories 
and MAES ecosystems. The results ob-
tained through detailed research on a lim-
ited number of test areas can be extrapo-
lated to larger areas, provided that they 
represent the same type of biotic, abiotic 
and economic conditions. 

5. The approach to description of ecosys-
tem types enables the use of a wide array 
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of methodological approaches to determin-
ing the potential for delivering benefits: 
from direct field measurements to the use 
of averaged statistical values to indicator 
value modeling. In the latter case, addi-
tional detailed data (capturing larger areas 
or ‘points’) are usually necessary. 

6. It also seems that this type of maps can 
also be used in monitoring programmes 
covering a wide range of issues, from 

ecosystem services to biodiversity change 
to sustainable development.
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Type of ecosystems
1a. Alder boggy forests, tree stands 0-40 years old
1b. Alder boggy forests, tree stands 40-60 years old
1c. Alder boggy forests, tree stands 60-80 years old
1d. Alder boggy forests, tree stands 80-120 years old
1e. Alder boggy forests, tree stands more than 120 years old
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2a. Alder-ash riparian forests, tree stands 0-40 years old
2b. Alder-ash riparian forests, tree stands 40-60 years old
2c. Alder-ash riparian forests, tree stands 60-80 years old
2d. Alder-ash riparian forests, tree stands 80-120 years old
2e. Alder-ash riparian forests, tree stands more than 120 years old

3a. Oak-hornbeam forests, tree stands 0-40 years old
3b. Oak-hornbeam forests, tree stands 40-60 years old
3c. Oak-hornbeam forests, tree stands 60-80 years old
3d. Oak-hornbeam forests, tree stands 80-120 years old
3e. Oak-hornbeam forests, tree stands more than 120 years old

4a. Pine (-spruce) and mixed pine forests, tree stands 0-40 years old
4b. Pine (-spruce) and mixed pine forests, tree stands 40-60 years old
4c. Pine (-spruce) and mixed pine forests, tree stands 60-80 years old
4d. Pine (-spruce) and mixed pine forests, tree stands 80-120 years old
4e. Pine (-spruce) and mixed pine forests, tree stands more than 120 years old

5a. Boggy pine and similar forests on peat, tree stands 0-40 years old
5b. Boggy pine and similar forests on peat, tree stands 40-60 years old
5c. Boggy pine and similar forests on peat, tree stands 60-80 years old
5d. Boggy pine and similar forests on peat, tree stands 80-120 years old
5e. Boggy pine and similar forests on peat, tree stands more than 120 years old

6a. Grasslands on dry mineral habitats
6b. Grasslands on moist mineral habitats
6c. Grasslands on moist peat and mud habitats

7a. Arable fi elds on poor sandy habitats
7b. Arable fi elds on semi dry and fertile habitats
7c. Arable fi elds on moist and fertile habitats

8a. Reeds and rushes on peat substratum
8b. Low peatbogs
8c. High and intermediate moors
8d. Reeds and rushes on water

9a. Big mesotrophic lakes
9b. Big eutrophic lakes
9c. Medium sized eutrophic lakes
9d. Dystrophic lakes
9e. Small eutrophic lakes
9f. Man-made water reservoirs

10. Built-up areas



Figure 3. The potential of ecosystems to provide: A. ”Forest fruits” service based on the ”Abundance of wild species that produce edible berries” indicator; B. ”Regulating of air quality” service based on the ”Efficiency 
of aerosol emissions of plant origin” indicator; C. ”Regulating the composition of the atmosphere” service based on the ”Carbon stock in ecosystems” indicator; D. ”Regulating incursions of alien species” service based 
on the ”Resistance to invasions by alien plant species” indicator; E. ”Regulating the composition of the atmosphere” service based on the ”Emission yield of oxygen” indicator; E. ”Maintaining biogeochemical properties 
of soil” service based on the ”Degree of saturation of the soil sorption complex with base cations” indicator (according to Solon et al. 2017)
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