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Areain ha Change in  Percentage of total forest
% area

2002 2012 2002 2012
Coniferous forest 3,324,268 2,961,466 -10.91 30.88 27.30
Coniferous forest mixed with deciduous 3,173,922 3,296,067 3.85 29.49 30.39
trees
subtotal 6,498,190 6,257,533 -3.70 60.37 57.69
Equal proportion of deciduous and 117,495 49,837 -57.58 1.09 0.46
coniferous trees
Total 10,764,179 10,846,440 0.76 100 100

Settlement and artificially modified areas

Around 13-14% of Germany’s landmass was mapped as main-ET “settlement and
artificially modified areas” (Suppl. material 3), with the sub-type “buildings and
transportation areas” accounting for the largest share of this (96%). From the perspective
of ecosystem services, the class “urban vegetated areas” is of particular interest.

Calculations in the LBM-DE showed an increase of 339,374 ha in the main-ET “settlement
and artificially modified areas” from 2012 to 2018. This can be attributed to strong growth in
the “buildings and transportation areas” (383,700 ha), while in the same period, “urban
vegetated areas” decreased by 47,640 ha (Suppl. material 3).

Fig. 8 visualises trends in land conversion between (semi-) natural to urban and other
artificial land types in Germany since 2011. The black curve shows the values of the
sustainability indicator “increase in settlement and transport areas”, based on official land-
use statistics adjusted by the Federal Environment Agency. The grey curve shows an
equivalent parameter as calculated for the IOER Monitor of Settlement and Open Space
Development. These findings are the result of a methodology developed at the IOER to
analyse changes in land use, based on the ATKIS Basis-DLM (Schorcht et al. 2016). Both
curves show a downward trend in "land take" over the past years. The disparities in the
absolute values are due to the disparate base data.

For the new settlement and transport areas added in the period 2013-2018, we can
determine the different various ratios of the specific forms of pre- and post-land use. To
simplify the model, the previous types of use (or origin) of settlement and transport areas
(Fig. 9, left) were roughly divided into three main categories. The category ‘other’, which
includes, for example, ‘areas of water’ or ‘uncultivated soil’, shows the smallest ratio of
10%. A further 18% of the newly-added settlement and transport areas were previously
forest and grove areas. In contrast, the largest share (72%) was previously agricultural
land. At the same time, we can determine the various forms of use of these newly-added
settlement and transport areas (Fig. 9, right). Thus, we see that around 18% of new
settlement and transport area is, specifically, dedicated to the latter usage, i.e. almost one
in five new square metres is used for transportation purposes. The least common usage
(only 12%) is open space within settlements, which includes, for example, areas
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characterised as non-built-up, such as sports, leisure or recreation areas. The largest
share (70%) is made up of built-up areas, including, for example, residential, mixed and
industrial areas. A full land use change matrix is presented in Suppl. material 4 (Table D:
Detailed matrix of pre- and post-use of settlement and transportation areas in Germany in
the period 2013-2018 in hectare per day (ha/d). (Data source: IOER).

ha/d
3
o

40,0

30,0
2011 2013 2014 2015 2016 2017 2018
Figure 8.

Development of the indicator “land take”. Comparison of figures from the Federal Environment
Agency (black line) and the IOER monitor (grey line) (data source: UBA, IOER).

Pre-land use of settlement and transport Post-land use of settlement and transport
areas in Germany from 2013 to 2018 areas in Germany from 2013 to 2018
other
10% transport
18%
forest,
grove open
18% space
X built-up 12%
agricultural 70%
72%
Figure 9.

Pre- and post-use of settlement and transportation areas in Germany in the period 2013-2018
(data source: IOER).

Limiting the growth of settlement an d transport areas continues to be an important goal of
the National Sustainability Strategy (German Government 2017). Even though the
expansion in settlements and soil sealing has slowed in recent years (Penn-Bressel 2019,
UBA 2019), according to Penn-Bressel (Penn-Bressel 2019), great efforts are still needed
to maintain this positive trend and avoid a possible return to excessive land consumption.

Waters

According to official statistics, Germany'’s total surface water is about 8,500 km? or 2.3% of
the national territory. The maps of the ecosystem types (Figs. 1 and 2) also encompass the
lakes of the Federal Republic, the German part of Lake Constance and the German
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Exclusive Economic Zone (EEZ) in the North Sea and Baltic Sea. Together, these bodies of
water cover about 3 million ha, with only marginal changes between 2012, 2015 and 2018
(Suppl. material 3).

At the regional level, however, we can detect some transformations in surface waters. For
example, Table 4 shows the changes that occurred in the period 2008-2018 due to the
flooding of opencast mines in lignite-mining districts of eastern German (“Central German
mining area”, “Lusatian mining area”). In the district of Leipzig (Saxony), in particular, the
total surface water increased by more than one third over these ten years. The district of
Oberspreewald-Lausitz in Brandenburg showed the second largest relative increase in
water area. Comparing with the national value for the expansion in water surfaces of 2.8%,
we can appreciate the dynamic trends which post-mining landscapes can exhibit with
regard to this indicator.

Table 4.
Growth in surface waters in the period 2008-2018 due to the flooding of opencast mines in eastern-

German lignite-mining districts (“Central German mining area”, “Lusatian mining area”).

Ligniteregion Reporting unit admin. water water water water difference difference water

area area area area area (% of absolute  surface
[km?]  [% [km?  [% [km? adm. [ha] increase
2018] 2018] 2008] 2008] area) [%]
Central Leipzig (Rural 1651.3 4.0 65.9 2.9 47.9 1.1 1801.4 37.6
German district), Saxony
Burgenlandkreis, 1419.9 0.8 11.5 0.7 9.9 0.1 156.0 15.7
Saxony-Anhalt
Leipzig (city), 297.8 3.0 9.1 2.7 8.0 0.3 105.9 13.2
Saxony
Wittenberg, 19428 2.1 41.4 2.0 38.9 0.1 2543 6.5
Saxony-Anhalt
Lusatian Oberspreewald- 1223.0 6.0 73.5 4.8 58.7 1.2 1479.6 25.2
Lausitz,
Brandenburg
Bautzen, Saxony 2395.6 4.9 118.3 43 103.0 0.6 1529.0 14.8
Cottbus, 165.6 1.5 25 14 2.3 0.1 18.1 7.8
Brandenburg
Spree-Neile, 1657.0 2.4 39.1 2.3 38.1 0.1 99.0 26
Brandenburg
Gorlitz, Saxony  2111.1 3.3 70.6 3.3 69.7 0.0 93.3 1.3
Germany 357,680 2.0 6985.3 1.9 6795.92 0.1 18938.0 2.8

Semi-natural open areas

This sub-chapter gives an overview of the remaining terrestrial ecosystems, largely located
outside urban areas. The main ET “semi-natural open areas” covers only 1.8% of
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Germany’s land mass. It is divided into the three subtypes, namely “grassland and
heathland”, “wetlands” and “open spaces with no or little vegetation”, which in 2018
encompassed 418,536 ha, 180,033 ha and 46,976 ha, respectively (Suppl. material 3).

Although highly heterogeneous, these ecosystems have one or more of the following
shared characteristics:

. a relatively small total area, as well as small size of each ecosystem;

. low intensity of use or no use at all, often of high nature value;

. in many cases, protected by some kind of national or international regulation or
convention (amongst others, national or sub-national regulations on protected
biotopes and FFH directives).

So far, no clear trend can be identified from the LBM data for the main-ET “semi-natural
open area” (Suppl. material 3). The same applies when we consider hedges, tree rows
(from the ATKIS base DLM) and areas of transitional woodland/shrub (CLC 324) (< 1 ha)
(from the LBM-DE) in isolation. As groves have only been recorded in the official statistics
separately from forests since 2016, it is not yet possible to derive any statements on this
feature (Destatis 2019).

Higher-level spatial findings regarding cultural influence

The areal ratios of certain ecosystem types do not yet tell us anything about the
composition and structure of larger spatial components, such as administrative districts or
larger grid cells (e.g. 10 x 10 km?2). Yet, it is precisely such aspects of the spatial
arrangement and composition of the individual elements of land use or ecosystem types
that strongly influence the condition of ecosystems, as these influence the inherent
functions and processes of each ecosystem (see Sect. 5).

The concept of hemeroby analyses current forms of land use with regard to human impact.
For this, the distance between the current vegetation and a constructed final state of self-
regulated vegetation in the complete absence of human intervention (so called potential
natural vegetation (PNV)) is measured. Hence, the hemeroby is an inverse measure of the
closeness to nature (Kowarik 2006). The term hemeroby, which was introduced originally
by botanists, is derived from the Greek words hémeros (tamed, cultivated) and bios (life).
Later this concept was applied on whole ecosystems (e.g. Sukopp 1976).

For this purpose, individual objects of the land cover model for Germany (LBM-DE) and the
ATKIS-Basis-DLM were each assigned one of the seven hemeroby levels ranging from
natural (ahemerobic) to artificial (metahemerobic) (Walz and Stein 2014). Interventions,
such as soil sealing or intensification in use, have the effect of increasing, i.e. worsening,
the hemeroby level of the respective reference unit. However, since interventions
according to German law (German intervention and compensation scheme, Wende et al.
2005, Wende et al. 2018) have to be compensated for (primarily in spatial proximity), an
upgrading should simultaneously take place. This means that the values per reference unit
should, in theory, scarcely change. If the three hemeroby levels closest to nature are
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evaluated (ahemerobic (almost no human impacts) up to mesohemerobic (moderate
human impacts)), this gives the ratio of primarily natural areas. A nationwide evaluation at
district level (Fig. 10) shows that the ratio of such natural areas often decreases. For
Germany in total, there is a slight decrease of -0.1%, but the district values spread from
-1.2% to 2.3% in the period 2012-2018.

Figure 10.

Ratio of natural areas to total reference area in the period 2012-2018.

Summary of trend developments

Our analyses show that the main trends of land cover change observed in the EU (EEA
2017) can also be identified for the main-ETs in Germany. These are:

. Urban and infrastructure expansion continues to consume areas of productive soil
and to fragment existing landscape structure. Of all land cover categories,
artificial areas have increased most in terms of both net area and percentage
change.

. The extent of agricultural land, often of good quality and in favourable locations,
continues to shrink. The fine-grained structure and associated biodiversity of
traditional rural landscapes continues to be affected by land take, agricultural
intensification and farmland abandonment.

. The extent of forested areas remains more or less stable.

. The area of surface waters also changed only marginally at the federal level
between 2012 and 2018, although relevant regional increases were observed in
post-mining areas.

. For the few semi-natural areas in Germany, no clear trend of land use change in
the observation period could yet be identified. The ration of nature-accentuated
areas (estimated by the hemeroby indicator) to total reference area slightly
decreased on the federal level (-0.1%) from 2012 to 2018.
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Only from the LBM-DE (Suppl. material 3 Table C), however, it is not possible - so far at
least - to deduce a definite trend in the changes of most sub-ecosystem types or CLC
classes. However, one example should illustrate the potential of such trend analyses. Walz
et al. (Walz et al. 2019) assessed the ecosystem services of floodplains of the major river
systems in Germany. They found that only 35% of the morphological floodplain still serve
for natural flood retention in Germany and that the area for flood retention decreased by a
total of 7.3 km? (0.13%) nationwide from 2010 to 2015 due to an increase in the settlement
and traffic area.

Discussion and Conclusions

Lesson learned and limitations

A clear delineating of ecosystem types in a reliable manner is important for many current
and emerging issues regarding ecosystem assessments and accounting, which ultimately
helps to support decision-making. A number of good proposals have been made
internationally in this context (Sect. 2), but it is still a dynamic field (Keith et al. 2020).

As discussed and confirmed in the SEEA revision process (UN 2020), the delineation of
ecosystem assets should focus on classifying ecosystems from an ecological perspective.
The consequence is that land cover alone is not sufficient. However, then the question
arises - what kind of characteristics should be considered next in addition to land use?
Should it be soils or better, water level or even relief? Soils would be good characteristics if
we are looking at the ES for agricultural production; water level is relevant for carbon
sequestration in peatlands; relief is of importance for erosion control and for scenic beauty.
If we would use all these relevant characteristics for delineation, for each in part it would
become important in the further process towards service accounting, then the result would
subsequently be an enormous number of very small-scaled homogeneous spatial units.

However, it can be argued tha,t on the one hand, it remains uncertain if the results would
have high accuracy, due to different data being collected at very different scales. Often,
even they are not available at all or only in very coarse scales for the whole of Germany.
On the other hand, all these resulting small homogenous patches would be aggregated
again — but in what way — to make any meaningful statements about them with regard to
their extent?

To conduct a nationwide analysis of ETs, in our opinion, it is more plausible to reduce the
complexity and use ecosystem classifications, like that of the CLC ecosystem types. In
general, land cover, in principle, quite accurately reflects the relevant characteristics of the
ecosystems (e.g. forests on steep slopes, peat bogs in wet habitats, arable land on fertile
soils etc.). If we need to refine the analysis in order to determine ecosystem conditions or
services, however, it is reasonable to add additional information: has the land at the urban
fringe converted to buildings resulted in higher natural soil productivity than average
cropland? Is the water level of a mire ten centimetres higher or lower, which is decisive for



30 Grunewald K et al

carbon oxidation and greenhouse gas emissions? Is the cropland located on steep slopes
so that soil erosion should be reduced by additional hedges or conversion to grassland?

If ecosystem services and ecosystem conditions are in question, additional information is
obviously required. However, unlike in the ecosystem extent account, this information can
then be used in a very targeted manner, depending on the respective land use, the status
parameter under investigation and the ecosystem service that is assessed.

We have shown that the application to the German context, with practical realities
considered, has transpired into emerging results. Although we start from the CLC classes,
we use the German LBM-DE model, including some more characteristics than just land
cover. Additionally, in the geodata system developed here, linear ATKIS elements (e.g.
roads, watercourses or even small structures, such as rows of trees and hedges) are
converted into polygons by means of buffering and integrating into the polygonal mapped
ET and CLC classes. Care has been taken to ensure that no overlapping occurs, thus
avoiding potential cases of double recording, thereby confounding the validity of result
accuracy (Sect. 3.2).

However, a balance must be achieved between results that are sufficiently ecologically
meaningful rather than being simply pragmatic and on which ET classification level this is
relevant. We therefore believe that our proposed national system be processed in four
levels (Main-ET, Sub-ET, CLC-classes, further subdivision into habitats to integrate
biodiversity relevant information, Sect. 3). This would offer a flexible, but also
simultaneously best appropriate, approach in this respect.

First evaluations have been realised and discussed (Sect. 4). In addition to the reference
year 2018, the CLC classes for the years 2015 and 2012 were also calculated on the basis
of the available data (LBM-DE/ATKIS), aggregated to Sub-ET and Main-ET, respectively,
giving some results that allow for tentative interpretations. However, the brevity of the
timeframe (three reference years) does not yet permit a reliable identification of trends or
shiftings. Nevertheless, the results confirm the feasibility of conducting a national spatial
monitoring of Germany’s ecosystems (Ecosystem Extent Account) in the future and of
identifying possible changes on the basis of LBM-DE/ATKIS data.

The CLC classes defined in this way, when combined with other available information, are
already sufficient for the evaluation of many ES (e.g. recreation, erosion control) and their
conditions (e.g. hemeroby/natural condition,) . For example, in the case of natural soil
fertility for the CLC class “arable land”, there is a combined analysis possible by
overlapping the ETs with a number of other nationally-available datasets (including soll
water balance, soil type, climate, slope inclination), which together enable an assessment
of natural soil fertility, according to the Miincheberger Soil Quality Rating (SQR) (Mueller et
al. 2007, BGR 2013a, BGR 2013b).

The system of ET/CLC classes (Table 1) is further underpinned by biotopes/FFH habitat
types, for which extensive classification tables have been devised and developed (for an
overview see Tab. B in Suppl. material 2). The recording and assessment of the condition
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(here especially biodiversity) of ecosystems can be further supplemented by the spatially
explicit and representative data collected for each respective period.

To provide a spatial structuring of ecosystems, ‘condition indicators of landscape
ecosystems’ can be used to measure the ratio of structural elements in the open
landscape. This includes, for example, the IOER Monitor indicator “woodland-dominated
ecotone density”, which reports on the density of linear elements, such as hedges, tree
rows, woody plants and forest margins. It is precisely such elements that are of great
ecological importance, as they represent transitional areas between ecosystems and are
home to special communities of species that are thus particularly significant for the
provision of ecosystem services.

Conversely, main roads or railway lines often have negative effects on the condition of
ecosystems, as they act as barriers for wildlife and humans, thus impeding or even
completely preventing key ecosystem functions. This aspect of the condition of ecosystems
can be measured, for example, using indicators on landscape fragmentation as a whole or
specifically forest fragmentation (see indicators on landscape fragmentation in the IOER
Monitor: https://monitor.ioer.de).

Future work

Besides the classification system for ecosystem types (ETs), the table of the area of
various ETs (Suppl. material 3, Table C) is the main result of our work. These datasets can
form the basis for the regular reporting on the extent, condition and services provided by
Germany’s ecosystems at national level. The approach for such an ecosystem accounting
is in line with SEEA-EEA requirements (UN 2020). The Federal Statistical Office (Destatis)
intends to further develop and implement the national ecosystem accounting system in the
future. The recently-published IUCN Global Ecosystem Typology (Keith et al. 2020) will
likely be a SEEA Ecosystems “reference classification” and it would be useful to bring our
mapping and classification approach in correspondence with this IUCN typology.

Furthermore, we propose that the presented system to record the areal change in
ecosystems should be developed into an integral component of biodiversity monitoring in
Germany (Geschke et al. 2019). Due to the partial use of representative data, however, it is
not suitable as a planning basis for concrete measures. In such cases, local data — for
example, from the habitat/biotope mapping of the individual states — should be used
(Grunewald et al. 2020).

For the long-term observation of ETs, a consistent and stable data-gathering methodology
for the production of the main German data base, the LBM-DE, should be implemented to
help realise a representative system of ecosystem monitoring. Only in this case, area
changes of land use/land cover types can be mapped in a reliable manner. The results so
far, which have been fully calculated for the German state area (terrestrial, inland surface
waters, marine) on the basis of available data for the years 2012, 2015 and 2018, are still
relatively uncertain with regard to trend developments or shifts, as these may be masked
by methodological changes in the classification of land use and land cover (especially
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between the time periods 2012 and 2015) (B). There are also challenges in the
consistency of the results (How can we deal with significant deviations from existing
accounts, for example, forest and agriculture?).

Further challenges to be overcome are related to the degree of thematic detail that can be
entailed, especially considering whether, which and with what kind of detail, functional
characteristics of ecosystems should be included in order to support the realisation of the
respective objectives at the national level (e.g. biodiversity protection, identification of
services, prioritisation of damaged ecosystems to be restored, analysis of changes in the
extent of specific ecosystems in Germany).
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