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ABSTRACT. Because we have entered the ‘millennium of the cities', urban ecological research needs to account for the
provisions ecosystem services provide to urban regions. In urban areas, ecosystem service assessment studies need to account
for the complex land use patterns, which change over relatively short periods of time. We discuss an analytical framework for
the spatial and temporal integration of different ecosystem services in an urban region to determine synergies, trade-offs and
losses, and we employ a case study in Leipzig-Halle, Germany. The following five ecosystem services, which are of special
importance for urban areas, were selected: local climate regulation, recreation potential, biodiversity potential, food supply, and
above-ground carbon storage. These services were analyzed from 1990 to 2006. Our results identified only slight increasesin
urbanization (1% or 3 km?) and in mining restoration (-11 km?). However, the detected land use changes led to synergies with
biodiversity and climate regulation of > 50% of the total area, whereas trade-offs of approximately 60% were detected between
variables such as climate regulation and recreation. Finally, we address both the opportunities and the challenges that were

encountered in the integration study, specifically with respect to the application in land use planning.
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INTRODUCTION

Humans consume more natural resources and destroy more
ecosystemsthan ever before, aswas recently demonstrated for
more than 150 countries worldwide (Guo et al. 2010).
Ecosystems are part of the natural environment, and they
support human life and the development of the societies by
providing several goodsand services(MA 2005, Hassan et al.
2005, Costanza et al. 1997, Daily 1997, De Groot 1992, De
Groot et al. 2002). For exampl e, agrarian ecosystems produce
food; forests sequester carbon and deliver fiber and fuel; and
functioning wetlands regulate water flows after extreme
rainfall events, reduce the danger of floods, and clear polluted
waters.

A number of studiesregarding thetheoretical, conceptual, and
empirical approaches to ecosystem services (ES) have been
conducted. For approximately two decades, these concepts
have gained increasing attention and importance among
scientists worldwide (Daily and Matson 2008, Lappé 2009,
Burkhard et a. 2010). The first fundamental theoretical
reflections were published by De Groot (1992) and Daily
(1997). The growing popularity of the ES concept can be
viewed as a reaction to the interplay between the long-term
neglect of ecological functions and processes in our basic
economic cycles, which is often considered to be gratis (Cox
and Searle 2009), and to the growing devastation and
degradation of theecosystems(Boyd and Banzhaf 2007). After
the publication of the results of the Millennium Ecosystem
Assessment (MA 2005), which clearly showed a global
ecosystem decline, it became obvious to the public that

humankind depends on nature and ecosystems and the variety
of functions, processes and fluxes. Another example of the
growing understanding of the importance of ecosystem
services for global policy is The Economics of Ecosystems
and Biodiversity (TEEB) study (2010), which focuses on the
economics of ecosystems and biodiversity. Recently, the
issues of biodiversity and ecosystem serviceswere brought to
the attention of policy-makers; in June 2010, the
Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services(IPBES) wasinitiatedin Busan, South
Korea (http://www.biodiv-network.de).

Despite the progress in ES research (Andersson et a. 2007,
Daily and Matson 2008), we still lack a satisfying and
comprehensive understanding of theinteractionsand feedback
among different ecosystem services. They may both support
and impair each other, which suggests the presence of arange
of synergies, trade-offs, and net |osses (Rodriguez et al . 2006).
Here, atrade-off refers to the increase of the provisioning of
oneecosystem serviceand the simultaneous decline of another
service at the same location. This knowledge determines the
necessary implementation of the ES concept into society and
political decision making in terms of assessing whether it is
worthwhile, resource- and cost-efficient or sustainable to
support the provision of one ecosystem services with regard
to a possibly costly decline of another ES (Cox and Searle
2009, Haines-Y oung and Potschin 2010, Bastian et a. 2011,
Holzkamper and Seppelt 2007, Seppelt and V oinov 2003). For
planning purposes, a better understanding of the spatial
patterns of ES, their trade-offs and their relationship to land
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cover change is absolutely necessary (Borgstrom et al. 2006,
Egoh et a. 2009, Lautenbach et al. 2010). Thisis particularly
trueinurbanregions, wheretoday morethan half of theworld' s
population lives and which are predicted to continue to grow
(UN 2008). In Europetoday, more than 70% of the population
livesin urban areas (Kabisch and Haase 2011). This number
is likely to increase to 84% by 2050. Urbanization and soil
sealing haveledtorapid changesinthebiogeochemical cycles,
hydrological processes and ecosystem functions (Bolund and
Hunhammar 1999). In addition, human demands on urban
ecosystems will increase in the next few decades due to the
increase in population in these regions and the concentration
of the world's economy (Raudsepp-Hearne et al. 2010).
However, particularly in multifunctional urban regions, the
assessment and integration of ecosystem services is
challenging because we face a full range of overlaying
ecosystem processes, functions, and respective services due
to urban regions' dense, heterogeneous, and dynamic land
cover patterns (Haase et a. 2010). Although urban ecology
has made substantial progress in recent years regarding the
specific ecological functions in urban areas, the explicit
consideration of urban ES and their interaction with one
another has not yet received much study.

Identification of synergies and trade-offs alows policy-
makers to better understand the hidden consequences of
preferring one ecosystem service to another. Synergistic
interactionsallow for simultaneous enhancement of morethan
one ecosystem service. Because increasing the supply of one
ecosystem service can enhance the supply of others (for
example, forest restoration may lead to improvements in
several cultural, provisioning, and regulating ecosystem
services), the successful management of synergismsis a key
component of any spatial development strategy that aims to
increase the supply of ES for the well-being of humans.

Based on this background, our objectiveswere asfollows: (a)
to show an analytical framework of the different ways to
integrate ecosystem service provisioning for an urban region
and, in doing so, (b) to show the relationships between ES,
such assynergies, trade-offsand net osses. We used the urban
region of Leipzig-Hallein eastern Germany as a case study to
provide a practical example of how to use this framework.
Five ESthat are of particular importancefor urban ecosystems
were selected: (1) local climate regulation, (2) recreation
potential, (3) biodiversity potential, (4) food supply and (5)
above-ground carbon storage.

STUDY REGION

With a population of 1,073,000, the rural-urban region of
Leipzig-Halleisan important region in eastern Germany. Itis
located in the federal states of Saxony and Saxony-Anhalt,
and coversatotal areaof 4390 km2. Itstwo main urban cores,
Leipzig and Halle, are surrounded by small towns and rural
areas. Both citieshave been the centersof commerceand trade
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since the 19" century. Additionally, open cast lignite mining
was devel oped around the cities at the turn of the 19" century.
The mining activitiesincreased in scale due to the shortage of
imports during the First World War, which led to the
considerable reconfiguration of the region of Leipzig-Halle.
A chemical industry developed that used the energy and raw
materials from lignite mining. This development continued
after 1949, when the Leipzig-Halle region became a part of
the socialist East Germany (GDR), and it became a center for
the chemical industries. During this time, major town
extensions were realized. After the political changes of 1989
and the German reunification in 1990, the economy of the
region declined in the face of national and international
competition (Nuiss and Rink 2005). Today, tentative new
developments occur in the service sector, such asin thefields
of education, transportation, tourism and | eisure. Although the
region of Leipzig-Halle belongsto two different federal states
and is governed by a variety of administrative bodies, it isa
complete, functioning region.

Fig. 1. Evaluation matrix to determine the synergies, trade-
offs, losses, win-no change, lose-no change and no change
(at the zero-point of the diagram) and the interrel ations of
bundles of ES in the rural-urban region that was driven by
land-use change.
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The Leipzig-Halle region has faced population loss since the
1970s, and this loss still continues today (Nuissl and Rink
2005). A spatially differentiated pattern of population
development has been observed since 1990. Due to
suburbanization and out-migration, Halle lost 20% of its
inhabitants between 1990 and 2000, and its population
continues to decline. Leipzig's population declined 12%
between 1990 and 2000, but it increased 2.7% between 2000
and 2006 (Saxon Office of Statistics 2010). The opposing
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Fig. 2. Design of theintegration framework. Based on the land-use, different ES provision maps were calculated. The spatial
integration of the trade-offs was performed at three levels. The total region was used as a zonal analysisto distinguish the
urban, peri-urban and rural areas and to produce spatially explicit maps. The temporal integration was analysed using a
change detection of the ES interactions of two different time periods.
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tendencies of the peri-urban and urban population
development are striking. Since 2000, a downward trend in
the entire area has been evident. Today, a general shrinking
of the population can be observed, except in the city of
Leipzig.

Leipzig-Halle is a complex urban region because it exhibits
simultaneous urban land use growth and shrinkage. Although
the postsocialist transformation period that included a heavy
urban sprawl has passed, the moderate, urban land use
development in the peri-urban region currently continues
(Haase and Nuissl 2010). At the same time, considerable
sections of theinner city have faced a population outflow that
was followed by a residential vacancy (currently
approximately 40,000 flats), the creation of large urban
brownfields that comprise approximately 7 km? and the
massive underutilization of the urban infrastructure (Haase
and Nuissl 2007, Rink 2009). Sincethe early 1990s, the urban
cores predominantly exhibited residential infill development
close to the vacancies and urban brownfields (Haase and
Nuiss 2010). The inner peri-urban and outer peri-urban
regions are principally characterized by different forms of
residential and commercial sprawl (Haase and Nuissl 2007,
Haase and Nuiss 2010). The commercial development

S
s

occurred along the axis between Leipzig and Halle. Since the
late 1990s, the residential and commercial sprawl around
Leipzig-Halle has abated considerably. Finally, after therural
redensification and intensification of arable production in the
1990s, agrowth of biofuel production and the ongoing loss of
arable land due to residential and commercial sprawl are
observable. Remarkable changes occurred in the former
mineral extraction sites, where the large, lignite, opencast
mines have been converted into large lake areas and restored
arable or forest lands (Schwarz et al. 20114).

INTEGRATIVE ANALYSISOF URBAN ECOSYSTEM
SERVICES

State of the Art

Few studies have integrated different ecosystem services in
their analyses (Seppelt et al. 20114a). Of the different possible
interactions of ES, most studies have focused on trade-offs.
In general, a trade-off is a balance that is achieved between
two desirable but incompatible states or situations. Withinthe
scope of the ecosystem services, trade-offsinvolvelosing one
quality but gaining another. The ES trade-offs arise from the
land use and management choices that intentionally or
unintentionally change the type, magnitude, and relative mix
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of the functions that are provided by ecosystems. Different
definitions of trade-offs as they relate to ecosystem services
can be found in the literature. Bennet et a. (2009) and
Raudsepp-Hearne et al. (2010) define a trade-off as the
simultaneous reduction in one ecosystem service and the
enhancement of another. Conversely, synergy is when two
ecosystem services are enhanced. This definition focuses on
the interaction between the ecosystem services and their
tempora changes in the same region. Another approach by
Rodriguez et al. (2006; also followed by Seppelt et al. 2011a)
usesthreeaxesfor theclassification of trade-offs: spatial scale,
temporal scale, and reversibility. The spatial scale refers to
whether theeffectsof thetrade-off arefeltlocally or at adistant
location. Thetemporal scalerefersto whether the effectstake
placerelatively rapidly or slowly. “ Reversibility expressesthe
likelihood that the perturbed ESmay returntoitsoriginal state/
functionality in case the perturbation ceases’ (Seppelt et al.
2011a).

Integrated ecosystem services studies that are not limited to
trade-offsuse diverse schemesfor analysis. Steffan-Dewenter
et a. (2007) calculated the trade-offs between income,
biodiversity, and ecosystem functioning at the plot level for
one point in time. Another study by Egoh et a. (2009)
examined five ES and species richness in South Africa; the
authors produced spatially explicit maps of the ES and species
richness, and they determined the percentage of service and
species coverage in the subzones (biomes or quarter-degree-
squares) for one point in time.

Bennett et al. (2009) comparetheinteraction of the ecosystem
servicesinaframework that reveal ed twotypesof interactions:
first, onedriver affectsseveral ecosystem services, and second,
interactions occur between ecosystem services. Raudsepp-
Hearne et a. (2010) identified bundles of ecosystem services
that repeatedly appear together in Canada on the landscape
scale. Intheir analysisof municipalitiesin Quebec, theauthors
mapped thespatial patternsof the ecosystem servicesand their
interactions in the form of correlations between the different
ecosystem services in the respective municipalities.
Raudsepp-Hearne et al. (2010) found synergiesin the form of
positive correlations and trade-offs in the form of negative
correlations. Moreover, the authors identified bundles of
ecosystem services in municipalities based on a cluster
analysis (cf. supplementary material of Raudsepp-Hearne et
al. 2010).

An analysis framework for integrating urban ecosystem
services

A common framework for analysis requires a definition for
repeated terms. In this paper, based on the definitions of
Bennet et al. (2009) and Raudsepp-Hearne et al. (2010), we
define the following interactions between ecosystem services
within aregion (Figure 3):

1. Synergy: a win-win situation that involves a mutual
improvement of both ecosystem services,
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2. Win-no change: An improvement in one ecosystem
service and no obvious changesin the other,

3. Lose-no change: A declinein one ecosystem service and
no obvious changes in the other,

4. Trade-off: A win-lose or lose-win situation that involves
losing one ecosystem service in exchange for gaining
another,

5. Loss: A mutua loss of ecosystem services and

6. No change: No changes in any of the considered
ecosystem services.

Fig. 3. Land-use map of the study region of Leipzig-Halle.
The boundary between the two federal states of Saxony-
Anhalt and Saxony isindicated with ablack line. Data:
Corine Land Cover 2006 (EEA).

I Urban fabric
Bl Commerce, Mining. Transport
Bl Green space

Agricultural land

Wetlands
Bl Waters
[ Leipzig-Halle region

In this framework, synergies, trade-offs and losses were
considered only within a region; they were not considered
outside the region. Thisimplies that the impacts of decisions
within the region on the provision of ecosystem services
somewhere else (called spatial trade-offs by Rodriguez et al.
20086, or of f siteeffectsby Seppelt et al. 2011a) arenot covered
here. We calculated synergies, trade-offs, and losses between
ES based on arespective land cover state. The trade-offs over
time, as defined by Rodriguez et a. (2006), were analyzed
such that a land cover decision at the current state would
determine an ecosystem services trade-off in the future.
Finally, land cover is the main driver in this framework to
influence ES provision. However, scenarios with afocus on
other drivers, such as climate, could aso be analyzed in the
framework if these drivers also led to distinct impacts in the
respective ES models.

Our spatially explicit analysis framework that was used to
integrate urban ES consisted of the following four three steps.
(i) Land cover change detection: because land cover is the
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most dynamic component of urban regionsand hasthe highest
respective impact on ecosystems, we used Corine land cover
datafrom 1990 2000 and 2006 to detect the land cover change
(EEA 2007). (ii) ES modeling: based on these land cover and
land cover change data and the assumption that the type of
each urban land cover determined the ecosystem services
provision, five ecosystem services were quantified using
models. The total values for these ES were calculated for all
three periods. (iii) Integrated analysis: the third step of the
integration framework represents the actual integrated
analysis. The standardized data for the two time periods,
1990-2000 and 1990-2006, were analyzed concerning an
increase or decrease of the ES fulfillment at a 1x1 km cell
raster level by setting the value of 1990 to 100% (Figure 4).

Fig. 4. The sub-regional “zona” division of the study region
of Leipzig-Halle that was used for the spatial aggregation of
the zonal assessment of rural, peri-urban and urban aresas.
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The upscaling to the larger grid should account for
uncertainties in the underlying data sets and methods.
However, theinitial calculationsfor each ES were performed
on the original 100 x 100 m? grids of Corine land cover. The
cellswere coded asfollows: acell value > 105% indicates an
increasein the ecosystem serviceprovision; acell value< 95%
indicates adecrease; for al other values, there are no changes
that are outside an uncertainty range of 5%. Afterwards, the
raster maps were compared pair-wise to determine synergies,
trade-offs or losses between al five ecosystem services.
Finally, we determined the changes in the six interaction
categories that are defined by comparing the cell statusesin
2000 or 2006 to the statuses from 1990.

The ecosystem services integration was carried out at three
spatial aggregation levels: total urban region, zone assessment
(see Figure 4), and spatial maps. First, in the entire urban
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region, the relative changes of the mean values were used.
Assuming values from 1990 were 100%, the values > 105%
implied an increase of the ecosystem service provisioning
compared to 1990, and the values < 95% implied a respective
decrease. Second, an analysis on the urban and the inner and
the outer peri-urban parts of the region (“zones’) was
performed using the mean values per zone. Here, a change
=25% compared to 1990 indicated an improvement in the
respective ecosystem service in the respective zone, and a
change <5% compared to 1990 indicated the opposite. Third,
a gpatialy explicit evaluation of the ecosystem services
provisions and their dynamic trade-offs was conducted at the
1x 1 kmraster level by comparing pairsof ecosystem services
maps (see Figure 4). Here, positive and negative derivations
of the ecosystem services values compared to 1990 were
identified for each ecosystem service separately.
Subsequently, pairs of ecosystem services were compared to
determine whether the land cover change led to a positive or
negative impact on the services' fulfillment.

Following our spatial analysisframework, the study region of
Leipzig-Halle is divided into four different zones that were
based on the indicators of administrative structure (the urban
area in its administrative borders and other municipalities),
population density and built-up density (Figure 2). The
administrative boundary of thetwo citiesencompasses (1) the
urban parts that comprise the most densely built-up areas of
the two cities and (2) the inner peri-urban areas, which are
characterized by lower population densities, discontinuous
urban fabric and primarily commercia activities (cf. a
definition by EEA 2007). Around the administrative
boundaries of the two cities are (3) the outer peri-urban areas,
which are characterized by their higher population densities
and higher densities of built-up areas compared to (4) therest
of theregion. The remaining parts of the region are composed
of rural areasthat contain the lowest population and building
densities. The rural areas are dominated by arable production
and small towns that serve aslocal centers.

DATAAND METHODS

Land cover data

As mentioned above, the Corineland cover (CLC) dataset for
the years 1990, 2000, and 2006 was used in this study. The
dataareissued by the European Environment Agency (EEA),
whichispublicly available. The spatial resolutionis100x 100
m, and the minimal mapping unit (MMU) is 25 ha. Table 1
provides an overview of the land cover classes and their
changes from 1990 to 2006 from our case study.

In relation to our interaction framework, the examination of
transitions from the no-change category into synergies, trade-
offs or losses between 1990-2000 and 1990-2006 indi cate the
continuity of the ES provisioning asit depends on changesin
land cover. Transitions, such as changes from win/lose-no
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Table 1. Land-use class distribution and devel opment in the L eipzig-Halle region in km? for 1990, 2000, and 2006 (data source:

The European Environment Agency 2010).

Land-use class Description 1990 2000 2006

Continuous urban fabric (111) Built-up settlement land, mostly inner-urban compact residential areas 8.36 8.36 8.47

Discontinuous urban fabric (112)  Built-up settlement land, mostly peri-urban and rural low density 340.86 356.40 367.53
residential areas

Industrial or commercial units Predominantly built-up industrial and commercial land 65.50 89.29 94.94

(121)

Road and rail networks and Transportation area, often sealed 4.60 4.60 455

associated land (122)

Airports (124) Predominantly built-up and sealed area of airports 11.94 16.68 19.81

Mineral extraction sites (131) Area of opencast lignite mining, predominantly bare soil and sediments 144.08 97.62 61.60

Dump sites (132) All forms of dumps, mostly material and relief accumulation; unsealed 855 6.88 5.89

Construction sites (133) Land development and preparation area 0.46 213 2.92

Green urban areas (141) All forms of urban green spacesincluding parks, allotment gardens, 31.13 31.13 35.18
cemeteries etc.; predominantly not sealed

Sport and leisure facilities (142) All forms of leisure areas; partly built-up, open spaces such as 14.02 14.02 20.05
sportsgrounds often with densified bare soils

Non-irrigated arable land (211) Arable production land 2827.85 2770.97 2700.22

Fruit trees and berry plantations Arable plantations 26.73 8.32 8.54

(222)

Pastures (231) Grassland, partly wetlands 99.01 95.82 118.11

Complex cultivation patterns (242) Including gardens, greenhouses, tree nurseries etc. 4.18 7.31 7.80

Deciduous forest (311) Deciduous forests and young forest plantations 301.66 303.11 310.75

Coniferous forest (312) Coniferous forests and young forest plantations 4.98 4,04 411

Mixed forest (313)

Mixed forests and young forest plantations

22.21 21.91 28.64

change to synergy/trade-off/loss, also indicate temporally
delayed potentials of synergies, trade-offs, and losses, aswell
as the challenges of losing synergistic effects.

Ecosystem servicesindicators

Theindicatorsthat were used for the ecosystem serviceswere
calculated using simple and robust methods from published
literature, or they were based on empirical data. The methods
are comprehensible and reproducible by regional and local
planners. Table2 providesasummary of theindicators. Details
are provided in Appendix 1.

Local climate regulation

Loca climate regulation is an important urban ecosystem
service. Green areas, such as parks, urban forests, lawns and
gardens and the waters of streams, lakes and ponds provide
fresh, cool air for thepopul ation (Tratal oset al. 2007, Whitford
et al. 2001). Accordingly, the local climate regulation is a
valuableservice provided by ESfor theinhabitantsof anurban
region because it reduces the urban heat island effect, and
therefore, it isimportant for maintaining the quality of lifeand
adapting the rural and urban regions to climate change. The
best indicator of local climate regulation would be a map of
air temperatures for the urban region. However, air
temperatures can only be directly assessed with stationary or
mobile measurements, or they can beindirectly estimated with
climate models (Stewart 2011). Thus, land surface
temperaturesareoften used asproxiesfor direct measurements
(Schwarz et a. 2011b). We used land surface thermal
emissions, which indicate the total amount of energy emitted

by asurface. Theland surfaceemissionsstemfromtheL andsat
remote sensing data. A lookup table was created to link land-
cover classes to the land surface emissions (Schwarz et al.
2011a). Anindex of thethermal emissions of each land-cover
type was normalized by the thermal emissions of forests, so
that theindex equals 1 for forests (Table 2). Thislookup table
was then used with the land-cover maps from this study to
compute the spatial distribution of the emission index, and
thereby, to estimatelocal climateregulation for all time steps.
Any uncertainties in the surface emission values were
accounted for by the mean +/- 1 standard deviation of
emissionsfor each land cover class, and they were lower than
5% (for details see Table Al).

Above-ground carbon storage

Terrestrial carbon, whichisstored in living and dead biomass
and in sails, is an important part of the global carbon cycle.
Atmospheric carbon can be sequestered into the terrestrial
stock and then released. With the exception of soil, vegetation
is the largest pool of organic carbon in urban ecosystems
(Churkina2008). Althoughitisdifficult to measurethecarbon
in soil and the changes in carbon storage are hard to predict,
the stock and changes of the above ground stock are easier to
estimate. Most of the above ground carbon can be found in
trees (Davies et a. 2011). The amount of tree cover and,
therefore, the amount of stored carbon, varies across different
land-cover types and geographical regions. The land-cover
changes that result from the destruction of trees leads to the
release of carbon into the atmosphere and vice versa. Land-
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Table2. Overview of theindicatorsand model sthat wereused to cal cul atethe ES (the detail ed model descriptionsandinformation

can be found in Appendix 1).

Ecosystem service Indicator and Unit

Model description

Reference

Local climate regulation Surface emissivity [index]

Recreation potential Green space per capita [m?/ person]

Carbon mitigation Above ground carbon storage
[MgCO,]

Habitat potential for bird species
[index]

Food supply [GJha]

Biodiversity potential

Food supply

L ook-up table with land surface
emissivities per land-use type
Total available green space per raster Haase et al. (2011)

cell divided by the number of people

living there

Extrapolation of field datafor carbon Strohbach et a. (2011)
storagein trees

Schwarz et al. (2010)

Regression model for land-usetype  Strohbach (2010)
(bird species)

Regression model for land-use and Kroll et a. (2010)
soil types (yield)

cover change in rural-urban regions is, therefore, directly
linked to the global carbon cycle and climate change (see
Daviesetal. 2011). Inthe summer of 2009, 190 plotsthat each
had aradius of 15 m were sampled within the urban region of
Leipzig. All treesthat had adiameter at breast height above 5
cm were measured, and their biomass was derived using
allometric equations. The exact procedure is described in
Strohbach and Haase (2012). The original survey was carried
out with more detailed |and-cover that included 19 land-cover
classes. To transfer the above-ground carbon values from
Strohbach and Haase (2012), wefirst intersected the two land-
cover layersin a GIS. Then, we calculated the new storage
values for the Corine land cover classes as the area-weighted
averages of the values from Strohbach and Haase (2012).

Biodiversity potential

Biodiversity is usually not counted as a service but rather is
viewed as the basis for ecosystem service production (MA
2005); this is what makes biodiversity so important. In
addition, several studies in cities have shown that urban
dwellersdirectly benefit fromthe presence of rich biodiversity
within their neighborhoods (Baines 2000, Fuller et al. 2007,
Mitchell and Popham 2008). Some studies have estimated the
value of individual species. Rather than estimating the value
of single species, we used indicator species to assess the
biodiversity potential. Achtziger et a. (2004) selected
indicator species for monitoring sustainable devel opment of
five major habitat types in Germany for the German Federal
Agency for Nature Conservation. All indicators are bird
species that represent a good ecological state of these habitat
typesand are sensitive to changes. Two detailed breeding bird
surveys are available for the region: a breeding bird survey
from Halle and the surrounding areas from 1989 with aspatial
resolution of 1 x 1 km (Schénbrodt and Spretke 1989), and a
breeding bird survey from Leipzig and the surrounding areas
from 1993 with a spatial resolution of 0.5 x 0.5 km (STUFA
1995). Theindicator speciesfrom both surveysweredigitized,
and the survey from Leipzig wasresampled to 1 x 1 km. Rare
species were removed from the data set. Six agricultural

species and five forest species were selected (see Table A4).
Habitat models that used the statistical relationships between
land cover and the presence or absence of theindicator species
were developed. In addition to the proportion of land cover,
the average summer temperature and precipitation (DWD
2010), and the total river length (ATKIS 2006) in each cell
were included in the model. The machine learning technique
randomForest (Liaw and Wiener 2002, Hastie et al. 2009) was
used to create amodel that predicted the probability that each
raster cell would be occupied by each bird species. The
probability that a certain grid cell was occupied by a species
was predicted for the land cover from 1990 2000 and 2006;
the climate data and river length were assumed stable at 1990
values. From the individua probabilities, the mean
probabilities of occurrence were calculated for all six
agricultural and five forest species and the probabilities were
between 0 and 1 for both habitat types. If, for example, the
value of an agricultural indicator is closeto 0, the grid cell is
unlikely to be occupied by any of the respective indicator
species, and it is considered to have no value for agricultural
biodiversity. If the value is close to 1, all six agriculture
indicator species are very likely to occur in the cell, and
therefore, the grid cell is likely to have a high value for
agricultural biodiversity. Finally, we created a biodiversity
map that contained values between 0 and 1 using the highest
value of either the agricultural or the forest biodiversity
indicators (Table 2).

Food supply

Food supply is crucial for both food security and the overall
resilienceof anurbanregion (Jansson and Polasky 2010). Food
supply was quantified in GJha for each land-cover type.
Statistical dataat theadministrativedistrictlevel, oncropyield
per hectare, crop type (wheat, rye, barley, oat, triticale, silage
maize, fodder grass, rape seed, turnips or potatoes), fruit yield
per hectare, fodder grassyield per hectare, and the game and
fish killed per year for the years 1991, 2000, and 2007 were
employed to calculate average values of food production per
hectare for the each land-cover typein each year. The amount
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of grass produced per hectare of pasture was converted into
thelevel sof meat and milk that can hypothetically be produced
with the fodder from thisarea. For pastures, forests, fruit trees
and berry plantations, the average food supply values were
calculated per hectare of land-cover type at the federal state
level because of missing data at the administrative district
level. In regards to food production on arable land, average
yieldsper hectarewere calcul ated at the administrativedistrict
level. The yield and soil fertility data were provided by the
Statistical Office of the Free State of Saxony (Saxon Office
of Statistics, 2010), Saxon State Agency for Environment and
Geology (2007) and the Environmental Agency of Saxony-
Anhalt (2008). The percentage of non-food crop production,
such as bio-energy crops on arable land, was estimated with
infformation from the Ministry of Agriculture and
Environment Saxony-Anhalt (2002, 2007) and the Saxon State
Ministry of the Environment and Agriculture (2007). . With
these data, it was possible to consider the increase of bio-
energy crop production and to only restrict the food supply
calculation on food crops. Soil fertility maps with a scale
1:200,000 that contained an index of the soil’ syield potential
from 1 to 5 were applied to differentiate the food production
on arable land according to the soil fertility (cf. Kroll et al.
2012). A bivariate regression and correlation analysis was
conducted to investigate the relationship between the
aggregated soil fertility index and the crop yield with n=24
administrative districts in Saxony and Saxony-Anhalt. The
results were corrected using the soil fertility maps and the
determined regression curves for those crops and years that
showed a significant correlation between the crop yield and
the soil fertility index. After the calculation of the food
production in tonnes per hectare, this value was multiplied
with the caloric value of the respective food based on the
standard nutritivefactorsprovided by the United NationsFAO
statistics database (FAO 2009). An uncertainty analysis was
not feasible in this case (see Tables A1 and A2). Although
imports and exports of food play an important role in the
region, the trade flows of food could not be considered here.
Thus, the calculated potential food supply should not be
assumed as actua food supply, which is composed of
regionally produced and imported food. However, the
consideration of the statistical data on productivity and crop
type composition described above indirectly reflects other
effects, such astheimpact of market conditions and subsidies
on the regional agricultural production. For a more detailed
description of the methodol ogy and the dataapplied, seeKrall
et a. (2012).

Recreation potential

Urban green spaces provide recreation and aesthetic potential
(Bolund and Hunhammer 1999, Troyer 2002, Breuste 2003,
Y li-Pelkonen and Nielema 2005), and therefore, they play an
important role in determining the quality of life for the urban
residents (Santos and Martins 2007, Priego et a 2008).
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Because city regions are ‘people places, the attempts to
preserve nature and ecosystems within the city regions can
only be successful if they meet the needs and the wishes of
theresidents. To calculate the recreation potential inthe urban
region, the area of urban green spaceswas used asaproxy for
the recreation space (reclassified Corine land cover codes
14.1. and 1.4.2 in Table 2). All forests were included in the
recreation classes because they are state forests and they are
publicly accessible. In addition, lakes and watersin the urban
and peri-urban zones were assigned as urban recreation areas,
and they wereincludedintheanalysis. Other water bodiesand
arable land were excluded because they do not provide
recreation spaceand arenot visited for this purpose by people.
The recreation potential was determined by dividing the total
urban green spacein alocal, municipal district by the number
of residents. The delineated green space, which is used for
recregtion, is al publicly accessible. In 5 local districts, the
classified green spaces were compared to the actual green
spaces, and the uncertaintiesin the green space classifications
werevery low (<1%). The population numberswere based on
census data, and thus, they provide the highest possible
validity. The systematic errors of the annual census data for
Leipzig are estimated to be +/- 5% (Leipzig 2011 — Statistical
Office).

RESULTSOF THE CASE STUDY

Aggregated ecosystem servicesin an urban region

At the aggregated level for the whole urban region, we
observed that for most ecosystem services, the more major
value changes occurred in the time period from 1990 to 2000
compared to the 1990 to 2006 period. For above-ground
carbon storage only, significant increases were found for the
year 2006. This finding corresponds to the change of land
cover that is shown in Table 1. In regards to the interactions
of thefiveecosystem services, weidentified ecosystem service
trade-offs between recreation potential, which decreased, and
al of the other ecosystem services, which did not change
significantly (Figure 5).

The analysis on a zone-by-zone basis revealed the effects of
both the peri-urbanization processes in the urban regions of
Leipzigand Halleand therestorationinthelignitemining area
in the south of Leipzig and Halle. Particularly, the
intensification of agricultural production after 1990 increased
the provisioning of the food supply, but there was an overall
decline in green space in the inner and outer peri-urban parts
of the Leipzig-Halle region. The resulting trade-off was the
declinein the open and grassland recreation areasin the peri-
urban parts of the region and thus, of the recreation potential
(Figure 6). This increase in food production can be viewed
also as a consequence of partia privatization of the agrarian
sector after the political transition in 1990 that included a
return of collectivized land to former owners. In addition,
above-ground carbon storage increased in the peri-urban
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regions due to the conversion of treeless agricultural fields
into residential areas with green space and due to the
afforestation of the former lignite mining areas. However,
compared to a forest, afforestation has no recreational value
after 16 years and wastherefore not included in the recreation
potential calculation.

Fig. 5. Aggregated view of the ecosystem service
provisioning in the urban region of Leipzig-Halle for
different land-use states from 1990 (=100), 2000 and

2006. > 100 indicates an increase compared to 1990, and <
100 indicates a respective decrease compared to 1990. The
small bars represent the uncertainty of the model results and
not the value range as depicted in Figure 8.
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We interpret that the synergies, trade-offs and losses of the
ecosystem servicessharedrivers, such astheperi-urbanization
and the restoration and intensification of agricultura
production. This type of analysis can determine where most
of the changes occur, namely in the peri-urban areas, and it
can consequently determine where it is feasible to support
synergiesor avoidtrade-offsby steering and planning theland-
cover changes.

In their bird diversity assessment of Leipzig, Strohbach et al.
(2009) dso identified that recreation potentiad has a
considerable correspondencewith bird speciesdiversity. With
this overlap as an example, the overall level of congruence
among areas of high provisioning that also have at least two,
but up to al five, servicesis an indication that these services
are driven by similar variables. Thus, the ecosystem services
enhancement and improvement strategies could be bundled to
achieve ahigher level of efficiency. The trade-offs that were
found in our analysis indicate the contrary, which means that
to avoid the trade-offs, different protection or conservation
strategies are required.

Weidentified synergiesfor thefood supply and above-ground
carbon storage potential for the outer peri-urban regions in
2000 and 2006 that resulted from the restoration processes.
They wereredlized asalarge extent of agricultural re-use and
afforestation (approximately 5% of thetotal area) intheformer
mining areas. Therefore, the mining areas have a large
potential to provide ecosystem services after they are
recultivated. Losses existed for the service of climate
regulation in the inner peri-urban areas as a consequence of
soil sealing due to the peri-urbanization of approximately 7%
of thetotal area. Thisfinding is consistent with Schwarz et al.
(20114), who found that highly sealed surfaces exhibit high
surface emissions and low evapotranspiration, which are
consistent with their higher air temperatures and low climate
regulation potential. The re-urbanization processes in the
urban centers and suburbanization resulted in the loss of food
supply in those regions through a decline in the agricultural
area, and at the same time, the restoration of brownfields led
to an increase in the recreation potential in the inner parts of
the cities. The driver of this development was the interim use
of the run-down areas in the cities as a cost-effective solution
to fight urban blight and shrinkage. A study by Rall and Haase
(2011) suggests that interim use has the potential to increase
both theamount and the diversity of green spacesand to create
new spacesfor creativeplay andleisureactivities. Brownfields
are not detected in Corine land cover data, but a change from
class 121 (industria or commercia units) into 141 (green
urban areas) in theinner urban parts of the citiesindicated this
transformation process.

To summarize, we detected a balanced number of synergies
and losses at the zone assessment level compared to thewhole
region aggregate. In approximately 50% of al possible
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ecosystem service pair combinations in the zone-by-zone
assessment, wefound that the changes between 1990 and 2000
and between 1990 and 2006 were lower than 5%.

Spatial ecosystem services assessment

Although there were similaritiesamong the spatia patterns of
the different services (e.g., floodplain forests provide both
recreation and above-ground carbon storage), mapping the
spatial distributions of the provisions of each ecosystem
service revealed that their individual patterns were specific.
By examining the spatial configuration of synergies, trade-
offs and losses in Figure 7 and the accumulated values in
Figure 8, we found that ecosystem services were clustered in
relation to two factors: the geographical position or degree of
centrality in the region (urban, peri-urban, rural) and the land
cover that integrated a range of human activities in the urban
region (e.g., residential and commercial land cover types
represent human activities such asliving and housing and the
labor market). Overadl, the spatially explicit analysis of
ecosystem services synergies, trade-offs and losses showed
that the number of cellsthat exhibited one of these three states
increased from 2000 to 2006 from < 20% (880 km?) to > 35%
(1540 k) of the total area.

Specifically, we identified trade-offs among the ecosystem
service provisionsof food supply and climateregulation (12%
of the total ared). We identified synergies between the
biodiversity potential and above-ground carbon storage
(33%). Because the major land cover changes, which include
an increase in imperviousness, have occurred in theinner and
outer peri-urban areas of the many large cities in eastern
Germany since 1990 (Haase and Nuissl 2010) (atotal area of
approximately 44 kmz), most of the synergies, trade-offs, and
losses of ecosystem servicesin our case study wereidentified
inthoseareas. However, thespatial patternsare heterogeneous
and diverse, and they depend on the single ES pair or bundle.
In the urban parts of the region, net food supply losses were
recorded in 2000 and 2006 (17% of the total area, or 80 km?)
due to the sub/peri-urbanization of formerly agrarian land in
the outer regions of Leipzig and Halle. We identified a
considerable number of potential trade-offs that would
increase food supply and decrease recreation potential in the
central northern and southern parts of the urban region where
the less fertile soils are found (> 7% of the total area).
Regardless of their fertility, many plotsof soil fell fallow after
the political change in 1990 due to de-investment and land
abandonment. However, this situation changed after the
agriculture in eastern Germany recovered in the later portion
of the 1990s (Nuissl and Rink 2005). The increase in food
supply is adirect consequence of this development. In terms
of above-ground carbon storage potential, we identified
synergies in the highly dynamic, former lignite mining area
in the south of Leipzig in 2000 (restoration began in 1991),
but the restoration progress in 2006 converted this positive
development into losses and trade-offs with the recreation
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potential. Thisresultindicatesthat thetree-coveredraster cells
from 2000 were converted into green, leisure spaces with less
treesor singlefamily homeresidential areasin 2006, therefore,
the above-ground carbon storage potentials declined, but the
recreation potential increased. In Figure 8, diagramsf, g and
k are good examples of ecosystem services synergies, and
diagramsa, e, handj represent weak ecosystem servicestrade-
offs in the form of loose-no change relations; the remaining
diagrams appear to be comparatively indifferent.

Fig. 7. Interactions of five ES for the two time periods of
1990 to 2006, shown in amap format. The displayed
interactions should to be read as e.g. the first map shows the
results for the ES “Biodiversity potential” as compared to
“Food supply”.
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Fig. 8. Accumulated synergies, trade-offs, losses, win-no change, lose-no change and no change interrelations of the pairs of
ES (in %) in the rural-urban region that was driven by land-use change in the time period from 1990 to 2006. Each point

represents one 1x1 km cell.
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Temporal change and delayed potential s of ecosystem
services provisioning

Figure 9 shows the results of the analysis of the changes
between the bundles of ecosystem services within the time
period from 1990 to 2006. Increases in the synergies (9%),
trade-offs (29%) or losses (12%) of ecosystem services
provisions were detected for 1990-2006. Almost no changes
were found for the interactions where the local climate
regulation was involved because of limited changes in this
service over time. The changesthat are displayed in Figure 9,
whichwerequantified for acomparatively short period of time
but impacted by the remarkable land cover changes, clearly
show that the ecosystem servicesprovision assessment istime-
dependent and that the detection of land-cover change for
different points in time can provide a realistic evaluation of
what the ecosystems can provide.

Climate Regulation 1990-2006

DISCUSSION

M ethods used, uncertainties and off-site effects

Uncertainties are unavoidable when performing this type of
regional analysis. In our case study, there were two primary
sources of uncertainty: land-cover classification errorsin the
data provided by the EEA and errors from the modeling and
quantification of the ecosystem services indicators. The
validity of the Corine land cover classification has been
confirmed by the European Environment Agency (EEA 2006).
Theaccuracy isapproximately 87% (with 22 out of 44 classes
being validated). We work at a regiona scale, and thus, an
aggregation of land-cover data was necessary. Nevertheless,
we captured the main pattern of the data e.g., the degree of
imperviousness with the Corine land cover data aggregated at
1x 1 kmcell grid. To account for these uncertainties, we only
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Fig. 9. Spatial change of the synergies, trade-offs, and
losses when comparing the time period of 1990 to 2000 and
the time period of 1990 to 2006.
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evaluated changesin terms of trade-offs, synergies and losses
if the relative change of an indicator waslarger than 5% when
compared to 1990. Thisthreshold considersthat small changes
may be an artifact of the uncertainties. Our analysis used two
different time spans, 1990-2000 and 1990-2006; therefore, it
indicates and considers uncertainties that are related to the
subjective or data-driven choice of the time horizon for such
research. Furthermore, we only defined qualitative terms, and
we avoided numerical changes in rates to highlight the
heuristic nature of our approach. We could show that by using
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simple modelsfor the five ecosystem servicesindicators, itis
possibletodeterminethespatial patternsin ecosystem services
trade-offs and synergies, as well as their changes, without a
largenumber of uncertainties. Moreover, our framework deals
only with trade-offs within a region. Using the food supply
service as an example, we interpret the market and subsidiary
circumstances of food production as external drivers of the
ecosystem services provisions within the region. For this
study, we employed statistical data on soil fertility, livestock
composition, fruit yields, crop yield, and the composition of
cultivated crop typesat the administrativedistrict level for the
respective years. These dataindirectly reflect off-site effects,
such as impacts of climatic conditions on crop yields or
impacts of food markets and subsidies on the composition of
cultivated crop types.

Assessing the analysis framework of the ecosystem
services' interactions

The analysis framework that is presented here regarding the
ecosystem services provisioning synergies, trade-offs, and
losses provides a clear, additional benefit compared to the
existing approaches. Our approach usesdifferent spatial scales
and focuses on the interactions between ecosystem services.
The results, presented as zoned matrices, spidergrams and
maps, are largely consistent across the spatial scales, but
aggregation clearly hidesthetrade-offsand synergiesbetween
ecosystem servicesthat appear at a higher spatial resolutions.
Both the zone and the cell scale show that the highest 1oss of
€cosystem services occurs over time in the peri-urban areas.
On the other hand, the zone-by-zone aggregation ignores the
differentiation of synergy, trade-off and lossareasin theurban
areas of Leipzig and Halle. Thus, for urban planning, only the
grid scale is meaningful.

The analysis framework provides a range of potentials. First
andforemost, itisanintegrativepictureregarding thetemporal
and spatial development of the ecosystem servicesand natural
resources in an urban region. It aso provides an easy
identification of synergy, trade-off, losses and no-change
relationships among the bundles of ecosystem services at
different scales. Therefore, thisframework expandsthesimple
trade-off analysis. Theindicatorsthat were presented estimate
the ES potential's, and they indicate the areaswhere ecosystem
functioning and service provisioning can be improved in an
urban region. This is particularly relevant to shrinking and
postindustrial citiesbecause, asshown by our results, therange
of brownfields in the inner parts of cities may serve
recreational purposes. Finally, the analysis framework that
was presented here includes an innovative evaluation of the
importance of the temporal change of ecosystem services
provisioning with respect to land cover change. This
framework helped to identify the changes in ecosystem
services trade-offs and synergies within short periods of time,
and thus, it reinforced the importance of land-cover changes
in ecosystem services provisioning.
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Relevance for planning policies

For policy makers, for example, the overall trends, tendencies
or patterns of and between ecosystem services might be more
useful than evaluating ecosystem services singularly. All of
the different scales were operable using publicly available
data, but this does not mean that public bodies working and
operating at these scales will be easily introduced to this
framework. It is till a scientific concept that needs to be
transferred into practice. However, the aggregated indices at
the whole case study level and the zone assessment level are
suitable for policy analysts and policy-makers because they
are easy to artifact , and long-term experience shows that
planners and policy analysts are used to working with maps
(e.g., Volk et a. 2010). Thisevaluation is based on the results
of arange of stakeholder workshops that were embedded in
the EU Integrated Project PLUREL (www.plurel.net; Haase
et a. 2010). Ecosystem service trade-offs that wereidentified
here were primarily based on land-cover changes, and
therefore, they facilitate the ecosystem services' provisions
enhancement and land-cover development and planning by
directing land cover in favor of ecosystem services
provisioning and nature conservation. Thisframework can be
used as a form of effect/impact analysis on the spatial and
land-use strategies on different spatial scales. One example of
this is the study regarding the assessment of land cover
strategiesand their rel ationshipto climateregul ation (Schwarz
et a. 2011a).

Challengesfor implementation

How doestheframework that was presented above contribute
to abetter implementation of the ecosystem services concept?
Research that concerns spatial planning in urban regions has
not met the threshold to impact or change policy (Cox and
Searle 2009, Colding 2011), but opportunities for this still
exist. The reasons for not meeting the threshold for policy
impact are manifold. First, there is a lack of information or
standards for assessing ES, particularly in the urban regions.
Here, empirical evidence is required, and our case study
provides precisely this information. Second, Cox and Searle
(2009) and Seppelt et al. (2011a, 2011b) noted a lack of
scalability. Here, our three-scale framework shows the
uncertainties that are related to the different scales in
ecosystem services modeling and assessment. Third, the
involvement of local stakeholders in ecosystem services
modeling and assessment isinsufficient (Anderssonand Bodin
2009, Borgstrom et a. 2006). Here, our framework partially
contributes to the insufficiency because it provides easy
measuresthat arebased on publicly avail abledata, which make
the results accessible and comparable. Fourth, land cover is
often used as a proxy to quantify the provision of ecosystem
services, as in this study. Although the existing systems of
land-cover classifications, such as Corine, somewhat simplify
the human influence on the landscape (Ellis and Ramankutty
2008), this study shows that the relationships that were
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observed between the ecosystem services trade-offs and land
cover changes can be quantified and made spatially explicit.
Fifth, all of the different scales were operable using publicly
available data as earlier mentioned. The framework is still a
scientific concept that needs to be transferred into practice.
Empirical case studies, like the one presented here, help to
develop and define standards for ecosystem services
assessments that will make the concept more applicable.

SUMMARY AND CONCLUSIONS

Our am was to provide an analytica framework to
conceptualize and to quantify interactions between the ES
provisioning in an urban region. The framework suggests the
useof aggregated valuesfor theentireurban region, functional
zones (urban, peri-urban and rural zones) and spatialy
explicit, raster-transformed maps. It involves an eval uation of
the tempora change of an ecosystem services assessment
depending on the land cover change. We applied this
framework to the urban region of Leipzig-Halle in eastern
Germany.

In the case study, on the one hand, the analysis clearly shows
alossin the ecosystem services' provisions as a consequence
of soil sealing in the peri-urban areas; on the other hand, it
shows the synergies of ecosystem services resulting from
brownfiel d-transition into green space and mining restoration.
The study showed that trade-offs and synergies between
ecosystem services are not stable relationships and that they
might change over short periods of time depending on the
change in land cover. At a more general level, the results of
the case study showed that the assessment of ecosystem
services' provisions succeeds at different scales and delivers
consistent results. Becausetheframework involvesazone-by-
zone assessment, the growth and shrinkage processes in the
urban and peri-urban parts of aregion can easily be analyzed.
Using the spatial map approach, we can identify and localize
areas of change in ecosystem services provisioning synergies
and trade-offs. Our framework exclusively addresses the
synergies and trade-offs within an urban region and neglects
off-site effects, as discussed in section 6. This might lead to
an overestimation of the effects of carbon storage, asitisa
global service, while underestimating the valuation of
recreational spacesthat can beaccessed from outsidetheurban
regions of study.

The main conclusions of this work are as follows. First, the
identification and quantification of the ecosystem services
trade-offsand synergy acrossdifferent scalesisoperableusing
simple models. Second, although uncertainties were present,
they did not adulterate the results. Third, the different scales
of the integrated analysis framework that was presented
enables planners and policy-makers to participate in the
identification of trade-offs and synergiesin their region. The
scales used are applicable to different planning hierarchies
gpanning from the federal (in German: Landesentwicklungsplan)
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to the local planning level (in German: Landschaftsplan,
Grunordnungsplan). Finally, the analysis shows the
importance of both land-cover and time for the analysis of
ecosystem services trade-offs, synergies and losses.

Responsesto this article can be read online at:
http: //mww.ecologyandsoci ety.org/vol 17/iss3/art22/

responses/
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Appendix 1.

Table Al.1. Models used to quantify the ES indicators.

Ecosystem  Indicator Model description
service and Unit
Local Surface A lookup-table was built to link the land cover classes to the
climate emissions land surface emissions. The relationship was estimated by
regulation [index] combining the Corine land cover data for the year 2000 and the
Landsat 7 ETM+ thermal band 6.1 (image courtesy of the U.S.
Geological Survey; spatial resolution 60m x 60m). The satellite
scene was collected on 20 August 2002 at approximately 10:30
am. The following index was created for each land cover i to
show the differences in the thermal emissions:
emissionIndex[i]=emission[i] / emission [forest] * 100 —100
The indices for the land cover classes were created without
correcting for in-scene variability or atmospheric influence.
More details can be found elsewhere (Schwarz et al., 2011a).
Recreation  Green space The urban green space (UGS) was used as a proxy for recreation
potential per capita space; UGS was computed using a Geographic Information
[m*/ System (GIS)-selection procedure to identify and extract all
person] UGS land use types. The UGS supply demand per capita:the per
capita demand of UGS was determined as the UGS supply of a
municipal local district divided by the number of people living
that district: RecreationPotential[i]=UGS][i]/> people[i]
Carbon Above Above-ground carbon was estimated based on field data
mitigation  ground collected for the Leipzig region (Strohbach und Haase, 2012).
carbon Trees were sampled in 190 plots stratified over 19 land-cover
storage classes (10 plots per land-cover classes) and above ground
[MgCO;] biomass was estimated with allometric equations. The carbon
content of the trees is roughly 50 % of the biomass. For
transferring the above-ground carbon values to the CORINE
land cover, we first intersected the two land cover layers in a
GIS. Then we calculated the new storage values for the CORINE
land cover classes as the area weighted averages of the values
from Strohbach and Haase (2012) that fell into them. The
resulting carbon storage values are shown in table S3.
Biodiversity Habitat Breeding bird species that indicated diverse agricultural and
potential potential for forest habitat types listed in Achtziger et al. (2004) and shown in

bird species
[index]

table S3 were selected from existing surveys from Leipzig and
Halle (Saale) (Schonbrodt & Spretke, 1989; STUFA, 1995).
Habitat models were developed for each species. The models
built on the statistical relationship between environmental data,
the land cover and the presence or absence of the indicator
species. RandomForest machine learning algorithms (Liaw and
Wiener, 2002) were used to predict the probability of a certain
cell to be inhabited by a bird species. By combining the results
from several species, the biodiversity potential for 1990 was
estimated as a value between 0 (no potential) and 1 (high
potential). The habitat models were then applied to the whole




region and to the 2000 and 2006 land cover.

Food Food Regression models see below

supply supply
[GJ/ha]




Table A1.2. Pearson’s correlation coefficients (r) between the crop yield and soil fertility of

different crops in 1991, 2000, 2007 with n = 24 districts of Saxony and Saxony-Anbhalt.

Yield

o % ”

St - Y S < Q
= £§ £, £E& _ 2 £ £ zg 28

o= o — o C = :

- Z2E =2 s S = £ E £33 Z &
Soil 199] 0.52%% 022 0.52%% 047** 031 0.2 03 029 0.03
fertility | 2000 0.58%* 0.64%% 0.76** 029 048** 025 016 009 023
index | 2007 0.57%% 0.33* 0.51%%  0.03 0.44* 0.4 029 003 0.61**

*p<0.05; **p<0.01



Table A1.3. Above-ground carbon storage in trees for the CORINE land cover classes. Values
were transferred from Strohbach and Haase (2012). Numbers in brackets are standard errors
based on sampling and usage of allometric equations but not on uncertainties from
transferring the original values to CORINE land cover.

CORINE land cover class Above-ground carbon storage
[Mg C ha']

Continuous urban fabric (111) 9.66 (= 5.04)

Discontinuous urban fabric (112) 12.83 (= 4.52)

Industrial or commercial units (121) 7.5 (x4.39)

Road, rail networks and associated land (122)  2.23 (£ 1.25)

Airports (124) 0.9 (£ 0.16)

Mineral extraction sites (131) 2.99 (+0.91)

Dump sites (132) 7.36 (£ 1.54)

Construction sites (133) 4.66 (£ 0.67)

Green urban areas (141)

Sport and leisure facilities (142)
Non-irrigated arable land (211)

Fruit trees and berry plantations (222)
Pastures (231)

Complex cultivation patterns (242)
Deciduous forest (311)

Coniferous forest (312)

Mixed forest (313)

29. 67 (£ 5.25)
12.59 (£ 3.46)
2.2 (+0.46)
4.01 (£1.25)
5.73 (£ 0.95)
7.36 (= 1.5)
62.21 (£ 9.09)
58.18 (+ 5.64)
63.54 (£ 7.56)




Table A1.4. Indicator species for agricultural land and forests from Achtziger et al. (2004) used

as basis for calculating the habitat potential.

Biodiversity indicator species from Achtziger et al. (2004)

agricultural land

forests

Alauda arvensis (Skylark)
Emberiza citrinella (Yellowhammer)

Lanius collurio (Red-backed Shrike)
Miliaria calandra (Corn Bunting)
Milvus milvus (Red Kite)

Vanellus vanellus (Northern Lapwing)

Dendrocopos medius (Middle Spotted
Woodpecker)

Dendrocopos minor (Lesser Spotted
Woodpecker)

Dryocopus martius (Black Woodpecker)
Sitta europaea (Eurasian Nuthatch)
Phylloscopus sibilatrix (Wood Warbler)
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