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ABSTRACT. Landscape fragmentation is increasingly considered an important environmental indicator
in the fields of sustainable land use and biodiversity. To set goals for future development and to plan
appropriate measures, suitable empirical data on the degree of landscape fragmentation are needed to
identify trends and compare different regions. However, thereisstill asignificant lack of dataon landscape
fragmentation as an indicator, despite the substantial scientific literature on this topic, likely because of
confusion over the definition of “fragmentation,” questions associated with scale and dataissues, and lack
of general agreement on a fragmentation measure. This study presents a state-wide quantitative analysis
of landscape fragmentation in Baden-W(irttemberg, Germany, by meansof the“ effectivemesh size” (my),

which characterizes the anthropogenic penetration of landscapes from a geometric point of view and is
based on the probability that two randomly chosen pointsin alandscape are connected, i.e., not separated
by barrierssuch asroads, railroads, or urban areas. Baden-Wrttemberg isfragmented to afar greater extent
than indicated by previous studies. Themg; has decreased by 40% since 1930. Thisdevel opment isstrongly
related to the growing number of inhabitants, the increased use of motorized vehicles, and the hierarchical
regional planning system based on the central place theory. To illustrate the suitability of the my; method
for environmental monitoring, as a planning instrument and as an assessment instrument for impact
assessment studies, we explored several variations of applying the method with regard to choice of
fragmenting elements, consideration of noise bands, spatial differentiation (e.g., administrative districts
vs. ecoregions), and way of dealing with patches at the boundaries of the reporting units. Depending on
the objectives of the investigation (e.g., recreational quality vs. suitability for wildlife habitat), different
variationsmay be most appropriate. Theinsightsand quantitative resultsfrom Baden-W(rttemberg provide
ayardstick for analyzing and assessing landscape fragmentation in other countries.

Key Words: effective mesh size; environmental indicators; landscape change; landscape fragmentation;
landscape indices; monitoring; railroads; roads; sustainable development; time series; traffic; urban
Sprawl

INTRODUCTION

Transportation infrastructure and urban devel opment
are two maor drivers of landscape change
worldwide (e.g., Meyer and Turner 1994, Forman
et a. 2003, Burgi et a. 2004). Landscape
fragmentation caused by transportation infrastructure
and urban development has a number of effects on
amost all components of landscapes, including
aesthetic, ecological, historical, and recreational
qualities, e.g., tranquillity, scenery, and landscape

character (Canters 1997, National Research Council
2002, Forman et a. 2003). Development of
transportationinfrastructure and urban areasfurther
enhances the dispersion of pollutants and acoustic
emissions and affectslocal climatic conditions, soil
and land cover, water balance, and land use (e.g.,
Vitousek et al. 1997, Jaeger 2002).

Roads and railways act as barriersto movement for
many animal species(Spellerberg 1998, Trombulak
and Frissell 2000, Carr et a. 2002, Forman et al.
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2003). In combinationwith growing urban areasand
intensified agricultural land use, they increasingly
narrow and separate the remaining wildlife habitats
(Forman 1995, Hammer et a. 2004, Robinson et al.
2004). Thisongoing process of rapid anthropogenic
landscape change is affecting numerous wildlife
species, in particular speciesthat requirelarge areas
(e.g., lynx Lynxlynx, red deer Cervus elaphus, otter
Lutra lutra, Eurasian badger Melesmeles, Eurasian
capercaillie Tetrao urogallus, and Lesser Spotted
Eagle Aquila pomarina), and is contributing to the
endangerment and loss of biodiversity in many
industrialized countries (van der Zee et a. 1992,
Glitzner et al. 1999, van der Grift 1999, Underhill
and Angold 2000, Marzluff 2001, Forman et al.
2003). Viable populations require minimum areas
of habitat, smaller than which popul ationsare prone
to extinction (With and King 1999, Fahrig 2001,
2002). Therefore, the degree of landscape
fragmentation is an essential indicator of the threat
to species.

Despitethe German Federal Government’ sdeclared
goal to “reverse the trend in land consumption and
landscape fragmentation” (Bundesminister des
Innern 1985), and despite the intention to preserve
large, unfragmented spaces as a central principle of
regional planning, landscape fragmentation in
Germany has increased considerably over the past
20 years. In 1998, the German Study Commission
on the Protection of Humans and the Environment
stated that “ evident urban sprawl isalready leading
to anoticeableloss of landscape quality for leisure,
conservation, and in some cases, even for living”
(Deutscher Bundestag 1998). However, this issue
has so far not been treated asahigh priority item on
the political agenda.

Thereisapressing need for comparative dataon the
curent level and increase of landscape
fragmentation as a robust quantitative basis for
planning, future legislation, and development of a
reliable indicator of landscape fragmentation
(Kupfer 2006). For example, the report on “The
State of the Nation’s Ecosystems—Measuring the
Lands, Waters, and Living Resources of the United
States,” which suggested 103 indicators, includes
seven indicators of fragmentation (Heinz Center
2002, O'Madley et a. 2003, Kupfer 2006).
However, data were available for only two of the
seven fragmentation indicators, and those datawere
for asingle point in time only, i.e., no trends.
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Indicators of the state of the biophysical
environment are a crucia instrument for linking
environmental science with decision making,
planning, and politics (Schupp 2005, Kupfer 2006).
In addition to environmental monitoring, data on
the degree of landscape fragmentation are relevant
for environmental impact assessments on the level
of projects, programs, plans, and policies.
Depending on the specific purpose, different
variants of applying measures of landscape
fragmentation may be most suitable. Therefore,
planners and other experts involved in
environmental impact assessments need to
understand the strengths and limitations of the
various variants of applying landscape fragmentation
measures in sufficient detail to make the right
choices and avoid misuse (Li and Wu 2004). Such
variants relate, among others, to the determination
of relevant fragmenting landscape elements,
consideration of disturbance zones, choice of
reporting units, and the treatment of patches
crossing the boundaries of reporting units.

A crucia question in the development of indicators
of landscape fragmentation is which landscape
elements should be considered as fragmenting
elements. Some landscape elements may be
complete barriers to animal movement, whereas
others are filters of varying effectiveness. In
addition to motorways and federal, state, and rural
roads, many municipal roadsin Germany have high
traffic volumes (often more than 1000 vehicles per
day) and, thus, act assignificant barriersand sources
of mortality for many species, e.g., amphibians
(Hels and Buchwad 2001). However, former
studies of landscape fragmentation have neglected
to examine municipal roads (Bundesamt fur
Naturschutz (BfN) 1999, Schumacher and Walz
2000, Gawlak 2001). Therefore, wewereinterested
in how much municipa roads contribute to the
degree of landscape fragmentation.

Some road effects are restricted to the roadway
itself, such as traffic-induced mortality, whereas
others extend into the adjacent landscape, such as
traffic noise affecting breeding birds (Reijnen et al.
1995a, 1995b, Forman et a. 2003). The distances
over which the various road effects extend into the
adjacent landscape depend on the characteristics of
the road and the landscape, e.g., traffic volume
(“road effect zone,” Forman and Deblinger 2000).
Increasing width of the noise band created by road
traffic indicates that the road becomes more and
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more impermeable for animals. A measure of
landscape fragmentation that is based on the sizes
of theremaining patchesin thelandscape can reflect
this effect of increasing traffic volume when the
sizes of the patches are reduced by the area of the
noise band. Therefore, we asked how much noise
bands influence the degree of landscape
fragmentation.

Incontrasttoadministrativedistricts, ecoregionsare
defined according to ecological criteria. However,
monitoring reports on environmental sustainability
often give indicator values only for administrative
districtsbecausethey are considered more effective
in political discussion. We were interested in what
the differences were in the values of landscape
fragmentation between these two categories of
reporting units.

The boundaries of the reporting units often do not
coincide with the fragmenting elements in the
landscape. Therefore, patches crossing the
boundaries of reporting units need to be attributed
to the reporting units in some suitable way. We
explored the question of what influence different
attribution algorithms have on the resulting degree
of landscape fragmentation.

We anadyzed the historical development of
landscape fragmentation in Baden-Wrttemberg,
Germany since 1930. The state of Baden-
Wirttemberg (35 751 km?) coversthe southwestern
part of Germany and borders Switzerland in the
south and Franceinthewest. Themaingeographical
characteristics include various densely populated
and heavily industrializedregions(such as Stuttgart,
Heilbronn, and Mannheim), several regions of low
mountain ranges (most importantly the Swabean
Alb and the Black Forest), and many more or less
intensively used agricultura landscapes. Baden-
Wairttemberg' s basic hydro-geographical components
are Lake Constance, the Upper Rhine, the upper
reach of the Danube, and nearly the entire basin of
the Neckar river. A well developed and growing
system of urban centers in connection with two
major European transportation axes leads to
relatively high degrees of landscape fragmentation
in some parts of the state.

The objective of this paper isto present acase study
that providesayardstick for analyzing and assessing
landscape fragmentation in environmental monitoring,
and a means for developing quantitative goals for
the future degree of landscape fragmentation, e.g.,
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for application in environmental impact assessments.
We pursue this objective by addressing the
following research questions, based on a
comparison of the degree of landscape
fragmentation among the four principal administrative
districts of Baden-Wurttemberg, the 44 rurd
districts, or counties, and the 66 ecoregions.

1. What is the degree of present-day
fragmentation of these regions, and what is
their ranking order?

2. How much has the degree of fragmentation
of these regions changed during the last 70
years?

3. How much do the results differ when the
municipa roads are included or excluded
from the analysis?

4. How much do the results change when the
increasing width of noise bands caused by
higher traffic volumes is included in the
analysis?

5.  How muchdoestheway that patchescrossing
the boundaries of reporting units are
attributed to the reporting units influence the
degree of fragmentation?

We related the quantitative results to the history of
Baden-Wurttemberg, emphasizing the growth
pattern of the human population and the increased
use of motorized vehicles.

METHODS

The Fragmentation Measure “ Effective M esh
Size* (M)

The scientific literature offers various methods for
quantifying landscape fragmentation (e.g., Gustafson
1998, Hargis et al. 1998, Jaeger 2000, McAlpine
and Eyre 2002, Rutledge and Miller 2006). Jaeger
(2002) compared 22 metrics with regard to their
reliability for quantifying landscape fragmentation,
and systematically examined the eight most
promising indicesbased on eight suitability criteria:
Intuitive interpretation, mathematical simplicity,
modest data requirements, low sensitivity to small
patches, monotonous reaction to different
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fragmentation phases (i.e., perforation, incision,
dissection, dissipation, shrinkage, and attrition),
detection of structural differences (e.g., the
bundling of traffic lines), mathematical homogeneity,
and additivity. According to these criteria, the
effective mesh size (my) was unreservedly
appropriate as a fragmentation measure, whereas
the suitability of the other measures was more or
less severely limited (see also Jaeger (2000) for a
condensed version). For example, average patch
size and the density of roads and railways do not
provide any information on the distribution of the
barriersinthelandscape (e.g., bundled or spread out
evenly) and, thus, hardly give an indication of the
size of the remaining patches, which can vary
greatly, depending on the patterning of the routes.
Measures of variance in patch size and moving-
window analyseswould a so giveinformation about
therelative density of roads across alandscape, but
they are less straightforward to interpret than the
My (See below) and would aso need to be tested
based on the eight suitability criteria

The method chosen here is based on measuring the
My (Jaeger 2000), which can be easily obtained and
interpreted. The method has several advantages
over most other approaches (Jaeger 2000).

« This method includes all the patches
remaining in the network of transportation
infrastructure and urban zones, according to
their size.

« It affords a comparative assessment of
different landscapes and provides a simple
way of showing trends (illustrated in time
series).

« The rdiability of the method has been
checked on the basis of eight suitability
criteriathrough asystematic comparisonwith
other quantitative measures (see above).

«  The method can be extended to include the
permeability of roads for animals or humans
movinginthelandscape(i.e., filter effect) and
the relative location of the patches (Jaeger
2002).

The my; is suitable for comparing regions with
differing total area and with differing portions
occupied by housing, industry, and transportation
structures.
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The basic idea of my is that it expresses the
probability that any two randomly chosen pointsin
the region under observation may be connected, i.
e., not separated by barrierssuch asroads, railroads,
or urban areas (Fig. 1; Jaeger 2000, 2002). It can
alsobeinterpreted asthepossibility that twoanimals
of the same species—placed randomly in aregion
—will find each other. The more barriers in the
landscape, the lower the probability that the two
points will be connected, and the lower the my;.

The connection probability is given by

; (*‘:")2 )
c=3 |
25

and the effective mesh sizeis

n
e — | 2: 2
Mye = A" L= A A, @
t =1

where n = the number of patches (excluding urban
development), A, = size of patchi, and A = the total
area of the region under investigation.

This definition is supported by several features:

1. Smplicity: the connection probability of any
two points is the simplest approach for
determining fragmentation in terms of a
probability; more points are not required,
whereas single points are insufficient.

2. Transparency: the definition is transparent
and makes intuitive sense, because the
probability of two pointsbeing connected can
be directly expressed in a mathematical
formula. The probability that a randomly
chosen pointisin patch 1is:
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Fig. 1. Two randomly chosen points are connected when there is no barrier between them.

So is the probability that the second point isin A,.
Theprobability that both pointsarein patch 1 thusis:

A 1
— (4)
'ﬂ't
The probabilitiesfor all the patches 1 to n are added
up:

2 2 2 z n 2
SRCRCREREE
A, A, A, AS =\
To make this quantity comparable to other regions
with different total areas, it isre-calculated interms
of the size of a patch: the my. This is deduced

through multiplication with A,, which leads to the
above formulafor the my, because

2
B (3) . i) _ 1. A2 (6)
A 'ﬂ't ZII: ( .-‘qt - .-‘ﬂ|t ZJ: i

Intuitive interpretation as a condition of
persistence: the my can be directly
interpreted as a factor influencing the
persistence of populations, as the probability
of two animals meeting each other is the
prerequisite for reproduction and thus for the
persistence of a speciesin aregion (as well
asfor genetic exchangein ametapopulation).

Mathematical properties: the my; has highly
advantageous mathematical properties. For
instance, it is relatively unaffected by the
inclusion or exclusion of small and very small
patches, and owing to its mathematical
properties, the measure is suitable for
comparing regions of differing total sizes.

Consideration of the structure of the
transportation and settlement network: in
contrast to the density of roads and railroads,
the my; expresses changes in the spatial
patterning of transportation lines (e.g.,
bundling of traffic lines).
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The maximum value of the my; is reached
with a completely unfragmented |landscape:
the my; then equals the size of the whole
landscape. If a landscape is divided up into
patches of equal size, then the my; equalsthe
size of these patches. However, it is not
usually equal to the average size of the
patches. The minimum value of the my; is 0
km? when aregion is completely covered by
transportation and urban structures.

Application of the my; method implies a decision
about which landscape elements are considered
relevant for fragmentation (e.g., transportation
infrastructure and urban development) and the
definition of reporting units (e.g., states, rural
districts, ecoregions) in which the degree of
fragmentation is to be determined (Gulinck and
Wagendorp 2002). Various geographical data
layers, e.g., the roads, railways, and urban areas
layers, haveto becombinedto determinethepatches
belonging to a reporting unit. Several approaches
are possible for this (see also Moser et al. 2007,
Jaeger et al. 2007):

1. All patchessharing at |east some of their area
with the reporting unit are considered to be
part of the reporting unit.

2. All patches that are entirely within the
boundaries of the reporting unit are
considered to be part of the reporting unit.

3. Central-point procedure: al patches whose
center (centroid) liesin the reporting unit are
considered part of the reporting unit.

4. Cutting-out procedure: the patchesare cut out
by the boundaries of the reporting unit, i.e.,
the border of the reporting unit serves as an
additional boundary for the patches close to
the border. The patches within the border of
the reporting unit will be included in the
analysis. This tends to cause the my; to be
underestimated because the edge patches
often appear smaller than they are in reality.

The first two methods were rejected because, with
method 1, those patches crossing the boundaries of
atest area are considered part of several reporting
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unitsat the sametime, whereaswith method 2, these
patches are not consigned to any reporting unit. The
cutting-out (CUT) and central-point (CTRP)
procedures both provide a clear and complete
alocation of the patches to the reporting units.
Despitethetendency for edge patchestoberegarded
as being smaller than they really are, the fact that
the reporting unit needs definite borders for
establishing atimeseriesarguesinfavor of theCUT
procedure. The CTRP procedure, however, allows
for changes occurring in the outer boundary of the
actual area under observation (e.g., caused by new
roads near the boundary). Both methods may be
implemented, depending on the problem addressed.
For analyzing the influence of an area’ sboundaries
on its degree of fragmentation, we applied both
methods and compared the results. Because of the
large amount of quantitative results, we present just
one example in this paper (see the “District Level”
section below; full results for the years 1998 and
earlier can be found in the technical report by
Esswein et al. 2002). In most cases, we show the
results of the CUT procedure.

Data Used for Analysis

This study is the first to quantitatively investigate
the development of landscape fragmentation in a
German state over atime span of seven decades. We
used topographic maps of Baden-Wurttemberg at a
scale of 1:200 000. The analysis was conducted for
the year 2004 and for five time steps in the past
(1998, 1989, 1977, 1966, 1930). We used digital
ATKISdatafor theyears 1998 and 2004. The maps
for the years 1989 and earlier were geo-referenced,
then the roads, railways, and settlements were
digitized “backward” starting with the ATKIS data
of 1998 (for technical details see Esswein et al.
2002).

L andscape elements we considered asimpediments
toanimal movement or to peopl eseeking recreation,
and as sources of emissions, were federal
motorways and federal, state, rural, and municipal
roads, railways, urban development, and industrial
areas (urban zones). We also included the natural
fragmentation caused by rivers (from 6 m in width)
and lakes because they are also relevant barriersfor
the many species that cannot cross them and whose
access to resources on the other side of alake may
be restricted by aroad that leads to the lake shore
or riverbank.
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The digitized processing is based on the
geographical datafromthe* Spatial I nformation and
Planning System” (RIPS) (MUller 2000). We used
the Arcinfo® geographical information system
(Environmental Systems Research Institute (ESRI)
2002) to creste the patch geometry from the various
topic layers. The roads were represented by vector
data having zero width. We omitted roadsthat were
joined to the network at only one intersection (i.e.,
incisions), because they do not entirely dissect
patchesandtheir traffic density isusually extremely
low. Those parts of the resulting mosaic that were
not settlements or lakes are the patches that were
used to calculate the my;.

The data from Baden-Wurttemberg illustrate a
comparison of different parts of a state. In addition
to a state-wide overview, we conducted three
analyses based on the four main administrative
regions, the44 rural districts, and the 66 ecoregions
in Baden-Wurttemberg. Bearing in mind the
varying sensitivity of landscapes to fragmentation,
we consider areas with high biotope density as
examples of areas with high sensitivity to
fragmentation (see the last section of the Results).

Traffic Volumes and Noise Bands

Traffic volume has increased considerably since
1930. Noiseisone of the most important emissions
from roads, leading to areduction in breeding bird
density along roads (Reijnen et a. 1995a). The
effect distance of reduced breeding bird density can
be calculated according to the model by Reijnen et
al. (1995h):

d=ceJx+a-h ()

where x istraffic volume in number of vehicles per
day, d is the effect distance, and a and b are
constants. When the percentage of forested areasin
theregioninvestigated isbetween 30% and 50% (as
in Baden-Wrttemberg) the specific formula for
federal highways, and state, rural, and municipal
roadsis given by
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X

X _+38974-126m (8
veh. per day

d=2531m \[

whereasfor federal motorways, thespecificformula
is

X

X _3346.5+127m (9
weh, per day

o= 3.4435m \/
We calculated and compared the my with and
without consideration of noise bands, and when
including and excluding municipal roads (denoted
asi.m.r. and em.r., respectively).

RESULTS
State-wide Overview

Theresultshighlight astrong trend for thelandscape
in  Baden-Wirttemberg to be increasingly
fragmented and built up. Between 1930 and 2004,
themy; hasdiminished from 22.92 kn?to 13.01 km?
(including municipal roads), a reduction of 43%
(Table 1). Excluding municipals roads, the loss
amounted to 38% with the m; reduced from 31.6
km?2 to 19.58 kn?? (Fig. 2).

In 2004, most of Baden-W irttemberg was covered
with patches 16 km? or less in areawhen municipal
roads were included (Fig. 3). The three lowest size
categories accounted for approximately 70% of the
total state. The smallest patches occurred more
frequently in the environs of the cities (Stuttgart,
Mannheim, Karlsruhe, Heilbronn, Ulm) and along
the river valleys (Rhine, Neckar, Danube), as well
asinthenortheast and southeast regions. Thelargest
patches were situated in the northern Black Forest,
including several unfragmented areas (UFAS) over
100 km? in area. Without considering municipal
roads, there were eight UFAS, covering atotal area
of only 1106 km? (3.1% of the state; Table 1). When
municipal roadswereincluded, only six UFAswith
atotal area of 764 km? were found (2.1% of the
state).

Patches between 50 and 100 km? cover the entire
Black Forest and large portions of the Swabian Alb.
However, the number of areas greater than 50 km?2
dropped after 1930 from 83 patches (e.m.r.) to 39
patches in 2004 (Table 1). This means that 53% of
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Table 1. Data on the development of the degree of landscape fragmentation in Baden-Wurttemberg. The
resultsinclude the effective mesh size (my;), the number of patchesincluded in the calculation, the size of
thelargest remaining unfragmented patch, and the number of patches>100 km?and >50 km? (for comparison
with other analyses; the last column “patches >50 km?” includes the patches >100 km?; em.r. = excluding
municipal roads; i.m.r. = including municipal roads). Noise bands were excluded (upper half of the table)
and included (lower half; for the years 1966, 1977, and 1989; data on traffic volume were only available
for these three pointsin time), respectively. All values are based on the cutting-out (CUT) procedure.

Noisebands  Year m,, Number of ~ Size of the Patches >100 km? Patches >50 km?
/ Municipal patches largest patch ~ number (area/ % of the number (area/ % of the
roads (>100 m?) State area) State area)
without noise bands
em.r. 2004 19.58km2 21994 160.10 km? 8 (1106 km?/3.1%) 39 (3138 km?/8.8%)
1998 20.24km2 13945 161.00 km? 8 (1109 km#3.1%) 40 (3209 km#/9.0%)
1989 20.51km2 15469 161.03 km?2 8 (1110 km?/3.1%) 41 (3302 km?/9.2%)
1977 22.14km? 15079 163.40 km?2 8 (1115 km?/3.1%) 49 (3846 km?/10.8%)
1966 24.26 km? 14 352 163.54 km?2 11 (1522 km?/4.3%) 54 (4343 km?/12.1%)
1930 31.47km2 11558 221.87 km? 17 (2369 km?/6.6%) 83 (6703 km?/18.7%)
i.m.r. 2004 13.01km2 40923 142.30 km? 6 (764 km?/2.1%) 22 (1867 kmz/5.2%)
1998 13.66km2 30835 146.70 km? 6 (752 km#/2.1%) 22 (1880 km?#/5.3%)
1989 13.99km2 34096 146.83 km?2 6 (753 km?/2.1%) 23 (1941 km?/5.4%)
1977 17.80km? 33664 161.39 km? 7 (973 km?/2.7%) 36 (2875 kmz/8.0%)
1966 19.46km2 34525 161.49 km? 7 (975 km#/2.7%) 39 (3068 km¥/8.6%6)
1930 22.92km2 32049 206.20 km? 11 (1497 km?/4.2%) 52 (4067 km?/11.8%)
with noise bands
em.r. 1989 1940km? 11958 160.84 km? 8 (1104 km#3.1%) 38 (3084 km¥/8.6%)
1977 21.67km2 12820 163.24 km?2 8 (1112 km?/3.1%) 48 (3779 km?/10.6%)
1966 24.04km? 12913 161.49 km?2 11 (1522 km?/4.3%) 54 (4340 km?/12.1%)
i.m.r. 1989 13.34 km?2 27575 146.25 km?2 6 (751 km?/2.1%) 22 (1871 km2/5.2%)
1977 1745km2 29682 161.22 km?2 7 (972 kn2/2.7%) 35 (2816 km?/7.9%)

1966 19.35km2 31981 161.49 km? 7 (975 kn?/2.7%) 39 (3067 km?/8.6%)
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Fig. 2. Time series of the degree of landscape fragmentation in Baden-W urttemberg since 1930,
obtained by using the effective mesnh size (my;; in km?); em.r. = excluding municipal roads (upper
curve), i.m.r. = including municipal roads (lower curve); with and without noise bands (data on traffic
volume were available for only three pointsin time). The lower the value of the my; the higher the
degree of landscape fragmentation.
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Fig. 3. Landscape fragmentation due to transportation infrastructure and urban development in Baden-
Wirttemberg in 2004. The colors of the patches indicate their sizes. Only six patches >100 km?2 and 22
patches >50 km? remain. The following fragmenting elements (barriers) were considered: motorways,
federal, state, rural, and municipal roads; railroads; rivers >6 m wide; urban development; and |akes.
(Click here to view or download a high resolution pdf version. File size: 1301 KB)
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the UFASs over 50 km? have been lost since 1930.
When municipal roadswereincluded, thereduction
was even greater: the number of patches over 50
km?wasreduced from52t022,i.e.,a56% reduction
(Table 1).

With the inclusion of municipal roads, there were
still 11 patchesof over 100 km?in 1930, oneof them
even >200 km? (206.2 km?). With the exclusion of
municipal roads, the number of UFAsover 100 km?
droppedfrom 17to 8 (over 50%). Whenthedecrease
in the number of UFAs >50 km? since 1930 was
extrapolated linearly into the future, all these areas
were expected to be lost by the year 2070. Linear
extrapolation for the trend of the my; decreasing by
more than 40% since 1930 (including municipal
roads) predicted a my; of O for the year 2100.
However, a linear extrapolation of the m; is an
unrealistic scenario.

The my; is reduced to 0 only when alandscape has
been completely covered by traffic infrastructure
and urban development. The measure of the my;
reactsmore slowly asit approaches0. To overcome
thiseffect, theeffectivemeshdensity, s, canbeused,
which also is a measure of fragmentation that
increaseswithincreasing fragmentation (but, unlike
the my, is not area-proportionately additive; see
Jaeger 2000, 2002: 153-168). The my; and s stand
in the relation of s = 1/my;. Consequently, linear
extrapolations of the s, rather than the my;, would
produce much more redlistic scenarios for future
development under business-as-usual conditions.

The Four Main Administrative Units

The decline of the my is obvious in all the
administrative districts, whereas the gradient of the
graphsisvariable (Fig. 4).

In Fig. 4a, the development of the my; within the
administrative districtsis particularly interesting in
Stuttgart and Tubingen (without municipal roads).
At first, Tubingen started off on a dsightly lower
level than Stuttgart; however, by 1966, this
sequence was reversed. Thereafter, the difference
between the two districts remained somewhat
greater, but by 1989, Tlbingen came very close to
Stuttgart again. TheFreiburgand Karlsruhedistricts
reflected the graphs for Baden-Wirttemberg as a
whole (Fig. 2). The large difference in my; (by
approximately 15 km?) between Freiburg and the
other three districts was due to the number of large
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unfragmented spaces within the Freiburg district.
The percent decrease of my; was greatest in the
district of Stuttgart (Table2), followed by Karlsruhe
and Freiburg.

When municipal roadswereincluded, two different
kinds of development were observed (Fig. 4b). In
Freiburg and Tubingen, fragmentation did not
increasevery muchuntil after 1977, butinKarlsruhe
and Stuttgart the process began after 1966. Here
again the percent decrease of my; was greatest in
Stuttgart. Thedistrict of Freiburgmovedinto second
place, showing a decrease of -47% (Table 2).
Karlsruhe was the only district showing a better
result here than on the em.r. level.

District Level (“Landkreise”)

In this section, the same investigation concept asin
the previous section (i.e., administrative units) is
followed, but it was conducted at afiner scale (Fig.
5). The highly urbanized districts, such as Stuttgart,
Mannheim, and Ulm, are obviously the most
fragmented ones, whereasthel east fragmented ones
are located in the Black Forest (e.g., Ortenaukreis,
Freudenstadt, and Emmendingen).

The development of landscape fragmentation
exhibits strong regional differences. Of the rura
districts, or counties, 27% (12 in all) suffered a
decrease of over 50% (including municipal roads).
These included urban districts such as Karlsruhe
(-69%), Ulm (-66%), Stuttgart (-61%), Pforzheim
(-59%), and Heilbronn (-62%), as well as strongly
urbanized districts, such as Goppingen (-64%) and
Rems-Murr (-59%). Eventhemorerural areas, such
as the Bodensee (Lake Constance) district (-60%),
Waldshut (-53%), Schwéabisch Hall (-48%), and
Hohenlohe (-55%), displayed great changesin my;.
Only two districts showed a relatively small
decrease of less than 20% (Baden-Baden and
Freudenstadt).

For the em.r. situation, five districts showed a
percent decreaseinmy; of morethan 65%from 1930
to 2004 (Table 3). At this level, the leaders in
increased landscape fragmentation were the urban
districts of Ulm, Stuttgart, Karlsruhe (town),
Heilbronn (town), and Goppingen. A decrease of
50% or more also occurred in the Esslingen,
Heidelberg (town), Heilbronn (country), Karlsruhe
(country), Rhein-Neckar, Mannheim, and Schwarzwal d-
Baar districts.
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Fig. 4. Time series of the degree of landscape fragmentation in terms of effective mesh size (my;) within
the four administrative districts in Baden-Wurttemberg from 1930 to 2004 (in km?; without noise
bands). a: excluding municipal roads; b: including municipal roads.
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The difference between the CTRP procedure and
CUT proceduresisillustrated by comparing thetwo
methodsusingthe2004 dataat thedistrict level (Fig.
5). The comparison demonstrated the strong
influence exerted by the patches located at the
boundaries of the region under observation. In
general, thelarger the region under observation and
the smaller the patches located at the boundaries,
the smaller the difference between thetwo methods.
The CUT procedure almost aways led to lower
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differences between the two values vary. This is
because the CTRP procedure artificially dissects
patches at the boundaries of the districts, whereas

Mgy in the four main administrative units (i. m. r.)

My [kmi]

35 -

=+—Freiburg
—8—Karlsruhe
—+—Tlbingen

3':' — Stuttgart

25 |

20

18 4

10

5

Q

1930 1940 1950 1980 1970 1980 1990 2000 2010

b. Year

the CTRP procedure assigns those patches entirely
to a digdtrict. If there are large patches at the
boundary, the effect on the value of the my; can be
accordingly large. For example, those districts in
the Black Forest that were fragmented to a lesser
extent (with my; >10 km?) such as Baden-Baden,
Freudenstadt, Rastatt, or Emmendingen, exhibited
relatively large differences between the two
procedures (Fig. 5). However, in onedistrict, Calw,
the opposite effect occurred because the central
point of arelatively large patch on the border of the
district was located in the neighboring district.
Therefore, the patch was not assigned to the Calw
district by the CTRP procedure, but a significant
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Table 2. Data on the devel opment of the degree of landscape fragmentation in the four main administrative
units of Baden-Wrttemberg (e.m.r. = excluding municipal roads; i.m.r. = including municipal roads; for
theyears 1966, 1977, and 1989, acomparison with/without noise bandswasincluded). All values are based

on the cutting-out (CUT) procedure.

Effective mesh size m, (in km?)

Muni- Admin. unit 1930 1966 1966 1977 1977 1989 1989 with Changein 1998 2004 Changein
cipal with n- with n- noise ba- 1989 with 2004 since
roads oise b- oiseb- nds noise bands 1930

ands ands since 1930

emr. Freibburg 4392 3496 3478 3224 3171 3031 2920 -34% 30.28 29.32 -33%
Karlsruhe 27.68 20.36 20.03 19.08 1846 1815 17.25 -38% 17.98 17.42 -37%
Tubingen 2256 18.92 18.79 1832 1811 1584 1536 -32% 15.81 15.38 -32%
Stuttgart  24.39 18.06 17.79 14.94 1446 14.09 1259  -48% 13.41 12.82 -47%

i.m.r. Freibburg 3363 2883 2870 2816 27.77 2001 1936 -42% 19.49 17.91 -47%
Karlsruhe 18.93 179 1761 1633 1588 1515 1445  -24% 14.99 14.39 -24%
Tubingen 16.73 14.77 1468 1425 14.08 1087 1054 -37% 10.62 10.27 -39%
Stuttgart 1545 132 1299 963 928 837 761 -51% 808 7.88 -49%

part of it was attributed to Calw by the CUT  the largest decreases in my;: Hardtebenen (-82%),

procedure. Hessische Rheinebene (-79%), Stuttgarter Bucht

(-77%), Neckar-Rheinebene (-71%), Mittleres
_ Albvorland (-66%), and the Baar (-65%). Most of
The 66 Ecoregions these areasare situated closeto the growing suburbs

Among the ecoregions, the differences were even
stronger than among the administrative units (Fig.
6). The ecoregions along theriver valleys (Neckar-
Rheinebene, Hessische Rheinebene, Unteres
Illertal) and those ecoregionsthat are dominated by
urban agglomerations (e.g., Stuttgarter Bucht,
Filder, and Bergstrasse) all had values below 3.5
km? (i.m.r.). The highest value was found in the
Grindenschwarzwal d und Enzhéhen with 67.08 km?
(i.m.r). Marked differences between the two
procedures (CTRP and CUT procedures) affected
only asmall number of ecoregionsthat are situated
in the Black Forest.

The increases in landscape fragmentation since
1930 were often very high (Fig. 7). Excluding the
municipal roads, the following ecoregions showed

of Stuttgart and in the river valleys, where the
industrial development occurred. Five areas in the
Black Forest showed a decrease of less than 10%:
Grindenschwarzwald und Enzhdhen  (-6%),
Nordlicher Talschwarzwald (-9%), Baaralb und
Oberes Donautal (-9%), the Markgréfler Hiigelland
(-9%), and Vorderer Odenwald (-7%). When the
municipal roadswere included, the following areas
showed the biggest lossin m;: Neckar-Rheinebene
(-73%), Mittelfrankisches Becken (-68%), Hessische
Rheinebene (-68%), and Markgréfler Rheinebene
(-68%). In all, 23 ecoregions showed a decline in
my; of over 50% (Fig. 7). This is more than twice
the number for the em.r. level (only 9).

The development of the my; within the ecoregions
clearly showshow thegraphfor thewhol e of Baden-
Wirttemberg (Fig. 3) is made up. The various
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Fig. 5. Data on the current (2004) degree of landscape fragmentation in the 44 rural districts of Baden-
Wirttemberg (including municipal roads). Two methods were compared: the cutting-out (CUT)
procedure (dark bars) and the central-point (CTRP) procedure (light bars; see text for explanation of the
methods). The order of the rural districtsis according to increasing values of the effective mesh size
(my;) as measured by the CUT procedure. For comparisons, the value of the my; of the entire state of
Baden-W(rttemberg is shown by a solid line (13.01 km?).
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Table 3. Data on the development of the degree of landscape fragmentation in the 44 rura districts, or
counties, of Baden-Wirttemberg (excluding municipal roads); for the years 1966, 1977, and 1989, a
comparison with and without noise bands was included. All values are based on the cutting-out (CUT)
procedure.

Effective mesh size (m,,; in km?), fragmentation level excluding municipal roads

Rura district 1930 1966 1966 1977 1977 1989 1989 with changefrom 1998 2004  changefrom

with with n- noise ba- 1930 to 1930 to 2004
noise oise b- nds 1989 with
bands ands noise bands

Alb-Donau-Kreis 20.02 18.66 18.21 1588 1539 13.78 12.89 -36% 13.74 1354 -32%
Baden-Baden 16.21 1528 15.02 1513 1484 13.72 13.26 -18% 13.67 1355 -16%
Biberach 1249 1198 11.98 11.07 11.04 1052 10.39 -17% 1051 1025 -18%
Boblingen 1266 998 961 885 802 881 6.88 -46% 882 811 -3%%
Bodenseekreis 1058 9.12 9.03 883 873 751 7.08 -33% 7.5 728  -31%
Breisg.-Hochschw. 38.80 29.54 29.23 27.80 26.88 27.80 26.40 -32% 2766 2682 -31%
Caw 2311 2046 20.46 20.05 20.03 18.66 18.53 -20% 1849 1834 -21%
Emmendingen  47.13 33.30 3314 3290 3229 32.63 31.80 -33% 3262 3161 -33%
Enzkreis 999 712 676 646 598 6.09 546 -45% 6.02 583 -42%
Esslingen 2027 1054 973 875 772 816 6.50 -68% 816 782 -61%
Freiburgi. B., St. 1255 969 899 957 834 905 7.67 -39% 903 813 -3%%
Freudenstadt 28.86 26.90 26.89 26.64 26.64 26.54 26.35 -9% 2643 2591 -10%
Goppingen 3598 15.70 14.95 1546 14.65 11.60 10.32 -71% 11.57 1148 -68%
Heidelberg, Stadt 11.89 7.26 6.63 557 515 545 4097 -58% 540 534 -55%
Heidenheim 23.07 21.70 21.66 20.15 20.11 20.64 19.00 -18% 1837 1810 -22%
Heilbronn 17.03 1125 1093 863 778 839 7.08 -58% 819 786 -54%
Heilbronn, Stadt 9.77 407 4.00 341 267 330 204 -79% 322 308 -68%
Hohenlohekreis  13.14 10.17 10.17 994 990 899 860 -35% 894 858 -3t%
Karlsruhe 1822 1120 10.61 11.27 1051 937 817 -55% 9 802  -56%
Karlsruhe, Stadt 959 343 272 420 233 292 177 -82% 274 243  -T5%
Konstanz 1113 977 977 926 906 763 6.98 -37% 752 738 -34%
Lorrach 2218 20.93 20.84 2095 20.75 20.69 19.89 -10% 2066 2025 -9%
Ludwigsburg 821 724 692 603 556 510 447 -46% 505 462 -44%

(con'd)


http://www.ecologyandsociety.org/vol12/iss1/art22/

Ecology and Society 12(1): 22
http://www.ecol ogyandsociety.org/vol 12/issl/art22/

Main-Tauber-Kr. 21.28 17.95 17.95 14.33 1397 1390 1361 -36% 1386 1338 -37%
Mannheim 408 224 141 223 117 212 092 -T7% 2.09 181  -56%
Neckar-Od.w.-Kr. 25.74 17.84 17.80 1553 1541 1424 1395 -46% 14.2 13.86 -46%
Ortenaukreis 57.33 5317 5278 47.20 46.25 46.22 44.47 -22% 46.13 4455 -22%
Ostalbkreis 2797 2835 2834 1954 1938 1838 14.62 -48% 1531 1435 -49%
Pforzheim 846 668 579 613 485 595 452 -47% 59 581 -31%
Rastatt 2353 19.12 1892 18.66 1827 1849 17.70 -25% 184 1766 -25%
Ravensburg 13.09 1150 1150 1140 1136 10.76 10.34 -21% 1057 973  -26%
Rems-Murr-Kreis 19.51 13.72 1340 1238 1212 11.94 11.43 -41% 11.8 11.56  -41%
Reutlingen 27.02 23.05 23.02 2297 2283 2263 2233 -17% 2258 2245 -17%
Rhein-Neckar-Kr. 17.24 10.17 989 815 7.03 7.74 6.19 -64% 7.71 712 -59%
Rottweil 2323 16.04 16.04 1429 1429 1256 11.72 -50% 1284 11.68 -50%
Schwabisch Hall 17.35 1280 12.80 11.66 11.66 1152 11.16 -36% 1148 1090 -37%
Schwarzw.-B.-Kr. 3457 2534 2534 2207 2190 17.32 16.67 -52% 1739 17.00 -51%
Sigmaringen 1757 1562 15.62 1632 1632 11.70 11.65 -34% 11.85 1149 -35%
Stuttgart 1097 425 316 435 322 292 172 -84% 334 252 -TT%
Tubingen 2306 20.18 20.04 1967 1898 1795 16.59 -28% 17.9 1759 -24%
Tuttlingen 2270 21.08 21.08 20.18 19.87 17.64 16.79 -26% 1761 1732 -24%
Ulm 1412 775 677 562 507 316 253 -82% 311 304 -78%
Waldshut 2004 1781 1781 1701 17.00 16.68 16.58 -17% 16.69 16.27 -19%
Zollernalbkreis 2820 19.71 19.66 19.58 19.33 1853 17.98 -36% 1851 17.97 -36%

ecoregions have experienced quite different
developments, some even deviating strongly from
the general trend (Fig. 8). In many cases, a marked
increase in fragmentation had already occurred
between 1930 and 1966. The Neckar-Rheinebene,
Stuttgarter Bucht, Hessische Rheinebene, Filder,
Mittleres Albvorland, Hardtebenen, and Baar
evidently experienced adecreasein my; during this
period. These are often the areas that have also
suffered the largest overal loss since 1930.
However, the dstliches Albvorland and Marktheidenfel der
Platte do not show significant changes until after
1966, thisdevel opment continuing to alesser extent
in the ostliches Albvorland, although the my; in the

Marktheidenfelder Platte ecoregion barely changes
from that of 1966.

Example of How an Area’s Sensitivity to
Fragmentation Can Be Taken into Account

Fragmentation measures will more likely prove
useful for planning purposes when the results are
coupled with a sensitivity survey that identifies
those areas that are most likely to be adversely
affected by fragmentation (e.g., because recreational
quality is restricted or opportunities for movement


http://www.ecologyandsociety.org/vol12/iss1/art22/

Ecology and Society 12(1): 22
http://www.ecol ogyandsociety.org/vol 12/issl/art22/

Fig. 6. The current (2004) degree of landscape fragmentation in the 66 ecoregions, or natural landscape
units, in Baden-Wirttemberg (fragmentation level including municipal roads), in terms of the effective
mesh size (m;; in km?). The figures (identification numbers) identify the ecoregions (in alphabetical
order): Adelegg (34), Albuch und Hértsfeld (96), Alb-Wutach-Gebiet (120), Baar (121), Baaralb und
Oberes Donautal (92), Bauland (128), Bergstrasse (226), Bodenseebecken (31), Die Filder (106),
Dinkelberg (161), Donau-Ablach-Platten (40), Donauried (45), Frankenhohe (114), Freiburger Bucht
(202), Grindenschwarzwald und Enzhdhen (151), Hardtebenen (223), Hegau (30), Hegaualb (91),
Hessische Rheinebene (225), Hochrheintal (160), Hochschwarzwald (155), Hohe Schwabenalb (93),
Hohenloher-Haller-Ebene (127), Holzstécke (43), Hugelland der unteren Riss (42), Kaiserstuhl (203),
Kocher-Jagst-Ebene (126), Kraichgau (125), Lahr-Emmendinger Vorberge (211), Lonetal-Flachenalb
(97), Markgréfler Hugelland (201), Markgréfler Rheinebene (200), Marktheidenfelder Platte (132),
Mittelfrankisches Becken (113), Mittlere Flachenalb (94), Mittlere Kuppenalb (95), Mittlerer
Schwarzwald (153), Mittleres Albvorland (101), Neckarbecken (123), Neckar-Rheinebene (224),
Nordliche Oberrhein-Niederung (222), Nordlicher Talschwarzwald (152), Obere Gaue (122),
Oberschwabisches Hugelland (32), Ochsenfurter- und Gollachgau (130), Offenburger Rheinebene (210),
Ortenau-Buhler Vorberge (212), Ostliches Albvorland (102), Randen (90), Ries (103), Ries-Alb (98),
Riss-Aitrach-Platten (41), Sandstein-Odenwald (144), Sandstein-Spessart (141), Schonbuch und
Glemswald (104), Schurwald und Welzheimer Wald (107), Schwabisch-Frankische Waldberge (108),
Schwarzwal d-Randplatten (150), Strom- und Heuchelberg (124), Stuttgarter Bucht (105), Stidostlicher
Schwarzwald (154), Stidwestliches Albvorland (100), Tauberland (129), Unteres Illertal (44), Vorderer
Odenwald (145), Westallgauer Hugelland (33). (Click here to view or download a high resolution pdf
version. File size: 252 KB)

Effective mesh size in the 66 ecoregions in
Baden-Wiirttemberg in the current state (2004)
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Fig. 7. Development of the degree of landscape fragmentation in terms of effective mesh size (my;; in
km?) within the 66 ecoregions, or natural landscape units, in Baden-Wrttemberg from 1930 to 2004
(fragmentation level “including municipal roads’). The change in my; is expressed as a percentage of the
1930 results. The identification numbers and names of the ecoregions are given in the legend to Fig. 6.
(Click here to view or download a high resolution pdf version. File size: 269 KB)

Decrease of the effective mesh size in the 66 ecoregions
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Fig. 8. Some examples of time series of the degree of landscape fragmentation within the ecoregionsin
Baden-Wrttemberg from 1930 to 2004 in terms of effective mesh size (my;; in km?; fragmentation level
excluding municipal roads). (The location of the ecoregions within Baden-Wurttemberg is shown in Fig.

6.)

between habitats or subpopulations are reduced).
Fragmentation particularly affects those animal
speci es needing acombination of variouslandscape
elements or particular landscape structures, as well
as those whose regiona survival depends on
successful metapopulation dynamics. However, at
the regional planning scale, it is not presently
feasible to obtain a large-scale description of
sengitivity to fragmentation based on actual
movement patterns of animal species. Instead,

Name of the
Ecogregion

spatial categories, displaying a high probability of
vulnerable movement patterns, can be identified.
This task may include the use of models (e.g.,
Vuilleumier and Prélaz-Droux, 2002).

Large connected areas of forests may serve as an
initial, if crude, categorization of areas sensitive to
fragmentation that are easy to define and delimit. A
second category that is useful at the regional
planning scale is provided by Baden-Wrttemberg's
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landscapeframework program’ satlasof maps(1ER/
ILPG, 1999), showing “areas with a high density of
biotopes deserving protection,” i.e., areas that
exhibit a density of biotopes deserving protection
or of state-wide endangered species that is above
average. They comprise 26.6% of the state areaand
have differing degrees of fragmentation (Fig. 9). In
total, the my; of these areas is 17.16 km? whereas
the areas outside have avaue of 9.05 km?, whichis
much lower, i.e., they are more fragmented (on the
i.m.r. level).

Three more options for defining categories that are
useful for sensitivity assessments are:

() habitats of target species (e.g., Western
capercaillie, and lynx) or groups of target species
that are particularly vulnerable to fragmentation;

(b) areas that function as corridors that are also
particularly vulnerable to fragmentation (e.g., the
map of “areas and corridors that are particularly
suited for a large-scale connected system of
habitats’ in the atlas of maps of Baden-
Wirttemberg's landscape framework program
(IER/ILPS 1999));

(c) combinations of varioustypesof protected areas
that define areas deserving preservation (e.g., areas
of landscape protection and priority areasfor nature
and landscape).

DISCUSSION

Baden-Wurttemberg has been fragmented to a far
greater extent than indicated by previous analyses
(see below). The my; in Baden-Wirttemberg has
decreased by 43% since 1930, from 22.92 kn?? to
13.01 km?whenmunicipal roadswereincluded. The
road network was already fairly dense by 1930.
However, the standard of road construction and the
intensity of road use (including noise, etc.) were
much lower than they are today. The results thus
express a conservative estimate of the increase in
landscape fragmentation. The number of UFAS
>100 km?, i.m.r., has been reduced from 11 in 1930
(4.2% of the state area) to 6 today (2.1% of the state
area), and the number of UFAs >50 km? showed a
similar trend, an overall reduction of UFA sby 50%—
54% within 70 years.

The results demonstrate that Baden-Wirttemberg
hasnow reached avery high level of fragmentation.
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They provide clear answers to the questions posed
in the introduction about the range of the degree of
fragmentation among the variousregionsin Baden-
W rttemberg, the ranking order of the regions, and
how quickly the degree of fragmentation has
changed since 1930. The degree of fragmentation
covered avery widerange: the my; wasbetween 1.4
km? and 26.5 km? among the 44 rural districts, or
counties, when municipal roadswereincluded. The
changes in the degree of fragmentation in different
parts of the state differed considerably.

At least six variables appear suitable for explaining
thesedifferences: relief (altitude and slope), amount
of forest, amount of urban devel opment, popul ation
density, degree of motorization, and the aggregation
of urban areas and traffic lines. Regions at higher
elevations were less fragmented than the valleys.
Thisis a consequence of easier access of lowlands
for settling in historic times. For example, theriver
valleys such as the Rhine valley and the Neckar
valley exhibited amuch|ower my; than the Swabian
Alb (a plateau at a higher altitude) or the Black
Forest. In general, flat regions such as the Kocher-
Jagst-Ebene, the Filder, and the Lake Constance
region were more fragmented than the hilly and
mountainous areas.

Roads are increasingly considered relevant in the
process of forest fragmentation and loss of forest
(Riitterset al. 2004, Wear et al. 2004, Kupfer 2006).
In our study, the percentage of forest in the
ecoregions exhibiting a my; of less than 6 km? was
mostly between 10% and 30%, whereas the areas
with more than 40% forest had a m; of more than
8 km?; and in the areas with more than 60% forest,
the my; was more than 11 km? (i.m.r.), and there
were only a few exceptions. A similar trend was
observed for the density of inhabitants. In regions
with more then 400 inhabitants per sguare
kilometer, the my; was less than 5 km?. However,
there are some substantial exceptionsto this pattern
as well. For example, in the Schonbuch and
Glemswald ecoregion, the my; was 21.4 km? (490
inhabitants per square kilometer; 60% forest, 9%
urban development). In addition, some sparsely
populated areas were highly fragmented, e.g., the
Hohenloher-Haller-Ebene (190 inhabitants per
square kilometer and a my; of 3.1 km?) and the
Oberschwabisches Hugelland (90 inhabitants per
square kilometer and a my; of 5.7 km?). Widely
dispersed urban areas and transportation infrastructure
had an important influence contributing to high
degrees of fragmentation in these regions as
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Fig. 9. Current (2004) degree of landscape fragmentation of the regions with high biotope density in
Baden-W(urttemberg (fragmentation level including municipal roads) in terms of the effective mesh size
(Mg, in km?). (Click here to view or download a high resolution pdf version. File size: 288 KB)
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opposed to regions where densely populated areas
were confined and traffic lines were bundled.

The increase in landscape fragmentation is tightly
related to the increase in the human population. At
the end of World War 11, the number of inhabitants
in Baden-Wirttemberg increased considerably
because many people—displaced from their homes
—immigrated there from those parts of Eastern
Germany that were occupied by Russia, and from
Eastern Europe. The population reached 6.43
million in 1950 and continued to grow to 10.27
millionin1995and 10.74 millionin 2006. Theareas
of urban development doubled between 1950 and
1995 (Jaeger 2002). Baden-Wrttemberg exhibitsa
strong trend of increasing numbers of households
with only one or two people, and decreasing
numbersof househol dswith morethanthreepeople,
leading to a higher per capita uptake of land for
housing.

The development of infrastructure and urban areas
in Baden-Wirttemberg was shaped by the political
planning system. At the end of the 19" century,
when the number of jobs in the cities (such as
Stuttgart, Mannheim, Tubingen, Ulm) increased,
the housing areasin the surroundings of these cities
mushroomed, and the number of commuters using
both public trains and private vehicles exploded.
The number of vehicles per 1000 inhabitants
climbed from 50in 1950, to 360in 1975, and to 696
in 2005 (Statistisches Landesamt 2006). The first
motorways in Baden-Wirttemberg had aready
been built in the 1930s before World War 11, and
there are 1037 km of motorway today
(Bundesministerium fur Verkehr, Bau- und
Wohnungswesen 2005). Thisrapid development of
thecitieswasasignal for thegovernment to regul ate
the emerging patterns. The system they designed
exhibits a hierarchica order of the various
categories of urban areas based on the central place
theory (Christaller 1933). The centers were
determined after apopul ation censusin 1950. These
centersare connected to each other by development
axes that generaly carry more traffic than the
connections between places of lower hierarchy.
This system of decentralized concentration leadsto
much higher fragmentation of the landscape than
centralized systemswith onelarge capital and many
rural areas on the periphery, asis observed, e.g., in
France.

Our results suggest that using natural boundariesis
more appropriate in an ecological perspective
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because the fragmentation patternisgenerally more
homogeneous within the ecoregions (e.g., areas
within and outside of the Black Forest) than the
political districts. Evidence for this conclusion is
the observation that the range of values of the m;
was larger among the ecoregions than among the
political districts. However, political boundaries
have often been considered more relevant for
communication by decision makers because people
can comparetheir home district with other districts.
Therefore, data on both ecoregions and
administrativedistrictsare valuableinformation for
sustainability monitoring.

The municipal roads added considerably to the
degree of landscape fragmentation. When
municipal roadswereincluded or excluded, the my;
changed by about 30% for all of Baden-
Wirttemberg (changes ranged between 5% and
57% among the 44 rural districts). Therefore,
municipal roads should be included in studies on
the degree of landscape fragmentation and its
effects. However, the general trendsover timewere
very similar in most parts of the state.

Noise bands also had an important influence. More
recent pointsin time exhibited stronger differences
in the results including and excluding the noise
bands, by 5% for all of Baden-Wurttemberg for
1989 (between 0.4% and 57% among the rural
districts), reflecting an extensive increase in traffic
volume over recent decades. Depending on the
objectives of the investigation (e.g., quality for
recreational use vs. habitat suitability for wildlife),
different variants of the method may be most
appropriate (e.g., with or without noise bands,
including or excluding municipal roads).

Our results demonstrated that an area’ s boundaries
can influence its degree of fragmentation if large
patches are located close to the boundary (see also
Moser et al. 2007 for data from the South Tyrol,
Italy). The larger the region and the smaller the
patches, the smaller the differences between the
results of the CUT and CTRP procedures. To be
able to compare the value of a region’s my; with
values from earlier pointsin time, the boundary of
the region investigated has to be the same. A fixed
boundary isguaranteed only by the CUT procedure.

The comparison of our results with the number of
UFAs >100 km? obtained by the German Federal
Agency for Nature Conservation (BfN 1999,
Gawlak 2001), which was 28 for the year 1998,
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shows that Baden-Wurttemberg is actualy much
morefragmented than suggested by their study. The
difference is because their study considered only
roads with a traffic volume of over 1000 vehicles/
day as fragmenting elements; furthermore, urban
areas were not taken into account.

The analysis by Schumacher and Walz (2000) also
shows 28 UFAs >100 km? in Baden-Wrttemberg
(totalling 4400 km? = 12% of the state ared). This
analysis mainly targeted unfragmented spaces for
recreation and tourism, identifying only patches
over 50 km2. Schumacher and Walz (2000) suggest
aminimum size of 100 km? as standard for serene
outdoor recreation, following the proposal by
Lassen (1979). They identified 193 areas >50 km?
(16 100 kn? = 45% of the state area, including 28
patches>100 km?). Thedifferencesfrom our results
can be partialy explained by the fact that
Schumacher and Walz excluded rural and municipal
roads, railwayswith no expresstrains(including the
German InterRegio, InterCity, and InterCityExpress
types of trains), rivers, and lakes from their study.
Thus, a large number of areas that seem to be
relatively unfragmented according to the method
used by Schumacher and Walz, disappear once the
other elements fragmenting the landscape are taken
into account.

Analyses of correlations between the degree of
fragmentation and the presence of key species by
habitat suitability modeling can provide information
on the effects of fragmentation. Relationships with
the presence or decreasing tendencies of individual
species, especialy Red-List species, may indicate
the degree to which the amount and loss of large
UFAs reflect the status of a species. Future
refinement of methods should include the success
rates of attempts to cross roads, and assess the
potential of mitigating fragmentation effects by
crossing structures (e.g., Hutter et al. 2001, Forman
et al. 2003, van der Grift 2005).

CONCLUSIONS

Mobility of goodsand people by motorized vehicles
isahighly valued featurein aglobalizing economy.
Increasing human population, decreasing average
household size, and increasing commuter distances
are important causes of increasing landscape
fragmentation. The population of Baden-
Wirttemberg is still growing today because there
are better job conditions there than in the eastern
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parts of Germany. However, the population is
expected to peak in 2012 (or dlightly after,
depending on the number of immigrants) and then
decrease. In 2050, the same number of people will
livein Baden-Wirttemberg asin 1990, i.e., lessthan
today. This has important economic consequences
for the maintenance of the transportation
infrastructure and a dispersed urban development.
Significant parts of the infrastructure that are being
constructed today will likely no longer be needed
by 2050. Short-term economic interests, which
currently conflict with ecological considerations
regarding the protection of large UFAS, may change
drastically in a few decades and eventually aign
with ecological imperatives.

The approach of environmental indicators being
used in environmental reports and progress reports
on sustainability isamajor application for the type
of data reported in this paper. One of the most
comprehensive of these assessments has been the
report on “The State of the Nation’s Ecosystems—
MeasuringtheLands, Waters, and Living Resources
of the United States,” which proposes seven
indicators of fragmentation and landscape pattern,
but suffers from a lack of data on these indicators
(Heinz Center 2002, O'Malley et al. 2003, Kupfer
2006). The time series presented in this paper
provide successful examples of how to implement
and interpret time series of landscape fragmentation,
asthey have already been implemented in thereport
on the state of the environment by the State Institute
for Environmental Protection Baden-W(rttemberg
(Ministerium for Umwelt und Verkehr Baden-
W rttemberg and Landesanstalt fur Umweltschutz
Baden-Wirttemberg 2003, Umweltministerium
Baden-Wirttemberg and Landesanstalt fir Umwelt,
Messungen und Naturschutz Baden-Wurttemberg
2006) and in the report on the status of sustainable
development in Baden-Wirttemberg (Renn et al.
2000).

The case study presented in this paper provides a
model for analyzing and interpreting the current
situation and the development over recent decades
in other countries, especially for comparative
analyses of similar types of ecoregions. The long-
term goa is to generate comparative data for the
whole of Europe and North America. These would
serve as a basis for drawing up agreements about
environmental standards, such aslimits, norms, and
targets, and for creating appropriate measures to
bring about the long-awaited “trend reversal inland
consumption and landscape fragmentation” (e.g.,
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Bundesminister desInnern 1985). For this purpose,
it is useful to establish time series for making
comparisons with previous conditions, including
comparisons with or without an increase in traffic
volume, and to identify changes in trends. The
method used hereiswell suited to this purpose. The
above comparison of the different studies aso
highlights that a unified method (or at least
comparable methods) should be sel ected or evolved
for application throughout Germany and Europe,
allowing the German federal states and European
regions to be standardized (Schupp 2005).

The my method provides a means for setting
environmental quality objectives for the future
degree of landscape fragmentation (Jaeger 2001).
For example, the German Federal Environmental
Agency recently has proposed quantitative limits
for curtailing landscapefragmentation using themg;
(Umweltbundesamt (UBA) 2003: 301, Penn-
Bressel 2005). Other suggestions include a variety
of measures to avoid, minimize, mitigate, and
compensate for fragmentation effects at different
planning stages and on different scales (luell et al.
2003, Forman et a. 2003). To set appropriate
priorities among these measures, knowledge of
fragmentation effects needs to be improved.
Examples of research questions that need to be
investigated are (Trocmeé 2002, Roedenbeck et al.
2007): What arethethresholdsrelatingtothebarrier
effects? How high atransportation network density
is acceptable for a given ecosystem and its
component habitats and species? How significantis
traffic-related mortality for the sustainability of
wildlife populations? What density of fauna
passages is required to effectively maintain habitat
connectivity? The fact that many negative impacts
from habitat fragmentation do not become apparent
until decades afterward is a serious obstacle in
dealing with these questions, as shown by Findlay
and Bourdages(2000) intheir research ontheeffects
of road density on speciesrichnessinwetlands. This
considerable time lag between the impact and the
resulting effectsimpliesthat the loss of specieswill
likely continue for many more years from today
onward following the encroachments already made
in the landscape.

Thedesired changein present trendswill only come
about if substantial changes are made in traffic and
urban development policy. The gap between
political declarations of intention concerning
landscape fragmentation and urban development,
and the actual implementation of policy has only
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widened during the past 15 years. More effective
action must be taken in the form of improving
available data, drawing up target agreements on
landscape fragmentation, monitoring actual
disturbance impacts and success of compensatory
measures, and introducing restorative commitments.

Responses to this article can be read online at:
http: //www.ecol ogyandsoci ety.org/vol 12/iss1/art22/responses/
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