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A B S T R A C T

As urbanization accelerates globally, a better understanding of how cities contribute to biodiversity conservation is increasingly pressing. Previous studies reveal that
cities can harbor a considerable biological richness, including endangered plant species. Yet, a key question on the urban contribution to plant conservation remains
critically open, as little information is available on how populations of endangered plant species occur across different biotope types within cities and to what extent
anthropogenically shaped vs. natural ecosystems provide habitats for endangered plants. We analyzed a unique dataset on the exact geographical position of 1742
populations of 213 endangered plant species in the city of Berlin. We first assessed the relative importance of Berlin’s nine major biotope classes as habitats of these
species. Second, we applied the novel ecosystem concept to quantify endangered plant populations for natural remnants vs. hybrid vs. novel ecosystems within Berlin.
Populations of endangered plant species were generally, although unevenly, associated with specific biotope classes, with forest, grassland, and ruderal biotopes as
the most important habitats. Surprisingly, novel ecosystems harbored the highest numbers of total populations, of total species, and of species that were exclusively
confined to one type of ecosystem novelty. Quantifying the relative importance of biotope classes and novel vs. (near-)natural ecosystems as habitats of endangered
species demonstrates that the urban contribution to biodiversity conservation is best ensured by providing a range of ecosystems. Rather than prioritizing only
natural remnants, we thus argue for broad approaches to urban biodiversity conservation that include novel ecosystems.
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1. Introduction

The potential contribution of cities to biodiversity conservation is
becoming increasingly important in the Anthropocene period, in which
urbanization and biodiversity loss are coinciding and accelerating
global trends (Ellis, 2015). While urban sprawl can threaten biodi-
versity outside cities (Guneralp & Seto, 2013; Mcdonald, Kareiva, &
Formana, 2008), urban regions have been reported to harbor high
numbers of species due to habitat heterogeneity, human agency and
non-random location of many cities in landscape with a naturally high
geomorphological and biological richness (Kühn, Brandl, & Klotz, 2004;
McKinney, 2008). Moreover, cities reflect their regional species pool
(Aronson, 2014) including rare and endangered species (Ives, 2016;
Lawson, Lamar, & Schwartz, 2008; Lenzen, Lane, Widmer-Cooper, &
Williams, 2009; Schwartz, Jurjavcic, & O'Brien, 2002; Shwartz, Turbe,
Julliard, Simon, & Prevot, 2014). Of Australia’s threatened plant and
animal species, for example, 30% occur in cities, and some are ex-
clusively found in them (Ives, 2016; Soanes & Lentini, 2019). Even
heavily urbanized areas and novel urban ecosystems offer suitable ha-
bitats for some endangered species as shown for European cities
(Jokimaki, Suhonen, & Kaisanlahti-Jokimaki, 2018; Kowarik & von der
Lippe, 2018). In consequence, conservation policies have increasingly
focused on urban areas in recent years, with claims that a vast variety of
urban ecosystems offer habitat functions for native species (Goddard,
Dougill, & Benton, 2010; Kowarik, 2011; Lepczyk et al., 2017; Nilon,
2017)

Yet, in their meta-analysis on urban biodiversity conservation,
Shwartz et al. (2014) highlight gaps in knowledge that are vital for
confirming the role of cities for biodiversity conservation. One major
point is that studies of endangered species in urban regions largely do
not account for the conspicuous heterogeneity in time and space that
exists among urban ecosystems (Ramalho & Hobbs, 2012). Indeed,
varying human impacts and a range of environmental barriers filter the
composition of urban species assemblages (Aronson, 2016; Knapp,
Winter, & Klotz, 2017; Kowarik & von der Lippe, 2018; Williams, 2009),
since species are differently pre-adapted or able to adapt to urban
conditions (McDonnell & Hahs, 2015). In consequence, species loss is
seen in urban regions as well (Hahs, 2009). While the “human threat
hypothesis” posits a negative relationship between increasing human
dominance and the persistence of species (Lawson et al., 2008), a
comparison of endangered plant species occurring in differently urba-
nized regions of California found no evidence for negative urbanization
effects (Lawson et al., 2008). However, this may be due to the large
scale of the study, which did not allow for the habitat functions of
natural remnants to be untangled from other, anthropogenically shaped
urban biotopes.

While there is growing evidence of the factors underlying species
richness in urban habitats, (Beninde, Veith, & Hochkirch, 2015;
Lepczyk et al., 2017) these factors are not necessarily the same that
promote the existence of endangered species in cities. For example,
Beninde et al. (2015) revealed patch size as the most important driver
of urban species richness while a recent study in urban regions of
Australia indicated the importance of both big and small habitat pat-
ches for plant species of conservation interest (Kendal et al., 2017).

The importance of remnant biotopes for urban biodiversity con-
servation has been well established (e.g. Godefroid & Koedam, 2003).
There is increasing evidence that anthropogenic biotopes such as urban
grassland (Fischer, von der Lippe, & Kowarik, 2013b; Chollet, Brabant,
Tessier, & Jung, 2018), domestic gardens (Loram, Thompson, Warren,
& Gaston, 2008; Smith, Thompson, Hodgson, Warren, & Gaston, 2006)
vacant land (Anderson & Minor, 2017; Bonthoux, Brun, Di Pietro,
Greulich, & Bouché-Pillon, 2014), parks (Cornelis & Hermy, 2004;
Nielsen, van den Bosch, Maruthaveeran, & van den Bosch, 2014), or
cemeteries (Kowarik, Buchholz, von der Lippe, & Seitz, 2016; Yılmaz,
Kuşak, & Akkemik, 2018) can harbor a broad range of native species as
well. Yet there are open questions on the role of such biotopes for

endangered species (e.g. Williams, Lundholm, & Scott MacIvor, 2014 on
green roofs). However, comparative analyses of the relevance of dif-
ferent types of (near-)natural and anthropogenic biotopes as habitats of
endangered species in cities are missing thus far.

While natural remnants and conservation areas are the traditional
conservation focus in cities (e.g. Diamond & Heinen, 2016; Godefroid &
Koedam, 2003; Knapp, Kühn, Mosbrugger, & Klotz, 2008; Kendal et al.,
2017; Zeeman & Morgan, 2018), a key question remains as to how
novel urban ecosystems should be addressed from a conservation per-
spective (Hobbs, 2014; Kowarik, 2011). Novel ecosystems, which are
characterized by profound and likely irreversible changes to ecosystem
features and/or species assemblages (Hobbs, Higgs, & Harris, 2009;
Hobbs, Higgs, & Hall, 2013), are important components of urban re-
gions (Kowarik, 2011) and have been shown to harbor endangered
species (Bonthoux et al., 2014; Goddard et al., 2010; Kowarik & von der
Lippe, 2018; Maclagan, Coates, & Ritchie, 2018). To date, however, the
extent to which urban ecosystems that differ in ecological novelty (i.e.,
along the spectrum from natural remnants to novel ecosystems; Hobbs
et al., 2013) function as habitats of large sets of endangered plant
species has not been quantified in comparative studies.

A recent study from Berlin (Kowarik & von der Lippe, 2018) made a
first step by assessing the role of highly aggregated novelty types (i.e.,
natural remnants, hybrid and novel ecosystems according to Hobbs
et al., 2013) for alien, native and endangered plant species. Based on
expert assessments of the general occurrence and population estab-
lishment of species in each novelty type, this study revealed that en-
dangered species were unevenly distributed across the novelty cate-
gories, with highest richness in natural remnants. Our present study
makes further steps forward towards understanding the role of different
types of biotopes within novel, hybrid and remnant ecosystems for
plant species of conservation concern: first, by focusing on 1742 spa-
tially referenced populations of 213 plant species that had been iden-
tified as priority species for biodiversity conservation by the responsible
authority (Berlin, 2015); second, by relating the exact location of these
populations to biotope types that reflect the variety of ecological con-
ditions and current land uses in the metropolitan area of Berlin; and,
third, by assigning each biotope patch to one of the major novelty types
(i.e., natural remnant, hybrid, novel ecosystems).

Based on previous research we expect that all novelty categories
harbor plant species of major conservation concern (i.e. priority species
for biodiversity conservation in Berlin), but with a prominent role for
natural remnants in terms of numbers of species, populations and of
species being exclusively confined to one novelty type. We further hy-
pothesize significant differences between biotope types in their role as
habitats of these priority species, as well as patch size effects. In detail,
we address the following research questions: What is the relative con-
tribution of (1) different biotope classes and (2) of natural remnant vs
hybrid vs novel ecosystems within the city of Berlin in harboring po-
pulations of endangered plant species? (3) To what extent do ecosys-
tems that differ in ecological novelty share or exclusively host popu-
lations of endangered plant species?

2. Methods

2.1. Study area and study system

The study was conducted in the city of Berlin, Germany’s capital and
largest city, with 3.6 million inhabitants in 2017 and a total area of
891 km2. About 59% of Berlin’s surface is covered by built-up areas and
streets, while green and blue spaces occupy 41% of the area—including
forests (17.7%), lakes and rivers (6.1%), parks (5.6%), allotment gar-
dens (5.3%), fields (5%) and meadows (1.3%) (SenStadtUm, 2016). The
climate is temperate, with forests and wetlands as natural ecosystems.
The total area of Berlin encompasses remnants of natural and agrarian
landscapes, urban greenspaces with different land-use histories, and a
range of novel ecosystems on vacant urban land and within the built-up
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areas (Sukopp, 1990).
Berlin was founded in the Medieval (1237), but remained for cen-

turies a rather small city, embedded in the rural countryside. Berlin’s
population rapidly grew from ca. 424,000 inhabitants in 1849 to four
million inhabitants in 1925. Today, the total area of Berlin encompasses
remnants of natural landscapes (forests, wetlands) and agrarian land-
scapes (fields, grassland) as well as urban greenspaces (parks, ceme-
teries, community gardens), including some historical parks older than
200 years. Due to bombings during World War II, and a slow urban
development until the German reunification in 1989, a considerable
amount of vacant land with a range of novel ecosystems remained
within the city and was recolonized by natural succession. While some
of these areas were integrated into urban parks, others were re-built as
Berlin is growing again (Sukopp, 1990; Lachmund, 2013).

Berlin’s flora has been well studied since the 18th century (Sukopp,
1987). Starting in the 1970s, information about species extinctions and
declines within the area of today’s Berlin has been synthesized and
updated several times in Red Lists of endangered species (Seitz, Ristow,
Meißner, Machatzi, & Sukopp, 2018). Berlin’s flora comprises 1527
previously present taxa; 17% of these taxa have gone extinct and 29%
are currently being endangered in Berlin, referring to the well-known
flora of the mid-19th century as a baseline (Seitz et al., 2018). A set of
230 plant species of highest conservation priority in Berlin had been
identified within the framework of Berlin’s Flora Protection Program,
based on a systematic assessment approach (Berliner Flor-
enschutzkonzept; Seitz 2008). All of these priority species are being
endangered in Berlin and/or at higher spatial scales (i.e. in the sur-
rounding federal state of Brandenburg, in Germany, Europe, or at a
global scale). In this study, we used data about the spatial location of
populations of priority species that were available for 213 out of 230
species. These data covered a total of 1742 populations and resulted
from a monitoring that was carried out by Berlin (2015) since 2009.
Populations were separated from each other during the monitoring
based on a standardized protocol. Experts discerned populations when
individuals from one population were clearly separated from in-
dividuals of another population by a distance of more than 30m or by
paved pathways or roads. Appendix A includes the species list, with
numbers of populations per species and further information.

2.2. Methodological approach

We first linked the geographical position of each of the populations
of the endangered plant species with a GIS to the biotope it is located in
to unravel the relative importance of different biotopes as habitats of
endangered plant species (biotope scale). We then assigned all biotopes
to a level of ecological novelty according to the novel ecosystem con-
cept (Hobbs et al., 2013) to elucidate the relative importance of natural
remnant vs hybrid vs novel ecosystems for the populations of the target
species (novelty scale) (see Appendix B).

2.3. Biotope types

In the 1980s, a methodological approach was developed to assign
the entire area of Berlin to biotope types that integrate various com-
binations of environmental conditions and land uses (Sukopp & Weiler,
1988). The current biotope mapping of Berlin was conducted between
2001 and 2014, and is based on a combination of site survey and
evaluation of aerial images. Biotopes with multiple and complex ve-
getation structures (such as forests) or with a high conservation value
were covered by field biotope mapping, while others (e.g. lakes, agri-
cultural fields, residential areas) were differentiated by using colour
infrared aerial photography (SenStadtUm, 2014). Today, the Berlin
Environmental Atlas provides a comprehensive biotope map
(SenStadtUm, 2014) that divides Berlin into 79,268 biotope patches, as
the most precise spatial delimitation of homogeneous biotopes. Each of
these patches is assigned to one of 7483 possible biotope types which

are grouped into twelve major biotope classes. Therefore, information
about the affiliation of each patch to the twelve major biotope classes is
easy accessible in the digital dataset of the biotope map.

Since some closely related biotope classes had only few endangered
plant species patches, we aggregated them to keep the results concise.
The following biotope classes were summarized: standing and moving
bodies of water to “water bodies”, heaths were incorporated into
grasslands, and “other types” (which was a plant nursery) was in-
corporated into agricultural fields. This resulted in a total of nine bio-
tope classes: forests, grasslands, ruderal sites, water bodies, built-up
areas, bogs and marshes, groves and hedges, green spaces and agri-
cultural fields (from now on, just “fields”).

With the help of spatial queries in GIS software, we linked the
geographical positions of each of the 1742 populations of the en-
dangered target species with the corresponding fine-grained biotope
type of the respective patches and then aggregated the results at the
level of the nine major biotope classes.

2.4. Ecological novelty

To relate the locations of populations of endangered species to
ecological novelty, we generated an ecosystem novelty map of Berlin
(Fig. 1) by spatially combining data on biotope types with current land
use data as follows: We first assigned a preliminary novelty category to
each of the 7483 biotope types of the aforementioned biotope map.
Following the approach of Kowarik and von der Lippe (2018), we
classified biotope types by considering the origin of the type (natural vs.
anthropogenic) and whether it is dominated by natural ecosystem
processes or by human interference (Appendix C). This led to three
novelty categories (adapted from Hobbs et al., 2009 and specified for
urban settings by Kowarik & von der Lippe, 2018):

• Natural remnant ecosystems are relicts of natural ecosystems that
remain within their historical range of variability, although they are
often slightly affected by urban impacts. Examples range from near-
natural forests, mires and wetlands to moderately used dry or wet
grasslands.

• Hybrid ecosystems are human-mediated ecosystems that have been
modified from their historical state but still retain the potential to
approach historical conditions. These include many young tree
plantings in forests and parks, managed grasslands, extensively
managed urban green spaces, or low-intensity pastures.

• Novel ecosystems are human-modified ecosystems that have likely
been irreversibly changed by profound impacts on abiotic condi-
tions or biotic composition. Novel ecosystems include built-up areas,
vacant lots, rooftops, abandoned industrial areas, or high-intensity
agricultural land.

While most biotopes could be easily classified into one of the eco-
system novelty types, we further refined the novelty classification in
other cases by considering land use data (Appendix D). We identified
the locations of wastelands, rooftops, or former sewage farms from the
2015 version of Berlin Environmental Atlas’s current land use map
(SenStadtUm, 2015), and classified all biotope patches within these
locations as novel ecosystems due to the generally profound changes to
environmental features in these land-use types. Grasslands, for ex-
ample, were usually classified as hybrid ecosystems—but as novel
ecosystems when located in a wasteland, a rooftop, or a former sewage
farm.

2.5. Spatial and statistical analyses

Merging the biotope map and the land use map to generate the
novelty map was done by spatial intersections and later unions in
Quantum-GIS (QGIS). To determine the biotope class and the ecosystem
novelty type for the locations of the 1742 populations, spatial
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intersections were performed in QGIS. To reveal how novelty categories
differ in their relative contribution in hosting populations of en-
dangered plant species we calculated two measures of population
density for endangered plant species. First we calculated population
density per patch (populations/km2) as the mean of the area of each
habitat patch divided by the number of populations they host, including
zero-values for habitat patches which are not occupied by endangered
plant species. Second, we calculated population density per patch as
described above but only within occupied patches.

We tested for overall patch size effects on the occurrence of en-
dangered species by comparing the mean patch size of all habitat pat-
ches occupied by endangered species to the size all unoccupied patches.
As the numbers of occupied and unoccupied patches differed at about
two orders of magnitude, we compared both groups by means of a
permutation test (R-function independence_test in package coin).
Hereby, group affiliation is repeatedly randomly permutated between
patches and the test statistic is derived by comparing the real difference
in mean patch size to that of the permuted groups.

To reveal the relative importance of patch size for the occurrence of
endangered species within the different biotope classes and novelty
categories, we built a conditional inference tree (R package “party”,
Hothorn, Hornik, & Zeileis, 2006) with biotope class, ecological novelty
and patch size as predictors of patch occupancy by populations of en-
dangered plant species in Berlin. This decision tree technique re-
peatedly partitions the dataset into two groups at a threshold value of
an environmental predictor that shows the most significant effect on the
response, i.e. the ratio of occupied patches in the resulting subgroups.
The p-values of the predictors from a linear model are given at each
partitioning node. The terminal nodes of the resulting tree diagram
represent the share of habitat patches occupied by endangered plant
species in a subgroup of all habitat patches with habitat characteristics
determined by all preceding nodes of the respective branch in the tree
diagram. Tree depth was restricted to three hierarchy levels.

To test for possible significant differences in mean densities of po-
pulations of endangered species between natural remnant, hybrid, and
novel ecosystem patches, we performed a one-way permutation test
based on a maxT statistic. This is similar to a one-way ANOVA but

avoiding biased estimates due to non-normal distribution and zero in-
flation of the response. This procedure was followed by paired per-
mutation tests with Holm correction to reveal significant differences
between the three novelty categories. To reveal if habitat novelty has an
effect on the density of endangered species in occupied habitat patches,
we performed a linear mixed effect models with population density as a
response and novelty type as fixed effect. As both population density
and preferential association with a novelty type could be affected by
phylogenetic relatedness of the species, we incorporated plant genus as
a random effect to correct for phylogenetic dependencies. This was
followed by a post-hoc Tukey test to discriminate the population den-
sity between the three novelty categories.

To examine how populations of endangered species from the nine
main biotope classes are distributed across the three novelty categories,
we created a Sankey diagram by using the online tool SankeyMATIC
(www.sankeymatic.com). To analyze if populations within the main
biotope categories contribute disproportionally to the novelty cate-
gories, we run a log-linear model using the R-function loglin and
computed standardized residuals for all possible combinations of factor
levels between main biotope classes and novelty categories to reveal
any deviations of the observed frequencies from the frequencies esti-
mated by the model. These deviations were than incorporated as
symbols in the Sankey diagram, displaying disproportional contribu-
tions of populations within the main biotope classes to the novelty
categories.

To elucidate whether natural remnants, hybrid, and novel ecosys-
tems hold similar or distinct sets of endangered species, we generated
an Euler diagram showing overlaps in the species pools of novelty types
(eulerAPE: Micallef & Rodgers, 2014).

All statistical analyses were performed in R version 3.5.0 (Core,
2018).

3. Results

3.1. Biotope types

Results showed that each of the nine major biotope classes harbor

Fig. 1. Novelty map of Berlin with locations of po-
pulations (n= 1742; red dots) of endangered plant
species (n= 213) that are priority species for biodi-
versity conservation in Berlin. The pie chart displays
the different surface area occupied by natural rem-
nant, hybrid, and novel ecosystems. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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populations of endangered plant species—but with conspicuous differ-
ences among classes (Fig. 2, left). Most of the 1742 populations (70%)
of the 213 high priority species were located within three biotope
classes: forests (34%), grasslands (26%), and ruderal sites (10%), while
the remaining 30% were spread throughout the other six classes.

Patches with populations of endangered species were on average
significantly bigger in size than patches without populations
(Z=−11.653, p < 0.001, Fig. 3). Populated patches showed a lower
variability in patch size compared to unpopulated patches and had a
markedly higher minimum patch size of 0.0118 ha compared to
0.0004 ha in unpopulated patches. The minimum, maximum, standard
deviation and mean patch size of each biotope class and type of eco-
logical novelty are shown in Table 1.

3.2. Ecological novelty

Combining information about the fine-grained types of biotope with
land use made it possible to assign the 79,268 patches of Berlin’s bio-
tope map to one of the three categories of ecological novelty. The re-
sulting novelty map of Berlin (Fig. 1) revealed that natural remnants

make up 7% of the area of Berlin, hybrid ecosystems 16%, and novel
ecosystems 78%; the latter largely includes built-up areas and trans-
portation corridors but also open spaces such as vacant urban-industrial
land and sewage farms.

Each novelty type harbored more than 400 populations of en-
dangered species (Fig. 2, right). Surprisingly, novel ecosystems sup-
ported the highest number of populations (39.4%). These were located
across a wide range of biotope classes, but most prominently within
grassland and ruderal biotopes. Hybrid ecosystems had a slightly
smaller share of populations (36%), and these were found mostly in
forest and grassland biotopes. About one-fourth of all populations
(24%) were located in natural remnant ecosystems, with forest and
wetland biotopes as major habitats.

The log-linear model revealed clear disproportional distributions of
populations growing in the main biotope classes to the three novelty
categories (χ2=1257, p > 0.001). From the three biotope classes
hosting the majority of populations, populations in forests were over-
represented in remnant ecosystems, populations in grassland biotopes
were overrepresented in hybrid ecosystems and ruderal sites con-
tributed more populations than expected to novel ecosystems (Fig. 2).

Fig. 2. Populations from different biotope classes contribute disproportionally to the three types of ecological novelty (χ2=1257, df= 22, p > 0.001). Positive and
negative deviations of expected frequencies from a log-linear model are displayed by symbols on the left side of the respective lines in the diagram (++:>4
standardized residuals; +: 2 to 4 standardized residuals; −: −2 to −4 standardized residuals; −−:<−4 standardized residuals; ○: −2 to 2 standardized
residuals).
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Population density, however, was significantly higher in natural
remnants (0.12 pop./patch) compared to hybrid (0.04 pop./patch) and
novel ecosystems (0.01 pop./patch) (Fig. 4A, maxT=17.108,
p < 0.001). Moreover, there is a similar effect of habitat novelty on
population density of endangered species in occupied habitat patches
only as revealed by a linear mixed effect model corrected for phylo-
genetic dependencies by incorporating genus as a random factor
(Fig. 4B, χ2=37.92, p < 0.001).

Total species numbers were similar in the two anthropogenic eco-
system categories (141 in hybrid, 142 in novel ecosystems), while only
102 species had populations in natural remnants. Importantly, each
novelty type harbored a considerable number of exclusive species
(species confined solely to one novelty type; Fig. 5). Novel ecosystems
had the highest share of exclusive species (20%), followed by hybrid

ecosystems (15%), and natural remnant ecosystems (9%). We also
found important overlaps in species that were present in all novelty
types (26%) or two of the three novelty types (30%; Fig. 5).

A conditional inference tree analysis revealed the relative im-
portance of biotope class, ecological novelty and patch size in ex-
plaining occupancy of biotope patches in the entire Berlin landscape by
populations of endangered plant species (Fig. 6). Biotope class is the
most important factor affecting patch occupancy, followed by ecolo-
gical novelty, and finally patch size (Fig. 6). The tree diagram shows the
highest patch occupancy for remnant bogs and marshes followed by
remnant forests, grasslands and waterbodies (pie charts in Fig. 6). Patch
size matters for discriminating patch occupancy in the biotope classes
built up area, green spaces and groves and hedges, where patches
bigger than 9 ha show a significantly higher share of occupied patches
than smaller ones. For all other biotope classes patch size was only
relevant in hybrid and novel habitats with a higher occupancy of en-
dangered species in patches bigger than 0.4 ha.

4. Discussion

Urban regions have important potential for the conservation of
plant and animal species (Shwartz et al., 2014), but ambiguous trends
for species of conservation concern have been reported for cites, in-
cluding population decline, extinctions (Hahs, 2009; Knapp et al.,
2017), and biotic homogenization (Zeeman, McDonnell, Kendal, &
Morgan, 2017) as well as population persistence and colonization of
new habitats (Kowarik & von der Lippe, 2018; Lawson et al., 2008;
Lundholm & Richardson, 2010). A key question for biodiversity con-
servation thus is not simply whether cities support biodiversity con-
servation, but which environmental settings within urban regions
support species of conservation interest (Lepczyk et al., 2017).

Previous urban studies have revealed that different land-use types
harbor different sets of species (e.g., Celesti-Grapow, Pyšek, Jarosik, &
Blasi, 2006; Godefroid & Koedam, 2007; Godefroid & Ricotta, 2018;
Lososova, 2012). As this can be true also for land-use types with similar
environmental conditions, e.g. due to legacy effects of previous land
use, new approaches towards determining the role of urban environ-
ments as habitats for plants and animals are necessary (Godefroid &
Ricotta, 2018; Ramalho & Hobbs, 2012). This study is likely the first
that quantifies the relative contribution of different biotope classes
within a large metropolitan region for harboring populations of a large
set of endangered plant species of the highest conservation priority at
the city scale. Moreover, applying the novel ecosystem concept (Hobbs
et al., 2013) to a fine-scaled map of biotope types revealed the im-
portance that different levels of ecological novelty in urban ecosystems
may have for endangered plant species. Results of this study are ap-
plicable for other large historical cities, at least in Europe, with a si-
milar structure and land-use history. Yet results from Berlin cannot be
generalized for cities around the globe as these can represent different
typologies in regard to the history of landscape configuration, the
proportion of native vegetation (Hahs, 2009), land use legacies
(Ramalho & Hobbs, 2012), and the configuration of urban elements
(Louf & Barthelemy, 2014).

4.1. Biotope types

Our analysis revealed conspicuous differences in habitat functions
of biotope classes for populations of endangered plant species (Fig. 2).
Built-up biotopes cover the majority of Berlin (54%), but only 5% of the
populations of endangered species were found there, while bogs and
marshes hold as many populations in a fraction of that area (> 1%). A
very high density of populations of endangered species was also found
in grassland and ruderal biotope classes, which hosted 26% and 10% of
populations in 5% and 2% of the area respectively. These results de-
monstrate the importance of anthropogenically influenced biotopes for
urban biodiversity conservation as grassland communities are absent in

Fig. 3. Boxplots of patch size in unpopulated habitat patches (mean=1.1 ha)
and habitat patches populated by endangered plant species in Berlin
(mean=3.1 ha). Please note the logarithmic scale for patch size on the y axis.
Significant differences in average patch size between unpopulated (n=78320)
and populated (n=948) patches were determined by a permutation test for the
two groups (Z=−11.653, p < 0.001).

Table 1
Minimum, maximum, standard deviation and mean patch size of patches as-
signed to biotope classes and ecological novelty types in Berlin. Total number of
patches is 79,268.

Biotope class Minimum (ha) Maximum (ha) Mean (ha) St. Deviation
(ha)

Forests 0.0004 47.55 1.19 1.97
Grasslands 0.0005 40.96 0.54 1.35
Ruderal sites 0.0008 13.28 0.42 0.76
Water bodies 0.0008 960.49 2.19 26.79
Built up areas 0.0005 86.92 1.56 2.27
Bogs and

marshes
0.0015 23.65 0.29 1.16

Groves and
hedges

0.0005 29.28 0.26 0.69

Green spaces 0.0005 69.52 0.97 3.13
Fields 0.0014 83.78 4.48 7.12

Ecological novelty
Remnant 0.0004 960.49 1.69 21.82
Hybrid 0.0004 225.39 0.89 2.54
Novel 0.0005 86.92 1.18 2.4
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Berlin’s natural vegetation (with a few exceptions for wetlands; Sukopp,
1990). Previous studies have highlighted the conservation potential of
urban grasslands, considering grasslands either as remnants of natural
vegetation in other biogeographical regions (e.g., Cilliers, Müller, &
Drewes, 2004; Zeeman et al., 2017) or as culturally shaped grassland
types such as the ones in urban parks or airfields (e.g., Fischer, von der
Lippe, & Kowarik, 2013a; Klaus, 2013; Nielsen et al., 2014). This study
confirms the high importance of urban grassland biotopes by quanti-
fying grassland populations of endangered plant species.

Highly disturbed ruderal sites such as the ones found on vacant land
or in transportation corridors usually fall outside the conservation
focus. Recent studies have illustrated the potential of such sites for
biodiversity or restoration efforts (Anderson & Minor, 2017; Bonthoux
et al., 2014; Gardiner, Burkman, & Prajzner, 2013) and have docu-
mented the appreciation of biodiverse ruderal vegetation by urban
people (Fischer, 2018). This study substantiates the relative importance
ruderal biotopes may have for endangered plant species compared to
other biotopes.

Forests biotopes, which represent the largest vegetation-dominated
biotope class in Berlin (Fig. 2), provided habitats for the highest
number of populations of endangered species. This unsurprising result
corroborates previous studies about the significance of forest patches
for urban biodiversity conservation (e.g. Diamond & Heinen, 2016;
Godefroid & Koedam, 2003). Species that are strongly limited in their
dispersal capacity, such as ancient forest species (Dyderski, Tyborski, &
Jagodzinski, 2017; Hermy, Honnay, Firbank, Grashof-Bokdam, &
Lawesson, 1999), may be unable to colonize other urban biotopes and
thus remain confined to forest biotopes with their long habitat con-
tinuity.

While our study shows that biotope type and ecological novelty
were more important than patch size in explaining the presence of
endangered plant species (Fig. 6), patch size still has a major effect in
some more urban biotope classes (built up areas, groves and hedges,
and green spaces). In those biotopes, large patches (> 9 ha) have the
highest occupancy rates (Fig. 6). This is likely due to the fact that small
sized patches of highly urbanized biotopes are less capable of holding
populations of endangered species (Fig. 3) as the probability of in-
corporating suitable microhabitats increases with patch size. In the
other biotope classes, patch size was only relevant in hybrid and novel
habitats, with a much lower threshold of> 0.4 ha delimitating patches
with a higher occupancy (Fig. 6). The fact that there was no threshold
in patch size detectable for predicting patch occupancy in remnant
ecosystems could result from a generally small patch size in this novelty
class due to constrictions by urban pressures. In contrast, the meta-
analysis by Beninde et al. (2015) revealed patch size to be the most
important predictor for urban biodiversity (i.e., species richness). Yet,
this meta-analysis aggregated data from a large range of taxa and had a
clear focus on species richness. We here show that spatial requirements
of endangered plant species clearly differ between biotopes and novelty
classes. Correspondingly, a recent Australian study highlighted the
importance of both big and small urban conservation areas for plant
species of conservation interest (Kendal et al., 2017).

4.2. Ecological novelty

Urbanization implies the step-by-step transformation of natural to
anthropogenically disturbed ecosystems. Among the latter, a range of
novel ecosystems have emerged following the destruction or profound
alterations of former ecosystems (Kowarik, 2011). Considering the
ecological features, current land use, and the history of urban sites al-
lows deeper insights into the response of species to urbanization
(Ramalho & Hobbs, 2012). We approached this challenge by overlaying
biotope maps with land use maps. This allowed us to differentiate

Fig. 4. Mean density (pop/km2) of populations of
endangered plant species in patches of natural rem-
nant, hybrid, and novel ecosystems. (A) Including
unoccupied patches Significant differences between
ecosystem types were determined by a one-way per-
mutation test (maxT=17.108, p < 0.001).
Different lower case letters above the bars indicate
significant differences in mean population density
between novelty categories according to pairwise
permutation tests with Holm correction. (B) Only
within populated patches. Significant differences be-
tween ecosystem novelty types were calculated by a
linear mixed effect model and corrected for phylo-
genetic dependencies by incorporating genus as a
random factor. Different lower case letters above the
bars indicate significant differences in mean popula-
tion density between novelty categories according to
a Post-hoc Tukey-test.

Fig. 5. Endangered plant species with shared or exclusive occurrences in nat-
ural remnant, hybrid, and novel ecosystems in Berlin (100%=213 species),
illustrated by an area-proportional Euler diagram.
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among novelty categories sometimes even within the same type of
biotope (Appendix D).

The prominence of novel ecosystems in harboring the largest
number of populations of endangered plant species in Berlin is a major
and unexpected result of this study. Additionally, novel ecosystems
include populations from a wider range of biotope classes than remnant
or hybrid ecosystems with ruderal sites, grasslands and built up areas
contributing the majority of populations to this class. Former studies
have shown the potential of novel urban ecosystems for native and
some endangered species (e.g., Bonthoux et al., 2014; Lundholm &
Richardson, 2010)—but without quantifying novel habitat functions in
relation to others (but see Maclagan et al., 2018). As an exception, a
previous study from Berlin revealed a considerable number of native
and endangered species in novel ecosystems, but with clearly more in
natural remnants (Kowarik & von der Lippe, 2018). That the present
study was able to reveal an even higher importance of novel ecosystems
for endangered species is likely due to methodological reasons. The
previous study relied on a dataset with expert ratings on the occurrence
of about 1200 species across novelty categories. In contrast, here we
used a current data set on a smaller subset of species of highest con-
servation concern (n= 213), with information about 1742 spatially
referenced populations. Relating these data to the level of ecological
novelty of each biotope patch, and aggregating fine-grained novelty
assessments ultimately to the three major novelty categories likely
yielded more precise insights into the relevance of ecological novelty
for endangered plant species in cities.

However, the data analysed also revealed a twelve times higher
density (populations/km2) of endangered species in natural remnant
compared to novel ecosystems and a more than three times higher
density in hybrid compared to novel ecosystems (Fig. 4A). A similar
pattern, but with less pronounced differences, was found for population
density (populations/km2) only within occupied patches of the re-
spective habitat class (Fig. 4B). The rather low density of endangered
species in novel ecosystems mainly resulted from the inclusion of a
large amount of built-up areas with sealed surfaces. Although excluding
these areas would have possibly modified this relationship, it was not
possible due to an unknown extent of the sealed surface.

In terms of cost efficiency of practical conservation measures, it may
still be more efficient to preserve the same amount of habitat in natural
remnant than in novel ecosystems due to the higher density of popu-
lations in the former. A further argument for allocating conservation
efforts to natural remnants is the fact that their area cannot be in-
creased and that smaller patches of hybrid or novel ecosystems might
be more sensitive to urban pressures and isolation (Ramalho, Laliberte,
Poot, & Hobbs, 2014).

However, all novelty types are important for urban biodiversity
conservation. Analyzing the overlap of species pools across the three
novelty categories revealed a considerable number of species that occur
exclusively in one category, with 9–20% of species confined to one
novelty type, and surprisingly, of these most were confined to novel
ecosystems (Fig. 5). These results provide further evidence on the im-
portance of biotopes across all novelty categories for urban biodiversity

Fig. 6. Conditional inference tree showing the relative importance of biotope class, ecological novelty and patch size in explaining patch occupancy by populations of
endangered plant species in Berlin. All splits of the dataset are indicated by the predictor that causes the split and have p values< 0.001. The different biotope classes
have been abbreviated as follows: Fr forests, Gr grasslands, Rs ruderal sites, WB water bodies, BA built up areas, BM bogs and marshes, GH groves and hedges, GS
green spaces, Fi fields. The different ecological novelty types have been abbreviated as follows: R remnant ecosystems, H hybrid ecosystems, N novel ecosystems.
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conservation. One novelty type can thus not substitute for the habitat
functions of another category.

The high share of species that were only found in novel ecosystems
is likely due to the urbanization-mediated habitat transformation of
natural remnants or historical agrarian ecosystems. Even some dis-
persal-limited species may occur in novel ecosystems owing to human-
mediated dispersal pathways that can counteract spatial isolation. For
example, non-generalist grassland species are often dispersal limited
(Deák et al., 2018), but they can nonetheless be found on ca. 100-year-
old rooftops of waterworks in Berlin (data not shown), suggesting his-
torical practices of transferring seeds, sods, or natural soil from near-
natural settings for rooftop greening (Brenneisen, 2006; Jim, 2017).

It is important to note that, due to a range of human-mediated en-
vironmental barriers (Kowarik & von der Lippe, 2018; Williams, 2009),
not all urban populations of a given plant species are ultimately suc-
cessful at establishment, and some may be at risk of extirpation (Hahs &
McDonnell, 2014). A study on the performance of rare plant species
along California’s coastline found no correlation between species’ per-
formance and human population density (Schwartz, Smith, & Steel,
2013). However, of all species that were documented for different types
of anthropogenic, hybrid, or novel ecosystems in Berlin, 21–57% had
only casual populations, i.e., these species were not able to establish
self-sustaining populations in cultural ecosystems (Kowarik & von der
Lippe, 2018). The urban success of endangered species indicated by the
present study may thus be overestimated until casual or decreasing
populations are accounted for. Untangling the long-term population
performance of endangered species across urban biotope classes is thus
an important future direction.

5. Conclusions

While the urban contribution to biodiversity conservation is in-
creasingly highlighted in conservation policies and management ap-
proaches (e.g., Aronson et al., 2017, Garrard, Williams, Mata, Thomas,
& Bekessy, 2018), important barriers to investing in urban conservation
efforts still remain. Soanes et al. (2018) recently complained of “a
pervasive narrative in policy, practice and the public psyche” that
urban environments offer limited conservation value; the authors ar-
gued for making use of small spaces and unconventional habitats. By
quantifying the relative importance of novel urban ecosystems for plant

species of high conservation priority in a metropolitan region, this
study provides strong support for making use of the opportunities that
unconventional habitats offer for biodiversity conservation in urban
regions. At the same time, results also demonstrate that neither novel
nor remnant ecosystems alone were able to harbor all plant species of
high conservation concern in Berlin. This study thus further supports a
diversified urban conservation approach to cover the many types of
urban ecosystems for biodiversity conservation.
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Appendix A

Target species of Berlin’s Flora Protection Program (Seitz et al., 2018) and number of populations that had been monitored since 2009. All species
are endangered in Berlin or at higher spatial scales, i.e. in the surrounding federal state of Brandenburg, in Germany, Europe, or at a global scale). As
additional information, the current Red List status in Berlin is given (according to Seitz et al., 2018): 1 threatened with extinction; 2 highly
endangered; 3 compromised; 0 extinct or disappeared; G danger of unknown extent; R extremely rare; V early warning list; D data insufficient; * safe;
Species that have been classified as ‘extinct’ in 2018 were present at the start of the Flora Protection Program in 2008, but have disappeared since the
last monitoring. Moreover, information about the life form of species is given: Hp herbaceous perennial; Ha herbaceous annual; Tr tree; Sh shrub; DS
dwarf shrub; Ge geophyte; Hy hydrophyte; Ch chamaephyte; Pp pseudophanerophyte.

Species Red List Status Number of Populations Life Form

Agrimonia procera 1 14 Hp
Aira caryophyllea subsp. caryophyllea 1 5 Hp
Ajuga reptans 1 5 Hp
Alchemilla monticola 1 2 Hp
Alchemilla plicata 0 3 Hp
Alchemilla subcrenata 1 1 Hp
Alisma lanceolatum 1 2 Hy / Ge
Allium angulosum 1 1 Ge
Alyssum alyssoides 1 5 Hp
Andromeda polifolia 1 8 DS
Anemone ranunculoides 2 8 Ge
Antennaria dioica 0 1 Ch
Anthericum ramosum 2 1 Hp
Anthyllis vulneraria s. l. 1 17 Hp
Arnoseris minima 1 8 Hp
Asperula tinctoria 1 4 Hp
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Asplenium trichomanes 2 1 Hp
Astragalus arenarius 1 3 Hp
Astragalus danicus 1 5 Hp
Blysmus compressus 1 2 Ge
Botrychium lunaria 1 26 Ge
Botrychium matricariifolium 1 20 Ge
Botrychium multifidum 0 2 Ge
Cannabis sativa s. l. 1 1 Ha
Carex appropinquata 2 21 Hp
Carex cespitosa 1 9 Hp
Carex demissa 1 1 Hp
Carex diandra 1 3 Hp
Carex hartmanii 1 37 Ge
Carex lepidocarpa 1 5 Hp
Carex ligerica V 14 Ge
Carex limosa 1 13 Hp
Carex otrubae 1 2 Hp
Carex pseudobrizoides 1 3 Ge
Carex supina 1 10 Ge
Carex viridula subsp. viridula 1 10 Hp
Carlina vulgaris agg. 1 18 Hp
Catabrosa aquatica 1 3 Hp
Centaurea diffusa 1 3 Ha
Centaurium erythraea 2 1 Hp
Centaurium pulchellum 1 9 Ha
Chenopodium bonus-henricus 0 1 Hp
Chenopodium murale 1 7 Ha
Chimaphila umbellata 0 2 DS
Chrysosplenium alternifolium 1 6 Hp
Cicuta virosa 2 15 Hp
Colchicum autumnale 1 3 Ge
Consolida regalis 1 15 Hp
Corydalis intermedia 1 3 Ge
Crataegus macrocarpa 1 6 Sh / Tr
Crataegus media 1 1 Sh / Tr
Crataegus rhipidophylla s. str. 1 1 Tr / Sh
Crataegus subsphaericea 1 10 Sh / Tr
Cuscuta epithymum 1 6 Ha
Cuscuta lupuliformis 1 1 Ha
Cystopteris fragilis s. str. 1 14 Hp
Dactylis polygama G 19 Hp
Dactylorhiza incarnata 1 15 Ge
Dactylorhiza maculata agg. 1 10 Ge
Dactylorhiza majalis s. str. 2 8 Ge
Dactylorhiza× aschersoniana 1 6 Ge
Dianthus carthusianorum 1 63 Hp
Dianthus superbus 1 16 Hp
Drosera intermedia 1 2 Hp
Drosera rotundifolia 1 1 Hp
Dryopteris cristata 1 6 Hp
Elatine alsinastrum 1 2 Ha
Epilobium obscurum 1 1 Hp
Epipactis palustris 1 1 Ge
Equisetum sylvaticum 1 6 Ge
Equisetum variegatum 0 1 DS
Erigeron droebachiensis 0 1 Hp
Euphorbia palustris 1 5 Hp
Euphrasia nemorosa s. l. 0 1 Ha
Euphrasia stricta 1 16 Ha
Festuca polesica 1 1 Hp
Festuca psammophila 1 31 Hp
Filago minima 2 15 Hp
Filago vulgaris 1 4 Hp
Filipendula vulgaris 2 23 Hp
Fragaria viridis 1 11 Hp
Galeobdolon luteum G 16 Ch
Galeopsis ladanum 0 1 Ha
Galium pumilum s. str. 0 1 Hp
Genista germanica 1 4 DS
Genista tinctoria 1 28 DS
Gentiana pneumonanthe 1 8 Hp
Geranium columbinum 1 1 Hp
Geranium sanguineum 1 3 Hp
Gypsophila muralis 0 2 Ha
Helianthemum nummularium subsp. obscurum 1 1 DS
Helictotrichon pratense 1 2 Hp
Hepatica nobilis 1 4 Hp
Hieracium bauhini subsp. heothinum 1 10 Hp
Hieracium caespitosum 1 12 Hp
Hieracium fallax subsp. durisetum 1 3 Hp
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Hieracium maculatum subsp. fictum 1 3 Hp
Hieracium maculatum subsp. tinctum 1 6 Hp
Hieracium prussicum subsp. trichotum 0 1 Hp
Hierochloe hirta subsp. praetermissa 1 5 Hp
Hierochloe odorata subsp. odorata 1 3 Hp
Hippuris vulgaris 0 8 Hp
Hydrocharis morsus-ranae 2 15 Hy
Hypericum desetangsii nothosubsp. carinthiacum 1 2 Hp
Hypericum maculatum s. str. 1 5 Hp
Hypochaeris glabra 0 1 Hp
Hypopitys monotropa s. str. 1 4 Hp
Impatiens noli-tangere 1 1 Ha
Inula salicina 1 3 Hp
Iris sibirica 1 36 Hp
Isolepis setacea 1 4 Hp
Juncus alpinoarticulatus 1 2 Hp
Juncus capitatus 0 1 Ha
Juncus filiformis 1 5 Ge
Juncus subnodulosus 2 3 Ge
Juncus tenageia 1 2 Ha
Juniperus communis subsp. communis 1 32 Tr / Sh
Koeleria glauca 1 24 Hp
Lathraea squamaria 1 14 Ge
Leersia oryzoides 1 5 Hp
Lotus tenuis 1 5 Hp
Luzula pallescens 1 4 Hp
Lychnis viscaria 1 7 Hp
Lycopodium annotinum 1 2 Ch
Lythrum hyssopifolia 0 2 Ha
Medicago minima 2 9 Hp
Myosotis discolor 0 1 Hp
Myosotis sparsiflora 2 7 Hp
Myosurus minimus 1 13 Ha
Najas marina subsp. intermedia G 3 Hy
Najas marina subsp. marina 1 10 Ha
Noccaea caerulescens 0 2 Hp
Oenothera parviflora s. str. 1 2 Hp
Orchis militaris 1 10 Ge
Osmunda regalis 1 28 Ge
Parnassia palustris 1 3 Hp
Platanthera bifolia 1 8 Ge
Populus nigra G 103 Tr
Potamogeton acutifolius 1 7 Ha
Potamogeton friesii 1 2 Hy
Potamogeton gramineus 0 4 Hy
Potamogeton lucens 1 6 Hy
Potamogeton nodosus 1 3 Hy
Potamogeton obtusifolius 1 5 Ha
Potamogeton perfoliatus 1 2 Hy
Potamogeton pusillus G 7 Ha
Potentilla alba 1 17 Hp
Potentilla heptaphylla 1 2 Hp
Primula veris 1 6 Hp
Pulicaria dysenterica 0 1 Hp
Pulsatilla pratensis subsp. nigricans 1 5 Hp
Pyrola chlorantha 1 2 Hp
Pyrola minor 1 1 Hp
Ranunculus aquatilis 1 17 Ha
Ranunculus circinatus 1 1 Ha
Ranunculus lingua 1 15 Hp
Ranunculus peltatus subsp. peltatus 1 1 Ha
Ranunculus sardous 1 22 Hp
Ranunculus trichophyllus s. l. 1 7 Ha
Rhinanthus minor 1 32 Ha
Rhododendron tomentosum 1 5 DS
Rhynchospora alba 1 7 Hp
Rosa caesia s. str. 1 3 Sh
Rosa dumalis 1 35 Sh
Rosa elliptica 1 4 Sh
Rosa marginata 0 1 Sh
Rosa pseudoscabriuscula 1 1 Sh
Rubus fasciculatiformis 1 1 Pp
Rumex aquaticus 0 2 Hp
Rumex sanguineus 1 20 Hp
Sagina apetala agg. D 2 Ha
Sagina nodosa 1 8 Hp
Sanguisorba minor subsp. minor 1 14 Hp
Scabiosa canescens 1 4 Hp
Scilla amoena R 4 Ge
Scolochloa festucacea 0 2 Hp
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Scorzonera humilis 2 55 Hp
Scorzonera purpurea 1 1 Hp
Selinum dubium 1 15 Hp
Senecio paludosus 1 10 Hp
Serratula tinctoria subsp. tinctoria 1 23 Hp
Silene chlorantha 2 2 Hp
Silene conica 1 21 Ha
Silene noctiflora 1 2 Hp
Silene otites 1 24 Hp
Silene tatarica 3 23 Hp
Sparganium natans 1 3 Hy
Stipa capillata 1 1 Hp
Stipa pennata s. str. 1 2 Hp
Stratiotes aloides 2 10 Hy
Swertia perennis 0 1 Hp
Taraxacum nordstedtii 0 2 Hp
Tephroseris palustris 1 3 Hp
Teucrium scordium subsp. scordium 1 1 Hp
Thalictrum minus subsp. minus 1 13 Hp
Thelypteris limbosperma 1 2 Ge
Tragopogon orientalis 0 1 Hp
Trifolium alpestre 2 1 Hp
Trifolium montanum 0 2 Hp
Tulipa sylvestris * 6 Ge
Urtica kioviensis 1 11 Hp
Utricularia australis 1 6 Hy
Utricularia minor s. str. 1 1 Hy
Utricularia vulgaris 1 6 Hy
Verbena officinalis 1 16 Hp
Veronica polita 2 8 Hp
Veronica praecox 1 1 Hp
Viola hirta 1 3 Hp
Viola rupestris 1 15 Hp
Viola stagnina 0 2 Hp
Vulpia myuros 3 4 Hp
Wolffia arrhiza 2 1 Hy
Zannichellia palustris 1 3 Hy

Appendix B

Visual summary of the methodological process of this study. Green boxes represent the data sources, blue boxes represent the methodological
procedures, and white boxes represent the data generated from each of the methodological procedures. Lines indicate which data are used in each
procedure. Boxes are grouped in columns according to the scale or framework used at different stages.
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Appendix C

Differentiation of three major novelty categories in cities according to different levels of ecosystem novelty (i.e. natural remnant, hybrid, and
novel ecosystems). Types have been specified according to the origin, the level of natural ecosystem processes and the level of human interference;
based on the novel ecosystem concept (Hobbs et al., 2013) and the specification for urban environments in Kowarik and von der Lippe (2018).

Natural remnant ecosystems Hybrid ecosystems Novel ecosystems

Origin Natural Natural or anthropogenic Anthropogenic
Level of natural ec-

osystem pro-
cesses

High Medium Low or high

Level of human in-
terference

Low Medium Low or high

Examples Near-natural forests, mires and wetlands to
moderately used dry or wet grasslands

Young tree plantings in forests and parks, managed
grasslands, urban green spaces, or low-intensity pas-
tures

Built-up areas, vacant lots, rooftops, wastelands,
abandoned industrial areas, or high-intensity agricul-
tural land

Appendix D

Assignment of biotope classes in Berlin to categories of ecological novelty. For each biotope class, the first and second levels of hierarchical
subdivisions and the number of further subdivisions are shown. Moreover, it is indicated whether biotope classed were assigned directly to a novelty
category or whether information about land use was used to modify the assignment of patches of a given biotope class to a novelty category. Most
grassland biotopes on agricultural land, for example, were assigned to hybrid ecosystems while grassland patches located on rooftops, in wastelands,
or former sewage farms were classified as novel ecosystems.

Biotope class Subdivision # further subdiv. Modified by land use type Category of ecological novelty

Forests
Native forests 44 no Remnant
Bog forests 3 no Remnant
Swamp forests 7 no Remnant
Native forest plantations 86 yes Hybrid or novel
Forest clearings 1 no Hybrid
Native pioneer forests 28 yes Hybrid or novel
Alien forest plantations 43 no Novel
Alien pioneer forests 5 no Novel

Grasslands
Flood grasslands 5 yes Remnant or novel
Pastures 4 yes Hybrid or novel
Predominantly native vegetation 20 yes Hybrid or novel
Meadows 37 yes Hybrid or novel
Heaths 6 yes Hybrid or novel
Ruderal grasslands 3 no Novel
Intensive grasslands 9 no Novel
Ornamental lawns 9 no Novel

Ruderal sites
Exclusively native vegetation 2 yes Hybrid or novel
With vegetation cover 49 no Novel
Without vegetation cover 8 no Novel

Water bodies
Natural streams, rivers and lakes 38 no Remnant
Reed beds 37 no Remnant
Canalized water without banks 9 no Hybrid
Built up artificial rivers or lakes 34 no Novel
Channels 22 no Novel

Built up areas
Residential core buildings 15 no Novel
Courtyards 5 no Novel
Single houses 8 no Novel
Industrial, commercial, and service buildings 15 no Novel
Traffic areas 41 no Novel
Airports 3 no Novel

Bogs and marshes
All types 79 no Remnant

Groves and hedges
Mostly native vegetation 5 yes Remnant or novel
Some native vegetation 178 yes Hybrid or novel
No native vegetation 4 no Novel

Green spaces
Inland dunes 2 no Remnant
Small parks 1 25 no Novel
Cemeteries 10 no Novel
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Gardens 6 no Novel
Allotment gardens 6 Novel
Sport facilities 10 Novel
Golf courses 1 Novel

Fields
Arable land 10 yes Hybrid or novel
Fallow land 5 yes Hybrid or novel
Plant nurseries 3 no Hybrid
Wild fields 3 yes Hybrid or novel

1Large parks were not addressed as biotope type ‘park’, but differentiated according to present biotope types (e.g. biotope types of forests, grasslands, etc.).
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