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Abstract
Cities represent enviroment for most of Europe’s human population. Spatial pattern of cities’ environmental as well as socio-
economic features affect plant biodiversity. We analysed a floristic mapping dataset of the city of Ljubljana (Slovenia) and 
asked what affects the spatial differences in the presence of different categories of species: species according to residence time 
and endangered and thermophilic species. To explain the proportions of these species groups in grid cells, using Generalized 
Additive Models, we tested the effects of three categories of predictors: i) urban structure, represented by the distance from 
the city centre, population density, soil sealing, and quality of residential environment index, ii) habitat predictors, represented 
by habitat diversity and geologic diversity, and iii) environmental conditions, represented by urban heat island (UHI). Species 
richness decreases with the distance from the city centre and is highest in the cells with intermediate habitat diversity. Number 
of species is highest within city parts of highest quality of residential environment index and lowest in parts with UHI effect. 
Proportion of native species is positively related to habitat and geologic diversity. The proportion of archaeophytes is higher 
where habitats are more diverse and increases with the distance from the city centre. Grid cells with highest proportion of 
neophytes are located in the most built-up areas and in the city centre, which is positively associated with soil sealing, but 
negatively with UHI. Thermophilic species are positively associated with soil sealing. Endangered species have uniform dis-
tribution pattern and their proportion is negatively associated with distance from the city centre and soil sealing. A grid cell 
with the highest proportion of endangered species includes two protected areas with wetland habitats. Calculated ecological 
indicator values show correlation with soil sealing and habitat diversity. Some of the results are in line with well-established 
patterns from other cities, while others reflect certain specific features of Ljubljana, e.g. forested hills close to the city centre. 
The identified hotspots of city’s plant species richness can serve in the argumentation of future urbanistic planning.
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Introduction

In Europe about three quarters of population live in urban 
and peri-urban areas (The World Bank 2020) and for 
majority of that population urban ecosystems are the only 

surrogate for nature that they are regularly in contact with 
(Endlicher 2012). Urbanization is a process of changing nat-
ural or rural landscapes to urban and is considered as one of 
the main reasons for loss of biodiversity (Gregor et al. 2012). 
But despite decline of native species populations (Aronson 
et al. 2015) a special flora develops in urban areas which 
is different from surroundings (Kowarik 1992) because of 
special ecological conditions (Wittig 2008) and enrichment 
in alien species (Celesti-Grapow et al. 2006).

Urban agglomerations and habitats within have specific 
site conditions compared to surrounding environment: 
increased temperature (urban heat island in the city) and 
rainfall (Ajaaj et al. 2018, Bornstein and Lin 2000), pollution 
(Ulpiani 2021), impervious surfaces (Salinitro et al. 2018), 
habitat fragmentation and disturbance (Kowarik 2011; Liu 
et al. 2016). Specific ecological factors are responsible for 
spatial distribution pattern of plants. UHI (urban heat island) 
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phenomenon as characteristic indicator of urban environ-
ment is defined as metropolitan area significantly warmer 
than its surroundings. Usually it is well expressed in city 
centres with distinctly higher proportion of thermophilic 
species (Čeplova et al. 2017a; Schmidt et al. 2014).

Urban ecology is a term used for almost a century and in 
Central Europe its development started about half a century 
ago (McDonnell 2011). Urban flora (and vegetation) have 
been sampled for centuries (Gregor et al. 2012), but with 
different methodology and intensity (Pyšek 1995; Wittig 
2008). First only floristic lists of species were compiled, 
and only later grid based surveys of whole cities were made 
(Celesti-Grapow 1995; Godefroid 2001; Landolt 2001; 
Martini 2010; Schmidt et al. 2014; Stešević and Jovanović 
2008). Grid cell sizes differ between different studies from 
0.1 km2 (Trieste), to 1.6 km2 (Rome), but most widely used 
size is 1 km2. Size of grid cells varies according to aims of 
the study, and also size of the studied city, but it is always a 
trade-off between the precision and sampling effort (time). It 
also determines different sampling accuracy and one must be 
aware of shortcomings. However, grid based flora sampling 
is commonly associated by environmental and social data 
(Altobelli et al. 2007; Bechtel and Schmidt 2011; Schmidt 
et al. 2014). Recently research of urban flora focused on 
comparison of different habitats within urban settlements 
(Čeplova et al. 2017a; Kantsa et al. 2013; Lososová et al. 
2012). Nevertheless, grid mapping is useful to detect eco-
logical patterns in cities. Different approaches can give dif-
ferent results, sometimes even contradictory, but enable us 
to extract general patterns of urban floristic diversity. Urban 
settlements differ in their location, size, form and composi-
tion (Hough 1989; Luck and Smallbone 2010; Parker 2015), 
and most have certain features that cause some modifications 
of general floristic patterns in city floras.

Species richness differs within urban area and along 
urban–rural gradient. Plant species pool consists of indig-
enous species present in the area, indigenous colonizers and 
alien plants (Williams et al. 2009; Aronson et al. 2016) and 
they are filtered through urban drivers: habitat transforma-
tion and fragmentation, urban environment and human prefer-
ences. Last filter is mostly linked to introduction and persis-
tence of alien species. Plant species richness increases from 
low to moderate urbanization, while species number decreases 
towards high urbanization (McKinney 2008). Spatial distribu-
tion of species richness and composition within a city is not 
strictly linked to centre-periphery gradient but is a result of 
complex mosaic of spatial and temporal drivers (Ramalho 
and Hobbs 2012).

In this context city Ljubljana can be considered as a perfect  
case study example for studying distribution of flora related 
to different abiotic and biotic factors. Particular feature of 
Ljubljana is ridge consisting of three hills running through 
the city as a green corridor in a NW–SE direction, making 

a natural forest corridor between neighbouring landscape 
units (Pirnat 1997). The city has experienced rapid develop-
ment since the 1990s resulting in new multi-dwelling private 
housing development on brownfields (e.g. former barracks 
of the Yugoslav Army) or on derelict urban land (mainly 
reserved for industrial development in 1980s), development 
of new shopping centres, completion of the city ring around 
the inner-city of Ljubljana, and residential and commercial 
sprawl at the periphery of the inner-city area or in suburban 
municipalities (Pichler-Milanović and Lamovšek 2010).

Objectives:

–	 What are main environmental factors influencing species 
richness within Central European city (Ljubljana)?

–	 What patterns can be observed in urban agglomeration, 
based on species richness and species characteristics?

Methods

Study area

Ljubljana is the capital of Slovenia with approx. 300,000 
inhabitants. Municipality of Ljubljana covers 274.99 km2 
(City of Ljubljana 2018) and many periurban areas are 
included (40% of the area is covered by agricultural land 
and 39% of forests). Average annual temperature is 10.9° 
C (climatological average 1981–2010) and average annual 
precipitation (1981–2010) is 1,363 mm (ARSO 2018).

Our study area was limited to area within the Ljubljana 
Ring Road representing urban area and covering 56.5 km2 
(Fig. 1). This area is characterized by three forested hilly 
areas (Rožnik, Grad, and Golovec) in the west and south-
east with river Ljubljanica passing between them. The rest 
comprises more or less built up areas, gradually replaced by 
agricultural areas in some of the suburbs.

Area of today’s Ljubljana was inhabited already in 13th 
century BC with its peak in 10th and 7th century BC. Romans 
later established important urban settlement Emona and the 
area was since then permanently populated (Ferle 2018).

Sampling

Floristic sampling of spontaneous flora started in 2015 and 
was based on a systematic grid of 1 km2 cells covering the 
area within the Ljubljana ring road. Such sampling plan 
yielded 70 quadrats, in those with the ring road including 
the whole area to ensure comparability. Each cell was visited 
at least three times (spring, summer, autumn) to obtain all 
phenological stages and to avoid biased sampling. Within 
each cell all spontaneous (not cultivated) vascular flora was 
recorded. Sampling was done by team of University of Lju-
bljana. Data from the vegetation survey of Ljubljana made 
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by researchers of ZRC SAZU was added and final dataset of 
floristic data from 1998 to 2018 was compiled and used in 
further analyses. It comprises 1200 plant taxa (roughly 1/3 
of whole Slovenia’s vascular plant flora).

Taxonomy and nomenclature of plant species are in accord-
ance with Martinčič et al. (2007). Field records for some 
closely related taxa and those difficult for determination were 
aggregated at higher level of species or aggregates according 
to Martinčič et al. (2007), so that the final data matrix for 
further analyses comprised 1103 taxa by 70 grid cells.

Species traits and richness

Archeophytes are species introduced into Europe with Neolithic 
expansion of agriculture, while neophytes are species intro-
duced after 1500 AD (Essl et al. 2018). For listing of archaeo-
phyte and neophyte species we used expert opinion based 
classification, made for the whole flora of Slovenia by Jogan 
et al. (2012) and the report of the floristic mapping of Ljubljana 
by Jogan et al. (2015). As endangered we considered species 
listed on Slovenian Red list (Anonymous 2002) and/or list of 
protected species (Anonymous 2004–2014). As thermophilous 
we considered species with ecological indicator value (EIV) for 
temperature (Pignatti 2005) higher than 7 (Schmidt et al. 2014).

Ecological indicator values (EIV) as estimators of each 
species ecological requirements are used for estimation of 
site conditions and are a good surrogate for measured envi-
ronmental variables (Diekmann 2003). Each plant species 
was assigned ecological values for climatic and edaphic fac-
tors using EIVs developed for Italy (Pignatti 2005) as the 
biogeographic conditions of study area are quite comparable 
to northern Italy. Based on species composition we calcu-
lated mean values for environmental conditions: light, tem-
perature, moisture, continentality, soil reaction, and nutrients 
for each grid cell. Out of 1103 taxa we found available EIV’s 
for 979 for light, 830 for temperature, 919 for continentality, 
932 for moisture, 778 for reaction and 974 for nutrients. Eco-
logical indicator values are very robust system and exclu-
sion of less than 20% of the taxa from the species lists only 
weakly affects the average environmental indication values 
(Ewald 2003). For calculation of grid cell mean ecological 
indicator values (EIV) we used Juice software (Tichý 2002).

For each grid cell we calculated the absolute species rich-
ness, and proportions of native, archeophytes, neophyte, 
endangered and thermophilic species. Sample-based rarefac-
tion curves were used to compare the numbers of native and 
non-native species between sampled grid cells. Rarefaction 
curves were made in Juice (Tichý 2002).

Fig. 1   Location of Ljubljana 
and land use map of municipal-
ity. Black line marks Ljubljana 
Ring Road
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Environmental predictors

For description of environmental conditions and as factors 
potentially affecting species richness we used three cate-
gories of predictors. (i) Urban structure is represented by 
distance from the city centre, population density, soil seal-
ing, and quality of residential environment index. (ii) Habi-
tat predictors are habitat diversity and geologic diversity.  

Urban heat island structure represents (iii) environmental 
conditions. More detailed values of predictors for grid cells 
are shown in Table 1.

Distance from the city centre was calculated as dis-
tance from central square (Three bridges) to each grid 
cell centroid. Data on imperviousness (soil sealing) were 
obtained from dataset published by EEA (2018). Popula-
tion density (nr. inhabitants/ha) and quality of residential 

Table 1   List of predictor variables and descriptive statistics

Mean Std.Dev Minimum Maximum

Altitude (m) 309 26 277 398
Population density 27.93 24.19 0.00 110.46
Urban heat island 0.198 0.459 0.000 3.025
Soil imperviousness 33.45 22.50 0.02 84.42
Habitat diversity (% of area per grid cell)

Agricultural + Semi-natural areas + Wetlands 17.27 19.13 0.00 59.74
Construction sites 0.33 1.23 0.00 8.21
Continuous Urban Fabric (S.L. > 80%) 1.99 4.00 0.00 20.88
Discontinuous Dense Urban Fabric (S.L.: 50%—80%) 15.96 14.78 0.00 54.46
Discontinuous Low Density Urban Fabric (S.L.: 

10%—30%)
0.85 1.34 0.00 5.79

Discontinuous Medium Density Urban Fabric (S.L.: 
30%—50%)

5.29 6.02 0.00 26.49

Discontinuous Very Low Density Urban Fabric 
(S.L. < 10%)

0.00 0.01 0.00 0.11

Fast transit roads and associated land 2.30 4.02 0.00 19.71
Forests 19.22 30.00 0.00 95.77
Green urban areas 2.82 4.47 0.00 22.57
Industrial, commercial, public, military and private units 18.31 19.39 0.00 75.34
Isolated Structures 0.12 0.28 0.00 1.26
Land without current use 0.65 1.13 0.00 5.13
Mineral extraction and dump sites 0.27 1.28 0.00 9.11
Other roads and associated land 9.62 4.17 1.59 25.07
Railways and associated land 1.59 4.24 0.00 23.62
Sports and leisure facilities 2.32 5.04 0.00 32.52
Water bodies 1.09 1.95 0.00 7.42

Distance from the city centre (m) 3308 1329 553 5876
Quality of residential environment index -0.33 0.77 -1.73 1.35
Geologic diversity (% of area per grid cell)

Limestone 0.18 1.48 0.00 12.38
Coarse-grained clastic deposit 49.00 44.43 0.00 100.00
Fine-grained clastic sediments 32.87 42.83 0.00 100.00
Sandstones, siltstones, claystones 17.87 31.07 0.00 99.43
Various sediments 0.08 0.66 0.00 5.50

Mean Ecological indicator value
Light 6.58 0.26 6.00 7.03
Temperature 5.92 0.21 5.42 6.26
Continentality 4.89 0.08 4.70 5.00
Moisture 5.11 0.34 4.46 5.91
Soil Reaction 5.99 0.18 5.55 6.26
Nutrients 5.38 0.16 4.95 5.70
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environment index were extracted from Tiran (2017). The 
quality of residential environment index is calculated 
based on various elements of the residential environment 
arranged into groups: dwelling characteristics, safety, aes-
thetics, accessibility to urban amenities, environmental 
strain, social environment, and transportation conditions 
Tiran (2017). Urban heat island spatial structure has been 
produced with analyses of satellite thermography meas-
urements (Landsat 8 imagery) that have adequate spatial 
resolution for a detailed analysis of land surface tempera-
ture variations. Analysis shows the frequency of occur-
rence of the top two percent of the highest temperatures 
in build-up areas in Ljubljana (Komac et al. 2016). All 
urban structure predictors were calculated in ArcGIS as 
mean per grid cell.

Habitat diversity was extracted from from Urban atlas 
land-use (EEA 2012) and 18 habitat (land-use) types were 
present in the study area. Data on geology were obtained 
from Basic geological maps (1:100 000) with 5 distinctive 
categories of geologic substrate (Geološki zavod Slovenije 
2000). For habitat and geologic types we calculated the 
proportional area of particular categories for each grid cell 
in ArcGIS 10.4 (ESRI 2015). Further we calculated habi-
tat and geologic diversity using Shannon–Wiener index 
(Schmidt et al. 2014).

Urbanization index

None of the variables representing urban structure, habitat, 
and environmental conditions solely accounts for urbaniza-
tion. Therefore to present different degrees of urbanization 

within Ljubljana we calculated an urbanization index 
(Schmidt et al. 2014). We included data for soil sealing, 
population density, urban heat island and proportion of 
green areas per grid cell. Green areas were calculated as sum 
of proportions of following land-use categories: Agricul-
tural + Semi-natural areas + Wetlands, Forests, Green urban 
areas, and Sports and leisure facilities. All predictors were 
standardized to mean zero values and index of urbanization 
is sum of all four standardized variables. The urbanization 
index was calculated as the sum of degree of soil sealing, 
population density, and urban heat island minus the propor-
tion of green areas. For division of urbanization index we 
used “natural breaks” option in ArcGIS (Fig. 2).

Collinearity

We examined Spearman’s correlation coefficients (Table 2) 
and the variance inflation factor (VIF) produced by 
CANOCO to diagnose and prevent collinearity among 
environmental predictors (Ter Braak and Šmilauer 2012). 
In case that VIF factor is higher than 10, the variable should 
be omitted from further analyses. None of predictors over-
come this threshold so we used distance from the city cen-
tre, population density, soil sealing, quality of residential 
environment index, habitat diversity, geology diversity, and 
urban heat island in further analyses.

Generalized additive models (GAM)

To explain the spatial pattern of species richness, propor-
tion of native and alien species and EIVs as a function of 

Fig. 2   Urbanization index in 
Ljubljana presented with three 
degrees (low, medium and high) 
divided by “natural break” func-
tion in ArcGIS
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the selected predictors, we fitted generalized additive mod-
els (GAM) with degrees of smoothing to the data. We used 
Poisson distribution for count data and Gaussian distribution 
for the others. We used default smoothing method REML. 
All analyses were made with mgcv package (Wood 2015) in 
R (R Development Core Team 2012).

Given our sampling design with grid cells we tested for 
spatial autocorrelation (SA) using a Moran’s I test. To cor-
rect for spatial autocorrelation we used Markov random 
fields in GAM.

Results

Flora of Ljubljana comprised 1103 plant taxa, with 845 
native species, 173 neophytes, and 85 archaeophytes. Six-
teen species (or species aggregates) were present in all grid 
cells: Achillea millefolium agg., Bellis perennis, Cichorium 
intybus, Dactylis glomerata, Erigeron annuus, Glechoma 
hederacea, Plantago lanceolata, Plantago major, Poa 
annua, Potentilla reptans, Ranunculus acris agg., Sambu-
cus nigra, Solidago canadensis, Trifolium pratense, Urtica 
dioica, and Verbena officinalis.

The mean number of species per grid cell was 284 ± 38 
(Table 3). There were no cells without alien species and also 
at least one endangered species was present in each 1 km2 cell.

Sample-based rarefaction curves showed that cumula-
tive species richness was highest for native species fol-
lowed by neophytes and archaeophytes (Fig. 3). Archae-
ophytes richness quickly reached asymptotic value 
indicating the lowest dissimilarity between plant species 
composition for this species group.

Spatial patterns of variable values are very distinct 
(Fig. 4). Mean EIV for moisture shows clear north–south 

pattern with higher values in southern part with Ljubljana 
Moor and flora of ditches. Similar but less clear is distri-
bution of mean EIV for nutrients, most probably a result  
of more intense agriculture in the southern part of study 
area. Indicator values for temperature are higher in built 
up areas and in the city centre, with lowest values in grid  
cells with forest vegetation. Spatial distribution of habitat 
diversity is less distinct, however, lower values coincide with  
very homogenous areas of forested hills, and the highest 
with grids, encompassing transitional areas between more 
natural and more urban habitats (foothills of hilly areas and 
on the south towards the Moor). Distribution of geologi-
cal types clearly influences geological diversity. Geology 
is homogeneous in the NE (mostly old limestone pebble 
deposits of river Sava) and SW (mostly remnants of ancient 
lake that resulted in peaty and clay soils) in lowland areas 
and more diverse in grid cells including hills (contact of 
Quaternary sediments with Permian-Carboniferous sand-
stone and schist).

Spatial pattern of species richness is not very distinct 
(Fig. 5), however, grid cells with highest species richness are 
located on border between built up areas and forest habitats. 
Species richness decreases with distance from city centre 

Table 2   Correlation matrix and VIF of all predictor variables included in the initial analyses: altitude, population density, soil sealing, urban 
heat island, distance from the centre, quality of residential environment index, habitat, and geologic diversity

Correlations in bold are significant at p < 0.05

Altitude Population density UHI Soil sealing Distance Quality of residen-
tial environment 
index

Habitat diversty Lithol-
ogy 
diversity

VIF

Altitude 1.000 3.4608
Population density -0.305 1.000 2.7538
UHI -0.320 0.414 1.000 1.7718
Soil sealing -0.342 0.774 0.747 1.000 4.3472
Distance -0.059 -0.603 -0.278 -0.506 1.000 2.1114
Quality of residen-

tial environment 
index

0.508 0.165 -0.205 -0.036 -0.391 1.000 1.5991

Habitat diversty -0.314 0.309 0.181 0.358 -0.149 -0.061 1.000 2.7041
Lithology diversity 0.656 -0.230 -0.489 -0.324 0.048 0.396 0.021 1.000 1.5394

Table 3   Statistics of species richness values (total species number, 
number of neophytes, archaeophytes, native species, thermophilic 
species, and endangered species)

Mean Std.Dev Minimum Maximum

Nr. species 284.4 37.7 206 432
Natives 218.8 33.0 162 344
Archaeophytes 30.1 5.5 16 42
Neophytes 35.5 9.5 17 53
Thermophilous species 65.1 15.1 28 94
Red list species 5.6 2.5 1 16
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and is highest in cells with intermediate habitat diversity. 
Number of species is highest in city parts with highest life 
quality and lowest in parts with UHI effect (Table 4).

Spatial distribution of neophytes is related to urbanization 
pattern. Grid cells with highest percentage of neophytes have  
the highest proportion of built-up areas and are closer to 
the city center centre (Figs. 5 and 6). Additionally, this per-
centage is positively associated with soil sealing and habitat 
diversity, while negatively with UHI (Table 4). Proportion 
of archaeophytes is higher where habitats are more diverse 
and increases with distance from city centre. Relationships 
are reverse for native species. Very similar pattern could 
be observed in thermophilic species with lowest values in  
NW–SE direction. Thermophilic species are positively asso-
ciated with soil sealing and negatively with geologic diver-
sity (Table 4). Endangered species have a rather uniform 
distribution pattern and their proportion is (negatively) asso-
ciated with distance from the city centre and soil sealing.  
Grid cell with highest proportion of endangered species that 
stands out includes two protected areas with wetland habitats 
(Fig. 5). Other grid cells with high scores for endangered 
species are also related to presence of well-preserved wetland  
habitat types, such as e.g. lowland river banks, wet meadows,  
native black alder carrs in wet valleys at the foothills.

Ecological indicator values show correlation mostly with 
soil sealing and habitat diversity. EIV for light, temperature 
and soil reaction are in positive correlation with these two 
factors, while moisture is in negative. EIV for light shows 
higher values in grid cells distant from city centre, while 
EIV for nutrients is lower in suburbs.

Discussion

In general, in city centres species richness is lower than in 
surroundings (Sudnik-Wójcikowska and Moraczewski 1998; 
Wittig 2010) regardless even of settlement size (Čeplova 
et al. 2017a). We found the opposing pattern in Ljubljana 
as number of species is decreasing with distance and coin-
cides with higher urbanization index. Plant species richness 
depends also on other drivers not only urban–rural gradient 
from centre but also from the urban matrix of built up areas 
(Godefroid and Koedam 2007). Half open or open built-up 
areas promote the species richness and diversity. Similar 
process could also be rapid urbanization and rebuilding of 
cities after political changes in parts of Europe after 1990s 
that produced many open spaces, abandoned construction 
sites, and brownfields and consequently higher species rich-
ness. These special temporary habitats are quickly invaded 
by colonizers and harbour early and intermediate succes-
sional vegetation types that are otherwise not very common 
in most urbanized areas. Wastelands are the richest habitats 
in urban environment (Muratet et al. 2007).

Species richness

Largest floristic differences in Central European urban flo-
ras were observed between city centres and early succes-
sional and mid-successional habitats (Lososová 2011) with 
city centres being floristically very homogenous (Čeplova 
et al. 2017a). Grid cells with highest number of species in 
Ljubljana have also very heterogeneous land-use types on  

Fig. 3   Sample-based rarefac-
tion curves indicating increase 
of cumulative number of 
native and alien species with 
increasing number of grid cells 
sampled
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the border between urbanized areas and forests. High habi-
tat diversity promotes high species diversity. Specific situ-
ation in Ljubljana is, that its centre encompases also hill of 
Ljubljana castle, with well-preserved natural habitat types 
on only 0,35 km2.

Total species number is highest in parts of city with 
estimated best quality of residential environment. Species 
number is not necessarily good indicator of biodiversity 
but is used as a proxy for that. Higher biodiversity (species 
diversity and abundance) is often related to the quality of 

urban life (Adams 1994) and to higher number of ecosystem 
services (Železnikar et al. 2017).

Areas diverse in land use harbour more neophytes as they 
provide space for different species. Diversity of habitats is 
enhanced by presence of river corridors, gardens and aban-
doned lots which all act as source for neophytes in recent 
cities (Čeplova et al. 2017b; Kowarik 2010). In Ljubljana 
proportion of neophytes is positively related to soil sealing 
as a degree of urbanization which is consistent with general 
patterns of alien species distribution (Schmidt et al. 2014).

Fig. 4   Maps with average values for individual environmental and habitat predictors. Habitat and geologic diversity were calculated using Shannon–
Wiener index
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Proportion of archaeophytes is higher in suburbs, but in 
areas with intermediate habitat diversity. This is in contrast 
with Lososová et al. (2012) who report more uniform distri-
bution of archaeophytes across urban habitats although they 
are more common in early successional sites. But this could 
be the result of their specific sampling design not accounting 
for urban periphery with agricultural habitat types. Archaeo-
phytes are generally more common in arable land (Küzmič 
and Šilc 2017) and are mostly annuals adapted to frequent 
and regular disturbance. Agricultural land is also distributed 
in the surroundings of cities and its specific arable flora con-
tributes to the whole city flora.

Highest proportion of native species was found in grid 
cells with most homogeneous habitats and with less soil 
sealing, which are least changed by human activities. These 
grid cells are limited to forests within the study area where 
alien species are not able to penetrate (Chytrý et al. 2008; 
Küzmič and Šilc 2017; Wirth et al. 2020) due to known 
resilience of native forest vegetation.

Expectedly higher proportion of thermophilic species is 
related to soil sealing but it is surprising that relation to 
UHI areas is not significant. The core UHI in Ljubljana 
was estimated to comprise city centre (Jernej and Ramšak 

2000) and at the end of twentieth century difference of 5 
to 7 °C between highest (city centre) and lowest tempera-
tures (outskirts) was observed (Jernej 2000). Specific and 
fast development of the city and in particular the construc-
tion of many shopping centres with large parking places to 
the northeast from the city centre increased the intensity of 
urban heat island phenomenon (Komac et al. 2016). Change 
and spread of UHI in Ljubljana is well supported by dis-
tribution of thermophilic species and EIV for temperature 
(Figs 4, and 5). EIV’s and vascular flora already proved as 
a good UHI proxy (Bechtel and Schmidt 2011; Rysiak and 
Czarnecka 2018). In parts of the city with UHI increase in 
proportion of thermophilic species and archaeophytes is 
evident (Fig. 5). There are several thermophilous taxa that 
have not been recorded in the study area before (e.g. Avena 
barbata, Catapodium rigidum, Rostraria cristata, Vulpia 
myuros etc.), but appeared recently and are established. 
Many of them are common in the coastal region of Slovenia 
with sub-Mediterranean climate and the UHI effect which 
is more pronounced in the last decades, may explain their 
presence and establishment in Ljubljana.

Species are most often endangered due to human activi-
ties, therefore it is not surprising they are found in grids 

Fig. 5   Plant species richness within the Ljubljana ring road and their spatial distribution
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with low degree of soil sealing that represent more natural 
and less urbanized habitat types. Such semi-natural areas 
are frequently found in and around cities where endangered 
(and rare) species can survive (Kühn et al. 2004; Schmidt 
et al. 2014). In Ljubljana they are found in more marginal 
parts with wet plant communities such as bogs, carrs and 
standing water. Usually species preferring more acidic and 
cooler habitats are endangered or have already disappeared 
by urbanization (Knapp, 2009). It was not unexpected to 
find endangered species in grid cells with protected zones 
(Fig. 5) but they are common also in other urban area. Quite 
often also red list species are found in residential areas 
(Maurer et al. 2000) or surroundings as cities are often 
founded on pre-existing biodiversity hot-spots or areas with 
high geological diversity (Kühn et al. 2004).

Environmental factors

The most important environmental factors, determining total 
species number and species composition are habitat diversity 
and soil sealing (as the strongest factor reflecting the human 
impact), but also geologic diversity, distance from the city 
centre and UHI. Population density and quality of residential 
environment index did not affect the patterns of the observed 
variables much. Flooring type of streets influences species 
diversity of urban plants, with lowest species number on 
most sealed surfaces (Salinitro et al. 2018).

EIV are useful tool for description of environmental 
conditions and were used in many studies related to urban 
flora (for the review see Williams et al. 2015). Caution with 
interpretation is needed by using EIV’s because of circular-
ity (Zelený and Schaffers 2012) and comparison with much 
different vegetation types (Diekmann 2003) nevertheless 
ecological indicator values show a good match with envi-
ronmental factors although they are not always unequivo-
cal. For all indicator values influence of habitat diversity 
was significant and can be explained by the availability 
of different ecological niches in the same sampling area 
that enables presence of very different ecological groups 
of plants, among others also those with extreme ecologi-
cal preferences. To study this phenomenon in detail, fre-
quency distribution patterns of EIV scores within sampling 
areas would be better than just average values, but this was 
beyond our research scope. Urban areas are very diverse due 
to anthropogenic influence responsible for presence of wide 
spectrum of environments in small area (Gilbert 1989) and 
in such conglomerate of multiple stressors, detecting trends 
can be challenging (Williams et al. 2015).

EIV for moisture is negatively related to soil sealing as 
mostly species adapted to dry conditions can thrive on paved 
and asphalt surfaces. EIV moisture index was strongly sig-
nificantly related only to densely built-up areas among all 
urban habitats (Godefroid and Koedam 2007).Ta
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Additionally, EIV for continentality is positively cor-
related with soil sealing and negatively correlated with 
distance from the city centre, which could be explained by 
the common denominator – drought (Wittig 2008). Conti-
nental climate in European context as opposed to Atlantic 
climate, signifies hot summers with little rainfall, resulting 
in summer droughts. The same occurs on highly sealed soils 
(interrelated to the vicinity of city centre) due to water run-
off and increased heat radiation that is more related to UHI 
phenomenon.

Expectedly EIV for temperature is also in positive rela-
tion to soil sealing (Williams et al. 2015), but unexpectedly 
no relationship was discovered with UHI pattern. It is pos-
sible that extreme UHI areas in Ljubljana are too small and 
dispersed in several parts of the city that obvious pattern 
was not revealed or they were not detected because of too 
coarse sampling grid.

Regarding cities, nitrogen concentration in soils is usually 
higher in city centres (Leuschner and Ellenberg 2017; Lovett 
et al. 2000) or in more urbanized landscape (Schmiedel et al. 
2015; Wittig 2008). Williams et al. (2015) found in their 
synthesis strong support for the hypothesis that urbaniza-
tion favours species with an affinity to high nutrient environ-
ments and our study confirms that.

More heliophilous species are increasingly found along 
urban–rural gradient. This contradicts other studies that 

found increase of light demanding species in the urban cen-
tres (Williams et al. 2015) or towns compared to villages 
(Šilc 2010). Explanation could be that on the outskirts of the 
Ljubljana are fields and grasslands and in other cases forests 
with shade-tolerant species. Mosaic of diverse habitats in 
periphery also promotes heliophilous species. General light 
intensity on its own is not higher in the city centre, however, 
higher amount of sealed soil possibly influences competition 
and enables light demanding species to be more frequent. In 
addition to that, a very specific light condition pattern in the 
city is a result of big vertical reflective surfaces of facades 
and glass covered buildings. And we have to bear in mind, 
that below huge city centre buildings there are several niches 
without direct sun radiation, watered by regular manage-
ment, shadowed by trees, hidden in narrow backyards etc. 
where also several sciophytes can persist.

EIV for soil reaction increases towards the centre of 
the city (as does soil sealing) and this is supported by sev-
eral studies (Williams et al. 2015). In Central Europe spe-
cies are generally adapted to higher alkalinity because of 
widespread calcareous bedrock. Important reason for more 
alkaline soils in urban environment are disturbance but pri-
marily release of calcium from mortar, cement, plaster and 
other components of building rubble (Forman 2014; Gilbert 
1989). In Ljubljana periurban area soil reaction pattern is 
clearly linked to geological substrate: in the NE mostly old 

Fig. 6   Plots showing of GAMs for number of species (upper two) and proportion of neophytes (lower left) and archaeophytes (lower right) and 
various predictors
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limestone pebble deposits of river Sava resulting in neutral 
to slightly alkaline soils, in SW remnants of ancient lake 
deposits with acid soils and similarly in the forested hills 
with siliceous base rock.

Peculiarities of Ljubljana

As mentioned previously there are already known general 
patterns of species distribution in urban environment (James 
2010), but some particular characteristics of each city show 
special species distributions indicating those characteristics 
that are not linked to typical urbanization gradient. The first 
group of these characteristics is related (i) to natural con-
ditions of the settlement and the other (ii) to sociological 
characteristics since the urban ecosystem is regarded as a 
complex social-ecological system (Pickett et al. 2001).

In Ljubljana the first group is represented by (i) a ridge 
consisting of three hills running through the city, and by (ii) 
the difference in the soil composition of alluvial plains in 
the north and south of the city. Forest vegetation and large 
parks are located mainly on hills and their foothills and con-
sequently less neophytes and thermophilic species are found 
here. In general parks with their habitat diversity are consid-
ered to have large species pool, the total number of species 
present and are also important as species source (Forman 
2014). Green spaces with semi-natural soils in urban areas 
are considered to have highest species diversity (Salinitro 
et al. 2018) and ornamental horticulture is major pathway 
alien plant introduction and spread (Van Kleunen et al. 2018).  
In Ljubljana several city parks are intensively managed with 
very frequent mowing of lawns and well maintained decora-
tive shrubs and trees, so there is only little niche available for 
the spontaneous flora. In the range of 1 km walking distance 
around the city centre of Ljubljana and within urban areas 
of the city, forests comprise more than one quarter of the 
area (Hladnik and Pirnat 2011). Forests around Ljubljana 
on acidic silicate bedrock are comparably species poor, but 
otherwise forests are rich in species compared to other inten-
sively managed urban green areas (Železnikar et al. 2017). 
Geological differences are also visible in flora of alluvial 
plains. Southern part harbours more indicator species for 
moisture and nutrient rich soils on finer sediments versus 
gravel sediments in the northern part.

Secondly, from sociological point of view, the city has 
been developing rapidly since the 1990s, that was caused 
by new political system related with urbanization of derelict 
urban land on brownfields, building of new peri-urban shop-
ping centres, and residential and commercial sprawl at the 
periphery connected to suburban municipalities (Pichler-
Milanović and Lamovšek 2010). Shopping centres are 
accompanied by extensive parking areas on the outskirts of 

the city centre, representing large areas of impervious soils, 
which distort the otherwise clear urban-suburban-rural gradi-
ent. More thermophilic species and neophytes are found in 
these habitats. This is in slight contradiction with decrease 
of alien species from city centre (Brunzel et al. 2009), but 
shopping areas could be seen as centres of urban settlement 
with soil sealing, high population density, traffic frequency as 
some characteristics of the urban area (Forman 2014; Wittig 
2008). UHI is often highlighted as the most obvious mani-
festation of urbanization (Landsberg 1981), and higher tem-
peratures were observed in these parts of Ljubljana (Komac 
et al. 2016).

Conclusions

Explaining biodiversity in urban landscape presents a great 
challenge, because in addition to environmental parameters 
a variety of socioeconomic, historical and urbanistic fac-
tors influence these patterns. We tested several groups of 
factors against patterns of different species groups and eco-
logical indicator values in Ljubljana, capital of Slovenia. 
We found that as in many other cities, species richness 
decreases with the distance from the city centre, mostly due 
to construction sites, brownfields and natural/urban habitat 
heterogeneity, which all highly increase habitat variability. 
Socioeconomic characteristics also highly influence urban 
biodiversity patterns. Neophyte species are confirmed as 
urbanophilic, since in cities high habitat heterogeneity cre-
ates spaces for establishment and the propagule pressure is 
high. Native species on the other hand are more frequent 
in more natural habitats, which is also the case for the 
endangered species. Occurrence of thermophilic species is 
closely related to soil sealing (being one of the most impor-
tant environmental factors predicting species numbers in 
general), which indicates higher urbanization levels. The 
presence of the associated Urban Heat Island phenomenon 
seems to be less and less restricted to city centres in the 
last decades due to new shopping centres and parking lots 
emerging prevalently on the cities’ outskirts. In addition 
to general patterns on urban biodiversity, every city has 
its peculiarities that are governed by natural conditions of 
the settlement and its sociological characteristics. In the 
case of Ljubljana, the former include three forested hilly 
areas, which bring highly natural habitats almost to the 
city center, and different geological and soil composition 
in different parts. The latter include a rapid constructional 
development since the 1990’s and large areas of densely 
built-up surfaces in the city’s periphery. Future urbanistic 
planning will unavoidably influence the general patterns of 
urban biodiversity by maintaining, encouraging or dimin-
ishing main factors, contributing to high species richness 
and variability.



Urban Ecosystems	

1 3

Acknowledgements  We thank Zdeňka Lososová for comments on first 
drafts of the manuscript. We are grateful for the help to all those who 
sampled field data which provided material for this study. We also 
thank to three reviewers and editor for their helpful comments on ear-
lier draft of the manuscript.

Authors’ contributions  NJ concieved and lead the sampling, UŠ made 
statistical analyses and wrote the first draft of the manuscript, which 
FK and NJ critically and substantially edited. All authors read and 
approved the final manuscript.

Funding  Part of data used in our analysis was financed by City of 
Ljubljana. The research was partly financed through the programme 
P1-0236 (ARRS- Slovenian Research Agency).

Declarations 

Consent for publication  All authors agreed with the content and all 
gave explicit consent to submit.

References

Adams LW (1994) Urban Wildlife Habitats: A Landscape Perspective. 
University of Minnesota Press, Mineapolis, MN

Ajaaj AA, Mishra AK, Khan AA (2018) Urban and peri-urban precipi-
tation and air temperature trends in mega cities of the world using 
multiple trend analysis methods. Theor Appl Climatol 132:403–
418. https://​doi.​org/​10.​1007/​s00704-​017-​2096-7

Altobelli A, Bressan E, Feoli E, Ganis P, Martini F (2007) Improving 
knowledge of urban vegetation by applying GIS technology to 
existing databases. Appl Veg Sci 10:203–210

Anonymous (2002) Pravilnik o uvrstitvi ogroženih rastlinskih in 
živalskih vrst v rdeči seznam Uradni list RS

Anonymous (2004–2014) Uredba o zavarovanih prosto živečih ras-
tlinskih vrstah Uradni list RS 46/04, 110/04, 115/07, 36/09 & 
15/14:5933–5962

Aronson MF, Nilon CH, Lepczyk CA, Parker TS, Warren PS, Cilliers 
SS, Goddard MA, Hahs AK, Herzog C, Katti M (2016) Hierarchi-
cal filters determine community assembly of urban species pools. 
Ecology 97:2952–2963. https://​doi.​org/​10.​1002/​ecy.​1535

Aronson MFJ, Handel SN, La Puma IP, Clemants SE (2015) Urbani-
zation promotes non-native woody species and diverse plant 
assemblages in the New York metropolitan region. Urban Ecosys 
18:31–45. https://​doi.​org/​10.​1007/​s11252-​014-​0382-z

ARSO (2018) meteo.si. http://​meteo.​arso.​gov.​si/​uploa​ds/​proba​se/​www/​
clima​te/​table/​sl/​by_​locat​ion/​ljubl​jana/​clima​te-​norma​ls_​81-​10_​
Ljubl​jana.​pdf

Bechtel B, Schmidt KJ (2011) Floristic mapping data as a proxy for 
the mean urban heat island. Climate Res 49:45–58

Bornstein R, Lin Q (2000) Urban heat islands and summertime convec-
tive thunderstorms in Atlanta: three case studies. Atmos Environ 
34:507–516. https://​doi.​org/​10.​1016/​S1352-​2310(99)​00374-X

Brunzel S, Fischer SF, Schneider J, Jetzkowitz J, Brandl R (2009) Neo- 
and archaeophytes respond more strongly than natives to socio-
economic mobility and disturbance patterns along an urban–rural 
gradient. J Biogeogr 36:835–844. https://​doi.​org/​10.​1111/j.​1365-​
2699.​2008.​02044.x

Celesti-Grapow L (1995) Atlas of the flora of Rome. Comune di Roma, 
Rome

Celesti-Grapow L, Pysek P, Jarosik V, Blasi C (2006) Determinants 
of native and alien species richness in the urban flora of Rome. 

Divers Distrib 12:490–501. https://​doi.​org/​10.​1111/j.​1366-​9516.​
2006.​00282.x

Čeplova N, Kalusova V, Lososova Z (2017a) Effects of settlement 
size, urban heat island and habitat type on urban plant biodiver-
sity. Landsc Urban Plan 159:15–22. https://​doi.​org/​10.​1016/j.​
landu​rbplan.​2016.​11.​004

Čeplova N, Lososova Z, Kalusova V (2017b) Urban ornamental 
trees: a source of current invaders; a case study from a Euro-
pean City. Urban Ecosys 20:1135–1140. https://​doi.​org/​10.​1007/​
s11252-​017-​0665-2

Chytrý M, Maskell LC, Pino J, Pyšek P, Vilà M, Font X, Smart SM 
(2008) Habitat invasions by alien plants: a quantitative compari-
son among Mediterranean, subcontinental and oceanic regions of 
Europe. J Appl Ecol 45:448–458. https://​doi.​org/​10.​1111/j.​1365-​
2664.​2007.​01398.x

City of Ljubljana (2018) https://​www.​ljubl​jana.​si/​en/​about-​ljubl​jana/​
ljubl​jana-​in-​figur​es/

Diekmann M (2003) Species indicator values as an important tool in 
applied plant ecology - a review. Basic Appl Ecol 4:493–506

EEA (2012) Mapping guide for a European Urban Atlas. European 
Environment Agency, Copenhagen

EEA (2018) Copernicus Land Monitoring Service –High Resolution 
Layer Imperviousness: Product Specifications Document. Coper-
nicus team at EEA

Endlicher W (2012) Einführung in die Stadtökologie. Verlag Eugen 
Ulmer, Stuttgart

ESRI (2015) ArcGIS 10.4. Environmental Systems Research Institute 
Inc., Redlands, CA, USA

Essl F, Bacher S, Genovesi P, Hulme PE, Jeschke JM, Katsanevakis S, 
Kowarik I, Kühn I, Pyšek P, Rabitsch W (2018) Which taxa are alien? 
Criteria, applications, and uncertainties. BioScience 68: 496–509.

Ewald J (2003) The sensitivity of Ellenberg indicator values to the 
completeness of vegetation relevés. Basic Appl Ecol 4:507–513

Ferle M (2018) Zgodovina Ljubljane: od kolišč do zelene prestolnice. 
Mestni Muzej Ljubljana, Ljubljana

Forman RTT (2014) Urban Ecology: Science of Cities. Cambridge 
University Press, Cambridge

Geološki zavod Slovenije (2000) Osnovna Geološka karta. Geološki 
zavod Slovenije, Ljubljana

Gilbert OL (1989) The Ecology of Urban Habitats. Chapman and Hall, 
London

Godefroid S (2001) Temporal Analysis of the Brussels Flora as Indi-
cator for Changing Environmental Quality. Landsc Urban Plan 
52:203–224

Godefroid S, Koedam N (2007) Urban plant species patterns are highly 
driven by density and function of built-up areas. Landsc Ecol 
22:1227–1239

Gregor T, Bönsel D, Starke-Ottich I, Zizka G (2012) Drivers of flo-
ristic change in large cities – A case study of Frankfurt/Main 
(Germany). Landsc Urban Plan 104:230–237. https://​doi.​org/​10.​
1016/j.​landu​rbplan.​2011.​10.​015

Hladnik D, Pirnat J (2011) Urban forestry—Linking naturalness and 
amenity: The case of Ljubljana, Slovenia. Urban For Urban Gree 
10:105–112. https://​doi.​org/​10.​1016/j.​ufug.​2011.​02.​002

Hough M (1989) City form and natural process. Routledge, London, 
New York

James P (2010) Urban Flora: Historic, Contemporary and Future 
Trends. In: N. Müller PWaJGK (ed) Urban Biodiversity and 
Design. Wiley-Blackwell, Oxford, pp 177–190. https://​doi.​org/​
10.​1002/​97814​44318​654.​ch8

Jernej S (2000) Mestna klima. In: Gabrovec M, Orožen Adamič M 
(eds) Ljubljana: geografija mesta. Založba ZRC SAZU, Lju-
bljana, pp 117–130

Jernej S, Ramšak Ž (2000) Klimatopska členitev Ljubljane
Jogan N, Bačič M, Strgulc Krajšek S (2012) Tujerodne in invazivne 

rastline v Sloveniji. In: Jogan N, Bačič M, Strgulc Krajšek S 

https://doi.org/10.1007/s00704-017-2096-7
https://doi.org/10.1002/ecy.1535
https://doi.org/10.1007/s11252-014-0382-z
http://meteo.arso.gov.si/uploads/probase/www/climate/table/sl/by_location/ljubljana/climate-normals_81-10_Ljubljana.pdf
http://meteo.arso.gov.si/uploads/probase/www/climate/table/sl/by_location/ljubljana/climate-normals_81-10_Ljubljana.pdf
http://meteo.arso.gov.si/uploads/probase/www/climate/table/sl/by_location/ljubljana/climate-normals_81-10_Ljubljana.pdf
https://doi.org/10.1016/S1352-2310(99)00374-X
https://doi.org/10.1111/j.1365-2699.2008.02044.x
https://doi.org/10.1111/j.1365-2699.2008.02044.x
https://doi.org/10.1111/j.1366-9516.2006.00282.x
https://doi.org/10.1111/j.1366-9516.2006.00282.x
https://doi.org/10.1016/j.landurbplan.2016.11.004
https://doi.org/10.1016/j.landurbplan.2016.11.004
https://doi.org/10.1007/s11252-017-0665-2
https://doi.org/10.1007/s11252-017-0665-2
https://doi.org/10.1111/j.1365-2664.2007.01398.x
https://doi.org/10.1111/j.1365-2664.2007.01398.x
https://www.ljubljana.si/en/about-ljubljana/ljubljana-in-figures/
https://www.ljubljana.si/en/about-ljubljana/ljubljana-in-figures/
https://doi.org/10.1016/j.landurbplan.2011.10.015
https://doi.org/10.1016/j.landurbplan.2011.10.015
https://doi.org/10.1016/j.ufug.2011.02.002
https://doi.org/10.1002/9781444318654.ch8
https://doi.org/10.1002/9781444318654.ch8


	 Urban Ecosystems

1 3

(eds) Neobiota Slovenije, končno poročilo projekta. Oddelek za 
biologijo BF UL, Ljubljana, pp 161–182

Jogan N, Strgulc Krajšek S, Bačič T (2015) Popis flore znotraj 
obvoznice mesta Ljubljana s poudarkom na tujerodnih invazivnih 
rastlinskih vrstah. Biotechnical faculty, University of Ljubljana, 
Ljubljana, Končno poročilo o izvedbi projektne naloge

Kantsa A, Tscheulin T, Junker RR, Petanidou T, Kokkini S (2013) 
Urban biodiversity hotspots wait to get discovered: The exam-
ple of the city of Ioannina, NW Greece. Landsc Urban Plan 
120:129–137

Knapp S et al (2009) How species traits and affinity to urban land use 
control large-scale species frequency. Divers Distrib 15:533–546

Komac B et al. (2016) Urban Heat Island in the Ljubljana City. In: 
Musco F (ed) Counteracting Urban Heat Island Effects in a Global 
Climate Change Scenario. Springer International Publishing, 
Cham, pp 323–344. https://​doi.​org/​10.​1007/​978-3-​319-​10425-
6_​12

Kowarik I (1992) Das Besondere der städtischen Flora und Vegetation. 
Natur in Der Stadt-Der Beitrag Der Landespflege Zur Stadtent-
wicklung. Schriftenreihe Des Deutschen Rates Für Landespflege 
61:33–47

Kowarik I (2010) Biologische invasionen: neophyten und neozoen in 
Mitteleuropa. Ulmer, Stuttgart

Kowarik I (2011) Novel urban ecosystems, biodiversity, and conserva-
tion. Environ Pollut 159:1974–1983

Kühn I, Brandl R, Klotz S (2004) The Flora of German cities is natu-
rally species rich. Evol Ecol Res 6:749–764

Küzmič F, Šilc U (2017) Alien species in vegetation of Slovenia. Peri-
odicum Biologorum 119:199–208. https://​doi.​org/​10.​18054/​pb.​
v119i3.​5183

Landolt E (2001) Flora der Stadt Zurich (1984–1998) (Vol. 1). 
Birkhauser Basel

Landsberg H (1981) The urban climate. Academic Press, New York, 
NY

Leuschner C, Ellenberg H (2017) Ecology of Central European Non-
Forest Vegetation: Coastal to Alpine. Springer International Pub-
lishing, Cham, Natural to Man-Made Habitats. https://​doi.​org/​10.​
1007/​978-3-​319-​43048-5_​13

Liu Z, He C, Wu J (2016) The Relationship between Habitat Loss and 
Fragmentation during Urbanization: An Empirical Evaluation 
from 16 World Cities. PLoS One 11:e0154613. https://​doi.​org/​
10.​1371/​journ​al.​pone.​01546​13

Lososová Z et al (2011) Diversity of Central European urban biota: 
effects of human-made habitat types on plants and land snails. 
J Biogeogr 38:1152–1163. https://​doi.​org/​10.​1111/j.​1365-​2699.​
2011.​02475.x

Lososová Z et al. (2012) Native and alien floras in urban habitats: a 
comparison across 32 cities of central Europe. Glob Ecol Bioge-
ogr 21:545–555

Lovett GM, Traynor MM, Pouyat RV, Carreiro MM, Zhu W-X, 
Baxter JW (2000) Atmospheric Deposition to Oak Forests 
along an Urban−Rural Gradient. Environ Sci Technol 34:4294–
4300. https://​doi.​org/​10.​1021/​es001​077q

Luck GW, Smallbone LT (2010) Species diversity and urbanisation: 
patterns, drivers and implications. In: Gaston KJ (ed) Urban 
Ecology. Ecological Reviews. Cambridge University Press, Cam-
bridge, pp 88–119. https://​doi.​org/​10.​1017/​CBO97​80511​778483.​
006

Martinčič A et al. (2007) Mala flora Slovenije: ključ za določanje 
praprotnic in semenk. 4. edn. Tehniška založba Slovenije, 
Ljubljana

Martini F (2010) Flora vascolare spontanea di Trieste. Lint Editoriale, 
Trieste

Maurer U, Peschel T, Schmitz S (2000) The Flora of Selected Urban 
Land-Use Types in Berlin and Potsdam with Regard to Nature 

Conservation in Cities. Landsc Urban Plan 46:209–215. https://​
doi.​org/​10.​1016/​S0169-​2046(99)​00066-3

McDonnell MJ (2011) The history of urban ecology-an ecologist’s perspec-
tive. In: Niemelä J (ed) Urban ecology-patterns, processes, and applica-
tions. Oxford University Press, pp 5–13

McKinney ML (2008) Effects of urbanization on species richness: A 
review of plants and animals. Urban Ecosyst 11:161–176. https://​
doi.​org/​10.​1007/​s11252-​007-​0045-4

Muratet A, Machon N, Jiguet F, Moret J, Porcher E (2007) The Role 
of Urban Structures in the Distribution of Wasteland Flora in the 
Greater Paris Area. France Ecosystems 10:661–671

Parker S (2015) Incorporating critical elements of city distinctive-
ness into urban biodiversity conservation. Biodivers Conserv 
24:683–700

Pichler-Milanović N, Lamovšek AZ (2010) Urban Land Use Manage-
ment in Ljubljana: From Competitiveness to Sustainability - or 
vice versa? In: Schrenk M, Popovich VV, Zeile P (eds) REAL 
CORP 2010, Vienna, 18–20 May 2010. pp 817–825

Pickett STA, Cadenasso ML, Grove JM, Nilon CH, Pouyat RV, 
Zipperer WC, Costanza R (2001) Urban ecological systems: 
linking terrestrial ecological, physical and socioeconomic com-
ponents of metropolitan areas. Annu Rev Ecol Syst 32:127–157

Pignatti S (2005) Valori di bioindicazione delle piante vascolari della 
flora d`Italia Braun-Blanquetia 39:1–97

Pirnat J (1997) Razpored gozdov v ljubljanski urbani krajini (Distribu-
tion of forests in the Ljubljana townscape) Zbornik gozdarstva in 
lesarstva 53:159–182

Pyšek P (1995) Approaches to studying spontaneous settlement flora 
and vegetation in central Europe: a review. In: Sukopp H, Numata 
M, Huber A (eds) Urban Ecology as a Basis of Urban Planning. 
SPB Academic Publishing, Amsterdam, pp 23–39

R Development Core Team (2012) R: A language and environment 
for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria

Ramalho CE, Hobbs RJ (2012) Time for a change: dynamic urban 
ecology. Trends Ecol Evol 27:179–188. https://​doi.​org/​10.​1016/j.​
tree.​2011.​10.​008

Rysiak A, Czarnecka B (2018) The urban heat island and the features 
of the flora in the Lublin City area, SE Poland. Acta Agrobot 
71:1736. https://​doi.​org/​10.​5586/​aa.​1736

Salinitro M, Alessandrini A, Zappi A, Melucci D, Tassoni A (2018) 
Floristic diversity in different urban ecological niches of a South-
ern European City. Sci Rep-Uk 8:1–10

Schmidt KJ, Poppendieck H-H, Jensen K (2014) Effects of urban struc-
ture on plant species richness in a large European city. Urban 
Ecosyst 17:427–444

Schmiedel I, Bergmeier E, Culmsee H (2015) Plant species richness 
patterns along a gradient of landscape modification intensity in 
Lower Saxony, Germany. Lands Urban Plan 141:41–51. https://​
doi.​org/​10.​1016/j.​landu​rbplan.​2015.​03.​009

Šilc U (2010) Synanthropic vegetation: pattern of various disturbances 
on life history traits. Acta Bot Croat 69:215–225

Stešević D, Jovanović S (2008) Flora of the city of Podgorica, Monte-
negro: taxonomic analysis. Arch Biol Sci 60:245–253

Sudnik-Wójcikowska B, Moraczewski IR (1998) Selected Spatial 
Aspects of the Urban Flora Synanthropization, Methodical Con-
siderations. Phytocoenosis 10:69–78

Ter Braak CJF, Šmilauer P (2012) Canoco reference manual and user’s 
guide: software for ordination, version 5.0. Microcomputer Power, 
Ithaca, USA

The World Bank TW (2020) Urban population (% of total popula-
tion) - European Union. Food and Agriculture Organization, elec-
tronic files and web site. https://​data.​world​bank.​org. Accessed 25 
Dec 2020

Tichý L (2002) JUICE, software for vegetation classification. J Veg 
Sci 13:451–453

https://doi.org/10.1007/978-3-319-10425-6_12
https://doi.org/10.1007/978-3-319-10425-6_12
https://doi.org/10.18054/pb.v119i3.5183
https://doi.org/10.18054/pb.v119i3.5183
https://doi.org/10.1007/978-3-319-43048-5_13
https://doi.org/10.1007/978-3-319-43048-5_13
https://doi.org/10.1371/journal.pone.0154613
https://doi.org/10.1371/journal.pone.0154613
https://doi.org/10.1111/j.1365-2699.2011.02475.x
https://doi.org/10.1111/j.1365-2699.2011.02475.x
https://doi.org/10.1021/es001077q
https://doi.org/10.1017/CBO9780511778483.006
https://doi.org/10.1017/CBO9780511778483.006
https://doi.org/10.1016/S0169-2046(99)00066-3
https://doi.org/10.1016/S0169-2046(99)00066-3
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1016/j.tree.2011.10.008
https://doi.org/10.1016/j.tree.2011.10.008
https://doi.org/10.5586/aa.1736
https://doi.org/10.1016/j.landurbplan.2015.03.009
https://doi.org/10.1016/j.landurbplan.2015.03.009
https://data.worldbank.org


Urban Ecosystems	

1 3

Tiran J (2017) Kakovost bivalnega okolja v Ljubljani. Georitem. 
Založba ZRC, Ljubljana

Ulpiani G (2021) On the linkage between urban heat island and urban 
pollution island: Three-decade literature review towards a concep-
tual framework. Sci Total Environ 751:141727. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2020.​141727

Van Kleunen M et al (2018) The changing role of ornamental horticul-
ture in alien plant invasions. Biol Rev 93:1421–1437

Williams NS, Schwartz MW, Vesk PA, McCarthy MA, Hahs AK, 
Clemants SE, Corlett RT, Duncan RP, Norton BA, Thompson K, 
McDonnell MJ (2009) A conceptual framework for predicting the 
effects of urban environments on floras. J Ecol 97:4–9. https://​
doi.​org/​10.​1111/j.​1365-​2745.​2008.​01460.x

Williams NSG, Hahs AK, Vesk PA (2015) Urbanisation, plant traits 
and the composition of urban floras. Perspect Plant Ecol Evol 
Syst 17:78–86

Wirth T, Kovács D, Sebe K, Csiky J (2020) The vascular flora of Pécs 
and its immediate vicinity (South Hungary) I.: species richness 
and the distribution of native and alien plants. Biologia Futura 
71:19–30

Wittig R (2008) Siedlungsvegetation. Ulmer Verlag, Stuttgart
Wittig R (2010) Biodiversity of Urban-Industrial Areas and its Evalua-

tion - a Critical Review. In: Müller N, Werner, P., Kelcey, JG, (ed) 
Urban Biodiversity and Design. Wiley, pp 38–55

Wood S (2015) Package ‘mgcv’ R package version:1–7
Zelený D, Schaffers AP (2012) Too good to be true: pitfalls of using 

mean Ellenberg indicator values in vegetation analyses. J Veg Sci 
23:419–431. https://​doi.​org/​10.​1111/j.​1654-​1103.​2011.​01366.x

Železnikar Š, Eler K, Pintar M (2017) Vroča Točka v Mestu: Pov-
ezava Ekosistemskih Storitev in Biotske Pestrosti Mestnih Zelenih 
Površin. Acta Agriculturae Slovenica 109:111–123. https://​doi.​
org/​10.​14720/​aas.​2017.​109.1.​11

https://doi.org/10.1016/j.scitotenv.2020.141727
https://doi.org/10.1016/j.scitotenv.2020.141727
https://doi.org/10.1111/j.1365-2745.2008.01460.x
https://doi.org/10.1111/j.1365-2745.2008.01460.x
https://doi.org/10.1111/j.1654-1103.2011.01366.x
https://doi.org/10.14720/aas.2017.109.1.11
https://doi.org/10.14720/aas.2017.109.1.11

	Urban structure and environment impact plant species richness and floristic composition in a Central European city
	Abstract
	Introduction
	Methods
	Study area
	Sampling
	Species traits and richness
	Environmental predictors
	Urbanization index
	Collinearity
	Generalized additive models (GAM)

	Results
	Discussion
	Species richness
	Environmental factors

	Peculiarities of Ljubljana
	Conclusions
	Acknowledgements 
	References


