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Urbanization is increasing worldwide, making it essential to improve management of urban greenspaces for
better provisioning of ecosystem services and greater biodiversity beneﬁts. At the same time, societal interest in
reduced intensity management regimes is growing for a range of practical and normative reasons. We assessed if
relative wild urban greenspaces, under little or no management, are associated with increased levels of biodiversity. We conducted a GIS-based relative wildness mapping for the Danish city Aarhus, and compared relative
wildness to ﬁeld-measured perceived biodiversity at 100 randomly placed sample sites in the city centre.
Perceived biodiversity was estimated using the bioscore methodology. The results show a positive relationship
between mapped wildness and bioscores, notably within artiﬁcial vegetated areas such as parks and gardens,
while woodland had the highest wildness and bioscore values overall. All bioscore components measuring
structural diversity increased with increasing mapped wildness. The bioscore component compositional richness
covered site-level species richness for birds, invertebrates and plants, with invertebrate and bird species richness
increasing and plant species richness decreasing with increasing wildness. The latter reﬂects that woodlands had
low site-level plant diversity. Overall, woodlands nevertheless harboured many unique plant species, with
woodlands and ruderal areas contributing the greatest beta diversity (inter-site variability in species composition). These ﬁndings show that urban greenspace management allowing for spontaneous ecological processes
(greater wildness) overall also promotes urban biodiversity, pointing to potential synergies between urban design and management goals for reduced management intensity, increased wildness experiences, and higher
biodiversity in urban greenspaces.

1. Introduction
Given increasing urbanization worldwide (Chen, Zhang, Liu, &
Zhang, 2014), it is important to understand if and how urban greenspaces can be managed for better provisioning of ecosystem services
and greater biodiversity beneﬁts. For this reason, urban ecology has
gained momentum in recent decades, with the ﬁrst ecosystem studies
carried out in urban areas dating back to the 1970s (Sukopp, 2008). In
cities, human activities are the main drivers of ecological processes and
patterns (Warren et al., 2010), and urban greenspaces often do not
consist of the natural habitat types, but rather of novel ecosystems,
systems, that ‘[…] have been potentially irreversibly changed by large
modiﬁcations to abiotic conditions or biotic composition’ (Hobbs,
Higgs, & Harris, 2009). Nevertheless, they can sustain important ecological functions such as nutrient absorption, heat reduction or erosion

control and serve as wildlife habitats (Del Tredici, 2014). Urban
greenspaces have also been shown to provide important ecosystem
services such as the ﬁltration of air and micro-climate regulation that
increase the living quality for urban citizens (Bolund & Hunhammar,
1999). Furthermore, exposure to urban biodiversity may have positive
health beneﬁts (Cox et al., 2017).
At the same time, there is increasing societal interest in reducedintensity management regimes for a range of practical and normative
reasons (Buck, 2015). At a European level, there is increasing focus on
wilderness protection and restoration, as one key approach to avoid and
reverse biodiversity losses (European Parliament, 2009). Notably, the
maintenance and development of wilderness in nature protection areas
is advocated (European Commission, 2013). Additionally, there is
strongly increasing interest among both managers and scientists
worldwide and in Europe towards rewilding as a strategy for
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2.2. Wildness mapping

biodiversity conservation and natural area management (Corlett,
2016a; Jepson, 2016; Svenning et al., 2016). The concept covers a
range of variants, but a common aspect is reduction of human management and restoration of self-managing ecosystems (Navarro &
Pereira, 2012). One prominent version in Europe is passive rewilding,
which is simply the cessation of human management (Corlett, 2016a).
Even though rewilding naturally focuses on rural and natural landscapes, the applicability of the concept to urban settings calls for exploration, especially regarding increasing urbanization. There is emerging evidence that urban wastelands (deﬁned as abandoned sites with
spontaneous vegetation) can contribute importantly to urban biodiversity, generally harbouring more species than other urban greenspaces (Bonthoux, Brun, Di Pietro, Greulich, & Bouché-Pillon, 2014).
More broadly, there is also increasing interest in exploring possibilities
in cities for not just more unmanaged and spontaneous ecological, but
also social dynamics in greenspaces to improve the liveability of cities
(Jorgensen & Keenan, 2012). The diversity of urban resident groups is
reﬂected in a diversity of recreational needs, and unmanaged urban
greenspaces oﬀer unique opportunities for nature experiences, discovery and a range of informal activities (Rupprecht & Byrne, 2014).
A key issue for studying ecological wildness and its services and
disservices in an urban setting concerns its deﬁnition and measurement,
given the pervasive human inﬂuence on urban landscapes. Here, the
wilderness continuum concept (Carver, Comber, McMorran, & Nutter,
2012) is useful: Instead of a binary deﬁnition of ‘wild’ and ‘not wild’, it
acknowledges a gradient of human modiﬁcation of landscapes. It allows
us to deﬁne parts of a landscape as ‘wilder’ and ‘less wild’ compared to
other parts within a given geographic scope. Relative wildness mapping
based on this concept and conducted in Geographic Information Systems (GIS) have been carried out ranging from worldwide assessments
to national, regional and even local scales (Carver et al., 2012), enabling the examination of relative wildness in anthropogenic landscapes (Müller, Bøcher & Svenning, 2015). GIS-based relative wildness
mapping should therefore also allow us to assess the relative wildness of
urban greenspaces.
The overall aim of the present study was to investigate if relative
wild urban areas harbour particularly high levels of biodiversity in a
European city. This setting is highly relevant for investigating the
wildness-biodiversity link, as 70% of the European population live in
cities, predicted to further increase by 10% by 2050 (European Union,
2011). Hence, urban areas in this region will continue to grow, forming
the setting where an increasing proportion of the overall population
will experience ecological wildness and biodiversity on a daily basis.
We ﬁrst assessed the applicability of GIS-based relative wildness mapping to the urban study setting. We then tested for a positive relationship between relative wildness and biodiversity, as assessed in a ﬁeld
survey. Finally, we assessed how relative wildness and biodiversity
varied among major urban habitat types.

We chose the following four indicators to represent urban wildness
in this mapping based on two previous relative wildness mapping studies (Scottish Natural Heritage, 2014; Müller, Bøcher & Svenning,
2015): (1) perceived naturalness of land cover, (2) challenging terrain,
(3) remoteness and (4) visibility of built modern artefacts.
For perceived naturalness of land cover, land cover data were
mainly derived from Basemap 2012 (Levin, Jepsen, & Blemmer, 2012).
Data on agricultural land use were updated from Markkort 2015
(Danish Agriﬁsh Agency, 2015). Two land use classes from Basemap,
‘land’ and ‘unclassiﬁed’ were reclassiﬁed into other land use classes
from Basemap by doing a spatial overlap with polygons from KORT10
(Danish Geodata Agency, 2013) and by comparison to orthophotos
(COWI, 2014). All the joined land use classes (hereafter referred to as
‘the land use dataset’) were reclassiﬁed into 20 naturalness classes
ranging from ‘completely sealed areas’ with the lowest naturalness
value over ‘permanent grassland with normal yields’ (naturalness class
10) to ‘land cover presumably under least human inﬂuence’ (for a detailed description of the 20 classes, see Table S1, Supplementary data).
To describe challenging terrain, terrain ruggedness and occurrence
of wetlands were combined as suggested in previous work (Scottish
Natural Heritage, 2014). For ruggedness of terrain, the curvature of a
1.6 m resolution digital terrain model (DTM) (Danish Geodata Agency,
2007a) was calculated. Afterwards the dataset was aggregated and resampled into a 10-m resolution. At this ﬁne scale, a DTM does not only
capture the actual terrain, but also anthropogenic structures such as
raised roads. When calculating the standard deviation of the curvature,
these structures would also tend to show high values. Consequently, the
possibly higher ruggedness in such places does not necessarily capture
places that are perceived as wild, probably rather the opposite.
Therefore, all pixels with construction (roads, railways, buildings) were
excluded from the dataset. Afterwards, the standard deviation for each
cell in a 250 m neighbourhood was calculated, reﬂecting the area an
individual would consider his or her immediate surrounding. To fully
cover challenging terrain in terms of physical properties of the ground,
information on the occurrence of wetlands (layer ‘vådområde’ (wetlands) of KORT10 (Danish Geodata Agency, 2013) and layer ‘mose’
(swamps) of the protected nature types dataset (Danish Natural
Environment Portal, 2007)) was added to the terrain ruggedness dataset: If a pixel cell laid within wetland, 0.3 (mean standard deviation
value of terrain ruggedness calculation), was added to the pixel cell
value.
The indicator remoteness was depicted by remoteness from mechanized access and noise exposure. Remoteness from mechanized access was measured by calculating the shortest walking distances from
mechanized access (major roads) to any pixel on the map following
Carver et al. (2012). The land use dataset was reclassiﬁed into a cost
surface (Table S2, Supplementary data), estimating the seconds it takes
a person to pass through each pixel based on assumed travel times for
each land use class. The shortest time it would take a hiker to access any
pixel in the study area from a point of mechanized access was then
calculated by using the pathdistance tool of ArcGIS. Noise exposure
from roads, railways and agglomerations was available for most parts of
the study area (Danish Environmental Agency, 2012). The weighted
means of noise values (Lden) were chosen for calculation using the
highest measured decibel value. The data for roads, railways and agglomerations (areas of high population density) were then merged, always choosing the highest decibel value if datasets overlapped. All
pixels not covered by the existing noise exposure data were considered
rather quiet. They were assigned 30 dB, similar to a quiet garden
(Cercle Bruit Schweiz, 1998). The dataset was reclassiﬁed into inverse
values, so high values in the dataset would depict low decibel values
and vice versa, ensuring that values for all indicators correlated positively to likely wildness experience. Afterwards, the remoteness of
mechanized access dataset and the noise dataset were summed up to

2. Methods
2.1. Study area
Our study was conducted in Aarhus Municipality, situated in the
Central Jutland region in Denmark (Fig. 1) at the coast of the Baltic Sea,
with an area of 476.85 km2 (Statistics Denmark, 2016a) and 331,332
inhabitants (Statistics Denmark, 2016b). It consists of the city of Aarhus
and several rural communities. The city of Aarhus is the next-largest
city in Denmark and the fastest growing in the whole country (Aarhus
Kommune, n.d.). The GIS-based relative wildness mapping was conducted for the whole municipality, whereas the ﬁeldwork to collect
biodiversity data was carried out only in the city centre to focus on the
most urbanized parts. The city centre was deﬁned as the area within
Ringvejen, the outer ring road of Aarhus (Fig. 1, yellow border).
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Fig. 1. Location of the study area Aarhus Municipality (A). B depicts the distribution of the sample points, randomly placed in the city centre of Aarhus, stratiﬁed across ﬁve classes of
mapped urban wildness values (20 sample points per class, see diﬀerent colours of the sample points).

create the ﬁnal remoteness dataset.
To evaluate the indicator visibility of built artefacts, a viewshed
analysis was done, following Scottish Natural Heritage (2014) methodology. In a ﬁrst step, all layers from KORT10 (Danish Geodata Agency,
2013) containing built artefacts were selected: single buildings, facilities, buildings, railways, borders of all kinds of streets, landing stages,
harbours, groynes, chimneys, light posts, telephone poles, windmills,
dykes, high-tension power lines and protected ancient monuments. This
vector dataset was converted into a raster mask with a 9.6 m resolution
and each pixel being assigned a 1 if a built artefact lay within and a 0 if
no built artefact lay within the pixel. A digital surface model, DSM
(Danish Geodata Agency, 2007b), the standard terrain descriptor utilized for view shed analysis in ArcGIS, was aggregated to a 96 m resolution to create a point observer layer. For this, a point was inserted
in the cell centre of each pixel. This created 57,176 observer points.
Using an iterator in the model builder of ArcGIS, a view shed was
calculated for each observer point. The visibility was set to be inﬁnite.
A maximum visibility was not applied as visibility can diﬀer a lot depending on the height of the viewed structures and the elevation of the
observer (geometric visibility) and also on the current weather conditions (meteorological visibility). The inﬁnite visibility certainly overestimates visibility and can be understood as a conservative measure.
The resulting view shed maps for each observer point were each multiplied with the built artefact mask leaving only pixels containing built
artefacts. Then the number of those pixels was stored for each observer
point and all the single observer point datasets were merged together.
This dataset was converted back into a raster dataset with 96 m resolution, each pixel storing the number of built artefacts that were
visible from this pixel. For the wildness perception, the number of

visible artefacts per pixel was reclassiﬁed into four classes. A change in
low numbers of artefacts was expected to have a large inﬂuence on
wildness experience, whereas it probably does not matter much if an
observer can see 10 or more than 10 artefacts. The following reclassiﬁcation was thus applied: 4, only one artefact visible; 3, 2–5 artefacts visible; 2, 6–10 artefacts visible; and 1, ≥ 10 artefacts visible.
All modelling was done in ArcGIS 10.3 (Environmental Systems
Research Institute (ESRI), 2017), using mainly the Spatial Analyst extension. The coordinate system utilized for this modelling was UTM
zone 32 N with datum ETRS 1989. Datasets were either available or
aggregated/resampled to a 10 m-resolution. All four indicator maps
were summarized without the application of weights (equal weighted)
to create the ﬁnal urban wildness map of Aarhus Municipality. All
single descriptor maps, the four indicator maps and the ﬁnal urban
wildness map were standardized to a common 0–255 scale using the
following equation:

(x ij − old minimum value )*(new maximum value
sij =

− new minimum value )
old maximum value − old minimum value
+ new minimum value ,

where sij is the standardized value of cell j in map i and xij is the current
value of cell j in map i.
2.3. Collecting data on biodiversity
The urban wildness map of Aarhus Municipality was clipped to the
extent of the smaller central urban study area (Fig. 1) and the
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Table 1
Parameters measured in each 10-m diameter sampling plot to calculate the bioscore following Hand et al. (2016). Weather condition and time of day – potential confounding factors for
bird and invertebrate species richness – as well as habitat type were also recorded.
Indicator

Parameter

Description

Structural complexity

Vegetation strata
Plant growth forms

Number of strata (< 1 m, 1–2 m, 2–5 m, 5–12 m, > 12 m height) by vegetation.
Number of plant growth forms, possible choices: large tree (woody plant with < 3 main trunks, > 20 cm d.b.h.), small tree
(woody plant with < 3 main trunks, < 20 cm d.b.h.), tall shrub (woody plant with > 3 main trunks, > 1 m tall), small shrub
(woody plant with > 3 main trunks, < 1 m tall), tall grasses and ferns (grasses over 1 m in height, ferns and ﬂax plants),
herbaceous plants (green-stemmed plants excluding grasses), grasses (grass and grass-like species < 1 m in height), lichens
and mosses (lichens, mosses and clubmosses), aquatic (freshwater and marine vegetation), climbers (plants growing on other
structures).

Compositional richness

Plant species richness
Bird species richness
Invertebrate species
richness

Number of registered plant species per 79 m2.
Number of registered bird species per 79 m2.
Number of recognizable taxonomic units (RTU) for invertebrates per 79 m2.

Wildness

Naturalness

Estimated naturalness of the plot, with ﬁve possible classes: 0 = completely artiﬁcial (e.g. concrete surface),
1 = predominantly artiﬁcial habitat with some natural features present, 2 = mix of natural and artiﬁcial features,
3 = natural habitat with some alteration and 4 = natural habitat with minimal alteration. Planted non-native plant species
were treated as artiﬁcial features.
Estimated management of the plot, with ﬁve possible classes: 0 = completely controlled environment, 1 = mostly humaninﬂuenced environment, but some natural features, 2 = half-controlled, half-natural features, 3 = slightly visible human
inﬂuence, 4 = No visible human inﬂuence.

Management

Greenness

Vegetation cover

Vegetation cover of the ground and of the canopy above the plot (in %). Both were summarized to describe greenness
(maximum possible value being 200%).

Additional

Weather condition
Time
Habitat type

Six categories: sunny; clouded < 50%; clouded > 50%; closed cloud cover; light rain; strong rain.
Starting time of bird and invertebrate evaluation.
Habitat types after Hand et al. (2016)*, afterwards reclassiﬁed into four broader urban habitat types:
Artiﬁcial vegetated areas (n = 22)
garden rich and garden poor residential areas, recreational green, parks
Woodland (n = 46)
woodland
Paved (n = 16)
residential streets, streets, recreational paved, open public area
Semi-natural and ruderal areas (n = 16)
vacant lots and fringe vegetation, non-woodland area largely maintained
in a native state

*Only the habitat types that were recorded in this study are listed here.

richness was surveyed by estimating all higher plant species within the
circle to species level for each of the following strata: herb layer
(< 0.5 m), shrub layer 1 (0.5–2 m), shrub layer 2 (2–5 m) and tree layer
(> 5 m), and their Braun-Blanquet cover (Müller-Dombois & Ellenberg,
1974). Strata information was not utilized for calculating the bioscore
but for the examination of plant species composition. Furthermore,
naturalness, management, vegetation cover, time of day, weather
condition and habitat type were registered in each plot (Table 1). Based
on this information, the bioscore for each sample site was calculated by
the following equation:

remaining values were again standardized to the 0–255 scale. The
standardized values were then reclassiﬁed into ﬁve equally spaced
wildness classes (0–50, 51–100, 101–150, 151–200, 201–255). Built-up
sites (buildings, big streets, railways) and private areas such as gardens
were erased from the dataset as sampling was not possible there.
Afterwards, 20 points were randomly placed within each of the ﬁve
wildness classes. A minimum distance of 50 m between sampling points
was enforced to keep the points from clustering in one area. Sample
sites were relocated to the centre of the wildness map pixel.
A biodiversity assessment was conducted between 22nd June and
5th August 2016. The sample points were located using a Trimble Juno
SB handheld GPS device running ArcPad 10. In each location, a circle
with a 10 m diameter was set up. The biodiversity of the sample sites
was assessed employing the bioscore method of Hand, Freeman,
Seddon, Stein, and van Heezik (2016). It consists of the four components structural complexity, compositional richness, wildness, and
greenness, as deﬁned and measured in Table 1. We kept ‘wildness’ as a
bioscore component even if it measures perceived wildness of the
sample sites, which we also evaluated with the GIS-based urban wildness mapping. As wildness was only one of four components, measured
in a very diﬀerent manner from the GIS-based wildness mapping (cf.
Table 1), we preferred to use the bioscore as originally suggested to
enable comparison to other studies. Furthermore, we also assessed the
individual relations between the four bioscore components and mapped
wildness (see below), allowing us to separate out the relation between
the two wildness measures. To assess these four components, the following data were recorded in each sample site: number of vegetation
strata occupied and number of plant growth forms. Bird species richness, estimated by standing ﬁve minutes in the plot centre and noting
how many diﬀerent bird species could be seen or heard anywhere
around the plot. Invertebrate species richness assessed searching the
plot optically ﬁve minutes for invertebrates and noting down how many
diﬀerent recognizable taxonomic units (RTU) were found. Plant species

bioscore = (s1 × structural complexity + s2 × compositional richness
+ s3×wildness) × greenness,
where s1, s2 and s3 are scaling factors, scaling all three summarized
components to a maximum value of ten, whereas greenness was standardized to a 1–4 range beforehand.
2.4. Statistical analysis
All statistical analyses were conducted using R version 3.2.3 (R Core
Team, 2015). The relationship between mapped urban wildness values
and bioscores was examined using standard least-squares linear regression. Additionally, for each of the four components of the bioscores
(compositional richness, structural diversity, wildness, and greenness) a
separate linear regression was calculated.
As compositional richness was the only component of the bioscore
showing no statistically signiﬁcant relation to the mapped urban
wildness values, we looked further into its components. Plant species
richness in relation to mapped urban wildness values was analyzed
using linear regressions. Bird species richness and invertebrate richness
were expected to be confounded by the time of day and the prevailing
weather condition. To account for these confounding factors leading
perhaps to heteroscedastisity, generalized least squares linear models
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(gls) implemented in the R-package nlme (Pinheiro, Bates, DebRoy,
Sarkar, & R Core Team, 2016) were utilized. Diﬀerent variances per
stratum in the case of categorical explanatory variables (weather conditions) were modelled using the varIdent variance structure. For the
numerical explanatory variable ‘time of day’, a ﬁxed variance structure
was applied using varFixed. Additionally, a combination of both variance structures was tested to improve residual homogeneity. The
Akaike Information Criterion (AIC) of all three modelling variants was
compared and the model with the smallest AIC was chosen. To examine
the ﬁt of the gls a pseudo-r2 was computed using the predictive power
measure (Zheng & Agresti, 2000).
Community species composition of the vegetation was visualized
with a Non-Metric Multidimensional Scaling (NMDS, R-package vegan
(Oksanen et al., 2016)) to assess diﬀerences between habitat types. The
NMDS was run with the Bray-Curtis-distance metric and three dimensions (k = 3), as reasonable stress values could not be obtained with
two dimensions. As environmental parameters habitat types, mapped
urban wildness values and bioscores were ﬁtted and p-values were
obtained from random permutations of the data.
To check for a diﬀerence in bioscores depending on the four habitat
types a one-way ANOVA and for a diﬀerence in urban wildness values a
Kruskal-Wallis rank sum test, due to non-normal distribution of the
response variable, was calculated. In both cases Tukey post-hoc tests
were employed to check for diﬀerences among factor levels.
Furthermore, a linear regression comparing urban wildness values and
bioscores was calculated for data subsets for each habitat type. To
control for possible spatial autocorrelation of the sample points in each
subset, Pearson correlations with geographically eﬀective degrees of
freedom (Dutilleul’s method) were calculated in SAM – Spatial Analysis
in Macroecology (Rangel, Diniz-Filho, & Bini, 2010). There was no
spatial autocorrelation detected for any subset.
3. Results

Fig. 2. Urban wildness map: Landscape-scale relative wildness mapping for Aarhus
Municipality on a 10 m resolution.

3.1. Relative wildness mapping

calculation.

From a ﬁrst visual assessment, the relative wildness mapping succeeded in distinguishing between diﬀerent management intensities of
certain parts of the city landscape. While mainly streets and built-up
areas were mapped as least wild, forests and wetlands scored highest at
the whole municipality level (Fig. 2). Naturally, the city centre was
overall mapped less wild than the urban fringes or rural parts of Aarhus
municipality but the mapping still returned very high values for forest
and river greenspaces located there.
As wildness was also a component of the bioscore, estimated onground for each sample site, a comparison to the mapped urban wildness value for each site by linear regression was utilized as a groundtruthing. The signiﬁcant positive relationship (linear regression,
slope = 0.02, t96 = 6.43, p < 0.001, r2 = 0.30) revealed that the
mapping was capable of capturing diﬀerences in urban wildness that
would also be perceived on-ground, with high mapped urban wildness
values corresponding to rather natural settings and sites with low urban
wildness values being under obviously strong human inﬂuence (Fig. 3).
We investigated the robustness of our mapping performing a sensitivity analysis (Appendix A). The resulting maximum standard deviation of 5.9 (2% variability relative to the full 0–255 value range) and
mean standard deviation of 2.8 (1% variability relative to the full 0–255
value range) show that our mapping produced reasonably robust results, with major roads and certain parts of large greenspaces being
least sensitive to a change in indicators (Fig. S4, Supplementary material). Furthermore, remoteness (from noise and mechanized access)
seems to be the indicator inﬂuencing the ﬁnal wildness mapping results
the most. Correlation coeﬃcients of the original wildness map and the
four wildness maps only taking three indicators into account, respectively, all showed values > 0.7. Apparently, the general trend in pixel
values stays the same, even when one indicator input is left out of the

3.2. Relation between urban wildness and bioscore and comparison across
habitat types
There was a positive relationship between mapped urban wildness
and bioscore (slope = 0.12, t96 = 4.38, p < 0.001, r2 = 0.17, Fig. 4).
Furthermore, linear regressions revealed positive relationships between
the mapped urban wildness values and the bioscore components;
structural complexity (slope = 0.01, t96 = 2.93, p < 0.01, r2 = 0.08),
wildness (slope = 0.02, t96 = 6.43, p < 0.001, r2 = 0.30), and
greenness (slope = 0.01, t96 = 3.52, p < 0.001, r2 = 0.11). The linear
regression for mapped urban wildness and compositional richness
showed no signiﬁcant relationship (slope = −0.01, t96 = −0.41,
p = 0.69, r2 = 0.01). The only signiﬁcant relationship between
mapped urban wildness and bioscore for the data subsets for each habitat type was found for artiﬁcial vegetated areas (Table 2).
Mean urban wildness values (mean ± se) according to habitat
types were: artiﬁcial vegetated area 105.1 ± 12, woodland
159 ± 8.9, paved 44.8 ± 1.4 and semi-natural/ruderal areas
141.4 ± 17.1. There was a signiﬁcant diﬀerence (Kruskal-Wallis rank
sum test: p < 0.05) for mean urban wildness values across the four
habitat types (Fig. 5A). The lowest bioscore (0.07) was found in a
parking lot (habitat type: paved), while the highest bioscore (82.45)
was recorded for a riparian forest (habitat type: woodland). There was a
signiﬁcant diﬀerence (ANOVA: p < 0.05) found for mean bioscores
across the four habitat types (Fig. 5B).
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Fig. 3. Sample sites with the highest (upper row) and lowest (lower row) mapped urban wildness values (depicted on the photos). The standardized value range of the mapping was
0–255, as sample sites were placed randomly, they do not display the full value range of the mapping.

Fig. 4. The linear regression (p < 0.001) revealed a positive relationship between urban wildness values and bioscores. The sample points are coloured according to habitat type.
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we found our GIS-based mapping was robust to changes in indicator
inputs. Furthermore, our ground-truthing results showed that the GISbased mapped urban wildness values and ﬁeld-estimated wildness
(bioscore component) for each sample site corresponded well, even
though there is substantial unexplained variation.

Table 2
Linear regressions comparing mapped urban wildness values and bioscores for subsets of
the data per habitat type.
Habitat type

Regression
coeﬃcient

Df

t

p

Pearson’s r

SACcorrected p

Artiﬁcial
vegetated
areas
Woodland
Paved
Semi-natural
and ruderal
areas

0.10

20

2.4

0.03

0.47

0.01

4.2. Urban wildness areas and biodiversity
−0.03
−0.46
−0.03

43
14
13

−0.7
−0.73
−0.34

0.49
0.48
0.74

−0.11
−0.19
−0.10

0.47
0.50
0.25

Bioscores showed a clear increase with increasing mapped relative
urban wildness values. The bioscore components that represent habitat
diversity, namely greenness, wildness and structural complexity, also
increased with increasing urban wildness values. As these three measures of habitat diversity have been shown to increase biodiversity in
previous studies (e.g. Coops, Fontana, Harvey, Nelson, & Wulder, 2014;
Jorgensen & Tylecote, 2007; Threlfall, Williams, Hahs, & Livesley,
2016), these ﬁndings point to a positive relationship between urban
wildness and urban biodiversity. Nevertheless, the low r2 values indicate that a substantial part of variation could not be explained by the
mapped relative wildness values. We note that some sites in the dataset
with high mapped relative wildness values, but low bioscores or vice
versa reﬂect conditions where wildness simply does not correlate with
biodiversity for the measured groups. These include sites in beech forest
with highly shaded conditions, a thick layer of fallen leaves, and little
understorey vegetation (a typical eﬀect of beech (Mölder, BernhardtRömermann, & Schmidt, 2008)), accounting for high wildness perception, but low bioscore measures. Other sites located within parks or
forest, but very close to major roads tended to show high bioscores, but
low mapped wildness values, as proximity to roads does not have strong
negative or may even sometimes have positive eﬀects on the measured
organism groups (Skov & Svenning, 2003). Linked to this, we ﬁnd that
when considering the four wildness mapping indicators separately all
are positively correlated to the bioscores for the whole dataset, but
relationships within habitat types are generally not signiﬁcant (Fig. S5,
Supplementary data). This suggests that much of the bioscore-wildness
relation is mediated by habitat type, which itself exhibits much variation beyond that linked to wildness, helping to explain the noisy relation between bioscore and perceived wildness. However, there is one
signiﬁcant and four marginally signiﬁcant (p < 0.1) positive relations
within habitats between bioscore and either perceived naturalness of
land cover, remoteness or visibility of built modern artefacts (Fig. S5,
Supplementary data), suggesting that these indicators capture aspects
of the environment of relevancy for biodiversity beyond those captured
by habitat type. Future research should further investigate the link
between wildness and biodiversity within urban habitat types, e.g. for
more organism groups.
Compositional richness, measuring biodiversity in a classical assessment of species richness showed no signiﬁcant relationship to

3.3. Bird, invertebrate and plant species richness in relation to urban
wildness
There was a (marginal) positive relationship between urban wildness values and bird species richness (slope = 0.01, t98 = 1.84,
p = 0.07, pseudo-r2 = 0.03), as well as invertebrate species richness
(slope = 0.02, t98 = 3.77, p < 0.001, pseudo-r2 = 0.12). For plant
species richness and urban wildness values, a negative relationship was
found (slope = −0.03, t96 = −2.76, p = 0.01, r2 = 0.07). The NMDS
revealed that vegetation community composition can be explained by
habitat type (envﬁt: r2 = 0.52, p = 0.001), urban wildness value (envﬁt: r2 = 0.23, p = 0.001) and bioscore (envﬁt: r2 = 0.44, p = 0.001)
(Fig. 6). Whereas semi-natural/ruderal areas, artiﬁcial vegetated areas
and paved areas largely overlap, woodland did not overlap with any
other habitat type. Plant species composition of woodland diﬀered from
the other habitat types, with many species being found only in this
habitat type (list of registered species in Table S3, Supplementary data).
Furthermore, the ordiellipses of woodland and semi-natural and ruderal
areas are larger than the ones for paved and artiﬁcial vegetated areas
(Fig. 6), indicating greater beta diversity among sample sites of these
habitat types.
4. Discussion
4.1. Relative wildness mapping in urban areas
Landscape-scale relative wildness mapping has so far mostly focused
on large natural areas (Carver et al., 2012; Carver, Tricker, & Landres,
2013). We applied GIS-based wildness mapping to inventory urban
greenspaces according to their perceived relative wildness. One needs
to be careful when communicating such mapping results as they may be
sensitive to errors and uncertainties related to data inputs and algorithms used (Feizizadeh & Blaschke, 2014). Promisingly though, here

Fig. 5. Box plots of urban wildness and bioscore values per habitat type depicting median values. Diﬀerent letters indicate signiﬁcant diﬀerences among habitat types.
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Fig. 6. NMDS for vegetation community composition (stress value: 16%). Ordiellipses in red show the community composition of the single habitat types. Dots depict the sample sites
with colours according to habitat type, while species are represented by grey crosses (only certain species names are plotted to prevent cluttering). Species with a ‘H’ at the end of their
name were found in the herb layer, species with a ‘B1’ or ‘B2’ in the shrub layer and species with a ‘T’ in the tree layer. The environmental parameters relative wildness values and
bioscores are illustrated by blue arrows. The NMDS result was rotated so that NMDS1 is parallel to the environmental parameter bioscores. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

richness will be enhanced by woodland patches at the larger urban
landscape-scale.
All these ﬁndings together suggest that there is a positive relationship between urban wildness and biodiversity. However, the bioscore
was originally designed to measure perceived biodiversity by human
inhabitants and is likely not able to measure true species richness of all
relevant biodiversity dimensions accurately (Hand et al., 2016). Perceived and real biodiversity are likely to correlate though, and, furthermore, perceived biodiversity may be even more important from a
human perspective, as recent studies suggest that perceived biodiversity
increases urban residents’ well-being (Hedblom, Knez, & Gunnarsson,
2017; Shwartz, Turbé, Simon, & Julliard, 2014).
The habitat types woodland and semi-natural/ruderal areas are
clearly associated with high bioscores as well as high urban wildness
values. An increase of these habitat types within the city landscape is
therefore likely to also increase wildness and biodiversity experiences
for urban inhabitants. Since other studies have shown the importance of
these habitat types in providing ecosystem services such as improving
climatic and air hygienic conditions in urban areas (Burkhardt et al.,
2008), it is likely that expanding these habitat types will lead to synergies between increased wildness and biodiversity experiences and
other factors inﬂuencing human well-being in cities. Furthermore, recent results show that there might be a direct link between urban
wildness and better ecosystem functioning (Corlett, 2016b; Palta,
Grimm, & Groﬀman, 2017).
Interestingly, artiﬁcial vegetated areas such as parks or gardens are

mapped urban wildness values. Still, bird species richness showed a
marginally positive tendency in relation to increasing urban wildness,
while invertebrate diversity increased signiﬁcantly with increasing
urban wildness. Studies of bird and invertebrate species richness in
urban habitats show they are closely related to habitat diversity
(Dallimer et al., 2012; Paker, Yom-Tov, Alon-Mozes, & Barnea, 2014),
presence of old trees and high-quality remnants of natural vegetation
(Angold et al., 2006). All these mentioned characteristics are more
likely provided by areas with higher urban wildness values, as these are
areas with less sealed surface, have higher habitat diversity and are less
fragmented compared to other parts of the urban landscape.
Plant species richness was the only biodiversity dimension measured that decreased with increasing urban wildness. This might be
attributed to the fact that estimated wildness tended to be particularly
high in woodland (mostly forests close to the city centre). Woodland in
general provides shady understory conditions leading to a smaller
number of plant individuals thriving there and therefore a smaller
species number in the relatively small sample sites compared to other
habitat types. Additionally, many forest understory herbs are poor
dispersers (Hermy, Honnay, Firbank, Grashof-Bokdam, & Lawesson,
1999) and therefore are rarely able to colonize recently established
urban woodlands (Honnay et al., 2002), leading to rather species-poor
herbaceous understory vegetation. On the other hand, the NMDS revealed plant species composition of woodland habitats varying considerably from those of the other habitat types, and the larger ordiellipse suggests high internal beta diversity. Therefore, plant species
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Table A1
Comparison of the diﬀerences in wildness values between the original wildness map and four alternative wildness maps where one indicator was excluded from the
calculation respectively.
Indicator excluded

Mean diﬀerence in
wildness values

Max. diﬀerence in
wildness values

Correlation
coeﬃcient R

Visibility of built
artefacts
Challenging
terrain
Naturalness of
land cover
Remoteness

13

88

0.89

1

83

0.99

15

88

0.74

34

68

0.96

bioscores and hence to perceived biodiversity, indicating that inhabitants would beneﬁt not only from the wildness experience, but also
an enhanced experience of biodiversity. It is also likely that at least
some actual biodiversity dimensions will beneﬁt from enhanced urban
wildness directly. Urban wildness areas could therefore provide a valuable component of city greenspaces that can be managed and maintained at low costs. Producing urban wildness maps is one possibility to
visualize existing urban wildness and thus maybe facilitate an awareness and higher valuation for this kind of nature, and its better integration into urban planning.

the only habitat type were bioscores signiﬁcantly increased with increasing urban wildness values. This has important management implications, as it shows that reduced management of gardens and parkland oﬀers one among several possibilities for enhancing urban
biodiversity as has been shown e.g. for native Mediterranean bird
species (Shwartz, Shirley, & Kark, 2008) or carabid beetles (Venn &
Kotze, 2014). Importantly, this is the one of the four urban habitat types
that is most utilized by people, and hence oﬀers strong scope for enhancing urban inhabitants’ wildness and biodiversity experiences. On
the other hand, perception studies often conclude that well-managed
greenspaces are regularly preferred by urban inhabitants. Urban wildness areas therefore would also need to be carefully designed, e.g. with
so called ‘cues to care’ that show the perceived ‘mess’ as actually being
intended by the designers and not a by-product of neglect (Botzat,
Fischer, & Kowarik, 2016; Weber, Kowarik, & Säumel, 2014).
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5. Conclusion
We show that GIS-based relative wildness mapping is useful for
pinpointing areas that are also relatively wild areas on the ground in an
urban context. Urban wildness was furthermore linked to higher
Appendix A. Analysis of mapping robustness

To examine the robustness of the GIS-based relative wildness mapping we assessed the sensitivity of the ﬁnal wildness map regarding the error
and uncertainty related to the four input indicator datasets. For the city center of Aarhus, we applied bootstrapping to add random “noise” to the
input dataset as was previously suggested to measure model input errors for GIS-based wildness mapping (Carver et al., 2013). For this, each
indicator map was multiplied with a random value between 0.9 and 1.1 to induce small changes in the original pixel values before standardizing and
summarizing the indicator maps again to create an alternative wildness map. This process was repeated one hundred times and the standard
deviation of the resulting one hundred wildness maps was calculated to depict overall sensitivity to input indicator values. The resulting maximum
standard deviation of 5.9 (2% variability regarding the 0–255 value ranges) and the mean standard deviation of 2.8 (1% variability with regard to
the 0–255 value range) show that our mapping produced reasonably robust results within the city center of Aarhus, with major roads and certain
parts of large greenspaces being least sensitive to a change in indicators (Fig. S4, Supplementary material). We furthermore investigated the eﬀect
that excluding one input indicator map from the wildness mapping would have on the ﬁnal results for the whole municipality of Aarhus. For this we
calculated four additional wildness maps where we excluded one of the indicator maps, respectively. We calculated the correlation coeﬃcients of the
four resulting wildness maps when compared to the original wildness map by linear regression (Table A1). Compared to the originally derived
wildness map, the map without remoteness shows the highest mean diﬀerence in wildness values and thus remoteness (from noise and mechanized
access) seems to be the indicator inﬂuencing the ﬁnal wildness mapping results the most. Visibility of built artefacts and naturalness of land cover do
show similar, rather modest mean diﬀerences in wildness values compared to the original wildness map and challenging terrain obviously has the
lowest inﬂuence on the wildness mapping results. All correlation coeﬃcients showed values > 0.7 indicating a strong uphill relationship. The
general trend in pixel values obviously stays the same, even when one indicator input is left out of the calculation.
Appendix B. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.landurbplan.2017.09.027.
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