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Abstract Lawns are considered monocultures and lesser con-
tributors to sustainability than diverse nature but are still a dom-
inating green area feature and an important cultural phenome-
non in cities. Lawns have esthetical values, provide play-
ground, are potential habitat for species, contribute to carbon
sequestration and water infiltration, but also increase pesticides,
fertilization, are monocultures and costly to manage at the same
time. To evaluate the potential impact of lawns, whether posi-
tive or negative, it is of interest to estimate the total lawn cover
in cities and its change over time. This is not a straightforward
process, e.g., because many lawns are small and covered by
trees. In this study we review the existing literature of lawn
cover in cities and the different methodologies used for cover
estimation. We found both pros and cons with NDVI and
LiDAR data as well as manually interpreted aerial photos.
The total cover of lawns in three case study cities was estimated
to 22.5%. By extrapolating these percentages to all Swedish
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cities lawn cover was estimated to 2589 km? (0.6% of the
terrestrial surface). The approximated total municipal manage-
ment cost of lawns in all Swedish cities was 910,000,000 USD/
year. During 50 years lawn area almost doubled in relative
cover and 56% of them were continuously managed. Since
lawns constitute large parts of the urban greenery and are costly
to manage it is highly relevant to consider their social, ecolog-
ical and cultural value compared to alternatives, e.g., meadows
with less intensive management.

Keywords LiDAR - Orthophoto - Grassland - Meadow -
Turf - Management

Introduction

The existing research of urban green areas and their sizes, qual-
ities and areal changes over time have been focusing on urban
greenery in general and rarely on urban lawns (also called
grasslands, turf grass, meadows) although lawns are common
in cities all over the world. Lawns are however mostly notice-
able in the western world in particular but through moderniza-
tion processes in, e.g., China there has been a fairly recent rapid
increase in the establishments of lawns (Ignatieva et al. 2015).

The lawn has supposedly become such an important com-
ponent of cities due to the numerous ecosystem services lawns
provide (Johnson 2013); e.g., good opportunities for activity
as sport fields promotes good health, visual esthetic values
that increase well-being, carbon sequestration, urban heat reg-
ulation (Wang et al. 2016) area for water infiltration (Armson
et al. 2013), noise reduction (Fang and Ling 2003) and as
substrate for biodiversity, especially when managed as
meadows (Ignatieva et al. 2015). However, lawns also have
negative effects due to the high use of pesticides (e.g., 17% of
the insecticides used in USA are used for lawns; Milesi et al.
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2005, but the usage of pesticides vary a lot between different
regions of the world), fertilizers, vast water consumption
(Runfola et al. 2013) and potentially high management costs.
Thus, it is of interest to know the areas of lawns in cities to be
able to understand the extent of the potentially positive and
negative effects.

The basic problem in estimating size and distribution depend
on the fact that lawns are very scattered (small parcels) within
the cities. The majority of the existing literature of lawn cover
in cities is based on either aerial photos (orthophotos; Akbari
et al. 2003; Attwell 2000) or LiDAR data (a surveying method
that measures distance to a target by illuminating that target
with a laser light, the acronym stands for LIght Detection
And Ranging; Han et al. 2014). However, many studies seem
to combine different techniques such as aerial photos with other
remote sensing data (Robbins 2003; Milesi et al. 2005). Many
studies use vague explanations on how lawn areas were defined
(Stewart et al. 2009) or equaling lawns with other herbaceous
vegetation such as flowerbeds and vegetable patches;
(Edmondson et al. 2014). Even detailed studies of urban grass-
lands such as the one made by Fischer et al. (2013) do not map
domestic gardens separately because they are so numerous,
scattered and small and thus limits the size to >500 m” and,
e.g., assume that smaller parks includes grasslands.

Areas of lawns may vary in different urban settings, e.g.,
residential gardens in the city of Koge in Denmark had
31.4% lawn cover, single family housing areas 31.8%, high
density and low rise houses 43.5%, apartments 35.5% and city
center 31.3% (calculated from Table 1 in Attwell 2000). Studies
do, however, seem to be skewed towards non-public residential
areas where residential gardens in Christchurch in New
Zealand had 47% cover (Stewart et al. 2009), in the city of
Sacramento in USA 24.5% (Akbari et al. 2003), in Sheffield
in U.K. 41.5% of the gardens had >75% cover of lawn (Gaston
et al. 2005). Robbins (2003) estimated total cover of lawns in
private lots on a larger scale (Ohio county in U.S.A) to be 23%.
They (Robbins 2003) used black and white aerial pictures of 63
gardens removing tree cover, garden cover (supposedly e.g.
flower beds), sidewalks, driveways, porches and considered
the remaining area as lawn and extrapolated this onto state
size of lots. Milesi et al. (2005) is the only study, to our knowl-
edge, that estimated total cover of lawns in one country (of all
types of urban settings). They (Milesi et al. 2005) used an
indirect approach removing impervious surfaces, trees and
other undeveloped areas and assumed surface of turf grass to
be the inverse of that area. Milesi et al. (2005) used a combi-
nation of nightlight measures to estimate impervious surface in
combination with aerial photos along transects in 13 major
urban centers which later were extrapolated to the whole of
USA. The results revealed turf grass on 1.9% of the total area
of USA (approximately 163,800 km?).

Milesi et al. (2005) argue that turf grass rarely can be iden-
tified using satellite data due to low resolutions. However,
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since 2005 remote sensing techniques, including high intensi-
ty of LIDAR data where multilayers of urban vegetation can
be detected, has developed a lot (Han et al. 2014). However,
Han et al. (2014) argue that LiDAR data need to be validated
in field and that laser data varies in intensity and thus also
varies in potential to be used for mapping of urban greenery.
In a review of satellite remote sensing in urban settings, Patino
and Duque (2013) conclude that many scientists working on
regional levels remain skeptical that satellite remote sensing
will provide useful information on local scales. Thus, despite
the available developed techniques the area of lawns still re-
mains difficult to estimate.

Further, few studies investigated lawn continuity over time
although lawns are an old cultural phenomenon, e.g., in
Western Europe where they date back to medieval times
(Ignatieva et al. 2015). Robinson (2012) has, as one of the
few, estimated land cover composition change between 1960
and 2000 at parcel level in an exurban residential area in
Michigan USA. The study found an increase in residential
areas over time, as well as an increase in tree cover, but that
lawns became proportionally smaller when parcels became
larger (potentially due to the costs of maintenance of fertiliza-
tion and the intensity of labor). Huang et al. (2014) used
Robinson’s results to estimate carbon uptake over time.
Fischer et al. (2013) found that historical parks have higher
species richness than other grasslands in the city suggesting
that there may be a positive relationship between continuity in
management of lawns and biodiversity.

The overarching aim of this paper is to use and evaluate
different methods to estimate urban lawn cover in space and
time in urban areas. We extrapolate lawn cover of three cities
to estimate total national cover of lawns in Sweden and a
theoretical management cost. We test NDVI (normalized dif-
ference vegetation index), LiDAR and aerial photos and dis-
cuss the potentials of each method for estimating urban lawn
cover. We estimate how large proportion of present lawns that
have been managed for more than 50 years using black and
white aerial photos from the 1960’s. Finally we discuss how of
present lawn area and the changes over time affect the poten-
tials for different ecosystem services.

Methodology
Study sites

Three major cities in Sweden are used as case study cities,
Gothenburg (550,000 inhabitants and sized 45,000 ha),
Malmé (270,000 inhabitants and sized 7681 ha) and Uppsala
(140,000 inhabitants and sized 4877 ha). The cities are located
in the Southern third of Sweden (South of the river Dalélven),
where more than 86% of the Swedish population lives
(Statistics Sweden 2012). These cities are among the four
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largest cities in Sweden (only Stockholm is larger) and are
located in different parts of Sweden and in different landscape
context. Malmo is situated in an agriculture dominated area in
the south, Gothenburg in a forested area with a lot of bare rocks
on the west coast and Uppsala is based in a landscape
consisting of mixture of forest and agricultural land (approxi-
mately 50% each) in eastern Sweden. They represent potential-
ly different climate conditions and local cultures in manage-
ment and establishment of lawns (Ignatieva et al. 2015).
These three cities are further studied in a major transdisciplinary
project about lawns where two urban Multi-family residential
housing neighborhoods that are rather unique for Sweden are
investigated; Million program Housing and Post war “Peoples
home” where approximately 50% of the Swedish population
live (see Ignatieva et al. 2015). In Sweden 85% of the popula-
tion live in urban areas (Statistics Sweden 2012).

Public lawns in Swedish cities are managed both by mu-
nicipalities and private owners. It is common that, e.g., people
in multifamily housing own the lawns and manage them but
still allow the public to use them. In, e.g., Uppsala the Swedish
church and two Universities are major land owners beside the
municipality, and manage their own lawns of which all are
open for public use. Ownership of urban green areas in
Gothenburg (G), Malmo6 (M) and Uppsala (U) is; Private per-
son (G =20%; M =22%; U = 18.1%); Official institutes such
as municipalities, universities etc. (G = 56%; M = 54%;
U = 56%); Stock companies (G = 10%; M = 9%; U = 9%);
Private or municipal tenants (G = 7%; M = 10%; U = 10%);,
Other or Unknown ownership (G = 7%; M = 4%; U = 8%)
(from Statistics Sweden 2015). Thus it is difficult to know the
area of lawns of an entire city through municipality protocols
of lawn area management only. The municipality of
Gothenburg manages a lawn area of 427.5 ha, in Malmé
516.3 ha and Uppsala 681.4 ha (information from nature and
planning departments in Gothenburg, Malmo and Uppsala).
The lawn areas that are municipality managed do not use
fertilization or pesticides for maintenance (information from
nature and planning departments in Gothenburg, Malmo and
Uppsala municipality).

Mapping methods - LiDAR and NVDI

Light detection and ranging (LiDAR) data is based on illuminat-
ing a target with a laser beam, usually within the near infrared
(NIR) wave lengths (reflecting a target on the ground that reflects
up to e.g. an airplane with device). Each LiDAR return contains
an intensity value (0 to 255) which depends on the reflectivity of
the surface. Vegetation provides a relatively high intensity value
due to its high reflectivity in the NIR wave lengths. The
Normalized difference vegetation index (NDVI) is a value that
can be calculated from the amount of light reflected in an image
band of wavelengths in the near-infrared and red light. The index
usually use images from space satellites, and indicates the

amount of living vegetation. Normalized difference vegetation
index is used for vegetation analyzes. This works because the
vegetation often has high reflection in the NIR band and low
reflection in the red visible band.

Gothenburg had high intense LiDAR data available and
was thus used to test a method for estimating lawn cover. A
smaller area (2 km?) of the south central Gothenburg was
chosen as a study area for LIDAR and NDVI studies (this
area had suburban character, a mixture of multifamily
housing and small private houses in Sweden; see Vogel
2014 for details). Orthophoto and LiDAR datasets was pro-
vided by the Building and Planning authority of the city of
Gothenburg (Stadsbyggnadskontoret). The LiDAR data was
collected at a height of 550 m with a swath angel of 20°. It
covered all of the study area and had 13.65 returns per m?,
each point with a 0.13 m diameter footprint (the area of the
pulse when it hits the ground). The LiDAR data was classified
into 10 classes, where class 1 (unassigned) and class 2
(ground) were of specific interest to this project and was
gridded at a resolution of 1 m. Especially class 1 showed after
a closer inspection to reflect pulses near ground level or on
ground level, indicating potentials for high level of return
pulses for lawns.

The orthophotos had a resolution of 0.25 m. The photos
contained both IR and visible bands. A vector polygon dataset
of all grass areas maintained by the municipality was used as a
complement to the analyses. However, the municipality in
Gothenburg (and Sweden in general) only manages their
own lawns which are a fraction of total urban lawns.

To be able to extract the lawns from the intensity raster
(LiDAR), an intensity threshold value was required. Based
on manual comparison of the intensity raster and lawns visible
on the orthophotos, and distribution of the intensity values of
pixels in the municipal maintenance grass areas, the threshold
was set to 150 (see Vogel 2014 for details). Since not only
grass show intensity values >150, but also areas such as white
paint on roads and other highly reflective surfaces, it was
necessary to find a way to minimize the number of pixels
indicating false grass surfaces. To do this, the raster was first
run through a Majority filter tool; if a pixel has another value
than at least 3 of its 4 cardinal points, the pixel gets the value
of these 3 neighbors. In this process, outliers such as single
non-grass pixels inside a grass area or grass pixels in the mid-
dle of a road, was removed. A region group tool was used,
which groups any connecting clusters of pixels of the same
value and gives the group a unique ID. To further filter out
non-grass areas registered as grass, a grass area threshold val-
ue was set at 7 m? and all groups with an area smaller than this
was removed. The threshold was set to 7 m? after visually
comparing the results of different thresholds between 10 m?
and 5 m” in the study area with the intention of keeping the
threshold as low as possible while still removing the majority
of non-grass surfaces registered as grass.
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Mapping methods — aerial photos

In this study we used ArcMap 10.2 and the aerial photos
included in the ArcMap background data from May 2015.
The map features 0.3 m resolution imagery in parts of
Western Europe (DigitalGlobe). The lawns were manually
mapped (polygons) in three gradients from the urban fringe
to the center part of the three cities Gothenburg (length of
gradient =10,200 m), Malmo (length of gradient =7000 m)
and Uppsala (length of gradient =5100 m; see Fig. 1).
Gradients were located to cover largest possible length of
urban areas, not crossing major rivers or lakes and leap in
different directions (south—north in Gothenburg, east-west in
Malmé and north-south in Uppsala). Four ha squares were
interpreted every 500 m making the total interpreted area in
all three cities 132 ha (N = 33 squares x 200 x 200 m). In
Gothenburg n = 15 squares, Malmoé n = 10 squares and
Uppsala n = 8 squares.

All three cities have an outer border (urban fringe) defined
by the statistics Sweden (Statistics Sweden 2013) and were
clearly visible in the photos. The center (end) of transects were
the medieval inner cities (e.g., in Uppsala the center is in the
Castle originally built in 1549 A.D.). Prior to aerial photo
interpretation a pretest using drones with high resolution
photos was made showing that ArcMap background data
had lower resolution but still enough for the purpose of
interpreting lawns (i.e., drones would not add additional im-
portant information of lawns at the scale of cities but perhaps
for local, in detail, studies of single urban green areas).

In each 4 ha square the total area of lawn, meadow (grass
that according to municipalities in Sweden are only cut once
or twice a year, information from nature and planning depart-
ments in Gothenburg, Malmo and Uppsala municipality),
sport lawn (soccer fields), trees, shrubs, gravel (sport fields
with gravel), bare rock (mountain rocks, very common in
Gothenburg), bare soil, water, agricultural fields, bare soil
and allotments (small scale gardening) were mapped. Land
cover not classified as any of these categories was considered
infrastructure (e.g., roads, houses, parking lots, industrial
areas etc.). Subsamples of some areas in Uppsala were visited
in the field to confirm cover under trees. In areas available for
everyone, such as around churches and parks the areas under-
neath the trees were often (not always) covered by lawns.
When some areas were hidden by shadows or trees Google
earth street view was used to get an overview of the area. This
was mainly done for areas shadowed by houses and trees in all
areas except for gardens since it was difficult to see due to
hedges and shrubs.

To investigate land-use and lawn cover in historical maps
the same 4 ha squares were manually interpreted using black
and white aerial pictures from Lantmateriet (Swedish authority
for property registration and geographical information). The
photos varied in age between 1956 and 1963 depending on city
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Fig. 1 Illustrates the methodology of how interpreted squares were
chosen in the cities, Here illustrated by Uppsala city. The gradient of
N = 8 squares (200 mz, 4 ha) reaching from the urban fringe (upper
corner) to the center of Uppsala (lower part of photo)

and location along the gradients, but will hereafter be referred
to as the 1960’s photos (although in some cases dating further
back). The orthogonal projections of aerial (ortho) have a res-
olution of 0.5 m (local variations may apply depending on
flight height). Photo shooting took place mainly from 4600 m
above sea level with scale at around 1:30,000 where scanning
was made with 15 um providing a resolution of 0.5 m / pixel.

Present cover that overlapped with cover in the 1960°s was
considered to be continuity lawns.

Results
LiDAR and NDVI

Using LiDAR a significant number of pixels indicated grass
although located at roads where there is no grass in reality (for
details see Vogel 2014). After filtering and limiting smallest
grassland to 7 m* a lot of “road” grass disappeared. In the in-
vestigated area of 430.3 ha 56.9 ha were detected as grass, i.e.
13.6%. The IR (NDVI) captured vegetation very well but had
major faults in distinguishing grass from shadows (see Fig. 2).

By comparing the municipally managed areas (with rather
precise cover of lawn) with LiDAR data the results showed
that the LiDAR detect about 42.6% of the total municipal
lawn areas, the rest of the existing municipal lawns were clas-
sified as forests. Thus, LIDAR detected 13.1% although in this
subsampled areas of Gothenburg it should be closer to 31%
(Vogel 2014).

Lawn cover in three cities

Using manual interpretation revealed similar problems as the
LiDAR data revealing that it was difficult to estimate lawn
cover under deciduous trees. However, in contrast to LIDAR
many of the aerial photos of the cities were taken prior to
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Fig. 2 Detailed comparison of
filtered LIDAR-based grass raster
and NDVI raster. (a) show the
basic orthophoto. (b) show the
orthophoto overlaid by the
filtered LiDAR based raster. (c)
show the NDVI raster. The red
circles indicate areas of interest. It
is apparent from looking at all 3
circles that NDVI, in contrast to
LiDAR, does not capture
vegetation in shaded areas. When
comparing (A) and (C) it can also
be noted that it is hard to
distinguish trees from grass in
(C), (d) shows the intensity of
LiDAR (modified from Vogel
2014)

Lidar based raster (B)
:I 1 Grass

leafing (May) which meant that it was possible to see the
potential lawn cover under deciduous trees. Further, field
visits and Google earth street map view helped in interpreting
the maps in some situations. However, when there was conif-
erous trees (not revealing the substrates underneath) the area
was interpreted as tree cover and not lawn.

The total cover of lawn in percent, based on a mean of all
three cities was in 2015; 22.5%. In Gothenburg 15.0% (equiv-
alent to 6750 ha lawn), in Malmdé 20.5% (equivalent to
1578 ha lawn) and Uppsala 31.9% (equivalent to 1557 ha
lawn). If merging all city area and lawn areas together (giving
Gothenburg substantial relative more weight in the test since it
has 15 transects) the total lawn area would be 20.8%. The
lawn cover varied a lot between cities and along the gradients
depending on the dominating type of housing areas (Fig. 3).
Since the gradients were randomly positioned it was difficult
to estimate the specific type of urban setting (e.g. residential
areas, churchyards, parks etc.) affecting lawn cover along the
gradient (in many places residential areas and multifamily
housing were located together) although a general pattern
was that lawn cover decreased along the gradient (Figs. 3
and 4). The lawns consisted of three different types, lawn
(16.5%), meadow (3.3%) and sport lawn/soccer field (1%)
in all cities combined.

0 125 50 5 100
NDVI(C) Lidar intensity (D)
Value Value
-: High : 0.96 - Hgh: 2
- Low: -0.98 - Low:0

The total cover of lawn in percent in 1960, based on a mean
of all three cities was 12.6%. (Gothenburg 13.8%, Malmé
6.1% and Uppsala 17.8%). Here, the much lower cover of
lawn partly depends on higher proportion of agricultural areas
and allotments in the 1960’s. (see Fig. 5 and Continuity of
lawns below). Due to the low resolution of the black and white
photos, taken 1960, it was difficult to distinguish meadows
from lawns.

Based on our lawn estimations of each city, lawn consisted of
51.8% of the total green cover in these three cities (based on green
cover estimation in Statistics Sweden 2015 which does not define
lawns in specific). Thus, of all green areas in Gothenburg 52.5%
was lawn, in Malmo 44.3% and Uppsala 58.9%.

Total lawn in Sweden

Since the LiDAR data missed approximately 57.4% of the
“true” cover of lawns when comparing with the precise data
from the municipality management plans, manual aerial pic-
ture interpretation was used to estimate cover of lawns in cities
instead. Total urban land in Sweden is 1,150,450 ha (Statistics
Sweden 2013) and assuming that the 22.5% cover of lawn is
representative for all cities in Sweden results in a total area of
lawn of 258,851 ha (2589 km?). This represents 0.64% of the
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Fig. 3 Cover of lawn in each of
the three cities along a gradient
from urban center to the urban
fringe in 2015. G = Gothenburg
(total distance of gradient is

10 km) have 15 squares

M = Malmo (6.5 km) have 10
squares and U = Uppsala (5.1 km)
have 8 squares

% cover of lawn

Swedish terrestrial surface (2589 km*/407340 km”; Statistics
Sweden 2013). However, large parts of the mapped areas were
covered by coniferous forest, thus it was difficult to detect if
lawns were underneath (even when using Google earth street
view). If assuming the proportion of grass underneath is sim-
ilar to the undetected lawns found under trees in Gothenburg
when municipal management maps were used in Vogel (2014)
would add 8.3% lawns in Sweden. Thus, that would increase
the lawn estimation in cities to 30.8% (22.5% +
8.3% = 30.8%) with an area of 354,339 ha (3543 km?, 0.9%
of terrestrial surface). If all tree cover equaled lawn cover, the
total terrestrial cover would be 407,259 ha (4072 km?; 1% of
terrestrial surface) but the true value is probably somewhere
halfway (see discussions). No records of lawns underneath
shrubs have been reported from any of the cities, thus we treat
shrubs as totally lawn free areas.

Continuity of lawns

12.6% of the urban land is lawns with a continuum of at
least 65 years. Thus 56% of the lawns in 2015 were equal

Fig. 4 Illustrating three areas in
the outer fringe of southern
Gothenburg in 2015 on the left
(upper square industrial area,
middle multifamily housing and
lower shows private houses) and
the very same area in the 1960’s
where no houses or industry areas
exists (only forests or agricultural
areas)
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to the ones in 1960 (12.6% / 22.5% = 56%). However, the
outer 5 of the 15 squares in Gothenburg were agricultural
areas or forest in 1960 and thus without lawns (Fig. 6).
The patterns of continuity of lawn are difficult to compare
along the gradients since the gradients were of different
lengths in each city.

If all urban fringes in the 1960’s are merged together
(Fig. 6) the patters of continuity over the gradient resembles
with highest continuity of lawns in the outer borders of the
cities and lower towards center Uppsala center is an exception
where the final square is in a botanical garden making the
continuity of grass very high.

Management and costs

The total lawn cover estimated in this study was 9885 ha
based on 22.5% coverage. Thus, on average 16.3% of the
lawns in these cities are managed by the municipalities (in
Gothenburg 6.3%, Malmé 32.7%, Uppsala 43.8%), the rest
are privately managed.
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Fig. 5 Average land use cover of 60 | 574
each of the three city areas in
Gothenburg, Malmo and Uppsala 50
in 2015 and in 1960. “Lawn”
consists of all grassland types o 40
found in cities such as lawns, 8
meadows and soccer fields. “Bare 2 10 255 28,1
. . . . = 2
rock” is mainly occurring in = 225
Gothenburg. “Other” consist of ] 25 143
areas that seemed to be gravel or ES 126 128
bare soil - 10,8
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The costs of managing lawns in Gothenburg is 27,368  Discussion

SEK/ha (3234 USD/ha), in Malmo it is on average 39,261
SEK/ha (4640 USD/ha) and in Uppsala 9601 SEK/ha
(1134 USD/ha) (information from the Park and Nature
department of each municipality). The average costs of
all three cities is then 32,336 SEK/ha (3822 USD/ha).
Thus, the management costs of lawns in all Swedish cities
would be 8.37 x 10° SEK (32,336 SEK/ha x 258,851 ha)
which is approximately 9.10 x 10® USD/year. The man-
agement costs only include cutting and maintaining lawns
(dressing by occasionally adding soil and by cutting
leaves in autumns) and not additional fertilization, no
watering or pesticides since municipalities in Sweden do
not use them.

Fig. 6 The lawns cover along an 9

urban gradient from the urban
fringes to urban centers in 1960 in
three cities. The urban fringe and

50 -

Total lawn cover in cities

The estimate of lawn cover with our method was on average
22.5% of the total city area and if extrapolated, 0.6% of the total
terrestrial surface of Sweden (compared to USA where lawn
was estimated to cover 1.9% of the area; Milesi et al. 2005).
Although mapping was made in aerial photos prior to leaf set-
ting on deciduous trees it was still not possible to detect lawn
under coniferous trees (unless seen by Google earth street view
or field visits). Some areas were found to be forests with bare-
rock and no undercover vegetation (especially in Gothenburg),
thus making lawn cover and total tree cover ratios equally was

centers in Malmo and Uppsala 40
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not an option. However, most probably some of the mapped
trees had lawn underneath and thus the lawn cover would most
accurately be described as between 22.5% and 30.8% (0.6—
0.9% of total terrestrial land use in Sweden).

The national cover is rather speculative since we only use
subsamples of three cities (0.2% of total urban area in
Gothenburg, 0.5% in Malmé and 0.7% in Uppsala) and the
variation of lawns is supposedly substantial between different
locations in each city and also different locations in Sweden
depending on urban development and size of cities. However,
total areas of the case study cities are 6.1% of the total urban
cover in Sweden (based on Statistics Sweden 2012) and these
cities are further presumably rather representative for urban
green cover in the cities in southern Sweden (>86% of the
population live) due to that their locations in three different
dominating landscape types.

Comparisons between cities within Sweden and in other
countries are difficult because many studies only focus on sin-
gle cities or parts of the cities. If we assume that the 1.9% lawn
cover in Milesi et al. (2005) was representative for cities in
USA the lawn cover would be 42% (based on an urban cover
0f4.5% in USA). Thus, it might be possible that the urban lawn
cover in USA is twice in cities although the explanation could
be due to that cities or urban areas were not clearly defined in
Milesi et al. (2005) and presumably conditions that not exists in
Sweden (such as low urban density and large parcels in urban
sprawl areas) were included in their study.

Different methodologies and tree cover

In this study we used both LiDAR data and manually
interpreted aerial photos. Each method has its pros and cons.
LiDAR can easily detect numerous small and scattered lawn
areas over large areas with low effort in time which contrasts
the labor intensive digitizing of lawns manually (Robinson
2012) from aerial pictures. However, the methodology of
LiDAR setting e.g., linking lawn to different intensity could
initially be time consuming. The intensity of the LIDAR fur-
ther varied quite much in the larger scale (of the entire city of
Gothenburg) which depended on inaccurate calibration be-
tween the collection events (Vogel 2014). This meant that it
was not possible to use the same grass thresholds (a value of
>150 where grass was detected) for the whole of Gothenburg
and further the data was separated into tiles making it impos-
sible to manually set different intensity thresholds. This could
however be avoided if the operators of LIDAR made intensity
more even. A major obstacle with LIDAR was the difficulties
in detecting lawns underneath trees with detection rate as low
as approximately 43%. However, we see large potentials in
further developing a grass area identification LiDAR model
including estimations of grass covered by trees.

The manual photo interpretation method makes it possible
to detect variations in the landscape and rather exact map lawn
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borders. In our case we could also use photos that revealed
grass under trees to a large extent. However, it is time con-
suming to manually make polygons of each small lawn (ap-
proximately 4500 polygons in this study), and in addition
LiDAR data is objective as opposed to aerial interpretation
which is a subjective evaluation of borders and features. As
for the black and white photos from the 1950s and 1960s the
resolution made it difficult in some cases (not all) to detect
differences between shrubs versus trees and lawns versus po-
tential garden plots (in figures merged to “allotments”).

Thus, using LiDAR in our study underestimated lawn
cover due to shade effects and tree cover. Tree cover is
handled very differently in studies of lawns. Huang et al.
(2013) used LiDAR and IR (infrared) orthophotos in a
300 ha area in Shanghai (China) to develop an automated
method for calculating total urban green volume where all
green areas not classified as trees were considered to be
grasslands. Milesi et al. (2005) had an opposite approach
assuming that tree cover was equivalent to lawn cover.
However, in the case of Milesi et al. (2005), this might
provide an overestimation of lawns since, e.g., studies in
USA showed that in non-residential areas 50-70% of the
areas under the canopies were paved surfaces and 35% in
residential areas (Akbari et al. 2003). This bias of poten-
tial overestimation due to tree cover is especially pro-
nounced if cities with large areas covered by such trees
as in Northeastern USA where on average one third of
urban land is covered by trees (Dwyer et al. 2000). This
illustrates the problem with estimating true lawn cover in
relation to trees.

Due to the labor intensive mapping we used a subsample of
4 ha areas along gradients and not total cover. Gradient anal-
yses are to some extent questioned since cities of today does
not clearly have a center and a border but are conglomerates
where smaller cities are merged into each other (McDonnell
and Hahs 2008). However, Swedish cities in general and these
three cities in particular, do have clear urban fringes and de-
fined medieval city cores.

The semi-objective sampling using 4 ha every half km is
supposedly better than subjectively defining housing typologies
since the borders of the housing area sets the limits for lawn
estimations. For example, in a study investigating three typolo-
gies of housing in Sweden (residential gardens and two types of
multifamily housing areas) the average cover of lawns were
27.8% (5.3% higher than in this study; Ignatieva et al. 2017).

Land use of lawns along gradients

Lawn cover varied between cities (15-32%) and along the
gradients (5-55%) in 2015 (Fig. 3). General patterns along
the gradients were that cover declined towards the city
centers (in Gothenburg not as evident as in the other cities).
This is most probably because cities in Sweden are denser
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towards the center. However, some clear exceptions are
seen in Fig. 3 where high peaks in the center of Uppsala
are due to a botanical garden and a high peak close to the
center of Gothenburg is a major urban park. The general
pattern of housing types along gradients was; residential
areas and industrial areas in the fringes followed by multi-
family housing (often highest coverage of lawns) and clos-
er to centers with dense multifamily housing.

The lower cover of lawns in Gothenburg (7.5% lower than
average) could be explained by large parts of bare rock (due to
Gothenburg’s location close to sea) and that it as a major city
(with approximate 500,000 inhabitants) includes many indus-
trial and densely populated areas along the gradient. An expla-
nation to the high cover of lawns in Uppsala (9.4% higher than
average) could be that the gradient did not cover any industrial
areas or that it included multifamily housing areas such as the
million program housing known for high lawn coverage.

Lawn cover along the gradient in the 1960’s was much
lower than in 2015 (Fig. 5). This is most probably due to a
higher proportion of agricultural areas along the gradients.
Further, it seemed as numerous residential areas had more
garden plots (allotments in figures) or bare soil (bare soil
was typology “other” in Fig. 5). Surprisingly, in
Gothenburg, some places having bare rocks in 1960 had res-
idential areas with lawns in 2015.

Continuity of lawns

56% of the lawns (or meadows) in Swedish cities in the
1960’s remained lawns 50—60 years later (12.6% of the aver-
age cover of lawns in cities 2015 were the same as the ones in
1960). The highest cover of lawns with long continuity was
found in all three urban fringes in the 1960’s which resembles
the patterns of lawns in 2015. As visual sized by the photos
from 1960 many residential areas had allotments/garden plots
instead of lawns and many gardens has since the 1960’s den-
sified and added one or more houses in the same garden
reducing original lawns.

Since all three cities are old (at least a 500 years e.g.
Uppsala have houses dating from 1280 A.D.) some of the
present lawns may have been pastures or meadows for much
longer than 50 years. The continuity of lawns as grasslands is
important to biodiversity since they may have older seedbanks
(Gustavsson et al. 2007), e.g., historic urban parks in Berlin
have high species richness due to their habitat continuity
(Fischer et al. 2013; Maurer et al. 2000). Thompson et al.
(2004) found that lawns in cities had relatively well-defined
plant communities with a species pool comparable in size to
that of semi-natural grasslands. Although not suggested in
Thompson et al. (2004) their unexplained higher diversity in
lawns further from the city border of Sheffield may have been
an effect of long continuity.

Ecosystem services and management

In Europe (and Sweden as well) there is an outspoken densi-
fication trend leading to reduction in available green areas per
person (Statistics Sweden 2005) at the same time as new re-
search highlight their importance for ecosystem services
(Haase et al. 2014). Lawns in Swedish cities dominated the
urban green with more than half of the areas being lawns and
thus being potentially important as ecosystem service
supporters.

However, management of lawns is costly. Reducing the
cutting frequency to once or twice a year could make the
lawns more meadow like and potentially provide a higher
species richness of plants and butterflies and increase public
enjoyment (Garbuzov et al. 2015). Already today 3.3% of the
lawns were less often mowed (meadow typology). With lon-
ger continuity and low frequencies of mowing, in combination
with removal of the grass-cuttings, existing grasslands could
get more similar to semi-natural grasslands. It is obvious that
urban lawns and meadows have an important role to play in
the future landscape when it comes to grassland biodiversity.
It is important to educate decision makers and practitioners of
the connection between management for biodiversity and for
beneficial ecosystem services. The management costs for
lawns in this study varied highly between cities where e.g.
Malmo had almost 4 times higher costs than Uppsala per
hectare, this large variation should be further investigated.

The trend of increased densification of cities reduce avail-
ability of urban green per person in Gothenburg from 281 to
272 m? per persons during 5 years (exemplified year 2000—
2005), in Malmo 154153 m” and in Uppsala 261-251 m?;
Statistics Sweden 2005). Urban green is used for recreation
and important to human well-being. However, lawns are not
considered being as high contributors to well-being as forests
(Tyrviinen et al. 2014) and more nature like areas (Ode-Sang
et al. 2016). Studies even show not even private house lawns
are seldom used (Norlin and Wissman unpublished).

Since lawns constitute such large part of the green areas in
cities they are also an important part of the urban green areas
citizens encounter in their everyday life. Thus, it is crucial for
an ever increasing urban population to fully consider the so-
cial and ecological value and constraints of lawns. Finally, in
order for decision makers to value lawns for their ecosystem
services in relation to other urban green areas and the increas-
ing need of green infrastructure reliable methods to measure
lawn area and changes in time are important.

Conclusions
The methodologies tested in this study both had pros and cons.

LiDAR data was very low in labor intensity (once the semi-
automated procedure was established) while manually
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interpreted aerial photos took long time handling. Aerial
photos enabled good detailed accuracy as for estimating bor-
ders and sizes of lawns while LiIDAR made automatic estima-
tions that sometimes included shadows and roads. The manu-
ally made polygons of lawn also have drawbacks since they
are based on the interpreter’s subjective interpretation in aerial
photos while the estimates using LiDAR are objective. Major
obstacles were how to do estimates of lawn cover beneath
trees. LIDAR severely underestimated lawn cover under trees
and aerial photos made it possible to find photos taken prior to
leaf in spring. However, we predict that the future lies within
LiDAR where new models will be able to identify estimations
of grass overgrown by trees.

The estimated lawn cover was estimated to be between
22.5% and 30.8% (0.6-0.9% of total terrestrial land use in
Sweden) depending on forest cover. Approximately 56% of
the lawns were managed during the last 50 years. The yearly
cost of managing lawns in the whole of Sweden (based on
approximation of lawn covers of three cities and their average
lawn cost per ha) was 9.14 x 10® (USD per year). Half of the
urban green areas in cities constituted of lawns. Thus, it is
important to consider social, ecological and cultural values
of lawns compared to alternative urban greenery or alternative
management of lawns as e.g., meadows with less intensive
cutting regimes.
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