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ABSTRACT

Greenspaces in cities fulfil key functions fauman weltbeing. With climate change and the resulting
increase inthe Urban Heat Island effect, their ability to regulate climate will become increasingly
important. However, even if vegetation relies on soibasubstrate, the link between vegetation and
soils is poorly understooth the urban setting The present study explores the link between soil
properties and the greening and browning of urban lawHsirteen sites which were considered as
showing uniformvegetation were selected in the city of GeneVhegreening and browning of the
lawns was assessed by using the Normalised Difference Vegetation Index (Nihih is being
increasingly used as a proxy for vegje®n health in theurbanenvironment Inthis study, the NDVI
evolution of the studied sites over a whole vegetation pem@bexamined focusing on two seasons,
spring and summerlThe soil properties ofasl depth, soil texture,amount of coarse materialpulk
density,gravimetric watercontent at-100hPa, air content atLlO0OhPa and soil organic carbon were
measured in all sites, as these properties relate to soil structure qualityrenamount of water soils

can store. It was found that the amount of coarse mataeddted significanty tothe NDVI of the sites

in spring as well as in summer, with higher amounts of coarse material leading to lower NDVIs. The sail
depth could be related to the NDVI of the sites in the summer, with shallower soils showing lower
NDVIsThe bulk density and the gravimetric water contentE0hPa were related to the NDVI of the
sites in spring, with higher bulk densities and lower gravimetric water content viaklesging to sites

with lower NDVIslt is believed that the effect of theoarse material and the soil depth on the NDVI

in summer can be related to their importanéer soil waterstorage. Sites with shallower soils and
higher amounts of coarse material drain quickly and are able to store less water than other sites,
leading tre sitest¥egetation to be more stressed in the summer. Furthermore, no soil property related
to the fine earth fraction could be shown to have an effect on the NDVI in the sunteadimg to the
conclusion that the amount of coarse material and the sopttehad a higher influence on the
greening and browning of the vegetation than other soil properties. This findinggse, as no other

study successfully linked the amount of coarse material or soil depth to vegetation health in the urban
environment As these soil properties are only rarely ass@l in soil surveys, the author stresses the
importance of including these soil properties in future research on urban soils and urban vegetation
health. Furthermore, it was found that the NDVI of some sitestezbto be influenced by the
microclimate of the siteQocatiors, leading to unexpected NDVI evolutions considering the Sigit
properties. Thus, in further researcthe effect of microclimate should be assessed alongside soil
properties in order to nderstand themportance ofboth factors on vegetation health.
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1.INTRODUCTION

With 83% of the Swiss population living in urban areas, the urban environment is the setting
in which most Swiss citizens spend their-tiayday life. To ensure human w4ilking, green spaces in
cities are extremely important: they fulfil key functions for healtid recreation, as well as for climate
regulation(Bundesamt fir Umwelt, 2018Althoughvegetation relies on soil as a substrate, the link
between soiland vegetatiorin the urban area is not well understood. Generally, soils in cities are not
well studied: up until recentlysoil mapping worldwide has been focused on agricultural soils, and
urban areas appear as blanks on soil m@ui et al., 2021; Hiller & Meuser, 1998) Switzerland, no
soil maps have been drawn for citiesyd only rare studies focus on urban s¢isnossé et al., 2016;
Klaus, 2017; Tresch et al., 2018ne of which link soils torban vegetation healthQudies linking
soil properties to vegetation healtire scarcenot only in Switzerland. Most of the studies linking soil
properties to vegetation health focus on trees, while some other focus on herbaceous plants
(Hernandez 6pez et al., 2021; Moore et al., 2014; Mukherjee & Agrawal, 2018; Scharenbroch et al.,
2018; Scharenbroch & Catania, 2012; Ugolini et a202%u et al., 2018None of thesestudies assess
trees and herbaceous plants simultaneously,alisthe studies (except one)determine vegetation
health through direct measurements on the plants, which are difficult to generalise to all vegetation.
Remote sensing data could help resolve this issue, as it can deliver indexes which can besgdnerali
to different vegetation types, such as the Norreadl Difference Vegetation Index (NDVIhe NDVI
when used on uniform vegetation, measures the greenamgl browning of vegetation, and
increasingly being used as a proxy for urban vegetation hedtitwever, only one study was found
which used the ND\tb understand the influence of soil properties on urban vegetation health, which
focused on urban treeGalle et al., 2021No study has yet used NDVI as a proxy for vegetation health
to understand the effect of soil properties on urban herbawge vegetation, and generally, the
influence of soil on urban herbaceous vegetation health is poorly understood.

The aim of this study is to understand the effect of soil properties on the greening and
browning of urban vegetation, with the novel approashusing the NDVI as a proxy for vegetation
health. Even if the NDVI could be generalised to include more than one type of vegetation, this study
focuses on herbaceous vegetation, as the link between soil properties and herbaceous vegetation is
still undestudied in the urban context.

1.1 State of Knowledge
1.1.1Urban Vegetation

Promoting urban vegetation is an importamtay to counter thehigh temperatures which
result from the high absorption of solar energy and the high anthropogenic heat radiationtdm
areas, also called the Urban Heat Island effect. Vegetation cools the air surrounding it through several
processes: trees and shrubs create shade, lawns serve as surfaces for cold air formation during the
night, and all vegetation evapotranspiréBundesamt fur Umwelt, 2018However, urban areas are
also a poor environment for plant growth: air pollution, degradation of soil structural quality, and the
urban heat island effect itself can all affect plant hedl@farlan, Haase, et al., 2020; Kim et al., 2021,
Mukherjee & Agrawal, 2018Jurthermore, urban areas, through their high degree of sealing, have
more water runoff and thus less water infiltration, leading to less evapotranspiration than in natural
areas(Paul & Meyer, 2001)Droughts, which will increase in intensity and frequency due to climate
change, also reduce the evapotranspiration of urban vegetation, and thus the ability of plants to cool
the surrounding ai(Graf et al., 2021; Rotzer et al., 2021)



1.1.2NDVI as a proxy for Vegetation Health

Vegetation health in urban areas has increasingly been determined using remote sensing
methods, as data fromemote sensing ismuch easier to obtain than data retrieved by field methods.
The Normalised Difference Vegetation Index (NDVI) uses measurenfiegfiected near infrared light
and red light and was designed differentiate vegetation from other land cover types. It delivers a
number betweenl and 1, with numbers closer to 1 representing vegetatidihen used on uniform
vegetation, the NDVI meases the greening and browning of vegetation, and is theseasingly used
in quantitative assessments to determiunariousfactors linked to vegetatioNouri et al. (20133how
that NDVI correlatewith the evapotranspiration of plants in urbaareas.Carlan, Mihai, et al. (2020)
useit as a proxy for vegetation health in a study on urban green spatdmk between water
availability and vegetation greening and browgicould be seen in a study led in Geneva: NDVI values
of green spaces rose after rainfall events, indicating vegetation greening, and low NDVI values could
be observed during droughts and at high temperatuynedicating vegetation browning (Figure The
advantage of NDVI compared to other remote sensing methods is that it is openly available, meaning
it is easy and inexpensive to retrieflenhof, 2021)

Imhof (2021)alculatedmeanNDVI values over-8ay perioddor test sites irgreen spaces in
the city of Genevaluring the vegetation period of 2020. The data is available for each surface
separately, and the values across all surfaces are visiBligimel. It canbe observed that the NDVI
values in each-8ay period have a wide range, and so that the different sites present diffgreeting
and browning trendsimhof (2021 Yid not find an explanation for the difference in NDVI values across
surfaces¢ when observing all types of vegetatioshe could neither link the NDVI values to
underground sealing nor to management level. One part of her study focused on grassy sites, in which
she selected grassy sites in Geneva which were comparable in terms tdti@mgand management.
In her analysis of grassy sites, she excluded areas with underground sealing. Here again, she did not
find an explanation for the difference in ND¥dluesh | 2 6 SOSNE &KS RAR y2i 02
properties in any of her analigs

Figurel
NDVI Evolution of Green Spaces in the City of Geneva (year 2020)

NDVI

.- I THA

Precipitations in mm

Date

NDVI evolution across green spaces within the city of Geneva, basedbgm&dians of NDVI
values of the surfaces, including akgetation types (number of sites = 314). Filled line:
precipitation in mm in spring and summer 2020. The NDVI values show a great range in each 8
day period, which could be explained neither by management regime nor by the presence of
underground sealingAdapted fromimhof, (2021)
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1.1.3UrbanSoils

Urban soils ar@suallyviewed as highly disturbed soils as they are often rearranged as a result
of anthropogenic activitieeEndlicher, 2012; Lal, 2018; Pouyat et al., 20D@ying construction, large
amounts of soiire excavated and usexs fillingat a later momentand possibly in a different location
(Klaus, 2017)Furthermore, urban soils often have incorporated artefacts, such as plastic, glass,
building rubble, and household adHiller & Meuser, 1998 AsPouyat et al.(200foint out, however,
most studies in the urban area focus on soils along streets and in highly developed areas, leading to
the conclusia that all urban soil is drastically disturb&dhen considering soils across the entire urban
landscape, undisturbed soils and relatively undisturbed soils can also be, foamdy in old gardens
or parks, leading to highly diverse soils in the urbaradEndlicher, 2012; Hille. Meuser, 1998;
Ménok et al., 2021; Pouyat et al., 2007)

1.1.4Urban Soils and Vegetation Health

Even though studiesf urban soils ofterwarn of the possibility of urban soil properties limiting
vegetationgrowth (Jim, 1998; Lan et al., 2019nly a éw studies attempt to prove the influence of
urban soils on vegetation health. Of these studies, a majority focus on urban(iteesandea 6pez
et al., 2021; Scharenbroch et al., 2018; Scharenbroch & Catania, 2012; Yu et al.aBd18)me
examine herbaceous planfKim et al., 2021; Moore et al., 2014; Mukherjee & Agrawal, 2018; Ugolini
et al., 2020)It has been shown that the amount of sealing around planted trees influences tree health
(Yu et al., 2018pnd that someadail properties correlate with tree health attributes. For irrigated trees,
soil chemical parameters were found to correlatgh urban tree healthScharenbroch et al., 2018)
whereas for trees that were not irrigated, chemical as well as physical properties were found to
correlate to tree size and tree growth parametgiScharenbroch & Catania, 201Bhysical soil
properties are especially importamuring droughts, as they influence the soil structure and water
retention of the soilKim et al., 2021which explains why physical properties are more important for
surfaces withoutrrigation.

For herbaceous species, it has been shown that soil moistaseacriticalinfluence on plant
growth inurbansettings(Ugolini et al., 2020)Thus, physical soil properties should be important for
the healh of urban herbaceous species in the absence of irrigation. One study shows that herbaceous
plant health was influenced by chemical as well as physical soil properties, but that the effect of air
pollution was much higher than that of soil properti@dukherjee & Agrawal, 2018However, the
a0dzReQa aAaiSa oSNBE f20FGSR AY LYRAFI GgKSNB AN
(World Health Organization, 2018Jhus, in Switzerland, soil properties might haggeatereffect on
urban ve@tation health than air pollution. As Switzerland has relatively low urban air pollution
compared with other countries, the effect of soil properties on vegetation health can be studied while
neglecting the effect of air pollution.

Even if the influencefosealingthat surrounds urban vegetation has been studiédu et al.,
2018) no studies were found linking underground sealing to vegetation health. Furthermore, other
soil properties, such as soil depth and water content at a given matric potential, have been left out of
studies linking urba soil properties to urban vegetation health.

Therefore, this work focuses on the influence of physical soil properties, and soil properties
linked to soil structure, on herbaceous plant health in the absence of irrigatiarciily with low air
pollution.



1.1.5Soil Properties affectingyater Availability andRooting Space

Soil is the main water reserve for plants and, in the absence of irrigation, is therefore essential
for the water supply of plants. Soil properties also determine rooting space, andteess of plants
to soil water and nutrientsVarioussoil properties affect soil water storage and rooting spadere,
an overview of the soil properties which will be focused on in this study is given, and for each soil
property, it is discussed whabil conditionis expected to be found in the urban environment.

In the urban environment, soil properties are generally measured in the uppem26f soil,
mainly because of the difficulty of penetrating lower layers. This has, in some studies, led to
inconsistent results, as the upper 2th do not necessarily represent the rooting depth of all urban
vegetation(Galle et al., 2021)As we will be considering lawns, however, the topsoil characteristics
very probably represent the soil wmhich the vegetation roots, and soil properties will be measured in
the 5to 10 cm depthrange The uppermost soil, from 0 to &n, will be left out, as it has too many
roots to deliver consistent soil property results.

Soil Depth

When considering the totseamount of water and nutrients available to a plant, the rooting
depth is an important characteristic, as it defines the amount of soil with which the plant has contact.
The rooting depth can vary significantly from species to species, but the maximotmgaéng depth
is often restricted by soil properties rather thdwy the physiology of the plantMullins, 1991) Thus,
soil depth influences the possible roog depth of the plants, and so the total available water. In urban
areas, soils have been found to be relatively shal{@wesch et al., 2018knd it is expected that
underground sealing severely limsoil depth. However, no study was found which included soils with
underground sealing either to characterise soils in an urban setting, or to explain urban vegetation
health.

ParticleSzeDistribution

How strongly water is held in a soil depends on the pore size and distribution. Water is held in
pores through capillary and adsorptive forces, both of which depend on the amount of solid surface
area. As small pores have more solid surface aregper volume than large pores, they hold the
water more strongly(Hillel, 2003) Soil texture describes the distribution of particles that are smaller
than 2mm. The dimensions of voids between particles depend origarsizes but are generally two
to five times smaller than particle sigdillel, 2003p ¢ SE (i dzNB (G Kdza Ay Tt dzSy 0Sa
which are especially important for water stora@éretzschmar, 2017)n urban soils, particle size
distribution is linked to geology, or to the geology of the parent material used as a fillingthweith
urban environment having littlenfluenceon the particle size distributio(Foti et al., 2021; Pouyat et
al., 2007) Soil exture has been found to influenegban tree health(Scharenbroch & Catania, 2012)
and influences the moisture optimum for urban herbaceous plédtglini et al., 2020)

Amount of Coarse Material

The amount of coarse material (solid particles over 2mm in diameter) influences the rooting
of plants and the water movement. A high amount of coarse material impedes root growth, with the
limitation increasing with stone siZdim, 1998; Mullins, 1991 he coarse materialsoinfluences the
amount oflarge pores in a soil, which aimaportant for water drainage, and thus for aeratiBaetens
et al., 2009; Kretzschmar, 2017; Lus & Toor, 20a&)rban soilsit has been noted that a high amount
of coarse material is present in soils with high artefact con{ihillins, 1991)

0 K



Bulk Density

Bulk density (BD), whickepresents the mass of soil per volume of soil, determines the amount
of pore space, which in turn determines the total amount of space available for air and water to fill.
Generally, it is assumed that through loss of the upper soil layer, filling witbriafirom construction
sites, traffic from heavy machinery used during construction, trampling, and the sometimes reduced
organic carbon content, soils in urban areas have poor structure: the pore space in urban soils is
reduced, and thus the bulk densityincreasedEndlicher, 2012; Hernandez et al., 2018; Klaus, 2017;
t 2d2 1 G SG Ff ®dI H A mHAGWeverN®dtialRsiudes @nhd high 8D thef uban areanr H 1 0
When including soils that are not drastically disturbed in urban soil assessments, significantly lower
BDs than in agricultural land can be fouiidimondson et al., 2011; Pouyadtad., 2007; Tresch et al.,
2018) Consequently, high BD is common in soils which have undergone soil rearrangement, especially
filling and topsoil removal, or which have been subject to external application of forces such as traffic
or trampling. Neveheless, high BD is not a common characteristic of all urban soils and depends on
the degree of naturality of the soil as well as vegetation cover.

Soils with more than 10% of clay swell and shrink depending onvatér content which
means that their blk density will vary with soil moistufdohannes et al., 2021b)hus, water content
at the time of sampling needs to be indicaté®lake & Hartge, 1986However, bulk dnsity is often
not accompanied by such information, making it very difficult to compare bulk densities across
different studies. For this reaspdohannes et al. (202propose equilibrating undisturbed soil samples
at a given matric potetial, and to let the samples swell freely during equilibration before measuring
the volume and the mass of each sample. When using this method, the measured bulk density is not
dependent on water content while sampling.

Water Content andAir Content at aGivenMatric Potential

Most of the time, not all the pore space is occupied by water. The water content expresses
how much water is held in a soil sample at a gin&iric potential It can be expressed as a ratio of
masses (mass of water relative to mass of aderd soil)andis thencalled gravimetric water content
or it can be expressed as a ratiovolumes (volume of water divided by the sample volumermally
calculated by multiplying the gravimetric water content by the bulk depsityhen it iscalled
volumetric watercontent (Hillel, 2003)

Johannes et al. (201Tomparedmore than 70 soil properties to a valclassification of
structural soil quality (CoreVess) with the objective of identifying properties that are reliable and easy
to measure for the characterisation of soil structure quality in topsoils. They concluded that the most
reliable and practicalnperties are air content and gravimetric water content at a matric potential of
-100hPa at %0 10 cm depth.The air content at100hPa (Ay) is equal to the volume of pores with a
diameterovem p > Y

In this workwater content at-100hP&Waoo) is defined aghe water content at field capacity,
which is described as the water content obtained after draining a fully saturated soil by dkéillei;
2003) and thus represents the water a soil can holthielong term.Valuesof the matric potential at
field capacityused in Literatureéange from about 60 to 300hPa and depend on soil tex{dmelung
et al., 2018; Lus & Toor, 201&or operational ease, standard matric potentials are determined for
field capacity. Often, the matric potential 830 hPa is usefFoti et al., 2021; Hillel, 2003; Lan et al.,
2019) German literature uses the matric potential-60 hPa(Kretzschmar, 2014nd in the United
Kingdan, the measure o0f50hPa is set as a standgidullins, 1991)

Often, the volumetric water content is used to quantify the water content at field capacity
becauseit indicates the pore volume filled with water. However, as we orient our work towards the



soil structure quality indicators proposday Johames et al. (2019 which suggesthe use ofthe
gravimetric water content, thdatter will be used in this work. Furthermore, this allows the water
content measureentsto be independent of the bulk density, as the bulk density is not used to
calculatethe gravimetric water content.

Due to the high amount of disturbed soils in the urban environment, and the often higher bulk
density and impaired structure, it is believed that water infiltration and wditelding capacity in the
root zone is negatively f#cted in the urban environmenfLus & Toor, 2018; Pouyat et al., 2010;
Scharenbroch & Catania, 2012 owever, moisture regimes in urban landscapes are complex, as
irrigation and reduced drainage through abrupt textusaktructural interfaces may counter the effect
of poor soil structure, and the net result of the combined effects is not yet well undergfmayat et
al., 2010)

Asthe indicators proposed bjohannes et al. (2018)e not yet a standard, no literature using
exactly these indicators in the urban context was found. However, two studies, conducteatilst
al. (2021) and Lan et al. (2019¥%ed soil water characteristic curves to analyse urban topsaits et
al. (2019¥ound that soils which had undergone foreign soil replacement had available water capacities
below optimum, and-oti et al. (2021jound that the urbarrural gradient had a significant effect on
the water content afield capacity as well as available water capanisll soils. However, the influence
of the gradient was not linear. Thus, thelibetween urbanisation and available water capacity is not
yet well understood.

Soil Organic Carbon

Soil organic carbon (SOC) promotes aggregate and macropore formatidnhence is
important for soilstructure (Lus & Toor, 2018)ohannes et al. (201%und that SOC content was
closely related to physical soil parameters, especially water content at maximum swieHints et al.
(2003)found that SOC influences soil waterastion, but that the effect of SOC depends on soil
texture and the amount of organic carbon present in the soil. Thus, SOC might have an influence on
the capacity of asoil to hold water but should be measured alongside particle size distribution to
undergand its effect properlyJohanms et al. (2017proposeusingthe SOC:clay ratio as an indicator
for soil structure, rather than just the SOC content.

SOC has been shown to correlate with urban tree he#&Bbharenbroch et al., 2018;
Scharenbroch & Catania, 20121ding orgaiic matter in the form of biochar or compost is used as a
management measure to promote soil structure and soil water retention, asthéen shown to have
positive effects on urban trees and herbaceous plgKim et al., 2021; Somerville et al., 2020)

In the urban environment, SOC is often lower than outside of the urban environ(dent
1998; Lan et al., 2019; Ménok et al., 20240t itslevel depends heavily on management regime and
vegetation cover: higher amounts of leaf littéwywer plant removal or a less intensive mowing regime
lead to higher SOC-oti et al., 2021; Ménok et al., 2021; Secu et al., 2016; Tresch et al., Z828)
presence of artefacts and their type, as well as type and extent of soil rearrangement also has an
influence on SOCHiller & Meuser, 1998; Lan et al., 2019; Monok et al., 2021; Secu et al., 2016)

pH

Soil pH does not have a direct effect on the water storage capacity of soils. However, pH values
of over 9 have been shown to affect water uptake of plants negatiéiprup, 1969)On the other
hand, sds with pH < 5 can have elevated concentrations of aluminium, which is toxic for plant roots
and can inhibit root growttl{Kretzschmar, 2017pH has been shown to have correlated with urban
tree health in the absence of irrigation as well as in the presence of irrigéicimarenbroch et al.,
2018; Scharenbroch & Catania, 20Mhich is why it will also be measured in this study.
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Summary of thé&electedSoil Parameters

As suchthe soil properties soil depth, particle size distribution, amount of coarse matBiixl,
W00, Aroo and SOGaffect water storage and/or root formation, which has an influence on vegetation
health. These soil properties are expected to vary within the urban landscape, with highly disturbed
sites probably having less optimal soil properties for plants than mongralssites.pH, SOC, BD and
texture have been shown to correlate with urban tree health by several st8@sarenbroch et al.,
2018; Scharenbroch & Catania, 2018)d have been shown to have an influencaidranherbaceous
vegetation, but theinteractions between the soil propertiesre poorly understood(Mukherjee &
Agrawal, 2018)To the best of our knowledgehe effect of soil depth, the amount of coarse material,
Wigoand AgoOn urban vegetation health has never been explored.

1.20bjectives

The objective of this study is #xplore the link between the soil propertiesd herbaceous
vegetation health in the urban environmentoiSdepth, particle size distributigramount of coarse
material, BD, Wi, Aioo and SOCwere chosen as soil propertieds NDVI is used aspsoxy for
vegetation health, and an NDVI dataset for a variety of sites within the city of Geneva is available, the
soil properties will be linked to NDVI, and the study sites will be located within the city of Geneva.

Furthermore, the correlation of theoil properties will be explored. Especially the correlation
between SOC and/io Will be explored, to testvhether the findings ofJohannes et al. (2019) and
Rawls et al.(2003)Iso stand true in the urbaenvironment. As carbon is often linked to soil structure,
its correlation with clay contentBD and Aigo Will alsobe explored. The correlation of physical soil
properties, such as bulk density and coarse material, will be explasedellto understandtheir
interactions and/or their redundancy.

Lastly, as no study focusing on the influence of underground sealing on soil properties and
vegetation health in the urban environment was found, we wish to explore the effect of underground
sealing on soil propées.

Thus, following three research questioi@)and hypothese¢H)are formulated:

Question 1.Canparticle size distributionamount of coarse materiaBD, Wioo, Aigoand SOGN the 5
to 10cm depth rangeas well as soil depth explailifferences in the evolution of NDVI values,
NDVI beingised as a proxy for vegetation health, at different sites in the city of Geneva?

Hypothesis 1 We expect soil properties to be linked to NDVI evolution, with lower soil déydher
amount of coarsamaterial, higher BD, loweW:qo, lower Aigo, and higher SOC and leading to
lower NDVI values.

Question 2.Is SOC correlated .00, Aioo, Clay content and BD in the urban environment?

Hypothesis 2.We expect SOC to be positively correlatedMao, as ginilar findings were made by
Johannes et al (2019) afRawls et al., 2003)utside the urban environment. We also expect
SOC to be correlated to BD, clay content A, as SOC influences soil structure.

Question 3:Does underground sealing influence soil properties and NDVI evolution?

Hypothesis 3.We expect that sites with underground sealing will have lower soil depth than their
counterpart sites without underground sealing. We also expect their soil structure to be more
disturbed than in sites without underground sealing, leading to higher B[y oo, lower
Awgo and higher amounts of coarse materiglle expect these soil properties to negatively
affect NDVI evolution.



2.METHODS

2.1. Ste selection

All study sites are located within the city of Geneva, which is situated around the end of Lake
Geneva, at the centre of the canton of Geneva. Couriti2@11 inhabitants per square km, it is the
commune with the highest population density of SwitzerldBdindesamt flr Statistik, 20214} is
also one of the communes with the highest degree of soil sealing, with 65.5% of its surface area taken
up by buildings and infrastructuf@undesamt fir Statistik, 2021a)

The climate of Geneva is a temperate climatiee Tottest months are July and August and
have an average of 6 and 7 days with maximum temperatures ov€&. Jheaverage rainfalin a year
is 946mm. The wettest montts are September an@®ctober(with average rainfalls of 9inm and 97
mm), and thedriest February March, and Apri(with an average rainfall of 562, and 67mm).
Between May and August, the average rainfelf month is about 80nm (MeteoSwiss, 2021)

The site selection was done using the program ArcGI8/Brsion 2.8.Q)The same riteria as
used bylmhof (2021)were used in this study, erpt that surfaces with underground sealing were
included To ensure comparable management regimes, only sites managed by the Service des espaces
verts (SEVE, the municipal service for green spaces) were selecteda Frgen containing all sites
managedby the SEVE, only areas with lawn vegetation were selected. Areas with high management
level and areas with irrigation were excluded to limit the influence of these factors on the sites.
Cemeteries were also excluded. A buffer of five metvas given to ttestareas to keep the influence
of surrounding surfaces to a minimum, and only areas which were over 400 square metres were kept,
as 400 square metres is the minimum surface needed to yield a representative sample size of NDVI
pixels. The outputiata was split into two groups: surfaces with underground sealing and surfaces
without undergroundsealing. As areas with trees were still present in the selected aoehs sites
with vegetation lower than one metre @ve selectedusing a vegetation heighraster layer.In a last
step, using an orthophoto, the selected sites were verified for the presence of trees or infrastructure.
Only sites with uniform vegetation were kept. In some cases, the outlines of the sites were adjusted to
obtain sites with urform vegetation, while maintaining a surface of at least 400 square metres. The
selected sites are visible Hgure 2, and the conceptual model of the Arc&i&ection is to be found
in Appendix1.

Characteristics of each site were further specified. §dikorigin (whether the soil was formed
naturally or is mammade) was determined with the help of a study done by Hweute école du
LI 2al 3ST RQAY3ISYASNR SHEBIKormredy[ NKIOR NG S QA deBS ORY IRYY § O
in 1992, in which sbprofiles from different areas in city parks were studied and classified as modified
soils or natural soil [ 0 2 NI G2 A NBX OF y (i 2R6rtHe pafk@ WhitiNddyhatigurS b ™M dp o H
the study, information on the formation of the parks was retrieved frora thebsite of the city of
Geneva, or the official websites of the parRgille de Geneve, 2021b, 2021a; Weck, n.@ihe
management level was retrieved from the information given in the GIS layer of the SEVE. The area and
was calculatedn ArcGIS. An overview of the characteristics of all pardisés inTable 1.
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In total, 13 sites are selected. All the selected sites are within the city of Geneva. Some sites are located
within the same park as others. Two sites are above underground sealing.

NASA, USGS

Tablel
Characteristics of the Selected Sites
Park Soil origin Site Underground Management Level  Area
Sealing [m?7]
Gustave Ador Anthropogenic, created ADO no No Management 459.98
1920s**
Barton Natural* BAR no Low 406.73
Beaulieu Anthropogenic* BEA no Low 406.73
Bertrand Natural* BRD1 yes Moderate 457.77
BRD2 no Moderate 560.81
La Grange Natural* GRA no Moderate 406.73
Gustave et Anthropogenic, HEN21 no No Management 402.36
Léonard Hentsch 2015**** HEN2 yes Moderate 482.94
Trembley Natural* TRE no Moderate 804.48
Vermont Natural*** VER1 no Moderate 406.73
VER2 no Moderate 402.55
VER3 no Moderate 406.73
VER4 no Moderate 406.55
* Indicationfrom[ | 6 2 N} 12 ANB O Y16992)y' I £ RQIFINBY2YAS
i Indication fromVille de Genevé021b)
el Indication fromVille de Genevé021a)
ek Indication fromWeck(n.d.)



2.2 Field Work

The field work was carried out between December 2021 and January 2022. Undisturbed
samples at5 to-10 cm weretaken between the 14th and 17th of December 202nd the soil depth
was measuredn the same dats. A snowfall event took place on the 10f December, but the snow
melted before the field work began. The temperatures during sampling were between 4°00&4,
and the soil was humid but not wet. The soil not being wet is important to avoid plastic deformation
during samplindJohannes et al., 2021HYndisturbed samples frofito -5 cm were collected on the
21st of January 2022, where weather conditions were similar to the conditions between tranti4
17" of December 2021.

The site corner coordinates were exported fromc@ISPro and imported to a GPS device,
which was used inhie field to find the site edges. In the field, a furthembbuffer was kept to the
corners found with the GPS device.

Per site, six to seven undisturbed samples fré&nto -10cm were taken, with care given to
space the sampling points out evenly in theear The sampling method proposed Bghannes,
Weisskopf, et a2021a)was used. The upper layer of grass, roots and soil was carefully removed with
a trowel down to-5 cm, and samples were then taken with a custorade cylinder sampler. The
difference to a traditional sampler was that the steel cylinder was replaced by &y¥uder, which
was split open on one side. Inside the PVC cylinder, a very thin plastic bag was placed, so that the soil
sample entered the plastic bag when sampling. Théslenit possible to transport the soil samples
without losing soil material. The soil samples, including the PVC cylinder, were put in another plastic
bag to keep the samples from drying out. The Yihders were open on one side, making it possible
for the undisturbed samples to be taken out of the cylinder during the lab work. One undisturbed
sample between 0 aneb cm was taken in the middle of each parcel. The top layer of grass was not
removed before sampling but was removed in the lab before furémalysis. The undisturbed samples
were placed in a padded box for transport and stored at 4°C at the end of the sampling day until the
start of the laboratory work.

The soil depth was measured wittspiral augei(diameter of20mm), which was bored into
the ground by hand until the resistance was too high to bore further. The auger length was 120cm,
and if the auger was fully driven into the ground before reaching high resistance, the soil depth was
written down as >120cm. The soil depth was measured thiees per site. The same operator
handled the spiral auger for each site, so that the maximum resistance to which the operator bored
was not dependent on the strength of the operator.

A gauge auger was used in the middle of the plot to try and charactéifieeent soil horizons.
However, as the gauge auger often did not penetrate more thaor@@nto the soil (even if the soils
were sometimes more than 12m deep), the results of this sampling were not used in the analysis.
It was decided againséplacing the gauge auger with an Edelman auger, as the Edelman auger would
have been too invasive for heavily frequented city parks.

The overall layout of soil sampling was set up as showgime 3. This represents an ideal sampling
design, and the sapiing spots sometimes diverged slightly from the ideal location if stones impeded
sampling, or if the site did not have a rectangular shape.

10



Figure3
IdealisedSoil SamplingDesignof One Ste
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A 5m buffer to theedge of the site, found with the coordinates imported from ARCGIS, was kept for
sampling the soil. The six cylinder samples in th® &n depth range were evenly distributed within

the area. The cylinder sample in thé @m depth range was taken in theiddle of the site. The soil
depth was measured three times, following the centre line of the site. The exact location of the sampling
points diverged from the diagram when stones impeded sampling or when sites did not have a
rectangular shape.

2.3 Lab Wok
2.3.1Undisturbed samples

The undisturbed samples analysed in the HEPIA laboratanllier, Geneva, between January
and March 2022The samples were taken out tfe plastic bags and PVC cylinders, and one of their
sides trimmed to a flat surface before being put onto a water saturated plate. The water tension was
set by a hanging water column, as describeBlume et al. (2010) and Hillel (2003)

First, the samples were saturated4tOhPa untiequilibration. To determine equilibration, the
weight of selected samples was measured every two days, and a sample was considered equilibrated
if its weight changed less than 0.5 g since the last measurement. The equilibration time lasted from 11
to 15 days. Once equilibrated, all samples were weigt&atond, the samples were dried-i0hPa.

The same process as diDhPa was used to determine equilibration, with equilibration time lasting
from 11 to 13 days. Once equilibrated, the samples were weigded their volume was determirnke

with the plastic bag methodThis method consists of placing the sampitea plastic bagwhich is
partially evacuated to remove air external to the samjplefore holding the plastic bag in a container

full of water. Thecontainer full of water is placed on a scale, and the difference in (masasured in

g) measured on the scale when the plastic bag with the sam@aspendedn the water s equal to

the volume of the sample and the plastic b@g cn¥) (Boivin et al., 1990)Third, the samples were
dried at 105° for 48 hours. They were weighed agagfore being sieved to Bim. The sieving was
done in two steps: first, the samples were siewkd, then, the samples were sieved wet. The dry 2
mm fraction was kept for further analysis. The coarse fraction was sorted according to the type of
material. Gravel, organic material (such as roots or wood chips), expanded clay, glass, coal, and
concretewas sorted by visual estimation. Each type of material was weighed separately, and the
volume of each material was determined. This was done either by putting the material in a graduated
cylinder filled with water and measuring the amount of water dispthby the material (this was done

for concrete,glass,and coal), or by finding a value for the density of the material (this was done for
gravel and expanded clay). For gravel, the density of 2.5 3gias used, following the measurements

of Schwab & Gubler (2016for expanded clay, the dry density of 0.4 was used, as indicated by the
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expandedclay produceRICOTER@22. The mass and volume of organic material was neglected, as
proposed bySchwab & Gubler (2016)he reason for using the density to determine the volume of
gravel was that it is an easier way of determining the volume, and theat#nsity of 2.5g/crhis a
reliable value when considering Swiss grg8ehwab & Gubr, 2016) The reason for using the density

of expanded clay is thathas a lower density than water, meaning that its volume cannot be measured
by the water displacement method.

Out of the98 undisturbed soisamples 5 fell apart at one point during the lab work. These
samples were excluded from the statistics. About a third of the samples were recorded to have
earthworms inside. This did not however lead to higher porosities in the results compared to samples
from the samesites without earthwormssothese samples were kept in the statistics.

2.3.2Calculations

For each undisturbed sample, the bulk density, gnavimetric water content atl00hPathe
air content at-100hpa (corresponding tthe volume of pores owel5> Yj, as well as the amount of
coarse materialvas calculatedising thefollowing formulas.

Mass and Volume &fne Particlesin Urban Soils

Classically, the mass and volume of particles undan2(Memm and \bmm) Within a sampléas
calculated by subtracting the mass and volume of gravel from the total mass and volume of a sample.
The volume of gravel can be determined with the estimated density of gravel. In the soils analysed
here, howevernot all the particles over 2mm are geyas artefacts such aoncreteand expanded
clayare present in the samplesAs such, thealculation of Mmmand \smm takes into accounthe
mass and volume of each of these artefact types.

0 0 0 0 0 ) 0 (1.1)
w [0) [0) () () W w 12
Where:
May  =mass of sample, dried
Vsample =Volume of sample, measured &t00hPa
My = mass of material x
Vi = volume of material x
BulkDensity

The bulk densityvas calculatedor the fine earthfraction. The formula given yoil Survey
Staff (2014)which corrects bulk density for gravel, wased,but the bulk density was corrected not
only for gravel, but also other coarse material types.
0 Q
o @

60 , *
&) wa

(Soil Survey Staff, 2014)

Where:
BDine eartn = bulk density of fine earth fraction [g/cth
Maomm = masof particles under 2mnjg] (seeequation 1.1)
Vomm = volumeof particles under 2mnficm?] (seeequation 1.2)

It is to be noted that Bfae eaniS NOt the same as the density of the fine particles, as\V
includes the pore volume of the sample.
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Watercontent at-100hPa
The gravimetric water content aLOOhPa was computed as:
0 0 Q

. v u X 3
W 5 0 (©)

(following Hillel, 2003; Johannes et al., 2019)

Where
Wi =gravimetricwater content at-100hP&g/g]
Mioc =mass at100hPdg]
May  =mass of whole sample, dried at 109%¢
M2mm =mass of particles under@m [g] (seeequation 1.1)

Air Content at100hPa
The air content at100hPavas calculate@ds

p v Y on s s o
0 z0 0 ZpmmmP wd € A0 A Q 4
P cd v P @
(followingJohannes et al., 2019)
Where
Ao =voluméric air content at100hPd% by volumg

Wi =gravimetricwater content at-100hPdg/g]
BDine carth = Bulk density of fine earth fraction [g/ér(seeequation 2)
2.65 = density of fine earth [g/cA

1 002 NRA Y 3 (.o reprdshidis yhe volurheloipares!larger than 15 (lohannes et
al., 2019)

Amount of oarsemateriat
Theamount ofcoarsematerialwas measured as:

0 € Widind® Qi Qe&aﬁizpnﬂpwwwll 4

(Blume et al., 2010)
Where

Mcoarse fraction— Mgravel"' Mexpanded cIay+ nglass"' Nl:oal"' Nl:oncrete [g]
Mary = massof whole dried sample [g]

2.3.3Fine Soil Composite Samples

The dried and sieved soil (#2m) from each sit€ d@ndisturbed samplesere mixed in equal

parts in order to form one composite sample peesithe composite samples were thesed in the
analysis described below.
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Soil Texture

Soil texture was measured with a laser diffraction particle analys®d 3 320 Laser Diffraction
Particle Size Analyzer, Beckman Coulter, Brea, CA, United Siztesg)irg to Gee & Or (2002)The
samples were prepared as follows: for each site, 0.5 g of soil was weighed into a glass vial. To remove
organic matter, 3nl of 6% hydrogen peroxide (B,) was added. The glass vials were placed in a water
bath between 35°C and 38°C to let thglxlevaporate. Another 3nl of 6 % HO,was added after 24
hours and anotheB ml after 48 hours. The samples were then dried in an cateB0°Quntil the HO»
had evaporated entirelyTo disperse the soil aggregatésnlL of 10%Sodium hexametaphosphat
(NaPQ)s was added, the tubes were sealed, and put on a shakef hiours.The glass vials were then
inserted into the laser diffraction particle analyser asgtampler, which calculated the percentage by
mass of sand, silt, and clay according to the USDA classification as well as the WRB classification.

pH

The pH was determinedsing a Ca&l0.01M) extraction with a sogolution ratio of 1:5
following Hendershot et al. (20073 g of dry and sievedodl from each site was added to 18l of
0.01M CagGlin a falcon tube, which were shakéor 10 min, before being left to stand 24 hours. The
pH was measured with the Metrohm 713 pH Meter (ser&s6262.100).

The idea behind using Ca&$ an extraction is that the cations of the salt solution replace the
H" cations from the soil matrix, and the obtained pH estimates the actual pH in the environment of
plant roots. The obtained pH is thus lower ththe pH obtained when diluting soil sqie in deionised
H.0.

Carbon and Nitrogen Content

Before estimating thecarbon and nitrogen contenthe dried and sieved soil samples were
ground For each site, 20fhg of ground soil was weighed into an aluminium foil. This foil was folded
into a ball, vihich was placed into the autosampler of the CN analyser. The CN analyser used was the
LECO CHN 628, LECO Corporation, St Joseph, USA. The method used was dry combustion. The samples
were combusted in an environment containing only oxygen, which led tacéneon and nitrogen
within the sample being oxidised to carbon dioxide {/C&nhd NQ CQ was detected in a non
dispersive infrared cell. N@as reduced to pin a tube filled with copper. Nvas detected in a thermal
conductivity cell, after removal of@. From the signal emitted by ¢énd N, the computer calculated
the percentage by mass of C and N in each safyil€O Corporation, 2016)

24 NDVI Calculation and Classification

Thecalculationof the NDVI values of thsites was done bymhof (202). The principle resided
in using NDWlata from open access sources with a 10x10m resolution and calculating the median of
each pixel over 8lay periods in the vegetation period of 2020 (April through September). Then, for
each site and each-&8ay perod, a mean of the pixels of the site was calculated. The result was, for
each site, a series of NDVI means (as well as NDVI minima and maxima) over the vegetation period of
2020. Imhof (2021 Xxleaned the datasets for cloudy days, leading to s@day periods being missing
for some sites.

The value®btained bylmhof (2021)wvere used to plot the ND\Wvolutionof each site using R
(version 3.61). TheNDVI plots wereomparel, andthe siteswere classifiednto differentgroups.As
no reference NDVI values describing lawn vegetation health were found, the limit values distinguishing
the groups (0.6 in spring and 0.5 in summer) were determined by comparing theeMiMion of the
sites For two periodsthe start of sprng and midsummer, the sites were classified into a group with
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high NDVI values and a group with low NDVI values. In spring, the tul&e @eriods starting on the
1.04,9.04, and 17.04vere assessed if one of the mean NDVI values of a site dropped urtdg, the

site was considered to have a low NDVI in spring. In summer, the months of June, July, and August
were assessed (altday periods from the 20of June to the 18 of August were observed), and if the

NDVI value dropped below 0.5 at some pdmthese months, the site was classified as having low
NDVI values in the summer.

2.5.Visualisation an&atistics

The values of each soil property were combitegielda mean value and standard deviation
per site, and a plofa boxplot or a barplotyvas created for each soil property, showing the values of
the soil property for each site, with the sites classified according to their NDVI class in summer and
their NDVI tass in spring.

2.5.1Soil depth

The mean and staraad deviation of the soil depth waslculated in Excel. For sites with three
measurements of >120cm, no mean was calculated. One site had one measurement of >120cm, and
two below. In this case, the measurement of >120cm was used as 120cm and used to calculate the
mean and standard deviatio A barplot showing the mean values and standard deviation per site was
created.

2.5.2Undisturbed samples

As mentionedn Section 2.3.1lout of the 98 undisturbed samples, 5 were excluded from the
statistics.In the 510 cm depth range, dr each site andeach property, the mean and standard
deviation was calculated from the six to seven soil samples of tadsitthermore, for each property,

a boxplot was plotted, showing the differences between siks. the 85 cm depth range, no mean
or standard deiation was calculated, as only one sample was taken per site. The soil properties of the
0-5cm samples are not discussed in the results or the discussion and can be found in Agpendix

2.5.3FineSoil CompositeSamples

No statistcal analysisvas performed on properties detmined with the fine earth composite
samples, as only one measurement per property per site was ddhes, no estimates of
measurement erroraremade The texture class of each site was assessed, and was plotted inatext
class diagram, which can be found in Appeidix

2.5.4Comparison oMeans

For selected soil properties statistical testwas performed to determine/hethera significant
difference in the soil property mean exists between the sites with high dbd/the siteswith low
NDVI This test was done twice for each soil property: once comparing the means of the two groups
summer andonce comparing the means of the two groupsspring.Tocompare the means of two
groupE S A (i K S NJ -tdsKds theWsdoxOrkt€stian bie used a8 (1 KS -fesbdshiiadat
the data of eaclgroup is normally distributed, the normal distribution of each soil property for each
NDVI class was checked with a Shapiro test. When the Shapiro test indicated normidiytddstiata,
the 2 St O KeStawasiused. When th&hapirotest indicated nomormally distributed data, a
2 Af O2E2y (Said ¢ -festwaNBsEdIoddoB padng theSniedn& @h/and SOCThe
Wilcoxon test was used for comparing the meansoiifdepth, amount of coarse material, and BD
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2.5.5Correlation of soil properties

A correlation teswas performed to check the correlationetween different soil properties.
The correlatiorof SOQvith BD,clay contentWigo and Agoas well as the coelation betweenBDand
Wioo, and BD andamount of coarse materialiere studied A Pearsorcorrelationwas performed on
normally distributed data, and &pearman correlatiorwas used for data with a nemormal
distribution. Again, a Shapiro test was usedassess whether the dataf each soil property followed
a normal distribution.

2.6. Factsheets

For all thirteen sites, a factsheetcontaining the characteristics, the ND&tolution, a photo, an
orthophoto, and, if available, a soil profile imagdginating from the study on city pks by the

[ F02NI G2ANB OF yi 2 was put tdy€theFAN:RIg V@t theXhactacieistiesf the ste,
the mean values and standard deviation of the pbgksoil properties, as well as the values of the
chemical soil properties was addélthese factsheets allowed a first comparison of N&glutionand
soil propertiesto be doneand helpedn the decision ofvhich soil properties to set a focus ofhey
will not be discussetlrther here but can be found iAppendix2.
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3.RESULTS
3.1 NDVI classification:

Through theNDVI classificatigrsites were placed indifferent groups:high or low NDVI in
summer and higlor low NDVI in spring. The classificatiplacedsome of thesites in the low NDVI
group for both seasons, buiot all sites with low NDVI in one season also had low NDVI inttiey o
season.

Here an overview of the ND¥lolutionof each sitds given, with the sites grouped according
to their NDViclass in the summer. Then, for Apriplat of the NDVI values of all sites is givehpwing
the difference between the two NDVI classes in spring.

3.1.1High and low NDWhluesin summer:

Siteswith high NDVI in theummer:

All the sites, including the sites with high NDVI in the summer, show lower NDVI values in the
periods starting on the 22.07, 30.07 and 07.08 tlaathe start of the season. This drop calsobe
observed in the mean ND¥ldution over all sites and all vegetatipmeaning that a drop of NDVI
values in summer is to be expected in every @itgure 1, Section 1.1.2 However, how low the NDVI
dropped was sitalependent, and, as explained in the methods secti®action 2.4)sites with high
NDVI in the summer were selected according to the criteria of not having a NDVI mean going
underneath 0.5 in the months of June, July, and August.

The NDVeévolutionsof this class show similar patterns but are not unifofmkigure3 it can
be observed thamost of the siteswhich were classified as having high NDVI values in the summer
have NDVI valishetween 0.7 and 0.9 frorthe start of the season up un@nd includinghe period
starting onthe 6" of July oon the14" of July where the NDVI values start to drdpne sitehas slightly
lower NDVI values at the start of the season, viNtDVI values barelgxceedng 0.7. Its meanNDVI
valuehowevernever goes below 0.5, which is wihys still classified as having higbWl values in the
summer(site GRA, Figur8).

Two sites show an earlier drop of NDVI values than the others, as their vdld¢Estart
dropping in the periodbeginning orthe 6" of July whereas all the other sites had a drop of NDVI
starting only in the periotheginning orthe 14" of July They alshave slightly lower NDVI valugban
the other sitesn the periods starting on the 14.07, 22.07 and 30.07, with their minimum NDVI values
sometimes going below 0.6itesVER4 and TRE, Fig@jeThe site which has lower NDVI values at the
start of the season also has a NDVI minimum value going below the 0.5 line in the period between the
NDViperiods starting on the 14.07, 22.07 and 30.0ut its NDVI valugonly stars dropping in the
periodstarting onthe 14" of July $ite GRA, Figur8).
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Figured
NDVIEvolutions of Steswith High NDVNaluesin the Summer

BEA: Parc Beaulieu BRD1: Parc Bertrand

08- 9 ¢ o s ° 0.8- + . S

NDVI
o
o
e
S
N
-
A

0.4- 0.4-
33538888888 556565883833 33538888888 555658383833
ST RO 2RYRAOIFEI~N2AH 92 ST RIC-2RYRASIIFIN2A s @2
Date Date
TRE: Parc Trembley VER1: Parc de Vermont
0.8 S e 08
'¢‘, * 0?+ : ?’
¢ * t ¢ +
3
.
bt
— ¢ —
> >
nos + . nos ] (] 'y
z =z

0.4- 0.4-

; o © 0 ‘© W NN © 0 © @ ; 0 0 19 © O L~~~ © 00 G @
35335888388 55553888g3 35338888888 55553888g3
SE S EGTr2NTgEOINENER R e SRS T 2NTSECINENER w0

Date Date
VERS3: Parc de Vermont VERA4: Parc de Vermont
| ° |
08 4 o . t 0.8
e o o o o
3
T
> >
nose o++ ¢ Dos
p=4 P4
0.4- 0.4-
; - 0 © VW oy © © ~ O~ I~ ‘0 © ‘o = - L WLy O © ~ o~ o~ ® ‘0 ® G o
33388888835 35555883323 333388888535 5555853323
fEdrgereNIgRoTNgNS R ® @ EdEgereNSTgRoTNg N0 ® O
Date Date

GRA: Parc La Grange
NDVI valudines (in green)epresentthe mean

and standard deviatiorof the pixels ofeach

°% surface, with pixels calculated agl@8y median
* + bt | } * values All NDVI values were calculated in the
s } + + + \ vegetation period of 2020r'he orange dashed
2% * + line represents the limNDVI value of 0.%s all
| the mean NDVI values dhiese surface are
above the 0.5 line, they were classified as
™ having high NDVI in ¢h summer. The NDVI
i i i i i evolutions show similar patterns but are not
Date

18



Figure5
NDVIEvolutiors of Steswith LowNDVIValuesm the ummer

BAR: Parc Barton HEN1: Parc Gustave et Léonard Hentsch
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NDVI valudines (in greenjepresent the mean and standard deviation of the pixels of each surface,
with pixels calculated as-@y median values. The orange dashed line represestdirttit NDVI
value of 0.5Allthesesites have amNDVImean that is undr this line in July or Augusthich is why
they wereclassified as having low NDVI values in the summer.
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Sites with low NDVI in the Summer:

The sites with low NDVI in the summer were classified according to the criterion of having an
NDVI mean of less than 0.5 in the months of June, July, or August.

It can be observed that for some parks, the NDVI drop occurs earlier in the season than in the
group of sites with high NDVIs in the sumnwveith NDVI values startintg dropin the period beginning
on the 20.06 (sites BAR and HEN1, Figure 5). For two sites, it is not possible to determine the moment
at which the NDVI starts to drop, as their NDwiblations do not follow the same shape as the mean
NDVI evolution visible in Figure 1 (HEN2 and ADO, Figure 5).

For most sites, the NDVI values that are below 0.5 are situated in the three periods of July and
August in which NDVIs are low for all sites\INperiods starting on the 22.07, 30.07 and 07.08). There
is one exception to this: one site has NDVI values staying just above 0.5 in the periods of July and
August but has a mean NDVI value below 0.5 in the period starting on thef 2line (HEN2, Figgu
5). It was decided to classify this site as having a low NDVI in summer nonetheless, as the irregularity
of its NDVI evolution throughout the season seersadilar to the courses of the group with low NDVI
in summer

3.1.2High and low NDVI Early Soring

When observing the NDVI values in the periods starting on the 1.04, 09.04 and 17.04, it is
possible to dstinguish two groups: one with already high NDVIs in early sjtivegsitesBAR, BEA,
BRD1, TRE, VER1, VERE,VER4)and one with still low NDVI values in early spfthg sitesADO,

GRA, HEN1, HEN1, and VER® mean values of all sites in these periods are visible in Fglirs

to be noted that in the normal NDMWvolution (Fgure 1, Section 1.12), the NDVI values in spring are
lower, meaning that the lawn group with low NDVI in April is more representative of the general trend
thanthe group with exceptionally high NDVI values in April.

Figure6
NDVIMeanValues of dl Sitesin the PeriodsBeginning orthe 1.04, 9.04, and
17.04
0.8- i ot
® »
] [ ]
® [ ]
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[m] [}
= T T S sos
- ® 17.04
e [ ]
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ADO BAR BEA BRD1GRA HEN1HEN2 TRE VER1VER2VER3VER4
Site

The NDVI mean values can be separated into two classes: the sites
which already show high NDVI values (BAR, BEA, BRD1, TRE, VER1,
VER3 and VER4) and the sites which show relatively lowvsDg$

(ADO, GRA, HEN1, HEN2, VER?2).
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3.2 Soil Propertieand NDV0Oasses oEach Site

In this section, the soil properties soil depmount ofcoarsematerial,BD, Wigo, Arcoand SOC
of each siteare shown in different plotswith colarsindicatingthe NDViclassification of the different
sites. Barplots representingthe mean of each NDVI growgye shownfor all these soil properties
excepingAwo. Thep-valuesof the statistical testcomparing the two means for each seasoafound
Ay GKS T3 BNBsaoR yictinalfy distributed data and Wilcoxon test for nnormally
distributed data)

3.2.1Soil Depth

In Figure 7, the mean soil depth of each site as well as its standard deviaiigaris The soll
depth measurement of five sites was above I29, which is surprisingly deep (sites BEA, GRA, TRE,
VER2, VER4, Figiie ® ¢ KS @I Odz&présentd Saiebonical data, so no standard deviation
was calculated. Four sites show relativekeep soils with mean values ranging fromcn7 to 97cm
(sites BRD1, BRD2, VER1, VER3, Figwed fourother sitesshow a mean soil depth of less than 40
cm (ADO, BAR, HEN1, HEN2, Figur€he sites with very shallow soil all had low NDVI valuesin th
summer. However, not all sites which had low NDVI values in the summer show low soil depth, as one
site which was classified as having low NDVI values in the summer shows a soil depticof §12R2,
Figure?).

The sites with underground sealing (BRRd BIEN2) do not show significant differences in soil
depth compared withother sites in the same parks (BRD2 and HEN1).

Figure7
Mean Soil Depth of Each Site
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The basrepresent the mean soil depth of each sitith the standard deviation visible

in the whiskers. The soil depth measurements of the sites BEA, GRA; TRE, VER2 and
VER4 were all >12fn, and so no standard deviation was calculated.difference in

soil depthcan be seen for the sites with underground sealing (BRD1 and HEN2)
compared to sites without underground sealing located in the same parks (BRD2 and
HENL1, respectivelyAll the sites with soil depth under 40dmve low NDVI in the
summer.
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AWilcoxon teswas computed to compare the meawoil depthof the sites withhigh NDVI in
the summer with the mean soil depth of the sites with low NDVI in the summer (the Wilcoxon test was
used as the data was not normally distribute@e same was done for the NINdsses in spring-P
values of 0.043(for the summer NDVI groupsgnd 0.61(for the spring NDVI groupsyere found,
indicating a significant difference between the t@ammergroups but not a significant difference

between the spring groupsThe mean soil depth of each group, as wellSas O K IshiBddrilJQ &
deviation,arevisible inFigure 8.

Figure8
Mean Soil Depth of theNDVI Classes im@mer and in Spring

Mean Soil Depth
[em]
Mean Soil Depth
[m]

50-

.

high low high
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The barplots show the mean and standard deviation of soil depth of each NDVI class. If
the two groups in onelot are significantly different, they show different letters above

the bar.The group of sites with high NDVI in the summer has a samtifichigher

mean soil depththan the group of sites with low NDVI in the sumnfpr0.043,
Wilcoxon test) Thesoil depth means of the two NDVI classes in spring are not
significantly different (p=0.61, Wilcoxon test).

3.2.2Coarsanaterial

The amount of coarsenaterial for each site is visiblefigure9. Theamount ofcoarsematerial
isquite variable with the highest rangef measurements within one sitgpanning fron0.1 to 32.%
by masgsite BEA, Figu®. It can be observed that the mean valueshafive sites, which rangieom
11.8%to 23.8%by massare higher than the othergsites HEN1, HEN2, ADO, BAR, and BEA, Figure 9)
Except for ondsite BEA)all of these sites haelow NDVIs in the summer.
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Fgure9
Amount ofCoarseMaterial for EachSte
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The boxplot shows the amount of coarse material for each site, with theailgga
measured from the different samples edich site The amount of coarse material is

quite variable, especially in the site BEA. Five sites show higher means than the others:
HEN1, HEN2, ADO, BAR, and. BEA

The meanof sites withhigh NDVI in the summer was compared to the mefsites with low
NDVI in tle summer with a statistical tesThe same was done for thmeans of theNDVI clagssin
spring.As the data was not normally distributed, a Wilcoxon test was used. Tleytekted a pvalue
of 0.0101and 0.048, respectivelyneaning that in summer as Was in spring, the means of tiNDVI
classes were significantly differefithe mean percentage of coarse material of ed€VI classas well
asits standard deviationjs visible inFHgure 10. It is to be noted that even if the mean values are
significantly different, the standard deviation of each group is also very large.
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FigurelO
Mean Amount ofCoarseMaterial of the NDVIQassesin Summer and irSoring
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Thebarplots show the mean and standard deviatiorcoérse materiabf each NDVI
class. If the twalassesin oneplot are significantly different, they show different letters
above thér bars. The group of sites wittow NDVI in the summer has a significantly
higher amount of coarse material thaime group of sites withighNDVI in the summer
(p=0.0101, Wilcoxon test)Thesame relation was found in spring: the NDVI class with
low NDVI in spring also has a significantly higher amount of coarse material than the

NDVI class with high NDVI irrisig (p=0.048, Wilcoxon test).

3.2.3Bulk DensityBD)

The bulk densityneansrange from1.04 g/cm3 to 1.3 g/cm3 (vith an overall mean 01.18
g/cm3). In Figure 11 three sites appear to have higher BD than the otherigh meanvaluesof 1.3
g/cm?®, 1.36 g/cm, and 1.3 g/cm?, all of which have low NDVI in sprigeitesGRA, HEN1, and HEN2
Ore site, with a mean of 1.5 g/cm?, lies slightly lower than the highest three, but can still be
distinguished from the remaining nine sites, which have a maximumnmalue of 1.6 g/cm? (site
ADO).This site also has low NDVI in spring.

The two NDVI groups in summer and in spring were compared Withcaxon test The tests
yielded pvalues of 0.34 an@.048 respectively, indicating a significant difference between the two
groups in spng, but not in summer. The means and standard devigtoam be seen ifigure12.
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Bulk Density

Figurell
BulkDensity forEachSte
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The boxplot shows the bulk density for each site, with thetdgsmmeasured from the
different samples of the siteShree sites show higher BD values than the otfh¢fEN1,

HEN2 and GRA One sitdies slightly below these three, but abdhe nine other sites
(ADQ. These four sites all show low NDVI valughénspring.

Figurel2
Mean Bulk Densitgf the NDVIQassesin Summer and ir§ring
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The barplots show the mean and standard deviatioBDbf each NDVI class. If the
two classeén oneplot are significantly different, they show different letters aboverthe
bars. The two NDVI classes in summer dohave significantlgifferent means of BD
(p=0.34, Wilcoxon test). However, the two NDVIsdasin the Spring do have
significantly different BD means (p=0.0A&ilcoxon test

hi
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3.2.4GravimetridVater Content at -100hPa(\Wi00)

Threesiteshave lowerWigo valuesthan the other sites(GRA, HEN1 and HENZ2, Figure 13)
Interestingly, these are the same three sites that could be distinguished as having higher BDs in Figure
11. Afourth site also shows a low&W.100 mean than the othersbut its variationdoes not allow it to
be clearly distinguished from the othefsite ADO, Figure 13)his site is the same site which showed
a slightly higher BD in Figure 11, while staying below the highest.thhsse four sites all have low
NDVI in springThe highest mean valuese 0.44g/g] and 0.4gg/g] and are found irsites with high
NDVI in summer agell as in springsites BRD1 and VER3 Figl8¢ Welch &test was performed
both for the NDVI class iusimer and the NDVI class ipréng, which yielded pralues 0f0.13and
0.034 respectively meaninga significant difference in means could be foundhe spring, but not in
the summer. The means and standard deviation of the NDVI classes can be fokigire 14.

Figurel3
Gravimetric Water Content al0O0OhPa ofach Site
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The boxplot shows the gravimetric water content-HOOhPa for each site, with the
quartiles measured from the different samples of the sildésee sites sholewer Wigo
values than the other§HEN1, HENand GRA One sitdies slightlyabovethese three,
butA i a NI y3aS R2 SlatiyigQishedfroni tidedtheX®DQ.Tesedo8r sites
show low NDVI in spring.
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Figureld
Mean Gravimetric Water Content a@t00hPaof the NDVIdasssin Summer and in

Soring
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Thebarplots show the mean and standard deviation\gbo of each NDVI class. If the
two classesn oneplot are significantly different, they show different letters aboverthe
bars. The two NDVI classes in summer dbhave significantlgifferent means ofWioo
(p=0.132 St O-te)aHowiever, the two NDVI classespning do havesignificantly
differentWigomeans (g0.03£ 2 SHa&8K Qa

3.25 Air Content at100hP&Awoo, Volumeof pores >15> Y 0

Figurel5
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Ao meansrange from10.14% to 17.86%, with no sites clearly distinguishable from the
others.
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The volumetric air content atlO0hPameansrange from 10.14%to 17.86% No sites appear
to be clearly distinguishable from the others, and no further statistical evaluation was made.

3.2.6 OrganidCarbon ContenfSOC)

The organic carbon contentacross the sitegsanges from1.88 % t06.21% No standard
deviation was calculated, as the SOC was measured only once per site on a composite Bample.
sites appear to have low&OQhan the others andboth sites are located in the same park (sites HEN1
and HEN2, Figurl6). These sites are expeaxd to have anthropogenic soils, as the park was created in
2015 The meanSOCvalues of the NDVI classin summer and the NDVI classin spring were
compared withWelcmtitest, yielding a gralue 0f0.05 and0.24 respectivdy, showing that the NDV
class means were not statistically different.

Figurel6
Soil Organic Carbaf each Site
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The bars represent the measured SOC of each site (one measurement from a composite
sample). Two sites, HEN1 and HENZ2, appear to lbawgx SOC than the others. Both

sites belong to the same pariwhich was created in 2015, and is assumed to have
anthropogenic soils.
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Figurel?
Mean Soil Organic Carbon of the sites, grouped according to their NDVI slassriar

and in spring
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The barplots show the mean and standard deviatioBOfbf each NDVI class. If the

two groups in on@lot are significantly different, they show different letters abovérthe

bars. The NDVI classe® not have statistically significarly different means bSOC
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3.3 Correlations between solil properties

The correlation between SOC and the clay content,MBD, and Aowas verified with Pearson
tests or Spearman tests, depending on whether the soil property data followed a normal distribution.
The Pearson correlation was used on normally distributed data, whereas the Spearman correlation
was used on not normally distribed data.The correlation between BD and:W as well as BD and
coarse material, was also tested with the Spearman correlation Tés.correlations are visualised in

Figure 18.

Significant results were found relating SOC te And Wioo (showing pvalues of 0.042 and
0.0104, respectively), meaning that carbon content is correlated to these physical soil properties.
Additionally, BD was found to correlate with;d/as well as with the amount of coarse material
(showing pvalues of <2.2*1%° and 0.017, respectivelyJhecorrelationbetween Woand BDreflects
the similarity between the two soil properties that was already naticeSection 3.2.4.
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Figurel8
Correlatiors of Soil Properties
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The correlations were tesdavith the Spearman correlation or the Pearson correlatidme Pearson
correlation was used on normally distributed data, wherts@sSpearman correlation was used on
not normally distributed dataSignificant correlations were found relating SOCiteald Wigo, as
well as BD to W and the amount of coarse material.
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4. DISCUSSION

4.1 NDVI Classes and Soil Properties

¢2 FyagSNI GKS G pakitieNidedisttibdarg ambuhydf cdarse material, BD,
W00, Avoo@and SOC in the B0 cm depth range as well as soil depth explain differences in the evolution
of NDVI values, NDVI being used as a proxy for vegetation health, at different sites in the city of
Genevagthirteen sites within the city of Geneva were cléigsl as having high or low NDVI courses in
two seasons. For each season, a statistical test assessed whether the soil property means of the high
NDVI and the low NDVI class were significantly different. It was found that coarse material related to
NDVI clases in the summer as well as in the spring, and that soil depth related to NDVI class in the
summer. These findings are unique, as no other study assessed whether soil depth influences urban
vegetation health, and only one study measured the amount ofsmaaterial to explain urban tree
health, with inconclusive resul{Scharenbroch et al., 2018Dand W, could be linked to NDVI class
in spring, but not in summer, which shows that coarse fraction and soil depth probably had a higher
influence on the amount of water stored in the soil in dry periods tB&rand Wi In spring, these
properties might have influenced the root formation process, or might be linked to trampling, which
would explain their link to the NDVI clagd®e other soil properties did not have a clear influence on
the NDVI evolutions.

4.1.1Coarse Material and Soil Depth

Both in the summer and in the spring, the high and low NDVI classes have significantly different
means of coarse material, with both the summedaspring classes with low NDVI values showing high
amounts of coarse materialhe amount of coarse material determines how many large ptitas
drain water quickhexist, as well as how much space is available for plants to build roots in th&Vsoil
suspect that in the summer, soils with a high amount of coarse material dry out quicker, and thus the
plants suffer from drought earlier, and their NDVI values drop lower than in sites with little coarse
material. Furthermore, the lawns on soils with a hainount of coarse material might have more
trouble buildng large root networks, and thus have less access to water stored within the soil. In
spring, the high amounts of coarse material might have a negative influence on the speed at which the
lawn can réorm roots, and thus the lawns become green only later in the season than at sites in which
root formation is not slowed dowhy high amouns of coarse material.

The NDVI classes in summer also show a significant difference in soil depth, with sites/with
NDVI values in the summer having shallower soils. Much like the amount of coarse material, this might
be explained by the soil depth being linkedaater storage, and thus the water available for plaints
the long term As the soil depth is shawer in these sites, less water is stored in total, dndng the
dry period of the summer, the water reserve is finished more quickly. Another way of explaining the
tendencytowardslower NDVI values in the summer in shallow soils could be that a lseiledepth
allows for a less deep root systaneven if the vegetation observed is lawn, it could be that the lawns
in sites with high soil depth penetrate the soil deeper than 40 cm, which would mean that they have a
larger root system, allowing them toave access to more water in times of droughhis hypothesis
seems feasible, as some of the lawn sites studied by thed 2 NI G4 2 A NB Ol YRy I f RQI
showed roots up to 9@ém in depth.

These findings are unique in the urban environment, as no attuely successfully related soil
depth and the amount of coarse material to urban vegetation health. One study attempted to link the
amount of coarse material to urban tree health but did not find a correlation between the two. The
authors explaiedthat they could not link this soil property or any other physical soil property to urban
tree health, as the trees that they studied were all irriga{&tharenbroch et al., 2018pur findings
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support this argumentation, as the amount of coarse material was important for urban vegetation
health in the absence of irrigation. No study assagsire effect of soil depth on urban vegetation
health was found. The results of the present study indicate that including soil depth data could be very
important for the understanding othe effect of soil on urban vegetation healtaspecially asurban

soils have been found to be refaiy shallow in othertsidies(Tresch et al., 2018)

4.1.2Bulk density and Gravimetric Watamtent at-100hPa

The high and low NDVI classes in spring showed a significant difference in bulk density and
gravimetric water content at1l00hPa, with the class with low NDVI values showing higher BD and
lower Wigo. Both soilpropertiesare cbsely correlatedlt is possible to explain why BD is related to the
NDVI class in spring in diffeteways.One hypothesis is that soils with higher BD impede root growth
more than soils with lower BD, leading to the root formation in early spring to be slower in these sites
Additionally, BD and the amount of coarse material are highly correlated, which further exacerbates
the effect on root growth.The correlation between the amount of coarse material and BD might be
explained through fine earth being washed out easily fismiis with high amounts of coarse material,
with the remaining fine earth clumping togethdeading tohigh BDin the fine earth fraction Thus,
higher BDs might be a consequence of high amounts of coarse material in urban sdite affdct
of the sal properties BD and amount of coarse material might be interlinkinlvever, even the soils
with the highest bulk densities (betwedr84 g/cm® and1.36 g/cm®) do not exceed the values at which
Soil Survey Staff (201dxpectsroot growth to be affected (1.60 g/chior silt loams, and 1.63g/cin
for sandy loams and loam#).second hypothesis is that high BD leads to less coarse pores filled with
air, which can lead to vegetation suffering from lack of oxygen during wet periaigeuer, the
precipitation data of April 2020 does not seem to indicate an extremely wet spring (FigBeetion
1.1.2. If BD is not linked to root growth or lack of oxygen, another hypothesis is that BD might be
linked to trampling over the whole sites, trampling I@agito higher bulk densities, but also to more
stressed vegetation, or vegetation which has more trouble devetpp the spring.

The NDVI class in the summer could not be linked to bulk density:@r We would have
expected there to be a link betwedghem, as we consider the limiting factor for vegetation health in
the summer to be water, and the amount of water stored in the soil should be dependent on the
available pore space (determined by BD) and the capacity of a soil to hold water (determmégg)by
Furthermore, several previous studies have found a link between BD and urban vegetation health, with
two studies reporting a negative influence of BD on vegetation héMilkherjee & Agrawal, 2018;
Sharenbroch & Catania, 2012and one paper reporting a positive influence of BD on vegetation
health(Galle et al., 2021 However, both BD and Méare reported for the fine earth fraction, meaning
that only the space between the coarse t@i@dal is considered, and the amount of coarse material, as
well as the soil depth, probably had a higher influence on how much water the soil could store as BD
and Woin the studied sites. The effect of BD might be more relevant in soils with lesg coatsrial.

4.1.3Air Content and Carbo@ontent

Interestingly, no clear link could be made between any NDVI classes@iod 8OC. Both soil
properties are, however, correlated.

SOC is also often linked to soil structure, and in the urban environment, external carbon inputs,
such as biochar or compost, have been shown to have positive effects on urban vegetation health in
drought periodgKim et al., 2021; Somerville et al., 2020PC has also been shown to have atpesi
influence on urban tree healtfScharenbroch et al., 2018; Scharenbroch & Catania, 26b2)this
reason, it is siprising that we did not find a link between SOC and NDVI classes. This might be
explained, again, by the amount of coarse material and the soil depth (which are not influenced by
SOC) having a higher influence than the structure of the fine earth fra@tioich is influenced by SOC)
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on the amount of water stored in the soils in dry periods as wetirethe root growth impedance in
spring.

The low effect of SOC might also be explained by the studied soils having already good soil
structure, with higher amonts of SOC not improving the soil structure quality noticedbiyitvalues
are given for the SOC:clay ratio and faefoAy Johannes et al. (2021According to the SOC:clegtio,
all our sites are classified as having a very good soil structigsdrads dimit value 0f8.9 [% by volume],
which is notexceeded in any of the sites. As the soils are all classified as having good soil structure,
higher amounts of SOC probabligl not improve the soil structure qualitidowever, these limit values
are calculated for agricultural soils, and the limit values might be less meaningful in the urban
environment.

4.1.4Statisticallests

The differences of means weamalyseddza A y 3 2t&Stfottie Walcoxon test. Both tests
assume that the observations are independent, meaning that no relationship exists between the
observations. However, the sites used in this study are not completely independent, as some of them
belong to the same pérand are spatially nearerto oa@other® LT (G KS FIF OG0 2NJ LI NJ ¢
in the statistics, a generaéid linear model would need to bealculatedwith the data, with park and
the soil property as explanatory variables. However, this test wodddna higher number of
20aSNBIFGA2ya (2 @AStR aAIYyAFAOFIYyG NBadzZ Gad Ly 7Fd
properties should be checked with a higher number of sites, enabling more powerful statistical tests.

4.1.5NDVIdasses

In otherstudies assessing urban vegetation health with NDVI, the NDVI value on one date is
used, rather than the NDVI evolution or the NDVI c{&&lan, Mihai, et al., 2020; Galle et al., 2021)
While comparing the NDVI evolutions of each site, it was noticed that the NDVI evolutions were not
uniform, and that the 8ay-period in which the different sites reached their minimum NDVI values in
the spring and in the summer was not the same in each site. For this reason, it was preferred to use
NDVI classes, which allowdte use ofthe NDVI values oveseveral 8&ay periods in order to assess
urban vegetation health. This novel approach was extremely useful, but its correctness was not verified
with vegetation data taken from the plants on the ground.

4.2 Otherfactorsinfluencing NDVI

Even if some significant links between soil properties and NDVI classes were found, no soll
property could fully explain the NDVI class of all sites. When observing the plots showing all sites, it is
especially interesting to see that the site VER2, whiek classified as having low NDVI in spring as
well as summer, has properties which are inverse to the tendency of the classes with low NDVI.
Furthermore, its soil properties are very similar to the soil properties of the other sites in the same
park (VERIVERS3, and VER4), which all show high NDVI values in spring and in stinisngnows
that soil properties cannot fully explain the differences in N@&Mlutionin urban settings.

To try to explain why this site showglifferent NDVlevolution tothe other sites in the same
park, the orthophoto of the site (visible in Figure 19) was observed. In the orthophoto, buildings are
locatedtowardsthe north and northeast of the site, meaning that the south and sowuthst exposed
walls of the building, whichdat up if sun hits them in the afternoon, probably radiate heat onto the
site, creating a warm microclimate. This would lead the vegetation of the site to be exposed to much
higher temperatures, especially in the summer, which might increase evapotratispieand dry the
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soil out quicker. Consequently, the vegetation might show stronger browning and, thus, lower NDVI
values. Furthermore, the site is situated in the corner of the park, which might mean it is more prone
to be trampled, as people might uske area for short cuts. This would have an influence on the
vegetation health, and thus the NDVI valuiesspring as well as in summer.

Figurel9
Orthophoto of the site VER2

Buildings are locatedowards the north and nortkeast of the site,
probably leading to higher temperatures in the site in summer. The site
is located in a corndretweenfootpaths which might lead to it being
trampled frequentiythroughout the whole year

As discussed isection 4.1.2we expected the Mo and BD to be linked to the NDVI class in
the summer. The site GRA has a relatively high bulk density and iesoWwas classified as having
high NDVI values in the summer. In its orthophoto (Figure 20), it can be obdbatethe site is
surrounded by treesThis probably has the inverse effect of the effect of infrastructure on the site
VER2 the site probably has lower temperatures in the summer than other sites, and thus the
vegetation suffers less from drought, leadithe NDVI values to be higher in the summer than if the
trees were absent. As we observed a relatively low number of sites, it could be that the values of GRA

for bulk density and W distorted the mean value of its NDVI class, leading to an insigmifica
statistical outcome.
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Figure20
Orthophoto of the site GRA

The site is surrounded by trees which might generate a favourable
micro-climate leading to higher NDVI values in summer.

In short, even if soil properties seem to explain low NDVI valueeanstimmer in part,
surrounding infrastructure and trampling might worsen ND&vblution in sites with poor soil
conditions and might explain low NDVI values in sites with otherwise favourable soil properties. Lack
of infrastructureand trampling, as well as surrounding trees and greemsight allow sites with
unfavourablesoil properties stilto havehighNDVIvalues This $ supported by the evidence ¥ et
al. (2018)and Carlan et al. (2020)Yu et al. (20183howed hat trees planted in highly sealed areas
have lower vegetation health than trees in parkZarlan et al. (2020showed that land surface
temperatures, distance to a lake and proximity to roads were important predictors of NDVI values in
the urban environrment. They did not, however, study soil properties.

Thus, in future research, the microclimate and trampling effect should be accounted for in
addition to soil properties, which would enahle todifferentiate betweenthe effectof microclimate,
trampling, and soilSimilarly to the study ofukherjee & Agrawal2018) who studied the effect of
soil properties alongvith the effect of air pollution and land use on roadside ground vegetation, the
effect of microclimate and trampling on vegetatioadith should be studied alongside soil properties
in future research.

4.3 NDVI and underground sealing

In the introduction, it was hypothesised that the presence of underground sealing would
significantly influence the soil properties of a site, which would, in turn, influence the &@Wition
of the site. Twasite pairs, from two different parks, had one site with underground sealing, and one
site without underground sealing. BRD1 and BRD2 form such a pair: both RaecBertrand with
BRD1 having underground sealangd BRD2 not having underground sealldgN1 and HEN2 are the
other pair: both are irParcGustave et Léonard HentscHEN2 haingunderground sealing whereas
HEN1 has not.
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When comparing the soil properties of the site pairs, it is very interesting to see that the soil
depth of both sites of oa pair are very similat HEN1 and HENfave a mean soil depth of 28n and
39 cm, respectively, and BRD1 and BRDt have a mean soil depth of &m. It was expected for
the sites with underground sealing to have a lower soil depth than the sites withsiitwas expected
that the underground sealing would limit soil depth. However, this is not the case. All other soil
properties (amount of coarse material, BD1gd/SOC, Ao are also very similar within the site pairs.
For the sites located withiRarcGustave et Léonard Hentsch, this might be explained by the fact that
both sites are anthropogenic soils, which were created in the same infrastructure project in 2015. Thus,
the anthropogenic site creation might have a higher influence on soil factors tthe presence or
absence of underground sealing.

The NDVI values of the sites locatedParcBertrand cannot be compared, as the NDVI values
for BRD2 are missing. Observing the N&dlution ofboth HEN1 and HEN2, no clear distinction can
be made betwen the site with and the site without underground sealing. The site with underground
sealing has a sudden drop of NDVI value in the period starting on the 20th of June, which the site HEN1
does not have. However, nothing indicates that this drop is linkachderground sealing. Except for
the period of the 28 of June, both ND\Wvolutionsare very similar in form, with the site without
underground sealing having slightly lower mean NDVI values in July and August.

In conclusion, underground sealing coul€ither indicate differences in soil properties, nor
couldit explain differences in ND¥Volution, leading to the hypothesis that underground sealing does
not directly affect soil properties or vegetation health in lawn vegetation. However, only ongasite
was assessed to determinehetherunderground sealing has an influence on NDVI, and the other soil
properties of this park, which was created in 2015, might have a higher influence on soévdbtibn
than the presence or absence of undergrounals®y. To verify the hypothesis, more parks with
different formation history should be assessed. These findings cannot be compared to any literature,
as no literature was found which assessed the influence of underground sealing on urban vegetation
health.

4.4 SOCorrelations

To answer the research questiails SOC correlated to:W Awo, clay content and BD in the
urban environment? the correlation between SOC and these soil parameters was calcua@ad.
correlated to Wooand Asoo, but not to the claycontent and BD. The two first mentioned parameters
are soil structure quality indicato(dohannes et al., 2021@nd so our findings support the hypothesis
that SOC influences soil structure in the urban environment. However, BD is also often considered an
indicator for soil structug, and we cannot provide an explanation to why SOC was not correlated to
BD.

36



5. CONCLUSION AND OUTLOOK

13 urban sites with lawn vegetation, all located in the city of Geneva, were studied to assess
the influence of soil properties on vegetation healtiheTmeasured soil properties wereisdepth,
particle size distribution, amount of coarse materBL) Wioo, Aico and SOC. Except for soil depth, all
soil properties were measured at®10cm depth. The vegetation health was assessed using the NDVI
evolution of each siteluring two different seasons: spring and summer. Some soil properties were
shown to be related to vegetimn health.

It could be shown that the amount of coarse material related to the NDVI evolution in spring
and summer and that soil depth related to the NDVI evolution in summeiban soils, iseems that
the amount of coarse material and the soil degthve a higher influence on the amount of water
stored in the soils in dry periods than any soil property relating to the fine earth fraction. These findings
are unique in the urban environment, as no other study successfully related either soil depth or th
amount of coarse material to urban vegetation greening and browning. The results of the present study
indicate that including soil depth data as well as the amount of coarse material could be very important
for understandinghe effect of soil orurban vegetation health.

It could also be shown that in spring, next to the amount of coarse material, BD appd W
related to the NDVIwith low NDVI values relating to high BD and lowoW is believed that the
impedance to root growthas well as lackf oxygen in saturated soilsyhich is influenced by the
amount of coarse material as well as BD, impacted vegetation h@aldpring It is possible that
trampling also influenced BD.

Broadly speaking, soil properties could be shown to havenfiuence on urban vegetation
health, which was our main hypothesis. However, it was noticed that other factors, such as
microclimate and trampling, might also influence vegetation health and thus NDVI values.
Furthermore, the effect of the park to whit¢he sitesbelonged was not accounted for, as the sample
size did not allow this effedb be includedin the statistical analysi€onsequentlya bigger sample
size should be assessedarclude the effect of thgarks on vegetation health In future reseech, it
would be interesting to assess the influence of microclimate and trampling on vegetation health
alongside the influence of soil properties in order to understand the importance of each individual
factor on vegetation health.

This study is one of thfirst to use NDVI evolutions as a proxy for vegetation health while trying
to link urban vegetatiogreening and brownintp urban soil properties. The use of NDVI evolution to
assess urban vegetation health is promising, especially as it can be usdiffesant types of
vegetation andhe datais easy to obtain. It could be used to compare the effect of soil properties on
vegetation healthfor a variety of different vegetation types, on much larger scales than the scales
which can be achieved by indiva plant sampling, which is the method used in most other studies
relating soil properties to urban vegetation health. However, in this study, a novel approach of
assessing the NDVI data was used, using NDVI evolution to classify the sites into vepetdtion
classes, instead of using the NDVI values on one date. This approach was useful, but the limit values
that were used to classify the different NDVI evoluttomveswere determined by comparing the NDVI
evolution of several siteand are not genellgsable to other sites. In future research, limit values of
NDVI for different vegetation types could be assessed by comparing NDVI values to data of directly
sampled vegetation data, making this approach generalisable.
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APPENDIX

Appendix 1 ConceptuaModel of theSte Slection
Appendix1.1 UML Visualisation of the Individual Layers

Feature Classes

sev_management undergroung_sealing

+ Shape: Polygon + Shape: Polygon

+ QBJECTID: Integer + OBJECTID: Integer

+ FAMILLE_PROFIL: String + Shape_Lengin(): Double

+ DESCRIPTION_PROFIL: String + Shape_Area(): Double

+ NIV_ENTRETIEN: Integer Source: SITG, open access
hitps:fige_chfsitg/fiche/3861

+ NOM_OBJET: String PSSR RS

+ Shape_Length{): Double

Source: Service des espaces veris (SEVE)

Contact- Héléne Lecocq: Helene Lecoco@ville-ge ch O R T N
Sylvain Greutert: Sylvain Greutert@uille-ge.ch irrigation_lines imigation_points
Further publication needs approval of the SEVE + Shape: Polyline + Shape: Point

+ OBJECTID: Integer + OBJECTID: Integer

+ OBJECT: String

+ Shape_Length(): Double

Source: Service des espaces veris (SEVE)

Contact: Héléne Lecocq: Helene Lecocg@ville-ge.ch
Sylvain Greutert: Sylvain.Greutert@ville-ge.ch
Further publication needs approval of the SEVE

Raster Data

Vegetationgshoehenmodell_LFI_1_Geneva Orthophotos
Raster-File

Raster-File

Source: Ginzler, Christian (2018). Vegetation Height Source: SWISSIMAGE 10 cm ©swisstopo, open access
Model NFI. Mational Forest Inventory (NF1). https:iferenw. swisstopo.admin.chide/geodataimages/ortho/swissimage 10 himl

doi:10.16904/1000001.1. Date: 2020
Awvailable on Request: christian.ginzler@wsl.ch
Version: 2016
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Appendix1.2 ConceptuaModel of theSte Selection
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Appendix2. Factsheets of thites

SITE: ADO

. . Top: Orthophoto, 2020 adapted from
Park: Quai Gustave-Ador SWISSIMAGE 10cm ©swisstopo
Centre Coordinates 2'501'720.327,1'118'283.029

Bottom: Photo, 2021, Gruffydd Davies
Characteristics:
Relief level
Vegetation turf, bulb flowers
Soil origin anthropogenic, created 1920s (Ville de
Genéve, 2021)

Land Use parc
Underground Sealing no
Management level no management
Area [m?] 459.98

Results — Chemical Parameters

SOC [% by mass] 5.058
SOC:Clay 0.34
N [% by mass] 0.3461
pH 6.97

Results — Physical Parameters

Texture fractions [% by mass] Clay: 14.9 Silt:  56.8 Sand: 283
Texture class Silty Loam
Mean Sd

Soil Depth [cm] 38.33 0.58

Coarse f'?Cti°“ [% by mass] 12.12 8.06 ADO: NDVI Evolution in the Vegetation Period of 2020
Bulk density [g/cm?] 1.25 0.08

Water content at - [8/g] 0.42 0.05

10hPa 08

Water content at - (/8] 0.34 0.04

100hPa

Porosity [% volume] 52.77 2.94 +

Pores over 15um [% volume] 10.14 3.12 g 06

Pores 15-150um [% volume] 9.30 2.36 z +

.

Results — NDVI classification \
Spring low o0s +
Summer low

SITE: BAR

Park: Barton

Centre Coordinates 2'500'661.063, 1'119'852.652

Characteristics:

Relief foot of slope

Vegetation turf

Soil origin natural (Laboratoire cantonal d’agronomie,

1992)

Land Use parc

Underground Sealing no

Management level low

Area [m?] 406.73

Results — Chemical Parameters

soc [% by mass] 3.598 Top left: Orthophoto, 2020 adapted
SOC:Clay 024 from SWISSIMAGE 10cm ©swisstopo
N [% by mass] 0.3074
pH 6.67 Top right: Photo, 2021, Gruffydd
Davies
Results — Physical Parameters
Texture fractions [% by mass] Clay: 14.8 Silt:  41.7 Sand: 43.5 Bottom left: Profile picture, 1991 from
Texture class Loam Laboratoire cantonal d’agronomie
(1992)
Mean Sd

Soil Depth [cm] 33.33 5.86
Coarse fraction [% by mass] 18.19 9.50 NDVI Evolution in the Vegetation Period of 2020
Bulk density [g/cm?] 1.12 0.07
Water content at - [g/8] 0.46 0.05
10hPa
Water content at - [g/8] 0.36 0.04
100hPa +
Porosity [% volume] 57.67 2.67 +
Pores over 15um 1% volume] 17.86 3.96 t ¢
Pores 15-150pm [% volume] 11.55 2.05 T T T +
Results — NDVI classification + +
Spring high 04
Summer low

23339888988 555588388a3
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