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Abstract

Urban development is increasing worldwide, resulting in a decrease in healthy soil and
leading to a loss in associated ecosystem functions. Understanding the impacts of urban
development on ecosystem functioning and soil health is vital because hedlibgssential
for biosphere health. Landscape architecture relies heavily on healtryuhaloning soil for
the success of project work and the management of greenspaces to provide vital ecosystem
services. Landscape architects are uniquely posititmgensform the landscape, prevent or
restore degraded urban spaces, and promotduvaitioning greenspace in urban areas, thus
improving the ecological and social quality of urban spaces. Understanding the components of
soil and how their attributesid interactions affect soil functions is essential to the profession.
Understanding the impact of development on soil can help prevent land degradation due to
careless design practices. This reseamtightto understand the effects of urban development
and disturbance on soil and assess the potential for urban landscapes to provide similar soil
health and function as natigeasslands. This research infereaders of the importance of soil
health and functions in creating living soils and healthy landscdpy assessing sites under
different land use and management practice in and around ManhatesadISA, we
researcheevaluated the impact of urban development on soil health using microbial function as
theprimary indicatorRecent uban developmenmpacted soil nutrient pools influencing
microbial function; howevetandscapenanagement influenced the range of those impacts.
Understanding the implications of soil quality loss via management, urban disturbance, and other
interventions shoulbe of nterest tdandscape architects as these impacts diminish the health of

the land and associated flora, fauna, and aquatic resources. Soil health influences the health of



human communities and the sustainability and ecological function of theaedrits

ecosystems
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Chapter1-l ntroduction (Literature

Why Soil is Essential

Ecosystem conservation and climate change are pressing issues for this generation.
Humans influence and transfosuil'sbiological, physical, and chemical properties through the
process known as anthropogendSisil Science Division Staff, 201 Aluman nfluencehas led
to degradation at amnprecedenterhte, leading to a new geologigeriodknown as the
AnthropocengSoil Science Division Staff, 201.7pne cause of the change and degradation is
the conversion of land to urban conditions. With thedase irglobal urbanizatiomnd 50
percent of the world population living in urban environments,es&entiato understand the
effects of urban development on ecosystems and the cl{fresteet al., 2019; Naylo et al.,

2019) The urban conditionisdesr i bed as Aunique in nature, a r
the will and ef f Nelson & lfajthé, QOGP rannensamdadgsiynessD

vital as shapers and managersidfan conditionsLandscaperchitects help foster better

environmens for people, plants, wildlife, and microorganistimough welinformed plans and

designs Theirrecognition of their role in combating ecosystem degradation and climate change

is becoming more prevalent. It is the duty of landscape architects to bedst®ivthe

environment by carefully considering the impact their projects may have on larger ecological

systems and human communit{€rose & Frisby, 2019)

In a worldwith growing awareness of ecological degradationaheerseclimate change
impacts,conserving, restoring, and creating living solil is vigoil is the foundation for
sustainingmnuch of terrestrial and aquatite on Earth and is critical to the functiohthe
ear t hoés (Dorano&sPprkire 19@4)Soil plays a crucial role in food production, resource

production, building foundations, cleansing water systems, and the cycling of nutrients that



humans rely orfMcBratney et al., 2014; Morel et al., 20@cheyer & Hipple, 2005F50il is
also responsible for environmental quality at the local, regional, and worldwide @2atag &
Parkin, 1994; Doran & Safley, 1997he most cruciaécosystem functioninfpr sustaining
terrestrial life is found in soiMoung & Crawford, 2004)

A bold and vitalfact is that thesoil layer coveringhe earth is the difference between
survival and extinction for most terrestrial lifeforifi3oran & Parkin, 1994; Doran & Safley,
1997) With all that soil achieves and providésis essentiato acknowledge that soil is a non
renewable resource on a human times@a@ran & Parkin, 1994; Doran & Safley, 1997; Jenny,
1980; Renella, 2020).iving, well-functioning soil may naturally degrade through erosion,
fertility loss, acidiication, compaction, and carbon Iqs4cBratney et al., 2014However,
humanmodificationdramatically accelerates degradatiSoil degradation ratesan increasat

unprecedented ratelsie to human disturban@€och et al., 2013)The loss of soil through

landscape disturbance and other urban development will pose a substantial problem in the future

if this issue is not understood and addregkedh et al., 2013)

As landscape architects, understanding the role of soil in urb@&omements and the

effects of land use, landscape maintenance, and soil disturbance can help inform design decisions

and guide land use planning, design implementation, anetéwsngmanagemeriKays, 2013)

Background

The Basics ofSoll
Natural soil (also referred to as native so#3ults fronfive soik-forming factors and, as
visually described in Figure 1.1, occurs

factors include parent material, climate, vegetation, topogragptd/timé& which interactively

dur i



influence the formation of soils. The solil is the finished product from the weathering of the
parent rock or materigNelson & Lajtha, 2017)Soil formationtimeframes typicallyange from
100400 years for every centimetaf topsoil(Doran & Safley, 1997)Soil components include
inorganic mineral matter (sand, silt, and clay particles), organic matter, water, gas, and living
organisms ranging from microbial organisms to ins@@tgan & Parkin, 1994)Together the
componets of soil create a dynamic living system that plays critical roles in terrestrial

ecosystemgDoran & Parkin, 1994; Doran & Safley, 1997)

1: Soil Begins to Form 2: Simple Organisms 4: Well-developed Soil

Organic Matter

Parent Material

Organic Matter
Mineral Particles

Parent Material

Organic Matter
Mineral Particles

Parent Material

B horizon

Disintegrating Rock

C horizon C horizon C horizon

Bedrock Bedrock Bedrock Bedrock

Figure 1. 1 Soil formation processegWeatherSTEM, 2017)

Soil properties can vary from site to site and from region to region. Important soil
attributes are categorized into the physical (bulk density, structure, infiltration, and texture),
biological (organic matter, microbial biomass, dmatic activity), andchemical (pH, nutrient
content, salt content, etc.) properties of éddhikari & Hartemink, 2016; Doran & Parkin,

1994) As shown in Figurd..2, soil texture relates to the amounts of sand, silt, loam, and clay in

a particular soil or soil sample.
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Figure 1. 1 Soil Texture Triangle (Kays, 2013)

Soil EcosystemServices

Soil properties will affect soil ecosystem services. Ecosystem searete capacity of
natural processes and components to deliver goods and servideffithiman needs either
directly or indirectly(De Groot, 1992)A multitude of ecosystem servicageoffered by soiand
support societl needsenvironmenal processes, aretosystems at various sca{Bapport et al.,
1997)(Figure 1.3).

Soil is a habitat for microorganisms responsible for maintaining soil biodiversity,
decomposition, and nutrient cyclitgdhikari & Hartemink, 2016; Rapport et al., 199%pil
organisms are also responsible for maintaining biological activities, suclzyasaic activities,
which are responsible for nutrient consumption and decomposition ifAmEbn & Vitousek,

2004) Beyond microorganisms, the soil is accountablarfanycarbonrelated processgsuch



as nutrient storage, biomass production, cadsmuestration, and respirati(fRenella, 2020Q)

Soil alsoplays a significant role in the water cycle, acting as a water retention sysieter

filtering system, an@water infiltration systenfMcBratney et al., 20145oil is thus a vital

resource whse function influences the local, regional, and global environmental quality and the

ability to maintain terrestrial ecosysteKi¥oran & Zeiss, 2000)

1. Supports Structures
2. Plant growth and food production

3. Water infiltration, filtration, and storage.
4. Carbon storage.

5. Nutrient holding and transformation.

Figure 1.3 Ecosystenservices provided by soilAdapted from Calkins, 2012)

The functionof the sericessolil providess influenced by soil propertiggekeren et al.,
2010) For example, sobrganic matter (SOMandsoil aggregate formation incre@ssoil water
holding potentia(Chen et al., 2014; Franzluebbers, 20@&)M also influenceas oi | 6 s abi | i
to buffer pH ands themain repository ofoil carbonRenella, 202Q)improvementsn SOM
andcarboncanlead to higher water infiltration ratéBrown et al., 2011)Soil properties can be

used as soil function ariekalthindicatorsbecause of their connectedness to functional processes



and dynamicgFranzluebbers, 2002%pecifically, biological indicators ithe soil will be the
most sensitive, allowing for the identification of ecological failures long befoenpat
physical and chemical changes in gBi&nkhurst et al., 199AWhen considering the changes
that urban environments bring to soil properties, we must understand that functional differences
in the soil will be present as landscapes are disturbedghrurban development.
Soil Quality and Health

Soil quality is deter min désditnessyforasdDoran&d 6s abi
Parkin, 1994; Doran & Safley, 1997; USDA Natural Resources Conservation Service, 2015)
Soil healthwhile sometimes used interchangeably with soil quality, is a sgrecificallyused to
describe soil as a dynamic living systdboran & Zeiss, 2000)Soil qualityis oftenassociated
withasoi | 6s fitness for a specific use, whereas
overall capacity for soil to function as a system that facilitates biological producsivpports
environmental quality, and maintains user he@tbran & Safley1997; Doran & Zeiss, 2000)
Soil health is described as "the continued capacity of soil to function as a vital living system,
within an ecosystem or langse boundaries, in ways that sustain biological productivity,
promote the quality of air and watenmonments, and maintain plant, animal and human
health” (Doran and Safley 1997, p.8). Soil functional qualities include sustaining biological
diversity and processa®gulatingwater flow, filtration and buffering of organic and inorganic
materials, nufent cycling and storage, and physical stability and sugp@DA Natural
Resources Conservation Service, 2015)

The USDANRCSmeasures soil quality and healtiy evaluatingnherent and dynamic
soil properties, known as soil quality indicators. Inhesaiitproperties are defined as properties

that do not change substantially over time and are typically the result-édrsoihg factors.



Inherent properties are not management specific. Dynamic soil properties are management
dependenfUSDA Natural Resorces Conservation Service, 20H8s)noted irFigure 1.4.

Soil quality indicators are classified being in one dhree groups: biological (b),
chemical (c), and physical (p) (Figure 1.5). Soil quality indicators include water capacity (p),
bulk density(p), infiltration (p), organic matter (b), soil electrical conductivity (c), soil enzymes
(b), soil nitrate, phosphate, and other nutrients (c), soil pH (c), soil respiration (b), soil structure
(p), microbial types and total microbial biomass (b) antagganic carbon (bjPankhurst et al.,

1997; Rapport et al., 1997; USDA Natural Resources Conservation Service, 2015)

Time Scale Indicators

Properties that don't
change much over time

Dynamic Management-dependent

Inherent : :
soil properties

Figure 1.2 Soil indicator classification by time scales

Soil Health Indicator Classifications

Soil Health and Quality

Figure 1.3 Solil indicator groupings, which together impact soil health and quality

Soil Carbon
Carbon is the foundation of all life on Earth, and because of this, carbon is considered a
partofi n at ur ad providing ecblayicaband economic value to ¢Ghaley etl., 2014)

Urban soils, like neighboring natural soils, can act as a carbon sink or carbon storage medium



(Schalenghe & Marsan, 200%oil carbon storage helps provide nutrients for vegetation,
reduces soil erosion, creates soil aggregates, and ingithadaiological activity within a soil
system(Ghaley et al., 2014Carbon soil storage and sequestrationeasentiglespecially with
anemphasis on mitigating at mos p(Koehreiat,20d3ir bon 6 s
should be noted thato i | contains twice as much carbon as
important asandmore notable than, potential carbon pools such as the atmosphere or ocean
(Koch et al., 2013)

Urban soils lose a large capacity for carbon storage and seqoespatiential when they
are covered by impervious surfaces, reducing the degree to which this surface can be utilized in
urban environment@rown et al., 2011)Carbon storage potential for soils in urban
environmentglependon more than if and how theibis covered by vegetation. The quality of
the landscape population densities, management histories, topsoil conditions, distance to the
urban center, and age of development are important vari@iasn et al., 2011)

Soils in highly disturbed areas areas recently developed for urbanization show lower
carbon storage values than managed lands¢Bpewn et al., 2011; Chen et al., 2014)
Nevertheless, managed landscapes have demonstrated the ability to support more carbon storage
than norurban soilswhich confirms the potential for carbon storage in urban soils with
proactivemanagement practicéBouyat et al., 2006As such, soil aggregate size plays an
influential role incarbon storaga the soil. However, when a site is highly disturbed or
compacted, soil aggregatare disrupted into smallsizedistributions causing a decrease in soll
carbon(Chen et al., 2014Biotic disturbances cammediately changsoil carbon pools and

carlon allocation within an ecosyste(Rickett & Cadenasso, 200&)isturbances related to



aboveground biomastheintroduction of new species, or disease impacts on urban vegetation
and wildlife can impactarbon andhutrient supplies to urban so{Bickett& Cadenasso, 2008)

Urban carbon pools can be improveditmplementinggreen infrastructure such as living
roofs,rain gardensand bieswalesgnhancingurban stormwater management, infiltration, and
storage potentigBrown et al., 2011)Planting urbarrees is also a way to improve soil carbon
storage due to inputs to the soil from their rq@ken et al., 2014Additionaly, amending with
organic mattesuch agplantlitter) cansupplya carbon source for degraded ¢Bikesley, 2012)
Lower carborievels in soil typically indicate less functional soils, whereas higher carbon levels
supportmore resiliencéKoch et al., 2013)Carbon is arssentiafoundation in life and its
functiony increasingt in our urban environments vgtal for our urban gstemsfuture
sustainability and function. Techniques to improve soil carbon poolsvarable butsoil
conservationn its existing forms should be preserved if possible. Soils 25 years following
development or older contain more carbon than newer, #adsimplies at minimum, a5-year
recovery period for soils as a result of construc{®alubiewski, 2006)With soil being a
resourcehatwe rely so heavily upgralong withongoing soil losses and degradation, we cannot
afford to wait 25 yearsr morefor soil health to recover.
Soil Microbial Function

Soil microbial functional diversity iany indexof therangeof ecological processes
provided by a microbial communitgnd the capacitgf all organisms in a microbial community
to use different resourc¢imsam et al., 1989)Jnlike community or species taxonomic diversity,
functional diversity focuses on the og# functionsmicrobial communities provid@escalas et

al., 2019; Insam et al., 198®)bserving microbial functional diversity in soils allows for a better



understanding of the functional roles that microbial communities maytbagporoverall
ecosystemesilience(Escalas et al., 2019; Insam et al., 1989)

Therole of microbes is essential in maintaining the function of terrestrial systems, but the
speific roles and impact of microbial communities are still being def(iMakscatelli et al.,

2018) According to Escalas et al. 2019, microbial communities play a significant role in nearly
every biogeochemical process that makes Earth inhabitable. Miccobi@onents in soil and
their significance are often overlookdsbwever, due to their inability to be seanthe

landscape byhe naked eye and tlaglditionalchallengeof measuringmicrobes(Doran &

Parkin, 1994)It is important to note that microbiabmmunities play crucial roles in global
nutrient and water cyclinPoran & Parkin, 1994; Pankhurst et al., 199h)ey help regulate
critical processes in the ecosystesuch as primary production, decomposition, nutrient cycling,
climate regulation, caon storage, disease propagation, and pollutant transfornfgsoalas et
al., 2019; Pankhurst et al., 199The wide array of processes controlled by microbial
communities is representative of the fact that tuethe largest pool of diversity in nature
(Escalas et al., 2019)

As landscape architectsg believe that understanding the impaturbandevelopnent,
land use management, and land use change on soil can significantly groveisciplinary
knowledge and enable landscagh@nningfdesign decisions to be more ecologically appropriate
than manycurrentlyimplemented landscaechitectureorojects.

Understandingoil's functional diversity can help begtter understanithe biological
guality and healtlof soil systemgHofman et al., 2004)Conserving or rereating higher
functional diversity in soil microbial communities provides a more stalsiesydue to the

servicefferedwithin living, healthy soil{Hofman et al., 2004)A stable system can indicade
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landscape design projedtmgerterm success or resilience, which can be assessed for built and
designed worlandfor natural ecosystems. Lower levels of soil microbial diversity can be an
indicator of disturbancéHofman et al., 2004)

Microorganismsaccount for 80 to 98 of soil functiong(Moscatelli et al., 2018)hile
only making up ~0.5% of sathass(Figure 1.6). Microbial function in the soil can be a more
sensitive indicator of soil health compared to other indicators of soil such as netredst soll
texture, soil pH, soil temperature, and water content in soils because the microbial function
involves the interrelationships between the biological (microbes), chemical (nutrients), and
physical properties of soil systerfidautiyal et al., 200). Microorganismsare useful indicators
to land managers because of their quick response to change (months togrepesdo other

indicators which may not readily change on a shoeterm management timescgkRankhurst et

2

Soil Organic Matter Mineral Component
(0.1-10%) (>90%)

m [Non Living (85%)J
Roots Fauna Mlcroorgamsms
(5-15%)) ((5-10%) (75-90%)
Microbial Nutrient Aggregate Microbial Products
|  Respiration Mineralization . Stability & Processes

Figure 1.4 Breakdown of soil components and the role of microbes (derived from Pankurst
et al. 1997).

al., 1997)




Urban Soils

Urban soils are ipacted by human activity and are found in urban and suburban areas or
other locations where human activities have created new buildings, roads, parking lots, and other
infrastructurgMorel et al., 2004fFigure 1.7). They can be defined in one of thregswkirst,
urbansoil has a mix that is differefiom the neighboring natural and agricultural landscapes.

The soil mix is modified by human intervention with the import and export of mataridtbe

input of contaminants. Second, soil in parks or gasduaay have similarities to agricultural

soils, but the land management or use creates a unique profile different from the agricultural soil.
Third, soil ismodified by construction (and physical urban infrastructurbgsesoils oftenlay
beneathimpervious surface@viorel et al., 2004)Soils in urban areas af@quentlyhighly

compacted and relatively imperviqusadingto increased strain on neighboring systems,

especially riparian ecosystems, lakes, ponds, wetlands, and other aquaii®Marebset al.,

2004; Schalenghe & Marsan, 2009)
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Figure 1.5 Urban Soil Characteristics; (a) grade changes caused by cut and fill, (b)
compaction and loss of aggregate stability, (c) impervious crust, (d) altered soil pH, (e) poo
drainage caused by compaction, (f) nutrienteficiencies (g) anthropogenic materials
(buried rubble and debris), and (h) small soil volumes inadequate for plant growth. These
characteristics are detrimental not only to plant growth, but they reduce othenatural soil
values and benefits as we(lCalkins, 2019.

As with native soils, the basic princiglior soil formationaresimilar in urban
environments. Howeveurbansoils are typicallysignificantly alteredby human influence.
People may change the parent material, with the presence of concrete or other construction

materialssometimedecoming primary parent matesaChanging parent material results in

changes in the natural weathering prod&4srel et al.,2004; Nelson & Lajtha, 2017Pickett
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and Cadenasso recognize that there is novel urban soil creation because of human activity in the
urban environment but argue there is also contisaeddnodificationin urban areas because of

humanactivitiesbeyondinitial formation (2008 (seeFigure 18).

b
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Figure 1.6 A comparison of formation frameworks of soils and the impact of urbanization.
a. Summarizes native and agricultural formation factors. b. Indicates a version of soil
formation emphasizing the role of new parent material iforming novel urban soils. c.
Indicated that all formation factors are influenced in urban soilswhich result in new or
modified existing soils in urban environmentgPickett & Cadenasso, 2008)

In urban soils, the effects of soil transportation are an added factor. When moving soil
from one site to another, soil layene ofterhighly manipulated or destroyed, thus changing
available nutrients and soil biofBhe addition of fertilizer, waste material, trash, or other inputs

also changethe nutrient profiles in urban soilMorel et &, 2004; Nelson & Lajtha, 2017As a

result, urban soils are typically recognized as unigue and classified as such. Understanding urban
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soil is complex due to the lack of uniformity in sodntent and sojprofilesor layering(Pouyat
et al., 2010)

As a result of disturbance or undesirable soil inputs, urban soils will often have
characteristics and properties vastly different from native soils. Urban soils will often have a
higher pH than soils in naturatosystemsr agricultural environments due the influence of
concrete and construction inp§Brown et al., 2011; Naylo et al., 2019he influence of
construction and development disrupts the physical profile of soil, causing urban soil to suffer
from compaction (increased bulk density), whiehds to lower infiltration rates and lower water
holding capacities of so{Brown et al., 2011; Kumar & Hundal, 201@eeFigure 19). A
decrease in soil moisture decreasesatiiwity of the soilmicroorganisms&nd can change the
carbon and nitrogen procesgégmann & Billings, 2011)A notable example is when soil is
under water stress itincreasehre mi cr obesd demand for nitrogen
system faster in the form of respiratipfiemam & Billings, 2011)

Urban soils, unlike natural soils, are often disconnected from their environments (water,
air, or organic inputsiandthis disconnect comes from the barriers like sidewalks or sealing that
occurswith impervious surface@Morel et al, 2004; Schalenghe & Marsan, 200Byrthermore,
with the input of waste materials in urban soils, we see an increase in heavy metal contamination.
The contamination leads to limits in biological activity within the soil, changes decomposition
rates, andlecreases the available organic matter in thg3@iNorska & Lemanowicz, 2019;

Nelson & Lajtha, 2017)All these manipulations to the soil as well as land use changes result in

changes in the soil 6s ab(ghbdetay,2@@o perf orm ecos
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Figure 1.7 Visualization of soil compaction.

Urban Soil Function

Soil in an urban environment is subject to limited resource availability and high
disturbance and modification. As a result, urban soils function differently than those soils found
in native or agricultural environments. A primary resource modificatianetkiats inmany
urban sosis the availability of water. The limit of water infiltration into soils decreases soll
moisture content, which can impact other functional capabilities ir{Rickett & Cadenasso,
2008) These include reduction in organic thea content, biological function, and plant
developmen(Pickett & Cadenasso, 200&)rban soils are also frequently altered chemically
with higher levels of heavincreases in heavy metals such as lead, chromium, copper, and zinc
can affect ecosystem messes, such as plant quality and growth as well as microbial community
composition and functio(Pickett & Cadenasso, 2008; Xie et al., 2016)

Nutrient cycling is an important ecosystem service that supports life on earth by
providing the required nutriésto organisms and systems to maintain their function. Notable

nutrient cycling processes are nitrogen fixation, decomposition, mineralization, and the

16



acquisition of phosphoryshaley et al., 2014).ike natural soils, urban soils can perform all
theseprocesses. However, a common condition of the urban environment is the change of pH in
the soil due to human intervention and contam
resource pools of available nutrients change, making it harder for plants@ontes to gain

access to the nutrients they reqylcee et al., 2019)Most nutrients in soil are only available to

plants and microbes during an optimal pH range, when pH falls out of this optimal range (by
increasing or decreasinghicrobial communitycompositions will shift, enzyme activity will

decrease, and nutrient uptake by plants it limjieina, 2019)

Microbial functioning drives processes such as nutrient cycling. Microbial extracellular
enzymes are the primary process that drives congolierrganic mattebreakdown into small
molecules that are biologically availal§islison & Vitousek, 2004) These processes not only
make nutrients and energy available to organisms in the soil, but they also provide the initial
steps to key ecologicalg@cesses such as decomposition and nutrient mineralization (see Figure
1.10). Because soil enzymsspportsoil functional processes, enzyme activity is a good
indicator of the impact of human factors on the @iklinska et al., 2012; Jaworska &
Lemanowcz, 2019; Naylo et al., 2019Knowing this can allow us to assess the impact of
landscape architecture projects. Areas that are highly disturbed or under strong negative human
influences can beelatively enzymatically inactive. Human influences can e contamination
and compaction. Soil nutrient limitation calsobe assessed through enzyme activity and by
consideringhatenzyme activity increases when nutrient limitation incregatison &
Vitousek, 2004)

A decrease in enzymatic activitgn dso resultfrom the contamination of heavy metals

such as Zn, Pb, Cu, and (®ielinska et al., 2012)The presence of these metals lintits
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ability of microorganismso interact withor accessutrients in the soil. Soil pH is another factor
influencingmi cr oorgani smso6é6 ability to interact with
interactions with water decrease, which reduces the metabolic capabilities of a soil ecosystem,

such as nutrient breakdowWRielinska et al., 2012)

A
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Management

Microbial
Biomass .

by

Y Enzymes > D4

Soil Organic
Matter
Figure 1.8 Microbes play a key role in soil organic matter decomposition, driven by

enzyme production. As a resultmicrobes heavily drive the globalcarbon cycle Carbon

that enters the soil from above and belowground plant production iseturned to the
atmosphere as CQas a result ofrespiration by soil microorganisms.

The impacts of management and maintenance

The aboveground removal of biomass by any means (clipping, mowing, or fire) will have
an impact on soilKitchen et al., 2009)however, management styles differ and will not equally
impact soil.Fire, clipping, and mowing are discussed below.

Fire, a common prairie management practice for praings a multitude of
environmental impacts, including impactsstal (Kitchen et al., 2009)When grasslands are

burned, there is an increase in €lease into the atmosphere, however, with plagrowth
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carbonis captured through photosynthe@idonzalezPerez et al., 2004 terms of impacts on
soil, fire can have a fertility impact because it can increasphtbgphorus and micnoitrients
available to living organismisy acting a mineralizing age(@eBano, 1991; GnzalezPerez et

al., 2004) butcancause a shotierm reduction in microbial biomassid change the microbial
community composition due to the impacts of fire affectiegainmicrobes differently

(DeBano, 1991; Gonzaldzerez eal., 2004) Fire also has the ability to increase soil pH
(GonzalezPerez et al., 200450M can decrease with fire due to the loss of aboveground litter
inputs that are burned and disgddrom the sitewhile with the absence of firenore ofthe

SOM on andwithin soil will decompose over tim@eBano, 1991)

Clipping, which is the removal of aboveground biomass by cugiags or other types of
vegetation has been shown to decrease microbial biomass and microbial respiration in soil
(Bremer et al., 1998 Clipping also can cause an increassoil temperaturéBremer et al.,

1998) Clipping and mowing in most cases are seen to be similar because they result in similar
vegetativampacts, but it should be noted that clipping in this project is seen to be less of a
disturbance becausedbes not usthe heavy mowing equipment associated with mowing.
Mowing removes aboveground biomass and litter inputs, which can result in a decrease in soil
carbon(Kitchen et al., 2009)In research conducted by Kitchdslair, and Callahanthere vas a
greater reduction in sotlarbonwith mowing than with fireRoot biomass and rooarrbonand

nitrogenconcentration also decreassith mowing(Kitchen et al., 2009)

Soil and Landscape Architecture

Landscape architecture is a multifaceted profession. The responsibility of landscape

architects lies in the planning, design, management, and promotion of outdoor environments both
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built and natura{The American Society of Landscape Architects, nkhg environments in

which landscape architects work include parks, campuses, plazas, greenspaces, trails,
communities, streetscapes, and other open spaces in intensely developed urban cities. Because
stewardship of the landscape is a primary responsibililgndscape architects, landscape
architectsshouldseek to create a bridge between the environment and human interventions.
These efforts involve protectingell-functioning native or naturalized ecosysteansl

advocating for responsible landscape piagndesign, and managemelnt short, landscape
architects shoultielp findand envisiorsolutions to the problems that urban development creates
(Grose & Frisby, 2019)

Historically, many landscape architecture projects have focused primarily on tthetiaes
and social performance of a place. However, with significant impacts on ecological systems and
dramatic climate changes (including intensification of drought and flooding), landscape
architecture is moving to provide ecological solutions and integraighquality performance
in urban landscape planning, design, and manage@er@rican Society of Landscape
Architects, 2022)Such initiatives include Sustainable Sites, Landscape Performance research,
individual research by firms, arsgekingcarbondioxide reduction and carbon sequestration
through design. The Sustainable SITES Initiative® is a rgmogramthatevaluateprojects
based on their suitability in all phases from planning and design to construction ateriong
managemen(iGreen Buisess Certification Inc., 2023Jhe goal is to create and implement
naturebased solutions to help mitigate the effects of climate change and conserve resources
(Green Buisness Certification Inc., 202Bandscape Performance resededilitatedby the
Landscape Architecture Foundation provides a collection of research and case studies to

advocate and promote sustainable landscape sdufibair focus is to better understand the
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social, environmental, and economic solutions and benefits for specifiunéthesign projects
and to help provide ways to measure the outcomeslesign.Specific to soils, LAF supports
research focused on resilience, biodiversity, carbon, and cl{lrextescape Architecture
Foundation, 2023xll of which are influenced byoss in terrestrial landscapes.

The recent discussion of and movement towards Climate Positive Design (CPD), seeks
A t poovide a significant contribution to reversing global warming through the exterior built
envi r o(Clmata Rositive Design, 2023)his programencourages landscape architects to
protect, conserve, restore, anecreate living soils and healthy, wdlinctioning ecosystems. By
being climate positive, the goal is to rem@mmuch atmospheric C{as possible. Pamela
Conrad, its founder, started CPD as a way to help find solutions to the climate crisis and plan a
more resilient future. ThEPD initiative provides tools and resources about how to make an
impact wherever possible in the design of outdoor spaces. Specific resources include a design
toolkit featuring a section on soil amendment and design strategies.

These combined sustainability, appliedearch, and climate positive design efforts
demonstrate the need and desire of landscape architecture professionals to figure out sustainable
solutions to pressing environment issues and problems, which include the protection
conservation, restoration,eation, use, and management of soils within the urban environment.

Importance of Soil in the Field of Landscape Architecture

In the field of landscape architectussil is the foundation for nearly all project work
(Craul, 1999)Landscape architecturelres on the soil to function according to desired
parameters for designs to be successful. The chemical, biological, and physical characteristics in
soil, and how they interact with one another, will determine a soil's suitability and limitations for

plarting and land use applicatio{Graul, 1992) Soil is important to all phases of a project from
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landscape and langseplanning todesign implementation arldng-term maintenancand
managemen(iCraul, 1999) Project goal$ocused orsustainability, carbosequestration,
biodiversity,andsustaining microbial populations (which provide the foundation for all life on
earth) require an understanding and willingnessufgporthealthy, living sos (Solano, 2013)
Sustainability is the processpfr e ser vi ng, protecting, or |1 mp
resources and ecological systems for future generations of people and other organisms
McHarg and William Marsh called on planners and designers to thoroughly understand regional
and local ecologial systems, including soil systems, as we engage in land use planning and
landscape desigiMcHarg, 1992 Marsh, 2010)
In the process of manipulating sites, providing, or maintaining ecological function is key
to accomplishing the goal of sustainabiliys noted in thé&ustainable Sites Handbqdoils are
vital to the functioning of ecological processes, and in maintaining or improving the many
services ecosystems provide and which are needed to maintain sustainable, resilient urban
settings and humacentered developmeni€alkins, 2012)Meg Calkins recognizes the slow
formation of soil andliscusses howhe process of development can lead to soil benefits being
lost through soil erosion, compaction, relocation, contamination, and overfertilizaticm wh
result from urban development and land use (2012). It is noted that in urban environments, most
soil has been modified or importédalkins, 2012) There are, as a result, two essential goals
stated for soil management: @ptecting existing soil witldesirable traits, and 2nproving
soilsthat havaundesirable trait§Calkins, 2012) These two goals can be addressed through the
fields of landscape architecture and larsg planningworking with related professionalby
usingcareful site assessnteand analysisoupled withwell-informed landscape design,

construction/implementation, maintenance, and managgi@alkins, 2012)

22



How Landscape Architecture Influences Soil

It can be stated that all human influence will result in changes in the biological structure
of soils(Urban, 2008)Humanaltered soisystemsdramatically alter how soils interact with
water and how water moves across a lands¢ageeyer & Hipple, 2005)Vater movement
within the soil is paramount to soil function and soil stab{i8gheyer & Hipple, 2005\Water in
soil that exists in a built or disturbed environment, such as a construction site or a new landscape
development, can be of higher volumesdo runoff and this increased volume of flowing water
can lead to soil erosion on the surface, sedimentaimhan increase of urban pollutants within
streams and other surface waters, and an increased leaching of nutrients in highly permeable
soils. The increase in runoff can create hazards via the transportation of fertilizers, pesticides,
herbicides, and other chemical treatments to other landscapes and into the local water systems
(Scheyer & Hipple, 2005)The applications of such chemicals can &i#anicroorganismsand
insects found within the sqjUrban, 2008) The modification of drainage in the soil can drive
soil moisture conditions up or down, which will alter the rate at which soil microbial
communities interact with organic mat{etrban,2008)

Compaction of soil during the development or redevelopment of sites can lead to a
decrease in a soil's ability kmrmoniouslyinteract with the surrounding environment, including
organisms, air, and wat@drban, 2008) The dgradation or negative alteration of ecosystem
interactions will decrease the ability of organic matter to be distributed properly in the soil.
Often, with the change in landscapea excavation and grading comadramaticincreaseor
decreasén soil oxygen levels. An increase in soil oxygemlead to higher rates of organic
matterdecompositionn the soi] thus higher carbon losSoil altered by stockiing, reshaping,

grading, and transportation all suffer a degree of negative impact to nutrient pools and soil
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aggregatior{Craul, 1992)On the other hand, soil compaction greatly decreases soil oxygen and
water absorption capabilities leading to strasg possibly death of vegetation and microbial life

in a soil.Lastly, the change of plant material, removal of dead plant material, or the trimming of
trees can lead to a decrease in system resources and nutrients, changing the soil system dynamics
(Urban 2008)

However, in contrast to all of the actual or possible negative impacts that come with the
implementation opoorly conceivedandscape design projects, there is great potential to protect,
conserve, restore and improve site soils. Landscape architects have the ability to provide or
increase areas of fertile sqitnd torestore soils on sitwhere this is needed and possifleey
can specify actions and modifications to increase soil organic matter content and/or soil
nutrients, and they can also modify soil structure, nutrient levels, pH, etc. for optimal plant

growth and development, while promoting contaminant reductisnila(Canfield et al., 2018)

Summary

Urban soils and the disturbance to soil as a result of development is only increasing.
Realizingthe influences ofirban development and land w&nge on soil camfluence
decisions thataintainsoil health and function throughisely-crafted planning/design and
management strateg@deading to better urbatevelopment and landscagesignwork. By
understanding impacts of development, we can start to mitigate potential negative effects,
specify straggies in development for the protection, preservation, conservation, restoration,
creation, and management of healthy, living soils on sites, and understand how to utitize long

term sustainable solutions for soils in all planning/design projects.
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Soils povide an immense pool of services in urban environments and drive the function
of urban ecosystems. By measuring the impacts on urban development on soil health, and the
impacts of management across sites, we can start to understand how to best design and
implement strategies to promote and sustain-fueictioning soils. Landscape architecture as a
profession has the unique position to implement and create design solutions to the global

problems of soil degradation, starting with urban environments.
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Chapter2-Thempacts of wurban | and
management on soil heal t h
Abstract

Global soil degradatin has been influenced in part through the conversion of land to an

de:

an

urban condition. With continually increased urbanization, it is important to understand the effects

of urban development on ecosystem function and soil health. Soil is the foundatiostéamiag

life on earth and is critical to the functiontofh e  ebasphete®he promotion of green
spacesupported by healthgoil cancreatestronger connection® functional ecosystems for
urban residents. This reseamtploredwhether urban landscapes, including prairie restorations,
can have similar soil health and function to native prairie. To assess this, soils were collected
across seven sites, from natigrassland to disturbed urban turf, and evaluated for physical,
chemical, and biological differences. Soil health and function were quantified by microbial
extracellular enzymatic activity, respiration, and biomass. Supporting variables included soil
texture, organic matter content, water content, andyrdan development arftbw recerly soil
disturbance had occurregere shown to impact soil nutrieahd organic mattgroolsand

influence microbial function. Because sites range in intensity of developara management,
there is a range in the transformation or modification in the soils. Although key differences
existed, microbial biomass was not shown to be largely different across sites. However,
microbialcarboncycling efficiency differed amongsttes as a result of development and

management. Understanding the impacts of soil quality loss through landscape management,

disturbance, and other urban development is vital as soil quality loss poses a substantial problem

in the future if the issue is nappropriately addressed or managed.
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Introduction

Urbanization is increasing worldwide in parallel with human population growth.
Urbanization, or urban development, changes the land from a condition in which soils are
vegetated and open to infiltration of precipitation, to a condition where most laadesigre
impervious and there is a predominance of buildings, typically in a dense ¢§&#isgn &

Lajtha, 2017)Cur rent | vy, more than half of the worl dé:
and that trend is increasing (projected to be 68 perce2®B§. The global distribution for

urban development is not eq&orld Urbanization Prospects: The 2018 Revis@dl9)with

urbanization being greatest in Europe (74.5%), North America (82.2 %), and Latin America

(80.7%) as of 2018; however, urbgmowth in these regions is projected to be ~30 percent from
20182050. Other regions of the world have lower urbanization percentegesxample, Africa

and Asia are less than 50% urbanized but are projected to grow more rapidly at a growth rate of
over105%(World Urbanization Prospects: The 2018 Revisip@19) With this increased

worldwide urbanization comes intensified environmental consequences.

At alocal scale, urban developmetdusedglisturbance to saland the life they support
The modificaton of soils in urban environments results in a heterogeneous solil profile, leading
to little consistency in urban soil profiles atieir physical and chemicaharacteristicéPouyat
et al., 2010)Thesoil profile refesto the vertical section of soitdm the surface to the
underlying parent material and bedrdtkban, 2008)Urban soils are considered by some to be
disturbed to the point of low health and fertil{graul, 1992)as a result of intense development.
Others expand the definition of urbamils beyondhe single criterion oflirect disturlanceto
define urban soilassoils that are altered by urban environnaéntodifications(Morel et al.,

2017; Pouyat et al., 2020)s a result, defining and understanding urban soils is complex.
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Urbanizd stes range in their intensity of disturbance amnblan variable impacts, therefore,
covera range of modificatioto the soil(Pouyat et al., 2010, 202Q)rban soils are also not
affected solelyy thedisturbancef urbanizationsincefactors such @subsequent management,
intensity, and frequency of use, vegetative cover, and urban climatic changes all influence soill
function(Burghart, 2017; Pouyat et al., 2020)

Soil is a crucial foundation for life on Earth, playing a role in food and resource
production, building foundati®s) and water systen{#cBratney et al., 2014; Morel et al., 2004;
Scheyer & Hipple, 2005and urbanization disturbance to soil at local and global scales has
biosphere impacts. Soil and soil organisms maintain biological activity responsible for nutrient
cycling and decomposition of soil organic matter (SOM), which supports soil fertilitpland
growth (Adhikari & Hartemink, 2016; Allison & Vitousek, 2004; Zhao et al., 20R)il biota
are also accountable for carbon @@ nitrogen (Ngycling processes, such as biomass growth,
SOM respiration or Céxelease, and soil C sequestratiRerella, 2020) having profound
impacts on global C cycling. As a result of urban land use change, the ecosystem services
provided by soil may be log€hen et al., 2014while at the same time, urbanization and higher
population increase demand for food teraand energyMorel et al., 2017)posing a serious
challenge to future sustainability if the issue iswell understood andddresse@och et al.,

2013) Climate change also has negative impacts on urban ecosystems, such as heat island effects
(increasing temperatures), greenhouse gas emissions, flooding, and the challenge of preserving
urban vegetatio(Morel et al., 2017)However, urban soils, being the foundation for ecosystems

in urban environments, also have the potential to help mitigateiveghiate impacts and to

provide ecosystem services and support green spaces ir{ldgieshann et al., 2017)
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To understand the impacts of urban development and management on soil services, the
concept of soil health is useful. Soil health is definediaT he conti nued capacit)
function as a vital living system, within ecosystem and-ase boundaries, to sustain biological
productivity, promote the quality of air and water environments, and maintain plant, animal, and
human [Deran &Safley, 1997pg. §. There are several related concepts that exist to
describe soil health, which include soil fertility, soil quality, and soil sec(ltéymann et al.,

2020) Soil fertility is the soil 6sforAumaniusety t o g
(Lehmann et al., 2020\While soil health and soil quality are similar ter(hkarris & Bezdicek,

1994) soil quality emphasizes the human uses of soil, valuing solil for its inherent physical,

chemical, and biological characteristics thaimart soil function to maintain processes and grow
goods(Doran & Parkin, 1994; Lehmann et al., 2020; Rapport et al., 1$@M)health focuses on

the living system that is soil and on attributes that change at management timéRaapest et

al., 1997. Soil security conveys the goal of presenvifigrsustainingsoil worldwide as a

common goodLehmann et al., 202@nd implies thagéveryone has the right to the benefits and

services of healthy soils. This right can be threatened by urban growtlesidmment.

There is potential in urban sitesimplementthe creation and restoratiaf native
vegetation, such as prairie restoration, and can also weiwprove soil health and function.
Although the creation of prairies in urban araad the infuence on soil healthas not been well
studied, in theestoratiorof agricultual landsto prairie grasslands there has been notable
researchthat shows a resultingcrease in soil health and fertili(ii et al., 2021) Former
research has shown in the short term, restoration or creation of prairie land increased soil

aggregation, soil organic matter, total N, and nutrient mineraliz@ticet al., 2021) Also, the
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microbial communities demonstrath@jherenzymatic ativity, suggesting an increase in
decompositior{Li et al., 2021)

Beyond urban development, sgpecific management of green spaces also influences
soil function and health. The removal of plant aboveground biomass by any means will have
substantial impets onsoil nutrient dynamics, since SOM and soil C pools decrease with plant
clipping, mowing, or firgKitchen et al., 2009)in addition to the loss of dead plant litter
supplementing SOM pool, with less plant growth aboveground there tends to beasdégrthe
root biomass, which can also lower the soil organic C concenti#itoinen et al., 2009)
Microbial function will control and impact soil nutrients and these interactions as well, soil
microbes are responsible for regulating the decomposifi@OM nutrient cycling and making
nutrients biologically available to plants and their rq@scalas et al., 2019; Pankhurst et al.,
1997) However with the removal of plant litter and aboveground and belowground C
contributions to the soil, microbiabmmunitiegreceive lesSOM toprovideenergy to sustain
biomass and thus less nutrients become availabéantrast to these concers®me sources
state that this removal can also stimulate the allocatioatoents belowgroundlyan et al.,

2021) Like urban development, management of urban grass systems range in intensities, from
no management beyond mowing, to the use of irrigation, fertilization, and che(iiicampson
& Kao-Kniffen, 2019)

The objective of this research was to assess the impadbanization, vegetative cover,
and management on soil health and functi@oughtto understand how soil health and
microbial function changes under different land cover, vegetation type, and management
practices, across a gradient of undevelopddgbly managed urbanized sitégredicted that (i)

urbanizedand cover and time since developmgntsoil disturbanceyvould have the greatest
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impacts on soil health and function, due to the negative impacts of urban development, and that
(ii) vegetaton type (native tallgrass vs. turfgrass) and maintenance (fire, clipping, and mowing)
would influence soil function based on the grass rooting depth, frequency of aboveground
biomass removal, and intensity of management. Based on these predidtypahesized a

gradient of impact across sampling sites and their functional differetata/e toa native

tallgrass prairievith undisturbed soiFigure2.1).

Site Selection

Sites selected for the study were all located in or near ManhaaasakUSA
(39.18N, 96.57W): Undeveloped reference prairie sites were located at Konza Prairie
Bi ological Station, eight miles south of Manh
cover a range of management types within city linfigyreA.1). The setcted sites vary in
their management (burned annually, clipped annually, mowed annually, or mowed multiple
times each month) and land use (urban, created prairie, restored prairie, or native Ppadiiee) (
2.1) (Table A.1) The managed landscapes at estaldy site were established at various points in
time, ranging from a ongear establishment period before the time of sampling to 50+ years
since vegetation was establish@tlone urban site with native prairie vegetation (Warner Park),
the area aroundhé site begaarbanizingin 1956 however, the prior site history is unknown.
The unique combinations of land use, maintenance, and establishment time were chosen to help
better understand the impact of urbanization of native prairie systems, and how the
implementation and management of either created or partially restored native prairie systems

within urban conditions can help promote and remediate soil health.
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Table 2.1 Sampling locations size, establishment, land use, and management.

Land Vegetative Size  lIrrigated +
Site Maintenance Use Cover Establishment (acres) Fertilized
Konza Native Prairie * Annual Burn Grassland Tallgrass - 15.0 N
Konza RestoredPrairie Annual Burn Grassland Tallgrass 1997 6.18 N
Warner Park Prairie Annual Mowing Urban Tallgrass 1956 82.0 N
The Meadow(restored prairie)  Annual Clipping Urban Tallgrass 2013 0.33 N
Beach Museum Lawn Frequent Mowing  Urban Turfgrass 19% 0.28 N
Eisenhower Lawn Frequent Mowing  Urban Turfgrass 2004 0.38 Y
Anderson Avenue Lawn Frequent Mowing  Urban Turfgrass 2021 1.28 N

*reference site

Native Restored Warner The Beach Eisenhower Anderson Sit
Konza Konza Park Meadow Lawn Lawn Ave. Lot e

LS

Acres

Tallgrass Vegetative Cover

Maintenance

Establishment

Irrigation & Fertilizer

Figure 2.1 Sampling site summay graphic.

Methods
Soil Sampling
Each of the study sites was sampled using a stratified random sampling method, so that
the data remain representative of the heterogeneity within a site, while being easily translated
across multiple sites with different areas and configura(ors. EPA,2022) To maintain
consistency among sites, a sampling grid of 12m x 12m was placed on all site lo¢agjares (

A.10). The grid allows for sampling methods (sampling area coverage and number of samples) to
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remain similar from site to site and amongst time points, even with individual site size variation.
Ten cores per site were collected at all sites, with five additional cores taken at random at sites
larger thartwo acres(or 0.81 hectaredp account fogreater withirsite variability. Soil samples
were collected twice during 2028irst, a spring sampling (May-93) early in the growing
season, and second, a late summer sampling (Augds})Itear the end of the growing season.
Soil cores were collectest a depth ol5 cm (or 6 injand a diameter & cm (or 2 injusing a
hammer core. Soil cores were placed in plastic bags and taken to the lab for sieving. Sieving was
done using @ mm (about 0.16 ingieve to remove roots and rocks from the soil, while
maintaining soil aggregate structures. Following collection and the removal of roots, the soil was
stored in the freezer &0°C until processing. A subset of soil was processed for microbial
respiration prior to being froz€Boone et al., 1999)
Soil Chemical Assessment
For all soil samples at each time point, fietd $emperature, electrical conductivity, and
soil moisture were measuredingthe HydraGo Soil Probétevens Water Monitoring Systems,
Inc.) immediately adjacent to the soil core points. The probe was lightly pressed into the soll
where measurements wednstantly read and recorded. Gravimetric water content (GWC) was
measured for all soil sampleyg drying ~5g of field moist soil for a minimum of 48ursat
105°C in the lab. GWC was calculated by mass (dagell et al., 1999)
Equation 1 Gravimetric Water Content
—E(x ¢ Qi HAWQI WE)RTQI iweE)Qa
—g = gravimetric soil content as g® g dry soil.
Soil organic matter (SOM) was estimated using a loss on ignition techiNelson &
Sommers, 1996 50M was measured after the soil was dried, through combustion of organic

matter in the same soil subsample, using a muffle furnace with a temperatQf2©ffdrthree
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(3) hours. To prevent rehydration following ignition, soil samples were dried at 105°C fer a 24
hour period before SOM measurements were recorded.

Equation 2 Soil Organic Matter

Soil Organic Matter Content (g9=[ (g dry soi |l ) 1 (g combusted
Soil pH was measured for all individual samples. A 1:2 suspension of field moist soil: DI water
was stirred for 30 minutes using a shaker table at a rate of 100 rpm, then rested for 30 minutes
and stirrel again prior to pH measurement using a pH electfBdeertson et al., 1999)

Soil total C and Nvasanalyzed using a multipleample drycombustion aalyzer
(Sollins et al., 1999)A total of ~30 pg of soil was required per samflee soil was
homogenized prior to weighing by grinding the sample to a fine consistency using a soil mill.
Soils were weighed into tin capsules and then loaded into an auto sampler with the appropriate
standirds and blarg thendropped into a combustion column, and maintained at a constant
temperature of 1020°C. The samples were flash combusted in an environment enriched in O
The combustion produced GCQCO, N, NO, and water. These products passed thraugh
reduction reactor, which removed excessa@d reduced N to NThe gases, with water and
CO,, passed through magnesium perchlorate to remove water. Lastly, the sample passed through
a thermal conductivity detector which gave the signal of the condensaif C and N present in
the sample.
Soil Physical Assessment

Soil texture was determined using a soil hydrometer mgfodyoucos, 1962)A mass
of 50 gramsof soil was mixed witi0O0 ml (about 3.38 oD)f 5% dispersing solution. The
mixture wasplaced in a liter cylinder and diluted 1000 ml (about 33.81 omnyith deionized
water. The suspension of the water and soil mixture was mixed to gain a uniform suspension. A

hydrometer was placed in the suspension. The hydrometer reads grams oflgerl gére first
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reading was taken at 40 secoralsgthis reading represents the amount of silt and clay

suspended. Another reading was taken at 6 hours and 52 minutes to determine the amount of clay
in suspension. Temperature and density correctioreattirrgs = + (0.2 unit to the readings of

the samples for every 1° F above 677 KD.2 unit for every 1° F below 67° F)(the density of

the blank at each reading).

Equation 3 Soil Texture
% clay = corrected hydrometer reading@htrs, 52 min. x 100/ wt. of sample

% silt = corrected hydrometer reading at 40 sec. x 100/ wt. of sairf@elay
% sand = 100% % siltT % clay

Bulk density was measured for soil sampled during spring only because it does not
change seasonally. A hammer core sampler was used, prior to usevaltathplastic liner was
placed into the core sampler. The core was hammered into the soil to afdEpttno(about
3.94 in) The liner was removed, and the soil at the base of the sleeve was cut flush. The
measured volume of soil was recorded. The soil was removed from the sleeve and placed in oven
safe container and dried at 105 706'F) for 48 hous (Elliott et al., 1999) The final weight
was recorded.
Equation 4 Bulk Density

60 Q@ i (@) =ww
W = Ovendried soil weight in grams V = Volume of core in crh

Soil Biological and Functional Assessment

Microbial extracellular enzymatic activity was assessed by measuring the hydrolytic and
oxidative enzyme potentigleepresenting a senzymes known todicate nutrient and carbon
cycling processes in soi{&eman et al., 2011; Wallenstein & Weintraub, 2008ydrolytic

enzyme potential was assessed using fluorometric substrates (methylumbelliferone (MUB) and
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methytcoumarin (MC)) in 96 well plates. Hydrolytic enzyme assays incaaitéphosphatase

(Phos; EC3.1.3.1, 4MUB-phosphate), leucyl aminopeptidase (LAP; EC 3.4.11-lgucine7-
amida4-MC), cellobiohydrolase (CBH; EC 3.2.1.92MUB-b-D-c e | | 0 b i-glucosidase) , b
( bG; EC MUR-b-O-g 12u¢ o &4i dNegdetylgllwasaminidase (NAG; EC 3.2.1,.14
4-MUB-N-acetytb-D-glucosamine). These assays were processed with a final substrate
concentration of 40 uM. All soil assays were processed at room temperature in 50 mM sodium
acetate buffer (pH 5) for 2h (bG astomthePhos), 4
hydrolytic enzyme assays, solutions in the 96 well plates were increased to pH >8 with an
addition of 10 pL 0.5 N NaOH to each well. The fluorescence of hydrolytic substrates was
measured using a plate reader with excitation/emissions at 360 50lrassays ran with
appropriate blank and quench controls, and final activities were standardized to nmol substrate
degraded g dry matter. Microbial enzymatic activity ratios are calculated to assess the nutrient
limitation across sites. Measured limitation rations include BG: (NAG+LAP) (measuring N
limitation in relation to C), BG: AP (Measuringlinitation in relation to C), and (NAG+LAP):

AP measuring Nimitation in relation to P).

Microbial respiration rates were assessed within two days of sampling. A masg of 25
field-moist soil was placed in a mason jar. Each jar waditped with a rubber septum. The jars
were sealed quicklyfer soil placement, the time was recorded. Samples then reste@ for 1
hours in the dark, allowwg for CO; accumulation in the jar. Microbial respiration rates (ugCO
Cgldrysoilhl) and U0U13C values wer e -iiBE@dnalyzed usi ng
(Zeglin & Myrold, 2013)

Microbial biomass wameasuredising chloroform fumigatioBrookes et al., 1985;

Vance et al., 1987pn a subsample of 1§ of field moist soil. The soil sample was fumigated in
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a chloroform atmosphere for 24 hours, which denatures cell walls and rddeamass
associated C and N into the soil. Extraction of soluble soil C and INrilgated and
unfumigated soil subsamples was conducted, and the difference between the two was determined
and attributed to release from microbial biomass. Dissolved organic carbon (DOC) and inorganic
N were extracted by shaking the soil sampling withim®0of 0.05 M K.SOs on a rotator
shaker forone () hour. Values were quantified via combustion and chromatography analysis
with a Shimadzu TOC/TLN analyzer (Shimadzu Scientific Instruments, Inc., Columbia, MD,
USA). All values are reported as g C or Ndyy soil.

Microbial metabolic quotient was calatiéd utilizing the data collected from both
microbial biomass and microbial respiration. To assess metabolic quotient, microbial respiration
was quantified per unit of microbial biomass C. Microbial metabolic quotient was a factor used
to assess the potaaitfor soils to sequester C and understand the C cycling dynamics of sites

(Anderson, 2003; J. Li et al., 2020
Statistical Analysis

To test the effect of site, growing season, and the interaction between them on soil
properties, health, and function, a tway analysis of variance (ANOVA) model wased For
all ANOVAs,aposthoc Tukeybs test wa qperrthenmeatdiffereals s es s wh
from one another at a significance of 0.01 (99% confidence level). To assess the potential
covariation of many measurements, a principal component analysis (PCA) was run for chemical
and physical properties together, and biological propertgepiendentlyAll statisticalanalysis

was conducted in R studio, using version 2022.7.2.576.
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Results

Solil Physical Indicators

Bulk Density

Bulk density differed (B 2.581°) among the seven research sites (Talde Zhe bulk
density of the Konz®rairie native grassland site was lower than all other sites (1.03 £ 0.08
g/cn?) (Figure S 2.1). Bulk density across the sites ranged from 1.03 to 1.29 glcsites
falling within the optimal range for plant production and root development (<1.6G)gldSDA
Natural Resources Conservation Service, 2008)

Soil Texture

Anderson Avenuéawn (30.91 + 4.99 %) was the lowest in sand percentage (Figure S
2.2). Silt percentage was higher in the native Konza soil (48.13 £ 5.44 %), Warner Park (48.99 +
4.79 %),and Anderson Avenue (45.18 * 8.01 %) soils compared to the rest of the sites (Figure S
2.2). Lastly, clay percentage was lower in the native Konza grassland (15.06 + 3.28 %) and
Warner Park (13.65 £ 3.95 %) soils (Figure & .2However, even with differees in particle
classes, all sites have the same soil texture, loam, using the USDA soil classification system
(Figure2.2).

Soil Gravimetric Water Content

Gravimetric water content (GWC) differed both among research sites (F=40.72%, p <
16) and betwee growing seasons (F=186.946, g%<9 (Table 22). GWC was higher overall (p
< 0.01) early in the growing season (0.25 + 0.05)gapmpared to late in the growing season
(0.18 + 0.06 g g) (Figure S Z3). Across sites, Eisenhower Lawn had the highesér content

late in the growing season (0.25 + 0.08%) and was higher (0.32 + 0.03 g)ghan all sites,
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except forthe Konza native grassland (0.29 + 0.02% and the Beach Museubawn (0.26 +

0.03 g ¢b), early in the growing season.
Soil Chemical Indicators

Soil Carbon and Nitrogen

Soil total C (TC) did not differ between growing seasons (F=0.552).459, but did
vary among sites (F=23.756<@%19) (Table 22). Soil TC was highest in the Konza native
grassland soils (3.73 £ 0.42 % TC) and lowest in the Anderson Avevae soils (1.80 £ 0.23)
(Figure 23). Similarly, soil total N (TN) did not differ between growing seasons (F=0.361, p
0.549, but did vary arang sites (F=40.205, $2°9). Soil TN was higher in the Konza native
grassland (0.28 £ 0.04 % TN) and Eisenhower Lawn (0.26 + 0.07 % TN) soils and lowest in the
Anderson Avenuéawn as well (0.12 £ 0.02 % TN) (FiguredR.

Soil total C: N differed betwen seasons (F=13.918=@.00027%, being higher early in
the growing season (13.60 + 1.67) compared to later in the growing season (12.89 + 1.45). C: N
was lowest in the Warner Park (12.58 + 0.76) and Eisenhower Lawn soils (11.83 + 1.04) early in
the growng season and the Warner Park (11.87 £ 0.70) and Eisenhower soils (11.63 £ 2.33) late
in the growing season (Figure SIR2.

Soil organic matter (SOM) was greater later (0.042 + 0.0%) gngthe growing season on
average than early (0.039 + 0.01°9 i the growing season (F=21.855xp°%) (Table 22).
Across sites, Anderson Avenuawn had lower SOM than the rest of the sites, in both the early
growing season (0.026 + 0.002¢)gind late growing season (0.030 + 0.002%y épllowing
similar trends to TC. The Konza native grassland was highest in organic matter content late in

the growing season (0.055 + 0.006Y) (Figure S X5).
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Electrical Conductivity

Electrical conductivity (EC) was higher overall early in the growing season (4.15 + 1.82
dS/m) on average in comparison to late in the growing season (3.31 + 1.93 dS/m). EC was higher
(>4 dS/m) across all sites except for the Konza native grassland (2.73 £ 0.68 dS/m) and Warner
Park soils (1.75 + 0.39 dS/m) early in the growing season (FigR®.3 ate in the growing
season, Eisenhoweawn (6.18 + 2.29 dS/m) and the Konza restored grassland site (5.21 + 1.15
dS/m) were higher than all other sites. EC across sites ranged from 1.70 dS/m to 6.17 dS/m.
According to the USDA, soil with EC > 4 d8/can indicate soil salinity problems, inhibiting
plant productiongrowth, andmicrobial activity(USDA Natural Resources Conservation
Service, 2011a)

pH

pH did not differ between growing seasons (F=4.71000315 (Table 22). Across
sites, pH was lowest at the Konza native grassland (6.54 = 0.31) site and Warner Park (6.33
0.34) (Figure S 7). Anderson Avenueawn had the highest pH (7.93 £ 0.17hd&rson
AvenuelLawn was the only site to fall out of the optimal range for plant growth (pH 6 to 7.5)
(USDA Natural Resources Conservation Service, 2019 pH was within the optimal range
for bacteria (pH 5 to 9) at all sites, however, only the Korvatave grassland, Warner Park, and
Beach Museum sites were within the optimal range for fungi (pH 2 to 7).

Soil Functional Indicators

Microbial Biomass C and N
Microbial biomass C exhibited an interaction betw#essite andhegrowing season
(F=8.973p = 2.259) (Table 22). Early in the growing seasoiie highest microbial biomass C

wasin the Meadow soils (3146.43 + 851.19 u§ ¢Figure 25). Later in the growing season,
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however, there were no site differences. Microbial biomass N was higther mative Konza
(86.57 + 14.79 ug 9, restored Konza (80.65 * 17.59 pud)@nd Eisenhowdrawn (104.16 +
44.54) soils in comparison to the Anderson Avenue (54.22 + 7.41uspds early in the
growing season (Figure S32. Late in the growing seaspAnderson Avenuéawn (14.13
8.84 ug ¢') was lowest (22.78 + 10.74 ug'yg following early growing season patterns. The
ratio of microbial biomass C to microbial biomass N was higher in the Anderson Avenue soils
(40.64 + 8.89) compared to the Beachddum (25.11 + 12.40), the Meadow (37.15 = 6.37), and
Warner Park (17.68 + 6.81) soils early in the growing season (Figug}.&&e in the growing
season, there was no difference.

Microbial Respiration Rates

Microbial respiration was high¢F=151.721, p1.9¢ ') early in the growing season
(9.27 N SCHKgh)e@pnC@verage than | ater inx>the gr
C hilkg?) (Table 22). In the early growing season, microbial respiration was lowest at the
Warner Park sampl i ngChskgl EiguteS 2.0).0atdin the.gdBinge g CO
season, microbial respiration wLdlkfpthest at W
Meadow ( 8. 39-Cki'kg?), &8nd Beach MB&ima wn (8. 04 HMAhd. 49 ¢eg
kg!) sampling sites.

The growingseason did not affect the metabolic quotient (gG6=3.403p=0.671,
however, there was an interaction betwtersite andthe growing season (F=5.25276.10
%) (Table 22). Early in the growing season, Eisenhower Lawn soils exhibited the highest qCO
(12.54 + 4.86) (Figure B). Late in the growing season, q&i® Anderson Lawn soil (11.27 +
6.29) was significantly highgéhanin Konza native grassland (5.23 = 2.08), Warner Park (3.93 +

2.12), and Beach Museum soils (4.85 + 3.76).
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Microbial Enzymatic Activity and C: N: P Limitations

Ratios of Gacquiring enzymestodd c qui r i ng e rMnzZNAG€LAP))(wera ( b G) :
lower on aerage in the late growing season (F=10.782p"Q (Table 22) and lowest in the
Konza native grassland (0.64 = 0.02), Warner Park (0.63 £ 0.02), and Anderson Raamue
soils (0.62 + 0.03), indicating stronger microbial N limitation at those times and sites (Figure
2.7). Ratios of Gacquiring enzymes to-Bcquirig e n z y me & (AP)) wefe tower in the
Konza native grassland (0.96 + 0.04) and Warner Park soils (0.94 £ 0.03), indicating stronger P
limitation at those locations (FigureB?. Ratios of Nacquiring to Pacquiring enzymedr(

(NAG+LAP): In (AP)) were higher on average (F=8.607 p.009 late in the growing season
and highest in Anderson Avenuawn soils both early (1.62 £ 0.007) and late (1.65 + 0.06) in
the growing season, indicating the greatest N limitation in relation to P at those times and
locations (Figure 3). Overall, the Konza native grassland and Warner Park soils indicated the
greatest microbial P limitation in relation to [ contrastN limitation is greatest in Anderson
AvenuelLawn soils in relation to both C and P.

Individual enzymatic activity was higher on average early in the growing season for AP,
bG, CBH, and NAG. LAP was the only enzyme to
seasorcomparedo late in the growing season. All activities differed among sites, w#han
interactions (Table 2). AP activity was highest early in the growing season in the Native Konza
grasslandand the Warner Park soils (Figure S13.Similarly, LAP was highest at Warner Park
thanatall sites except the native Konza grassland boith early and late in the growing season
(Figure S2.11). Konza native grassland, the Meadow, Beach Mudeann, and Eisenhower
Lawn soils had higher DbG activity than the oth

2.17), while late in the growingeason, Native Konza grassland and Anderson Avenue Lawn
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soils demonstrated the | owest bG activity. Li
Lawn soils in both late and early in the growing season (Fig@r&ls while the Meadow, the

Beach Museumand Eisenhowdrawn soils had the highest activity during both growing

seasons. NAG activity did not differ between seasons and restored Konza soils had the lowest

NAG activity comparedo all sites except the Meadow.
Summary Results

Principal ComponentAnalysis

A principal component analys{PC orPCA) of the soil samplewas used to assess the
covariance among biological variables and another for the physical and chemical variables. PC1
for chemical and physical variables early in the growing season explained 39.7% of the variance
and was most strongly correlated watledrical conductivity €C), percent silt, percent clay, and
pH (Table 23, Figure S2.2). PC2 explained 24.2% of the variance and was most strongly
correlated withithe percent sand argravimetric water contenGWC). Late in the growing
season, PC1 explaid&5.8% of the variance and was most strongly correlated with percent silt,
percent clay, pH, and bulk density. PC2 late in the growing season was most strongly correlated
with GWC and EC.

The PCA of biological variables early in the growing season irghicétat PC1 explained
30.8% of the total variance and was most strongly correlated with C acquiring enzymatic activity
(bG and CBH) and or g a3 kigure 883}, dneéRPC2 explained24.7% ( T a b |
of the variancelt wasmost strongly correlat with the microbial metabolic quotieft,
regulating enzymatic activitgAP) activity, leucyl aminopeptidas@AP) activity, and total
microbial biomass N. Late in the growing season, biological variables PC1 explained 26.6% of

the variance and was magtongly correlated with microbial metabolic quotient, microbial
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biomass C and N, and organic matter content, and PC2 explained 22.4% of the variance and was
most strongly alobiohyhblas€CBid), andi AP Bnzying&ic activity.

Seasonal Cinate

To contextualizeannual drivers for precipitation and climate, the seasonal precipitation
was compared to the average since 188a@wing thathie sampling season in 2022 did not fall

out of the average range (Figure S2.14)

Discussion

This studyassessedrbanization's effectsn soil health and function across a range of
sites.| predicted that land cover and time since developifsaitdisturbanceyvould have the
greatest impact on soil health. Results showed a varied response todlusqorewhile overall
urban sites had lower organic matter than the native Konza, the function in these soils was equal
or greater than the native Konza sites. However, thas#essetbllowing immediate intense
disturbanceAnderson Avenue Lawmemorstratel significantly poorer functioning and nutrient
depleted soils.

The second prediction of vegetative cover type and maintenance having an influence on
soil was not stronglgupported amongll sites but was evidenced Bisenhowet awn.
EisenhowebLawn demonstrated high activity and increased organic ntateparedo the
remaining urbamsites However, most sites did not see significant change based on maintenance
(fire, clipping, mowing) and vegetative covéal(grassturfgrass. Instead, seasahfactors such

as water content and pH may be responsible.
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Site Soil Properties

Although all the sampling sites were local to Manhatteamgdasthey are under different
land use and management regimevtsch could lead téong-termchanges in the sotharacter.
Chemical and physical properties in smhinfluence soil biological function, so to assess the
potential management level effects on soil functioeeded to account for potential chemical
and physical drivers in soil apart from managemklanagement and disturbantavethe
potential to influence and change the soil profil2ge tothe selectedites ranging in intensity
and duration of the human impakexpecedand saw a range in the transformation or
modification in the soils.

The urban condition can influence and increase bulk density through the process of
compactionNelson & Lajtha, 2017)and our data reflected this phenomenon, as the bulk
density of Kona native grassland soil was lower than all other sites. However, all sites fell
within the optimal range for plant production, and bulk density was not correlated to other
variables, suggesting it did niotpair soil biological function. Similarly, soil te¢ure varied
somewhat, but all soil texture classifications were the sawas thoughhere were classified
differently under the NRCS web soil survag ReadingKonza native and restored, Beach
Museum Lawn) Smolan(Eisenhower) SmolanReading (AndersoAvenue,the Meadow)pr
Geary Silt LoamgWarner Park) The most important potential physical driver of soil function
was soil water content. Water content was likely higher earlier in the growing season as a result
of higher precipitation and lower tempéures in May compared to August, higher at the
Eisenhower site because of irrigation, and higher at the Konza native grassland, likely as a result
of the diverse prairie vegetative cover and organic matter content, which assist in processes of

water infitrationandaggregate stability, resulting in more consistent soil temperatures and
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moisture storage in the s¢ifeague et al., 2011The differences in water content can cause
changes in microbial community functi@dangid et al., 20095uch changesiclude shifts
microbial community composition, microbial biomass, and microbial activity (enzyme activity,
respiration, and nutrient decompositi¢Byockett et al., 2012; Geisseler et al., 2011)

Urban soils are often altered by human activity throinghpresence of concrete and the
addition of waste, fertilizer, or other forms of nutrient and chemical ir(Muasel et al., 2004,
Nelson & Lajtha, 2017)changing soil properties. Under urban land use, soils often exhibit
higher pH (more alkaline) due tbe influence of carbonate from concrete and construction
materials(Brown et al., 2011; Morel et al., 2004; Naylo et al., 2019}his study, all urban sites
had a higher soil pthain the native Konza grassland site, except Warner Park, which is located
onanuntilled native prairie surrounded by urban context. The restored Konza prairie soil pH was
higher than the native prairie; pH has been documented to increase with the age of restoration
(Rosenzweig et al., 2016)

Nutrient Pools

The process of development and the conversion of a natural landscape to a designed and
manicured landscape results in some degree of physical distufPauyat et al., 2010As a
result, soil C and N can be lost, either through the erosion and renfidhraltopsoil layer when
soil is stockpiled or if the soil surface is covered during grading, burying tqpsuiyat et al.,
2010) Soils in highly disturbed or recently developed areas generally have lower C levels than
managed landscap@rown et al.2011; Chen et al., 2014plder soils contain more C than
younger soils following development, meaning there is potential fori@rease as a developed
systemages(Golubiewski, 2006)A previousstudy found that at 25 years following

development, sofC levels start to show similar amounts to predevelopment soils, indicatting
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minimum, a quartecentury recovery time frame for disturbed soil (Golubiewski 2006).
Anderson Avenuéawn, the most recently disturbed gite 2020) had the lowest soil C arivl

pools, indicating thempads of the recent removal of housing and regrading of the soil. This site
also had the lowest soil microbial biomass N and the lowest biological function of all sites. This
recently disturbed site shows the greatest negatfeetefof urban development on soil health

and function. In contrast, the native Konza grassland soil profiles have not been disturbed,
preserving theinutrient pools and organic layers, amtordinglyhad the highest percentage of

soil organic matter, @nd N.

The magnitude of developmental impaatsoil health across the study sites is not linear,
however. The restoratiagite atkonza,the Warner Parlprairie, andthe Beach Museurhawn,
all of which are at least 25 years old, did not have soil C acondentrations at the level of the
native Konza grasslaméference siteThis suggests that the organic matter lost through
development does not recover quickly and thatspiecific management might influence the
recovery and inputs of organic matteta soils.

Maintenance or management impacts how that system (plant, soil, and organisms)
performs allocatesand utilizes nutrients. The aboveground management of landscapes can have
a substantial impact on belowground dynamics and functioning. Soil C pools can decrease
significantly in systems thaxperiencéourning, mowing, and/or clipping due to the constisi
on root biomass development, which contribute a large portion of soil organic matter, as well as
decrease the potential for surface litter indiischen et al., 2009) predicted that the increase
in the frequency of mowing and management would lageater influence on soil organic
matter and nutrient storage, however, the sites that were mowed at a higher frequency (multiple

times a month) did not exhibit lower nutrient contents than the other sites indicating other
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potential drivers for nutrierdynamics in the saqipotentially be driven by soil moisture content,
pH, oruse offertilization (as seemt Eisenhowek awn).The use of fertilization and irrigation
can result in an increase in aboveground plant production as well as organic nuatétioall

into the soilthusresulting in more fertile so{lThompson & KaeKniffen, 2019) This may
explain the soil quality in the Eisenhoweaiwn, which are irrigated and fertilized, and have
higher organic matter and N content than all sites exceiatinee Konza grassland soils.

Functional Diversity

Enzymatic Activity

Soil microbial extracellular enzymes are responsible for the decomposition of organic
matter, which releases plant available nutrients and supports soil fertility. These enzymes break
complex organic matter molecules into small molecules that are biologically avéididen &
Vitousek, 2004)making nutrients and energy available to organisms in the soil through the
critical ecological process of nutrient mineralizat{@melinska etal., 2012; Jaworska &
Lemanowicz, 2019; Naylo et al., 2019oil microbial extracellular enzyme activities are
dependent on the availability of C, N, goldbsphorusK) in soil. When C, N, or P is limited in
soil, microbes will create enzymes to help ldgavn more complex compounds in soil to make
these elements biologically available to the microbial and plant commuhibesever for
microbes to functionthese elements in the form of organic matter must also be available as
forms of energy for microhl activity (Allison & Vitousek, 2004; Zeglin et al., 20Q7Also,
enzymes function in an optimal pH range, such, tdabve other variables, soil pH can drive
microbial activity dynamics across different si{geglin et al., 2007)

Grassland ecosystems, such as Konza Prairie and Warner Park, are known to be

limited due to regular fire and high perennial plant retentibN (Rosenzweig et al., 2016)
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Restored grassland systems will also exhibit increased N limitation as théyaapmzweig et
al., 2016) In turn, KonzePrairieand Warner Park soil enzyme activity ratios reflected stronger
N limitation in relation to Ghan other sites, as well as stronger P limitation in relation to C.
There was also higher-Acquiring enzyme activity at Andersbawn, indicating N limitation;
however, soil microorganisms at this site are likelihited because of the depleted soil
organic matter pool following recent development and disturbance to the soil nutrient pool
(Allison & Vitousek, 2004; Koch, 1985At Anderson LawnN was also more limiting than P
suggesting moverall relativedeficiency of N in the saiWwhich isalso sggested byhe totalN
levels

Microbial Respiration and Metabolic Activity Quotient

Microbial metabolic quotienfgCQ,) is an indicatoof microbial maintenance C demand
(microbial C respiration) per unit growth (microbial biomass C) and an index cblatiC use
efficiency (J. Li et al., 202Q)Microbial respiration reflects the amount of soil microlietivity;
however, microbial respiration alone is highly variable and dependent on many,fiacloding
microbial biomass, available C, and water con(Ewet| et al., 2005)

Acrossthe seversites, soil microbial respiration was strongly correlated with water
content (Figure.10. Eisenhowet awn exhibited the highest microbial respiration later in the
growing season, which was also the time point and locationththighest soil moisture, likely
due to irrigation. This suggests that irrigation increasesoiial activity within the soil, similar
to previous studies in which urban turfgrass lawns had much higher soil respiration rates than
native grasslandd<aye et al., 2005)n addition, while microbial biomass C did not differ

significantly across sitethe microbial metabolic quotieshows that Eisenhowérawn (an

55



urban site, irrigated and fertilized) and Anderson Avdmaen (which had housing removehd
soil regradedluring 2020) sites have lower soil microbial C use efficiency.

Consistent and exss fertilization or decing salt use on adjacent sidewalks at
EisenhowelLawn may have caused increased soil EC, as well as potential salt addition to soil
via recycledrrigation water that may be high in salt concentrafi@alkins, 2012)and previous
studies correlate increased EC to increased>qR{@tz & Haynes, 2003Higher soil microbial
gCOratthe Anderson Avenuéawnmay also be due to the recent disturbance to the site. In a
previous study, gC&increase was seen as an indicator of micratiaks in the soil as a result
of physical disturbanc@l. Li et al., 2020; Xu et al., 2017)

Substantial physicalisturbancef soil (includingregrading and tillingran lead to
changes, including aggregate loss, whigsultsin C instability, inefficient microbial C
utilization, and net C loss. Théative KonzaPrairie and Warner Park sites, which have not
undergone any intense development over the last 50 yeaws|sher gCQ, meaning
microorganisms are more efficient in their C g&aderson, 2003; Anderson & Domsch, 2010)
Biological succession, or the increase in diversity and biomass over time in a soil ecosystem,
results in more efficient microbial communiti@snderson, 2003; J. Li et al., 202@reater soil
carbon use efficiency is associated with greater carbon sequestration p(femebaugh et al.,
2013) suggesting that the sites that with low soil g®@ve greater potential to sequester carbon
(Native KonzaPrairieand Warner ParRrairig. Comparatively, the sites with high ggO
(Eisenhower Lawn and Anderson Lawn) are more likely to be sources of atmosphgric CO

SeasonabDrivers
The results of this research show that seasonal drivers play a rolerobial function

and therefore, the timing of soil sampling affects the perceived health of a soil system. Microbial
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respiration, enzymatic activity, amdicrobialcommunities are influenced by seasonal moisture
and soil temperaturglaughter et al2015) Increased temperature and moisture together result
in accelerated microbial decomposition due to increased microbial activity (Slaughter et al.
2015), while during the warmer and drier seasons, a decrease in microbial activity due to a
decrease imicrobial community poolare seeriSlaughter et al., 2015%easonal plant growth
and belowground root allocation alaffectsoil biological dynamics becauysturing the

growing seasons, plantempetewith soil microbes for nutrient&aye & Hart, 1997)thus

creating stronger N limitation in the soil.

Understanding that seasonal drivers impact soil microbial structure and function, soil
testing should happen multiple times throughout the year to accommodate and assess health
under seasonabnditions, or site health assessments should be conducted and compared from
consistentesting points from year to yeacross sites of comparison (always during August for
example)ldeally, multi-year and seasonal studies should be completed so theddihtgrin

weather patterns cdre accounted for and better understood.

Conclusion

This study showthaturbanization has varied effects at different sites due to differences
in disturbance intensity and landscape managemenntenseand recent gturbanceat the
Anderson Avenué&awn site disrupted soil organic matter and nutrient pools, decreasing soil
functionandresulting in less healthy soil. However, contrary to some definitions of urban soil,
many urban sites demonstrated high soil biologicattion,coming close t¢hat of the
undisturbed prairie sitat Konza Praire Ur ban soi |l doesndt mean dea

abundant microbial life, organic mattand nutrients in urban soils, and they can provide similar
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ecosystem services to natusalls with the help of restoration amndse soil management.
However, despite increased soil organic matter content, inefficient soil microbial function also
has the potential to have negative consequences, depending on site management. As seen in the
EisenhowerLawn soil, a highly manicured lawn (frequent mowing, fertilization, and irrigation)
can support moderately high soil organic mativerthelessit also can decrease the efficiency
of microbial C use, leading to consequential effects on soifjGestration potential and GO
production. In addition to soil microbial function, microbial community composition and/or plant
community changes can besentiato soil health and ecosystem hedHlls noted in the
literature) but this study did not measuthose factors.

Importantly, sampling season influenc® healttof thesoil, so sampling time should
be standardized or repeated throughout the gresccessive years (ideally three yetmseach
a representative assessment of soil health. This study shows that urban soils are eoohplex,
thatmany variables in aarban environment influence sgdiherefore soil functiasin urban
conditionsarealso variable. Mosimportantly, this studyshows potential for soil health and C
sequestration in urban sites if they are valued and managed with soil farastibmicrobial soil

healthin mind.
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Tables

Table 2.1 ANOVA results for soil physical, chemical and biologcal characteristics by site
and growing season. Values in bold are significant.

Factors

Variable Site Season Site*Season

(F, P) (F, P) (F, P)
Bulk Densifg mH) 17.23, 2.58€15
Sand%) 9.667, 4.5e09
Silt(%) 21.17, <2el6
Clay(%) 22.08, <2el6
Gravimetric Water Content)(g g 40.724, <2el6 186.946 <2el6 4.317, 0.006
Total Carbon (%) 23.756, <2el6 0.552, 0.459 0.863, 0.524
Total Nitrogen (%) 40.205, <2el6 0.361, 0.5491 2.526, 0.233
Total C: Total N 14.443, 5.54€l3 13.918, 0.00027 1.247, 0.285
Organic Matter (§ g 44.110, < 2el6 21.855, 6.41€06 8.262, 9.34€08
Electrical Conductivity (ds/m) 33.66, < 2el6 23.33, 3.28e06 21.78, < 2el6
pH 63.308, <2el6 4.71, 0.0315 0.565, 0.758
Microbial Biomass Carbon 4.614, 0.0@ 30.464, 1.46e7 8.973, 2.25€08
Microbial Biomass Nitrogen 5.389, 1.78¢05  18.698, 2.83e05  2.908, 0.0104
Microbial C: Microbial N 2.262, 0.04 10.776, 0.001 5.593, 3.06€05
Microbial Respiration 17.607, 1.90el5 151.721 < 2el6 8.527, 5.38e08
Microbial Metabolic QuotientJgC  6.198, 7.77€06 3.403, 0.671 5.252, 6.10e05
Phosphatase (AP) 25.85, < 2el6 12.23, 0.0 3.73, 0.0@
b-1,4glucosidas® (G 27.78, < 2el6 29.52, 2.14e07  5.427, 4.11e05
b-N-acetylglucosaminidase (NAG 11.40, 1.62€10 5.757, 0.176 2.518, 0.024
Cellobiohydrolase (CBH) 45.621, < 2el6 33.094, 4.64e08  0.809, 0.565
Leucyl aminopeptidase (LAP)  12.146, 3.82el1  1.423, 0.235 1.541, 0.169
bG / AP 29.76, <2el6 0.007, 0.934 1.006, 0.423
bG / (NAG+LAP) 33.09, < 2el6 10.78, 0.001 1.74, 0.115
(NAG+LAPAP 10.358, 1.28e09 8.607, 0.0@ 3.339, 0.004
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Table 2.2 Principal Component Analysis (PCA) results. Loading values in bold are the PC
driving variables for the PC.

Chemical and Physical Properties

PC1 (39.7% PC2 (24.2%, PC3 (15.2% PC1 (35.8% PC2 (23.5% PC3 (20.0%
EC -0.856 0.019 -0.245 % Silt 0.882 -0.119 0.327
% Silt 0.815 0.469 -0.112 pH -0.694 0.248 0.317
% Clay 0.777 0.364 -0.174 % Clay -0.693 0.240 0.554
pH -0.710 0.335 -0.212 Bulk Density ~ -0.527 0.436 -0.151
% Sand ~ -0.226 -0.881 0.291 GwC -0.321 -0.873 0.012
GwC -0.006 -0.664 -0.563 EC -0.484 0.743 0.231
Bulk Density ~ -0.475 0.102 0.718 % Sand -0.391 -0.084 0.900

Biological Properties

PC1 (30.8% PC2 (21.7 % PC3 (16.4% PC1 (26.6% PC2 (22.4% PC3 (15.6%

G -0.919 0.037 0.029 qCo2 -0.800 0.051 -0.021
CBH -0.906 0.141 -0.008 MBC 0.797 0.211 0.054
SOM -0.687 0.234 0.146 SOM 0.606 0.259 -0.283
gCQ 0.129 0.735 0.569 MBN 0.640 0.261 -0.070
AP -0.353 -0.690 0.473 oG 0.275 -0.844 0.218
LAP 0.017 -0.641 0.368 CBH 0.280 0.761 0.368
MBN -0.395 0.553 0.088 AP 0.262 -0.598 -0.595
MBC -0.433 -0.192 -0.823 NAG -0.349 -0.433 -0.409
NAG -0.392 -0.332 0.292 LAP -0.008 -0.016 -0.783
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Figure 2.2 Soil texture classification by site using the USDA soil texture classification
triangle.
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Figure 2.3 Percent Total C across siteghe seasonal effect not significant. Letters indicate
groups for statically different site effects.
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Figure 2.4 Boxplot of percent Total N across siteghe seasonal effect not significant.
Letters indicate groups for statically different site effects.
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Figure 2.5 Microbial biomass C (ug g*) across sites. Seasonal effect significant. Letters
indicate groups for statistically different site*season effects.
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Figure 2.6 Microbial metabolic quotient (qCOy.). Letters indicate groups for statistically
different site effects.
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Figure2.7Rat i o of C regulating enzymatic activity
(NAG+LAP). The seasonaéffect was significant, however, there was no interaction.
Letters indicate group for statistically different site effects.
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Figure2.8Rat i o of C regulating enzymatic activity
(AP). The seasonaekffect was not significant. Letters indicategroups for statistically
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activity (AP). The seasonakffect was sigificant. Letters indicate groups for statistically
different site*seasonal effects
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EC -0.370.36 0.47. E s
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SOM 0.24 -0.240.35

ercent.N

Percent.C -0.24 0.3 -0.370.49
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M.Respiration d8s dfBs 038 0.230.21 0,37 . 3
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NAG -0.26
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Figure 2. 10 Correlation matrix , blank square represent nossignificant correlations.
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Supplemental Figures
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Figure S2.1 Bulk density for sampling sites. Letters indicategroups for statistically
different site effects.
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Figure S2.3 Gravimetric water content (g gt). The seasonaéffect wassignificant. Letters
indicate groups for statistically different site*season effects.
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significant but there wasno interaction. Letters indicate groups for statistically different
site effects.
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Figure S2.5 Soil organic matter (g g'). The seasonaéffect wassignificant. Letters indicate
groups for statistically different site*season effects.
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groups for statistically different site*season effects.
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Figure S2.8 Microbial biomass N (ug g1) across sitesThe seasonaéffect wassignificant,
but there wasno interaction. Letters indicate groups for statistically different site effects.
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Chemical and Physical Variables
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Figure S2.12 Chemical and physical variables PCA. A) with early growing seasons
samples and B) with late growing season samples. Coloepresentsites.
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95% confidence interval around the mean)
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Chapter3-Landscape Architecture and So

| mportant Considerations

Basicneeds in soil understanding as a landscape architect

For large complex projects, designers and planners may require the assistance of soll
consultants and soil scientists; however, it is the responsibility of the designer or design team to
haveenough skill and knowledge to be able to evaluate a site and make decisions about the soil
on their own(Urban, 2008)To be able to make those necessary decisioasnatimum,
landscape architects must have a basic understanding of the componenisnaf 8@ potential
impact of development and design on those components and functions of solil in the built, less

disturbed, and natural environments.

The components of soil

Soil Texture

Soil texture, also known as particle size distribution, igtiogortion and size othe
mineral components in soil. Mineral componeuitsoil consist of clay, silt, and sand primarily,
but increase in sizéknown asclassey includinggravel, cobble, and bouldergable 3.). The
proportion of eachwithin asoil deteminesits textural classification. Soil texture is important as
it influences soil moisture, structure, porosity, chemical activity, and biological function. As a
landscape architect, it is important to understand the impact and relatitheigxture laswith
other variables in soilliable 3.3. Although lab testing is the typical route for getting texture on

site, an initial test in the field can be made to proximate soil texture by hand (Figure 3.1).
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Table 3.1 Soil Particle Size Classifications, USDACraul, 1992).

Soil Material Diameter
(mm)
Clay <0.002
Silt 0.0020.05
Silt, fine 0.0020.02
Silt, course 0.020.05
Sand 0.052.00
Very fine sand 0.050.10
Fine sand 0.100.25
Medium sand 0.250.50
Coarse sand 0.50-1.00
Very coarse sand 1.00-2.00
Gravel 2.075.0
Cobbles 75.0250.0
Stones 250-600
Boulders >600
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Table 3.2 Soil Characteristics Influenced by Texture (modified fromCraul, 1992).

Texture Class

Characteristic Sand Loam SiltLoam Clay

Permeability Excessive Good Fair Fair to
Poor

Available Water Low Medium High  Medium
High

Runoff Potential Low Low High  Medium
Medium High
Transportability Low Medium  High High
Wind Erodibility High  Medium Low Low
Nutrient Capacity Low Medium Medium High
Compactibility Low Medium Medium- High

High
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Soil Texture By Hand

Place a heaping tablespoon of soil in palm.
Add water a drop at a time and knead the soil
to break down all aggregates. Soil is the
proper consistency when moldable, like moist

putty.
A
Yes
Is soil too
dry?

Place ball of soil between thumb and forefinger and gently
push it with thumb, squeezing it upward into a ribbon. Form
a ribbon of uniform thickness and width. Allow the ribbon
to emerge and extend over forefinger, breaking from its own

Add dry soil to
soak up water.

Yes
Is the soil
too wet?

= No

Does soil remain in a ball
N0
when squeezed?
[}
Yes

weight.
Yés
L A4
oamy ] . . ,
Sand No [ Does it fomll a ribbon? ]
Yes
Does soil make a weak Does soil make a Does soil make a strong
ribbon less than 1 inch |~No p{ medium ribbon 1-2 inch |—No ¥ ribbon 2 inches or longer
long before breaking? long before breaking? before breaking?
Yés Y(-;S Yés
h 4 A 4 A 4
[ Excessively wet a small pinch of soil in palm and rub with forefinger. ]
Yes Yés Yés
v h 4 A 4
) ) )
LA | Does soil ves | Does soil ves | Does sail
Loam feel gritty? feel gritty? feel gritty?
No No No
Yes Does soil Silty Yes | Does soil Yes Does soil
feel gritty? S:; feel gritty? feel gritty?
— e/ —
No No No
Neither grittiness Neither grittiness Neither grittiness
Yes | or smoothness or smoothness or smoothness
predominates ves | predominates ves | predominates

® 6

Figure 3.1 Soil Texture by Feel Test (modified fromThien, 1979)
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Structure

Solil structure is the arrangement and aggregate formation of soil mineral pantibles

soil, and itinfluencesthe amount and distribution of soil pores and as a result, the integaction

with air and water in so{lCraul, 1992; Keefer, 2000) here are six types of soil structure found

in soil (with two different types being similar functionallygach resulting in different

infiltration, plant root penetration capabilities, and gas diffusion rates (Ba®)le

Table 3.3 Properties of Soil Structure (adapted fromCraul, 1992

Properties
Structure Infiltration Root Gas
Penetration Diffusion
Granular High Easy Favorable
Blocky
Subangular Decreased Decreased Decreased
Blocky
Columnar
) . Favorable* Favorable* Favorable*
Prismatic
Platy Greatly Greatly Greatly
Reduced Reduced Reduced

*During soil rewetting the soil swells and limits water flow and root development.

Bulk Density

Bulk density represents the compactness of soil or soil particles by measuring the weight

of soil per unit volume, specifically the ovenied weight peunit volume Craul, 1992 The

bulk density of the soil will often increase with soil degiimgul, 1992. Bulk density influences

pore space, water availability, and root growth and developr@eati, 1992. Plant roots can
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only grow in the pore spaceailable; when that pore space decreases too much as afesult
increased bulk density, plants canpatperlydevelop Keefer, 200).
Soil Water

Soil water plays a significant role in soil processgs(l, 1992Keefer, 200). Plants
requireavailable water in sofor 1) photosynthesis, 2) nutrient transgarsolutionvia plant
roots, 3) translocation of nutrients within plants, 4) plant cooling and transpiratidos)
keepng plant cells from drying out{eefer, 200). Soil water also asst with exchanging and
transportingenergy and nutrients in sofC(aul, 1992 Keefer, 200). Lastly, soil waters critical
in microbial biochemical processes audl biomassdevelopment

Macro and micresoil pores will control water levels in theis(Urban, 2008 (Figure
3.2). Macropores are larger, interconnected passageways that assist with water transport to the
lower levels of soil Urban, 2008 Macropores should not hold water for extended periods
because they are the main passage for dioaggen through the soilU¢ban, 2008 Micropores
are areas in the soil that will store water for longer periods within the structure between small
soil particles, where plant roots will uptake watdrk{an, 2008 As water drains from the soill,
the soiltype will go through different states of water saturation, and saturation states and rates
are determined by water in the macropores or micropores (see Figure 3.3 and Table 3.4).

Soil water will drain out of the soil with the pull of gravity as water esthrough the
soil profile and/or by surface runoff when a soil is fully saturated or on sloped terrain and
perhaps intersected by a highly compacted soil lens or layer of rock. However, soil water is also
lost through direct soil evaporation and throydgmt uptake and transpiration, also known as

evapotranspirationfrban, 2008 thus making field capacity difficult to measure with precision.
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Figure 3.2 Macropores and Micropores: A) Macropores filled with air after soil returns to
field capacity, B) Micropores water films between small particles, C) Rootadapted from
Urban, 2008.

SATURATION FIELD CAPACITY PERMANENT = PLANT AVAILABLE
WILTING POINT WATER
When all soil pores The amount of The amount of Field Capacity
are filled with water retained by water retained by minus the
water. the soil after excess the soil after excess Permanent Wilting
water is drained via water is drained via Point
gravity (2 days). gravity (2 days).

Figure 3.3 Soil Water Movement and Storagelimeframe Following at Saturation Event
(Calkins, 2012)
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Table 3.4 States ofWater in Soil (adaptedfrom Urban, 2008.

Terms Saturation State
Saturated State Water fills all microporesand macropores.
Field Capacity Water fills microporesand thiss the amount of water hel

in the soilafter excess water drains via gravity only
(making field capacity difficult to measure with precisior
Wilting Point Roots can no longer take water out of micropores

Available Water or State between field capacity and wilting point.
WaterHolding Capacity

Color

Soil color is a good indicator of soil parent material and nutrients. Soil color is first
defined by the parent material, with common minerals suguasdz, limestone, or feldspar
having definingly different color profiledJgban, 2008. Soil color is created by being coated or
stained to appear a certain color as noted in Table 3.5. Iron is a common element that may define
a soil's color (e.g., red gray). Organic matter or humus (decaying plant and animal matter)

promotes another defining color for soil, being very dark brown to almost hlablkrg, 2008.

Table 3.5 Soil Color Indicators. Adapted from Urban, 2008

Soil Color Indicator of

Black Soil rich in hunus or decayed organic matter
Brown Tones Sol particles coated in organic matter

Red or Orange Iron in welldrained soil

Yellow Iron in slow-drainingsoils

White Leached soils (without iron)

Gray Iron in slowdraining soils or seasonally high

watertablelevels

Blue Gray Iron in nordraining soils

Mottled Soll Multicoloredsoil indicates fluctuating drainage.
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Drainage

Soil drainage is classified into three components: runoff, inteina&age, and
permeability Craul, 1992. Soil runoff is the water that moves over the surface of the soil and
into the local drainage systems or bodies of water. Runoff occurs when the amount of water
exceeds the infiltration capacity of soil. The inélion of soil is driven by the porosity of the
soil, soil structure andurfacecompaction, and existing moisture contédtgul, 1992. The
slope(landform)will stronglyinfluence the rate and volume of runa@fraul, 1992. Internal
drainage in solil is the relative flow of water through the soil profile. The rate of flow into and
through soil types is known as soil permeability.

Soil texture, structure, compactness, and depth are used to determine soil drainage
classificaions from weltdrained to poorly drainecCfaul, 1992. In soils, when a hardpan or
bedrock is reached, there is a restriction on water flow. In these areas, downward drainage of
water is prevented, instead, water will flow horizontally along or abovierihermeable layer
(Keefer, 200). Hardpans in soils can result in flooding when water in soil fills all the available
room above the hardpansdefer, 200Q. Infiltration rates can be measured in the field using an
infiltrometer Urban, 2008

Depth

Soldepth can be defined by the fneffective r
root growth Keefer, 200Q. Soil depthis typically the measured distance to the water table or
bedrock at the base of a soil profi@réul, 1992. Depth influences tability for plants to grow
in soil. Shallow soils do not typically promote abundant plant growth due to a lack of space for

root development; however, sufficient soil moisture can promote plant growth in shallow soils
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(Table 3.6) Craul, 1992. Soil deph is also relevant information to understanddoit and

landscape systems createdbuiilt or engineered structures.

Table 3.6 Soil Depth Classification (per Keefer, 2000.

Classification Depth (inches)
Very Shallow <10
Shallow 10-20
Moderately Deep 20-36
Deep 36- 60
Very Deep > 60

Organic Matter and Nutrients

Nutrients required by plants are divided into two groups, maitoients,and macre
nutrients as shown in Table 3(Craul, 1992Urban, 2008 Macronutrients are utilized at rates
in hundreds of pounds per acre compared to rmataents which are utilized in pounds or
ounces per acré&faul, 1992. Most elements required are derived fronmerals or soil solids
(Craul, 1992. In healthy soils, mganic mattetypically exists inabundance. Organic matisr
critical because itancontain all of the nitrogeansed byplants Craul, 1992.

Organic matter in soil is made up of plant and ahim@aoains in varying stages of
decomposition, microbes, and compounds produced by micribesef, 2009 Organic matter
(OM) content can range from 2 to 9 percent in healthy soils, depending on soil type, with sandy
soils typically having much less OMah clay soils Keefer, 2000 Magdoff & van Es 2021).
Organic matter in soils gives a good indication of the potential for organic activity irUsiogr,

2008. Soil OM acts as an energy and nutrient source for microbial organisms and plant roots
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(Craul,1992. It also plays a role in aggregate formation, water movement, structure, aeration,
and root development in sofC{aul, 1992.

Soil organic matte(SOM or OM)is influenced by soil temperature and moisture, both of
which impact the accumulation addcomposition of OM in the soiUfban, 2008 When
making soil amendments to account for OM deficiencies, there is such thing as too much soil

organic matter. Organic matter percentages over 10 percent are uridtabie 003.

Table 3.7 ElementsRequired by Plants (Urban, 2008.
Base Elements Macro-nutrients Micro-nutrients

Carbon Nitrogen Iron
Hydrogen Phosphorus Manganese
Oxygen Potassium Boron
Calcium Molybdenum
Magnesium Copper
Sulfur Zinc
Chlorine
Cobalt

pH
pH is the measure of hydrogen ion concentration in soil, which can reflect the overall chemical
condition of soil Craul, 1992. Soil pH is connected to the availability of nutrients to plants and

can indicate the general character of soil nigrasas noted in Figure 3raul, 1992.

91



Calcium and magnesiun

Fe, Mn, Zn, Cu, Co:

Figure 3.4 Available Elementswith V arying Soil pH. The dark gray column indicateswhat
is generally consideredptimal pH for plants (Urban, 2008.
Organisms
Soil organisms range from large animsaigch as moles and other burrowing mamntals
insectspthersmall animad, and microscopic organisnfBigure 3.5 & 3.6)Craul, 1992. Soil
can be considered a complex living organism wwi#myorganisms living in or on itGraul,
1992. Soil organisms are connected to soil energy sources and food webs. Microbial organisms

in soil play a large role in nutrient decomposition and cycliceefer, 200).
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Figure 3.5 Examples of Small Animals Found in Soil Keefer, 2000
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FUNGI

ROTIFER
NEMATODE PROTOZOA

Figure 3.6 Microscopic Organism Found in Soil Keefer, 2000.
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Getting Solil Information in Practice:
Cost, Ease, Interpretation, and Limitations

NRCS Web Solil Survey

The NRCS (Natural Resources Conservation Service) Web Soil Survey provides site users,
engineers, surveyors, and designers with an easy access digital resource for soil maps and data.
The NRCS Web Soil Survey is free, documents relevant soil informatesteddorgeneral
(broadscale)land use anthndmanagement decisions (NRCS) and is often used by designers
due to its ease of access am@rpretation. However, isomeurban areas, soils conditions are
often not considered or evaluated conditions have dramatically changed since the NRCS soil
survey was completgdrban, 2008 Effective urban soil assessment takes place at the site
scale, with designers conducting an urban site soil assessment thenmdddaas 2008 or with
the assistace of soil scientists and agronomy experts.

Private or public solil testing labs are frequently used to help determine soil characteristics,
including the mineral and nutrient content of sampled soils from a sitsit®©gsoil sampling can
be done to bett understand the characteristics of soils and may include a range of different tests
depending on the nature of the project envisioned. The following page provides examples of soil
tests that can be performeddiscussedby Barret Kays inPlanting Soilsor Landscape
Architectural Projectg2013). Professional getechnical reports can also provide detailed soil
information, geology, and subsurface hydrology information.

Solil testing costs for various physical, chemical, and biological indicators aeslshd able
3.8 to highlight budget considerations that need to be planned for as planners and designers seek

to understand the nature of soils on a particular site.
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Recommended OrSite SoilTests orSampling for Professional Testingn the Lab

(List from Planting Soils for Landscape Architectural Projects,Kays, 2013)

1)

2)

3)

4)

5)

6)

7)

8)

Basic Soil Testing

a) Particle size analysis using hydrometer test,

b) Soil pH, and

c) Soil fertility analysis.

Soil Tests for Compacted Soils

a) Infiltration rates of surface horizon, and

b) Saurated hydraulic conductivity usiregconstant head permeameter.

c) Particle size analysis of sand and fragments using a sieve test,

d) Bulk density of each horizon using undisturbed soil core testing, and

e) Saturated hydraulic conductivity usingdisturbed soil core testing.

Soil Tests for Acidic (low pH) Soils

a) Cation exchange capacity, and

b) Base saturatian

Soil Tests for Alkaline (high pH) Soils

a) Reaction (pH) of each horizon,

b) Cation exchange capacity,

c) Base saturation, and

d) Soil salinity.

Soil Teds for Saline Soils

a) Cation exchange capacity,

b) Base saturation, and

c) Solil salinity.

Soil Tests for Wet Sites

a) Redoximorphic analysis to determine depth to seasehgjly watertable,

b) Redoximorphic analysis to determine depth to normal watertable,

c) Infiltration rates of surface horizon,

d) Particle size analysis of sand and fragment fractions using sieve test,

e) Bulk density of each horizon using undisturbed soil core testing,

f) Vertical saturated hydraulic conductivity using undisturbed soil core testing, and
g) Horizontal saturated hydraulic conductivity using undisturbed soil core testing.
Soil Tests for Soil Biology

a) Soil organic matter,

b) Nitrogen mineralization, and

c) Microbe analysis by organism count.

Soil Tests for Stormwater Retention (Water Garden)

a) Determination of depth ttherestrictive horizon and rock,

b) Redoximorphic analysis to determine the depth of the seasdmnghywatertable,
c) Redoximorphic analysis to determine the depth to the normal watertable,
d) Infiltration rates othesurface horizonand

e) Saturated hydraulic conductivity using constant head permeameter
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Soil Testing by Indicator

Table 3.8 Soil indicators and associated soil testing costBlum, 2005; Kays, 2013; Koch et
al., 2013; Pankhurst et al., 1997)

Relevance to:

Indicator Field Potential Soil Soll Plant  Site Built
or Cost Quality Health Health Sustain  Structure
Lab ability
Physical
Texture F/L $$ + - + + +
Structure F $ + + + + +
Depth F $ + - + + +
Bulk Density F/L $ + + + + +
Water Holding Capacity $ + + + + -
Chemical Indicators
pH F/L $ + + + + -
Electrical Conductivity — F/L $ + + - + -
Cation Exchange F/L $$ + + + + -
Capacity
Organic Matter L $ + + + + -
Major Elements L $$ + + + + -
Heavy Metals L $$ + + + + -
Biological Indicators
Microbial Biomass L $$ + + + + -
Soil respiration F/L $ + + + + -
Enzyme Activity L $$ + + + + -
Soil Biodiversity L $$ - + + + -
Plant Diversity F/L $ - + + + -
Plant Growth F $ + + + + -
Soil Fauna F/L $ + + + + -

$- Under $10 a sample $3$Under $50 per sample $$$ >$100
Pricing derived from Kansas State Univers$itgoil Testing LabFlorida Universityi Soil Microbial Ecology

Extension University of Missourii Extension
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Influence of planning and design on soil

Soil Preservation

Soil preservation ithe practice okeeping healthy soil in placnd protectedb prevent
alteration that would result from excavation, gradicmmpaction, or other construction impact
(Calkins, 2012 Protectingsoils has important design implications, requires a project team to
consider construction alternatives and construction schedule changes, and may increase or
decrease costs. When soitlisturbed, it loses an irreplaceable attribute, the solil structure
(Urban, 2008 soil nutrientsand organisms. Designers often assume that importing or re
spreading good soil will result in a restored site, however, it will never be the quality it was
before disturbancel{rban, 2008 Thus, the preservation of soil throughout the implementation
of designed landscapes is important. Requirements for soil preservation in design projects need
to be recorded on the contract document drawings to ensure ptiegefnan the beginningf a
construction projectUrban, 2008 Soil preservation and protection require a great effort and
commitment to convince landowners and contractors to go the extra mile to preserve soil because
compromises wilbftenbe requestednd mayneed to be made @asiteduring the construction
processimportantly, fencing will be required to keep vehicular and persistent foot traffaf off
soils andvegetatiorto be protecteduring the duration of a construction project.

Successfusoil preservatiomust startvith the design phase of a project because
preservatiorand protectiomgoals will impact the location of paving, structures, utilities, grading,
planting, and irrigatio (Urban, 2008 Strategiedor soil preservatioor protectionncludethose

provided in Table 3.9 and Figure 3.7.
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Table 3.9 Soil Preservation Strategies (Created fronrban, 2008.

1 Sheeting Physical sipportsare used (or creatett) reduce the
and Shoring size and impacts gubsurfacexcavatios.

2 Fencing Prevents vehicular access into preserved zands
also limits the amount of foot traffic into these are:
3 Mulch, Spreading wood chips, laying mats, and geotextile

Mats, and  over areaso redue the risks of compactiodue to
Geotextile  constructionwvork (see Figure 3.8)
4 Preservatior Serves asraessentiabarrier for contractors and
of Plarts protects topsoil and subsoil conditions by keeping
the soil profile intact.
5 Inspection Regular and focusegite inspectionfelpensure
contractorglo not damag areas of interest.
6 Weather Wet-weather restrictionselp preventthe
compactiorof soils on a project site.

L

B

Figure 3.7 Soil Protection, Numbers shown @rrespond to Table3.9above (adapted from
Urban, 2008.

98



Figure 3.8 Matting detail 1) AlturnaMATS® or other durable and protective surface
covering 2) Six inches of wood chips or mulch, 3) Geotextile fabric (adapted frobrban,
2008.

Handling of soil during development

Topsoil stripping

When soil cannot be preserved on site or needs to be removed due to construction, it will
be relocated to another location for reuse. Stripping the topsoil is the first step of most
development and construction projed@sgul, 1992. Before strippingplants, stumps, and large
root mats are removetd(ban, 2008 Acrossadevelopmensite soilis typically stripped to a
depth of 1218 inches Craul, 1992. The stripped soil is highly disturbed, with little existing
structure remaining. The remainiegposed soil layers are at high risk of compactoa,
influenced by the water content during the construcfreguentlyleading to lower infiltration

rates and increaseil erosion Craul, 1992. Because of compaction, the exposed soil layers
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requireloosening before rgpreading topson top of these layets prevent severe compaction

and allow for root penetration.

Best practices for soil removal and stripping includgsource)

1.

Herbicide treatment may be warranted prior to stripping if using a particular herbicide is
deemed essential to prevent invasive plant development on stockpiled soils. However,
herbicidesshould only be used when other alternatifresnely keeping invasives

check by vegetative competition, remotglhandand/or burn managemermr
cultivation/tilling) are not available aare not successfubeally, use of herbicidewill

be done in ways that avoid or minimize impacts wim§ soils and native plants.

Grasses and nemoody plantghat are not invasivehould be mowedut do not need to

be removed.

Soil moisture needs to be assessed, and the soil should not be excessively dry or wet
when soll stripping happens

If multiple soil horizons require stripping, topsoil (O and A horizons) and subsaoil (B, E,
and C horizons) should be strippaad storedeparately. (See Figure 3.9 for a
description of typical soil horizons.)

Recommended equipment includes grading machines with larg@ré&ssure tires or

tracks to spread the machine's weight and prevent compaction.
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T O - Organic Layer

- A- Topsoil
- E - Eluviation Layer

- B- Subsaoil
- C - Parent Rock

- R- Bedrock

Figure 3.9 Soil Horizons

Stockpiling

Stockpiling negatively impacts soiCtaul,1992 Urban, 2008 Some included effects
are disturbing soil structure and aggregates, reduction of soil organic matter and C pools,
increased compaction, decreasing soil biodiversity, and changing microbial community
composition and abundan@@raul, 1992; Urban, 2008;alliere et al., 2021)Over long periods
of stockpiling, nutrients needed to support plant life followingpeeading Craul, 1992. The
longer soils are stockpiled, the longer it will take to reactivate soil's biological funthibarg,
2008. Microbesare also responsible for critical roles in relation to soil function and plant
development and diversity. Stockpiling as a result may impact the ability of soil to provide these
vital services, compromising the biological potential of topadidllifere etal., 202). Effects of
piling are present in soils stored fameyear to 18 months, howevgmiles two years or older

typically show severe impact€(aul, 1992.
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Best practices for soil stockpiling include:

1.

2.

3.

Stockpilesoil whenit is dry (Craul, 1992.

Rdocate as little soil as possible; storsjl on-site is bestCraul, 1992 Urban, 2008.
Pile different soil types separately amdisefor different applicationgFigure 3.10)
Several small piles are better than large piles. Depth should gotder than six feet
for sandysoils, and four feet for clay sailas per Figure 3.1(Craul, 1992 Urban, 2008
Storage of soil should be for as short of time as possilvkau(, 1992.

Piles should be protected from wind and water erosiamshbygplart cover, composbr

mulch, orapervious geotextileGraul, 1992 Urban, 2008 According to Urban (2008)

soil should never have an impervious cover for protedsae Figure 3.12)

Figure 3. 10 Separate Differing Soil Typegmodified from Urban, 2008.

Figure 3.11 Soil stockpile. 1) Optimum 6 feet for sandy loam, or 4 feet for clay loam.
2) Reduce compaction under storage area when done (modified fradrban, 2008.
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Figure 3.12 Stockpile protection from wind and erosion. 1) Annual or perennial grass
cover, 2) Compost or mulch, 3) Pervious, needle punched gedikx(modified from Urban,
2008.
Re-spreading
Soil re-spreadingloesnot automaticallyresult in healthy soil. Depending on how the soill
is stockpiled, the soil will exhibinanychanges from its original stat€raul, 1992. Organic
matter content, Ving organisms, and physical character of soil will all be reddoedothe
removal, storage, amé-spreading. Theoil organisms can take years to reestablish in soil
(Craul, 1992. As a result, the following best practices are encouraged.
Best practices for soilre-spreading
1. Minimize trips with heavy equipment during theespreadingprocess Craul, 1992.
2. Incorporate organic matter white-spreadingo improve drainage, biological function,
and introduce structur&J¢(ban, 2003.
3. Based on project goals and site and soil conditions, add nutrients and other amendments
to meet specific planting and other project needs.
Grading
Grading results in soil enpaction, because constant trips of heavy equipment are required to

get a desired soil grading patte2rgul, 1992, thus stripping macropores in topsoil and
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reducing infiltration rateskays, 2013. Enforcement of grading during optimal moisture levels
in soil (when they are not too wet based on soil type and texture) is a crucial step to limit
compaction, howeveit is hard to enforce if construction administrators are not on site with
contractors whenever they are working. Skilled equipment workedangrduring a time of
optimal grading moisture level can get the desired grade with minimal trips, resulting in less
compaction. In addition, the lighter the equipment used, the b€tul( 1992. To implement
best practices that limit soil compactidield tests of passes with equipment under different
moisture levels are needed to specify and guide grading efforts by contractors and their machine
operatorsKays, 2013. In addition, machine operators need to facilitate infiltration of water by
rougheling soil surfaces and stgurfaces.
Maintenance

Use of Irrigation

Irrigation is a common maintenance practice in urban sysemsntailsa deliberate
application of water to soil and plants on a ditedfer, 200Q. Historically, irrigation was used
in drier areasgnd regionsvhere water was a limiting resource, but today, irrigation is used to the
point of eliminating water stress, meaning that water is no longer limitingaimy urban or
developed landscape systefieefer, 200). Because of lack in water limitation, irrigation will
promote plant growth and soil organic matter stordd@mpson & KaeKniffen, 2019)
However,nonessentialrrigation is not a sustainable management strategy because water is a
resource that is lined and should not be used in excé&sefer, 200). Instead, a site design
should limit orseek t eliminatetheuse of longterm irrigation.

Irrigation can result in negative site consequences due to addesifiopuirrigation

water.To supporwaterconservatiomain-harvested water arrécycled watearesometimes
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used to irrigate a site, howeyeecycled water may be high in salt contedalkins, 2012 and
lead toothernegativeimpacts to the systerelectingan appropriatéype of irrigation water to
be used is very important.

Use of Fertilizers

Fertilization is another common maintenance practicegnlarly mowedirban
grasslandsuch as lawns or tu(fhompson and Ka&niffin, 2019). With urban development
and continued maintenance of systems, there is an inevitable disruption to soil chemical cycling.
As a result of development, fertile soil becomes less fertile soil, and organic matter is lost. In
some cases, soil is compatteovered, or impacted by harmful salts and heavy metals by the
impacts of urbafandscape managemesyistens. With these interventions, soil becomes heavily
dependent on human intervention to sustain soil fertility lewdlsgn, 2008, thus resulting in
even greater or persisteettilization.

However, the use of fertilizers is controversial. Often fertilizers are used to increase crop
yields or for urban lawn aesthetics, neither of which address thédoamghealth of soilsl{rban
2008. Fertilizer, added to improve soil health, should only be applied if quality data indicates
low levels of essential soil nutrientdrpan, 2008 or to jumpstart microorganismBertilization
has been shown to increase abgueund biomass and belgwound C (Thompson and Kao
Kniffin, 2019) Still, it also has the potential to increase respiration angeg@tssions from soil
(Gong et al., 2011)The use of fertilization can also decrease soil pH, leading to acidification.
The change in pH can impactarobial community dynamics and soil nutrient cycling
(Thompson and Ka&niffin, 2019).

Recommended is the use and placemetdrgetedslow release, organic fertilizers

and/or compost tedbat address the needs of soils and vegetafiefore placementhe first
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step is soil testing and establishithg levels of nutrients and elements (chemical composition) in
existing or imported soils. Jim Urban states that soil fertilization should nedemiegvithout

testing the soil's existing biology vidab bioassay (2008). Fertilizing with necessary nutrients
only (based on the soil test) is hes per Table 3.1@C@lkins, 2012 Designers need to be

aware of optimal fertilization application times in the region since placing fertilizer at the wrong
time of year can harm existing plants at the site and downstream ecosy&etiligers are

washed offsite (Calkins, 2012

Table 3.10 Examples of Natural/Organic Nutrient Sources Calkins, 2012.

Plant Nutrient Natural/ Or ganic Sources

Nitrogen (N) Alfalfa, dried blood, cottonseed, feathers, fis
guano, seafood, urine, manure

Phosphorus (P) Bone meal, bird manure, rock phosphate, ve

Potassium (K) Kelp, wood ash, seaweed

Calcium (Ca) Egg shells, oyster shells

Magnesium (Mg) Epsom salt (magnesium sulfate)

Liming Soils

Liming is the process of applying ground limestone to remslgoH. Physical
amendments need to be made to the soil to alter soil pH, typically through tillage and
pulverization with limestonegs shown in Table 3.1Ké&ys, 2013. Ground limestone need to be
added and mixed in thoroughly as it does not move into the soil when simply placed on the
surface and will only amend surrounding soil partickays, 2013. For best results, lime
should bancorporated into the top six inches of the soil{an, 2008 However, tillage of soil
results in structure, horizon, and nutrient damage so incorporating lime should only be done

when this is essential. If plants are present, it is often best totleagée undisturbed.
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Alternative methods include mixing limestone into water and or changing the pH of the irrigation
water Urban, 2008 Before application, lab tests are recommended to determine the amount and
length of time required for the amendmemtower the pHKays, 2013. However, pH is

difficult to change because it is tied to the fundamental configuration of soil, and it is suggested
to just choose a plant palette wellited with the current pH levelgl(ban, 2003.

Table 3.11 Lime amendment specification Kays, 2013.

Limestone Spefication:

Material should contain a minimum of &0calcium
! carbonate.

A minimumof 9% should pasthrough a No. 8

sieve,and75% passing through a No. 60 sieve.

Lime in the form of finely ground dolomitic

limestoneshould be used

Replacing soill

Replacing soil is a solution for specific landscape design projects that do not have the
budget, time, or ability to restoexisting site soilCalkins, 2012 However, the transportation
of soil has a higher environmental impact, and because of this, the distance for transport should
be limited Calkins, 2012 Using and removing topsoil from an existing green site is also
deaned unsustainabl€alkins, 2012 Replacing soil will also change or remove the current
organisms and associated soil nutrient pools, if any still exist. There is also the risk of bringing in
unwanted materials, organisms, or contaminants if soils ar@deguately tested before
transportation.

When bringing in soil, simply using soil or topsoil from another site is not good enough.
Strategically using soil amendments and restoration in place are best; however, replacing soil can

also restore site soil bih if, after testing, the soils are deemed unhealthy and/or undesirable
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(Kays, 2013Calkins, 2012 Soils brought in neeid bedesigredand specified professionally.
Specifications requirsoil type andexture(amounts of sand, silt, clay, etooyganic
amendmentgH, soluble salt contents, and chemical analySalKins, 2012

Current projects in landscape architecture are also exploring ways to creatdikeative
soil on sites. When bringing in new s@ilofessionals create soil profiles for different landscape
design uses (bioswale, meadow, woodland, etc.) to ensure the drainage and soil types suit
specificplantingtypes or created ecosysterfigiani, 2022) Landscape architects, soil scientists,
and engneersare also going beyond tspecification of soils and tiacement othesenew
soilsby making surehat thesoils that are imported or amended are biologically active soil by
incorporating liquid microbiome amendments referred to as a foooropost tea (Vian2022).
They claimthatthe use of these amendments creates biologically active soil, which can reduce
the need for irrigation and fertilizersoth ofwhich can negatively impact soil systems long term
(Viani, 2022).Frequently such dems employ native plant communities adapted to the
ecoregion and specific site conditions.
Restoration

Urbanization alters soils drastically and often requires restorative practices to help
replenish soils critical functions and ecosystesgivicey PavaeZuckerman, 2008Restoration
in urban areas, however, is not standard across sites; each site will require a unique set of
restorative solutions to match the site's neBdw@eZuckerman, 2008 Restoration needsdso
vary across sitesft@n, restoration amendments required include amendmeadsltess
compaction, pHevels(liming or creating more acidic conditions depending on the intended

vegetatiol), drainage, texture, nutrient availabilindbr biological function Calkins, 2012
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Reducing or eliminating soil compaction on site is the most common practice to help
toward the process of restoration.-B@mpacting soils can be accomplished one of three:ways
1) physically breaking apart soils, 2) limiting traffic to prevent compacand3) creating
conditions for longterm soil structure development by aerating the soil, adding organic matter,
and increasing clays in the saidlkins, 2012
Phytoremediation or Phytotechnology

Phytoremediation or phytotechnology is the use of plants to remediate soil and help
remove, control, and prevent contaminants in @@hnon & Kirkwood, 2015; Todd et al.,
2016) Phytoremediation is used to treat brownfield landscapes and can be estdr®vacant
lots in urban areas (Todd et,&016). Itcan bea low-cost solution for soil restoration (Figure
3.13). Phytoremediation is an interim solution for contaminated sites before their use for green or
public spaces (Todd et 22016). Phytormediation is a fairly young strategy in the field of
design but should be considered for sites with highly contaminated soils. Advantages that come
with phytoremediation anphytotechnology use are that it is a way to restore soils while keeping
soils intat, it istypically low-cost, lowenergy, and aesthetically pleasing (Kennen & Kirkwood
2015). Phytotechnologyvhen wellunderstood¢an beeasily integrated into other design and

vegetation plans on site (Kennen & Kirkwqo@d15).

109



MORE CERTAIN LESS CERTAIN

Dig and haul
Incineration
Low temperature thermal
Soil washing

Air sparging and bioventing

COST

Bioslurry reactors
Composting
Landfarming

Natual attenuation

>

TIME

Figure 3. 13 Compared to other remediation options, phytotechnologies can render
significant cost savings, but requires longer treatment times and there is a degree of
uncertainty will any plant-based system (recreated from Keenen & Kirkwoog2015).

Steps for the impemertation of phytoremediation:
1. Consult a remediation specialist to test the concentrations of contaminants in the soil.
I) Typical requirementgclude soil samplingto understand the extent of potential

remediation needsand documentig groundwater conditios) existing flora and
fauna,slopes andnicroclimate hydrology,water supply and utilities, site bousries
and other relevant concer(isennen & Kirkwood 2015)

2. Determine an appropriate mitigation strategy for the site.

3. Definetheareas of environmental concern and useable space maps for the site.

4. Enclose (fence off) areas that cannot be util@eshould not be disturbed
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5. Select the appropriate plant species based on the contamifatsane that plant
selection is ba=d on the specific remediation needs and specify the use of multiple
species to minimize a monoculture.

6. Plant primarily grasses, although treesl shrubgsanalsobe utilized.

7. Plant ground covers or use protective mulch to prevent exposed soil surfaces

(Todd et al. 2016)

Phytotechnology has its limits. In some cggghytotechnology is not possible fine
climateor soil conditionssincea site orthe soils may be beyond supporting plant life due to
infertility or too high of toxicitylevels(Kennen &Kirkwood, 2015).Phytoremediatiorcan be
costlyif plants need to be removed and new ones planted as a strategy for pollutant removal
(Kennen & Kirkwood 2015). Contaminantmay not befully prevented from spreadingnd thus
they can still beéranspired or releasethuscausingwildlife and peopldo beexposed to
potentially toxic plant&nd soilgyKennen & Kirkwood 2015). There is also an unknown
timescale some remediation is domwer fiveyears, while other projects may takere tharb0
years (Kennen & Kirkwood2015). And as with all natural and living systems, weather,
animals, insects and other variables arepnedictableand results can be different thian

anticipated (Kennen & Kirkwoqd®015).

Soil potential for site sustainability

Soil health can be synonymous with sustainabfigran & Zeiss, 2000)Soil health is a
primary indicator for sustainable land management practices because of its contribution to plant

health, nutrient cyclingandwater and air quality (Bran & Zeis$2000). Soil qualitycan, in
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some instancesletermine the environmental qualdfa siteand will have anajorimpact on
plant, animal, and human health (Doran & Zg¥0).

Soil as a resource and living system will havkrgeimpact on environmental, social,
and economic functions. Soil is a source of raw material (clay, sand, gravel, and minerals),
water, and energy (Blun2005). On a site scalsgil can promote biomass praztion, which
includes food, raw materials, and renewable en@gym, 2005) Soilés contributions to site
sustainability include acting as a water filter (in the form of gairdens, bioswales, vegetated
buffers, and constructed wetlands)ovidingafoundationand essential suppddr vegetation,
enhancingvater infiltration and preventg runoff, erosion, and flooding, providing and
improving wildlife habitatsequesteringarbon, andeducingmaintenance needsgpecially
long-termirrigation, fertilization, and mowing (Blum, 2005;SITES v2 Rating System: For
Sustainable Land Design and Developmeoti4)(Figure 3.14).

Soil offers more than ecological benefits; it alstsaas a physical basis for human
activities such as housing, recreation, and transportation (BR05). Soil also contains cultural

significance, serving as anchiveof site history (Blum2005).
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Figure 3. 14 Soil is the System Connecting thAtmosphere, Biosphere, and Hydrosphere
(Blum, 2005).

Soil sustainability also relates to the soil site specifications. These specifications include
two important component4) Reduction of on and offite environmentalnpacts by the project.

2) Ease and cost of maintaining the project following completion, minimizing the need for
resources long term (water, fertilizer, electricity, and other resource maté@ias), 1999)

When designing a site and determining ifrthis a need or use to preserve, restore, or
replace site soildandscape architects and those they collaborate with nesdiéwstand the
valueand impact of different approaches as well asstistainaliity goals for the site. The
sustainability potential of soil can hedpeate a more resilient site whdésoaddresing larger

(perhapgyloba) sustainability concerns (Koch et,&013) (Table 3.12).
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Table 3.12 Soil functionsand their influence on global sustainability challenges (Adapted
from Koch et al., 2013).

Global Sustainability Challenges

Food Water Climate Ecosystem Biodiversity Energy

Soil Functions Security Security Change Services  Protection  Sustainability
Nutrient Cycling + + + + + +
Water Retention + + + + - +
Biodiversity and N N
habitatcreation
Storing, filtering, and
transforming + + + + + +
compounds
Provision of physical

-, + - + + - +
stability and support

Conclusion

Landscape architecture is a profession that relies heavily on the function andhealth
soil. Understanding the basic elements and their function is the first step in creating successful
design, howevethe restoration and preservation of swila site is critical for long term site
success anlbng-term sustainability. Without healthy soil, there will be excess energy and costs
associateavith maintaining designsver the short and long terr8oils have the ability to limit
or negate the neddr common maintenangaactices of irrigation and fertilizéfrthe soils,
vegetation, and hydrology fitell with the site and ecoregional context and conditions
Neverthelessthebest practice in site design and implementation is to leave soil uhdidtu
wherethis ispossibleln many instancesve know that landscape architects are often not hired
to leave soils and sitesdisturbedand they will alter the landscape to implement some form of
design Thus,where soil preservation is not possible, being intentional and thoughtful in the soil

testing, stripping, storage, andgpreading across sites is crucial.
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The professiors in aposition to make smart, thoughtful ecological decisionsher
design andlevelopment of our citiesnd should take the steps and strategies to protect, preserve,
and restore soils in urban environments. With the world growth and increase in urban
developnent, we must start to see urban soil as a resource that needs protection for the
sustainability of our futureConsideration for soil should happen at all phases of a project, which

is notalinearprocesswith eachphase ostageinforming one anotherGalkins, 2012).

Goals Site Design/
Goals should reflect Assessment Remediation Construction Management

protecting and enhancing
ecosystem benefits. Site Highlights limitations and Enhances the site Should create better Ongoing maintenance to
assessment will help opportunities on a site for attributes and protects a conditions, while not inform future projects and

inform the goals. improvements. site’s key areas creating new problems. apply best management
of strength. practices.

Figure 3. 15 Site design phases (derived from Calkins, 2012).
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Chapter4-Overall Conclusions

The overall goal of this thesis was to better understand urban development's impacts on
soil health and microbial function and to relate these research findings to landstafesture.

Urban developments and related soil disturbances are increasing worldwide, leading to increased
soil degradatiomn many parts of the world'he degradation of soil results in the loss of-soll

provided ecosystem services such as infiltratind water filtration, nutrient cyclingarbon ©

storage, biomass and plant production, and more.

Neverthelessurban soils are not dead and completely infertile. There is potential in
urban areas to promote and foster healthy,-higletioning soils. Irthe design and
implementation of spaces in urban areas, we can preserve or restore soils through landscape
architecture, which relies heavily on healthy soil and fwglttioning soil systems for the
success and lorAgrm sustainability of implemented dgsed projects. Disciplines including
biology, soil science, agronomy, ecological engineegngstruction science, land development,
building and landscapsonstruction, landscape megementand related fields have very
important roles to play in partredrip with landscape architecture and luse planning to
ensure long term health and sustainability of soil (conserved, restored, or created) in cities.

In this study, we directly assessed the effects of urban development and management. We
found that uban development and disturbance affect soil health and function, especially in sites
with intense and recent disturbances. Soil nutrient pools of all sites decreased in comparison to
native grassland, showing disturbance, in any capacity, reduces sailn@ragen () and that
the recovery of a soil systembébs C and N takes
undisturbed soils. We also found that management was shown to influence soil health and

function, with sites under intensive manageir(&ith added irrigation and fertilizer) showing
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improved health on site; however, the same site demortskestemicrobial C use efficiency,
indicating a lower potential for carbon sequestration.

Future research is needed to understand the eifects of irrigation and fertilizatian
The impact of the frequency, duration, application styles, and different types of water (recycled,
city, or filtered), and types of fertilizer may vary in their impacts, so having direct studies to
address the potéal differences in the future is ideal. It is also important, with climate change
and the need to sequester carbon, to understand the direct impacts of these management practice
on microbial respiration and microbial C utilization to make sure that wepdiraizing our
landscapes to be C sinks, instead of respiring C back into the atmosphere.

Althoughthisresearch begins to answer the questions of the effects of urban
development and land use management on soil health, the data collected and &aalyzed
limitations because urban sites are highly variable and soil samples were only taken in May and
August during one growing season.

As city sizes differ, the degree of disturbance, contamination, and soil inputs change, and
the impacts on the soil wilary. Theregionsof cities canmpactthe understanding of urban
development and the degree of influence of urbanizagi®soils in cities suffer in greater
degrees from contamination, climate, and development inphis study looked at the effects of
urban development in Manhattan, Kansas, and the FlintEibsegion USA.

This study was conducted over a period of three months, which leads to a lack of detailed
data about site differences and the impacts and dynamics of soil functions over sesofour
several seasons. Because soil is highly variable the functional differences can be a result of soil
moisture and temperatudgnamics and only having a single sampling season limits the validity

of data because the conditions of the sitecanchrang@m ual | y based on the ye
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and climate. Having more sampling points and an increased study period of at least three years
would help increase the understanding of the site, management, and climate impacts.

For future studies and next stepaderstanding management at a finer scale will be
crucial (for example, the amount of runoff andidag inputs from neighboring impervious
surfaces, irrigation volume and frequency, fertilization volume and frequency, and the amount of
biomass removagtc.). Ideally, sampling directly following the treatment or management event
could give the greatest indication of its effects (following mowing, clipping, or fire, or following
the application of a fertilizer or herbicide

To get a greater understangliaf microbial processes and differences across sites, it
would also be ideal to look at microbial community compositions across gaiy@s and also
very similarsites under different conditions and in different locatidrgere may be community
dynamcs that are driving differences in the soil.

With soil contamination being common in urban sites through the addition of heavy
metals, salts, and other contamirsatiie presence and quantities of these and other materials
substancesand chemicalsshould be measured and analyzed across sites as they could have
influence on microbial function and soil health.

Although the soil is crucial when looking at and addressing management alevealite
impacts, understanding the impacts onetation can give a greater perspective of the effects on
whole system C cycling and sequestration across sites. This would require measuring plant
biomass, toxin, andutrientlevels aboveground and belowground plant production, and the
responses dlifferent plant species across #adected researdites.

Landscape architecture is a field equipped to address the issue of soil degradation in

urban environments, as we are directly involved in the design and implementation of these sites.
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With themantleof urban planning and desigomes a responsibility to understand, at minimum,
the basics ohative and urbasoil components and their relationship to site function and
vegetative health. Without a basic understanding of soil, we risk implementing hanafu
careless designs as professionals. We must be conscious of the impacts of development and
design through all project phases. From site analysis, design development, construction, and
long-term management, the soil should never be an afterthoughsolfconscious design is
implemented from the beginning, lotgrm cost, energy, and management savings will result,
creating a greater potential for healthy soil to remain after construlftewils are tested and
evaluated early in projectge can srtplanning, designing, engineering, antgplementing
techniques for restoring and creating soils that are best for design success, e$pecially
imported soiland amendments.

With the growth and future study in urban developments and urban saisctrebe an
expansion to begin studying soils in designed projects and the influence of the individual project
specifications and management practices. Organizations such as the Landscape Architecture
Foundation and the Climate Positive Design initiative bringing more attention to the need to
study soils in more deta#ndthe Sustainable Sites InitiatiMeis bringing light to the
importance of soi(SITES v2 Rating System: For Sustainable Land Design and Develppment
2014) Practitioners such as James Urban, Johanna Gibbons, Pamela Conrad, Meg Calkins, and
others understand their importance to pradiizalkins, 2012; Climate Positive Design, 2023;
Gibbons, 2021; Urban, 20Q8)ut it is not enough for a select group of practitioners and
organizations to understand the impactsal it is the role of all landscape architects to treat

soils as a resource worth protecting and remediating through design.
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Overall,the expansion afrban development is inevitable, but the degradation of our soill
systems does not have to Béthough ths study has found that disturbance impacts soil health,
even in the smallest amounts, the health and preservation of soil becoming a primaryhgoal in
field of landscape architecture will help limit the potential degradation across oursitdsn
Currently the field of landscape architecture is beginning to implement new practices in the
treatment of soil on projects. Understanding the impact of development and the increase in soil
compaction in urban environment is the first step, and rfatdscape architects are already
specifying amendments for decompaction and incorporating organic matter to restore soil
aggregategCalkins, 2012; Craul, 1999; Kays, 2013; Urban, 2008; Venhaus, 2012)

Just as recent &ovember 2022 andscape Architecture Magazihghlighted a 40
acre project whose teanmdertook and initiated a significasiterestoration effort to create and
remediatea widerange of soil systims neededn the site. This interdisciplinary landscape
architecture and soil science team took the time to detail out at least a dozen distinct soil profiles
for specific sites uses amal specify nutrients and the use of microbial compost tea additions to
help ensure healthy, biologically functioning g®iani, 2022) The project is just one example
in the field that can help set the precedent for soil design.

James Urban (www.jamesurban.net/sgeéseral), Phillip Craul, and Timothy Craul
(Craul & Craul 2006) ave long sought to emphasize the importance of understanding soil
systems and the ways that trees and other plants interact with them in urban settings. Professional
landscape architects and soil scientists at firms such as Jeffrey L. Bruce and ConmeaagdPi
Swallow, Biohabitats, and a number of other firms have sought to learn from and build upon the
work of earlier soil scientists and breadddeepthinking planners/designerset us learn from

and with them as we seek to create resilient lands@agksustainable communities.
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Appendix A-Chapter 2

\

Figure A. 1 Map of sampling sites
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Warner Park
82.0 acres

Konza Native Prairie
22.68 acres

Konza Restored Prairie
4.90 acres

Anderson Ave. Lawn
1.28 acres

Eisenhower Hall Lawn
0.38 acres

Beach Museum Lawn
0.35 acres

The Meadow
0.33 acres

A

e — e US Feet
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Figure A. 2 Sampling sites size comparisons.
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Table A. 1 Site History and Management

Site

History and Establishment Justification Management

Native Konza

A native, intact plot of Konza prairie Burned annually in the spring.

Restored
Konza

Former agricultural land, restored in 1997.Tt
restoration was reseeded with a conservatio Burned annually in the spring.
reserve prairie seed mix.

Warner Park

An intact prairie to ouknowledge

however has had significant urban
development surrounding it. Established as i
city park in 1956.

Mowed annually.
Also has mowed pathways for recreation
event such as 5k events.

Turf was removedrad killed via spray and
torch in 2013. Hand seeding was used to

The Meadow ; . g S Clipped annually and weeded by
K -State establish a native prairie plant selection in th hand to try and contain invasives.
fall of 2013 and irrigated that summer to allo
for plant establishment.
The establishment of this site was determin:
The Beach : X .
Museum fqllowmg the construction of the Marlanna Mowed frequently.
Lawn K.lstler Beach Museum of Ar't, which _caused
disturbance to the surrounding land in 1996.
Mowed frequently. Irrigated with
The establishment of 2004 was determined Manhattan, KS city tap water and
Eisenhower using google imagery to determine the last frequency based on current ET rates. Tu
Lawn disturbance which was the implementation o is fertlized three times a year with granul
sidewalk. fertilizer. Turf is treated to control
broadleaf weeds with an herbicide.
Anderson Housing was removed July & August

Avenue Lawn

2020.There was no soil brought in, it was fillt Mowed, as needed.
and graded with existing site soil
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Konza Prairie
Native

~15.0 acres

Figure A. 3 Konza Native Prairie Site

Konza Prairie [ Grasstand ]
Restored
~6.8 acres

Figure A. 4 Konza RestoredPrairie Site
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Warner Park

~82 acres

Figure A. 5 Warner Park Site

LLLGRE |
A

=
| i

The Meadow

Tallgrass

~0.3 acres

Figure A. 6 The Meadow Site
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Beach Museum
Lawn

~0.3 acres

Figure A. 7 Beach Museum Lawn Site

~0.4 acres

Figure A. 8 Eisenhower Lawn Site
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erson Avenue @ITETIEED

Lawn

And

~1.3 acres

Figure A. 9 Anderson Avenue Lawn Site

Stratified Random

* avoid systematic bias

Figure A. 10 Example of stratified sampling on the Meadow site
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Figure A. 11 Sampling Kit.

Figure A. 12 Soil sampk a) Soil sampé and sleeveb) Sample sieved with roots removed.
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