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�Introduction

The global population is expected to exceed 11 billion before 
the end of the twenty-first century (United Nations 2015). 
Populations within urban areas are also increasing, with the 
number of mega-sized (ten million people or more) cities 
expected to increase from 10 in 1990 to 41 in 2030 (United 
Nations 2015). In the United States, the human population is 
not growing as fast as the rest of the world, but the expansion 
of urban areas has proportionally kept pace, or exceeded, 
global estimates, with land devoted to urban uses growing by 
more than 34% between 1980 and 2000 alone (USDA NRCS 
2001). Additionally, by 2010 almost 250 million people lived 

in urban areas, which roughly accounts for 81% of the total 
population of the United States (U.S. Census 2010).

The relatively rapid expansion of urban areas in the 
United States, along with the juxtaposition of more than 
80% of the population to the soils located in these areas, 
suggests the increasing national importance of “urban” 
soils. In this chapter we define and describe the role soil 
plays in urban landscapes and discuss the importance of 
these soils within the context of densely populated areas. 
Additionally, we provide an overview of what is known 
about the characteristics of urban soils and their role in the 
provisioning of ecosystem services. Finally, we assess the 
current state of knowledge of urban soils and provide a list 
of future informational needs.

�What Is an Urban Soil?

The term “urban soil” was first used by Zemlyanitskiy 
(1963) to describe the characteristics of highly disturbed 
soils in urban areas. Urban soil was later defined by Craul 
(1992) as “a soil material having a nonagricultural, man-
made surface layer more than 50 cm thick that has been 
produced by mixing, filling, or by contamination of land 
surface in urban and suburban areas.” This definition was 
derived from, and is thus similar to, earlier definitions by 
Bockheim (1974) and Craul and Klein (1980). Since these 
earlier characterizations, Evans and others (2000) and later 
Capra and others (2015) use the term “anthropogenic soil,” 
which places urban soils in a broader context of human-
altered soils rather than limiting the definition to densely 
populated urban and suburban areas alone. To recognize a 
broader set of observations, Effland and Pouyat (1997), 
Lehmann and Stahr (2007), and more recently Morel and 
others (2017) more broadly defined urban soils to include 
soils that are relatively undisturbed yet altered by urban 
environmental changes, such as the deposition of atmo-
spheric pollutants.

R. V. Pouyat (*) 
Northern Research Station, USDA Forest Service,  
Newark, DE, USA 

S. D. Day 
Faculty of Forestry, University of British Columbia,  
Vancouver, BC, Canada 

S. Brown 
School of Forest Resources, University of Washington,  
Seattle, WA, USA 

K. Schwarz 
Departments of Urban Planning and Environmental Health 
Sciences, University of California, Los Angeles,  
Los Angeles, CA, USA 

R. E. Shaw 
U.S. Department of Agriculture, Natural Resources Conservation 
Service, New Jersey State Office, Somerset, NJ, USA 

K. Szlavecz 
Morton K. Blaustein Department of Earth and Planetary Sciences, 
Johns Hopkins University, Baltimore, MD, USA 

T. L. E. Trammell 
Department of Plant and Soil Sciences, University of Delaware, 
Newark, DE, USA 

I. D. Yesilonis 
U.S. Department of Agriculture, Forest Service, Northern Research 
Station, Baltimore Field Station, Baltimore, MD, USA

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-45216-2_7&domain=pdf
https://doi.org/10.1007/978-3-030-45216-2_7#DOI


128

�A Range of Soil Conditions

Soil conditions in urban areas generally correspond to a 
range of anthropogenic effects from relatively low influ-
ence (e.g., native forest or grassland soil) to those impacted 
by urban environmental effects such as patches of urban 
forest to soil types that are derived from human created 
materials, sealed by impervious surfaces, or altered by 
physical disturbances and management (Pouyat et  al. 
2009; Morel et  al. 2017). The latter include massive or 
highly disturbed soils without structure (Short et al. 1986), 
human-transported materials (Shaw and Isleib 2017), 
sealed soils (Scalenghe and Marsan 2009), engineered 
soils such as green roof media and street tree pit soils (e.g., 
Grabosky et al. 2002), and soils that were once disturbed, 
but are now managed, such as public or residential lawns 
(Trammell et  al. 2016). Therefore, comparisons among 
these soil uses should reflect the relative impact of urban 
effects such as site disturbances (site grading, use of sealed 
surfaces), subsequent management activities (fertilization, 
irrigation), intensity of use (trampling), plant cover, urban 
environmental changes (air pollution, habitat isolation) 
that are often novel, and site history (Pouyat et al. 2017; 
Burghardt 2017).

�Habitat for Soil Organisms

Contrary to the generally held belief, urban soils are alive 
and may harbor a rich diversity of microorganisms and 
invertebrates. Urban soil communities are a unique com-
bination of both native species that survive or thrive in the 
urban landscape and species that have been introduced 
from other regions or continents. Management practices 
also contribute to the uniqueness of urban soil communi-
ties. For instance, irrigation can overcome the lack of soil 
moisture as a serious site limitation for soil biota, and pes-
ticides can eliminate nontarget species (Szlavecz et  al. 
2018). Soil sealing limits many soil organisms, although 
some taxonomic groups (e.g., earthworms [phylum 
Annelida] and ants [family Formicidae]) can survive 
under impervious surfaces or pavement (Youngsteadt 
et al. 2015). Landscaping practices, such as the removal 
of woody debris and leaf litter, deprive many species of 
shelter and food resources, while composting and mulch-
ing create new ones. In engineered soil environments such 
as green roofs and tree pit soils, entirely novel communi-
ties may assemble over time. The success of soil organ-
isms in such circumstances depends on the constructed 
substrate, the connectivity among existing green roof 
habitats, and the age of the habitat (Burrow 2017; Madre 
et al. 2013).

�What Is the Role of Soil in Urban Ecosystems?

Urban soils play multiple, and sometimes conflicting, roles 
within urban ecosystems (Setälä et  al. 2014). Despite the 
high levels of disturbance typical of most urban soils, they, 
like their rural counterparts, have the potential to support 
plant, animal, and microbial organisms and to mediate 
hydrological and biogeochemical cycles (Pouyat et al. 2010). 
Each of these functions, however, must be evaluated specifi-
cally for urban conditions. Urban soil functions are often sig-
nificantly altered from those of their rural counterparts, due 
not only to their modified characteristics but also because of 
their context within the urban landscape. As an example, 
consider a compacted soil that has been degraded by building 
construction or demolition. The permeability of this soil is 
impaired by compaction (a change in function), and its loca-
tion in a mostly sealed environment results in the soil receiv-
ing much higher volumes of water via runoff (due to 
landscape position).

Soils play other critical functions that are unique to urban 
landscapes. For example, they provide a stable base for built 
structures such as buildings and roads. Additionally, urban 
soils provide physical support and a convenient and acces-
sible location for underground utilities. They may serve 
roles in processing waste, whether from septic systems or 
from food and yard waste recycling programs. All soils have 
the capacity to accumulate various nutrients such as phos-
phorus (P) and nitrogen (N) that if transported to surface 
waters can cause environmentally damaging algal blooms. 
Soils also store significant levels of toxicants associated 
with urban environments (e.g., lead [Pb] and arsenic [As]), 
along with a host of macro and microartifacts (Rossiter 
2007). These soils may endanger public health if humans 
subsequently come in contact with the soils when they are 
used for other purposes (e.g., urban agriculture or 
recreation).

�Importance of Soil in an Urban Context

Soil provides vital and life-sustaining ecosystem services but 
is often underappreciated as a natural resource. This is par-
ticularly true for urban soils, which are assumed to be highly 
altered and thus not capable of providing the same ecosys-
tem services as native, unaltered soils. However, as previ-
ously mentioned, urban soils can provide many of the same 
ecosystem services as nonurban soils (Morel et  al. 2015; 
Pavao-Zuckerman 2012). In fact, in many cases the impor-
tance of these ecosystem services may actually be enhanced 
since they are, by definition, closely associated with high 
densities of people living in urban areas (e.g., Herrmann 
et al. 2017). In the following sections, we provide examples 
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and present a conceptual framework for the provisioning of 
ecosystem services by urban soils.

�Juxtaposition of People and Soil: 
An Educational Opportunity

Urban food production has provided a means to connect 
urban communities with urban soil systems. As an example, 
for over a decade, Growing Power in Milwaukee, WI, suc-
cessfully used urban agriculture to build community involve-
ment around food security, healthy food systems, and food 
justice. Programs, including youth engagement and training, 
showed how community food systems connect people and 
soil (Royte 2009). Another example is the Edible Schoolyard 
Project in Berkeley, CA, which has leveraged the process of 
growing food to teach school students not only about food 
production and preparation but also about soil ecosystems, 
ecological processes, and nutrition (https://edibleschoolyard.
org/).

Although Growing Power and the Edible Schoolyard 
Project were pioneering projects, countless other urban agri-
culture endeavors have followed, and many have connected 
communities to valuable soil resources and educational 
opportunities (e.g., City Slicker Farms, Oakland, CA, and 
Detroit Black Community Food Network, Detroit, MI). 
These endeavors, however, are sometimes met with the chal-
lenges of legacy pollutants that can reduce or prevent realiza-
tion of potential ecosystem services. An unfortunate example 
is the potential for Pb to be found in relatively high concen-
trations in urban agricultural and garden soils (Schwarz et al. 
2012). Contamination of soil by Pb, however, can be amelio-
rated through soil amendments that reduce the Pb bioavail-
ability or, in more severe cases, through soil removal 
(Kumpiene et al. 2008). Community-level stewardship and 
investment by communities in the protection and improve-
ment of soils to produce food in urban areas can be facili-
tated by network building and information exchange 
(Schwarz et al. 2016).

Community participation in urban soil stewardship relies 
on educational resources that allow people to gain a better 
understanding of the benefits of soils. Professional societies 
can play a role in providing these resources. For example, the 
Soil Science Society of America (SSSA) has developed a 
curriculum that addresses how humans have shaped soil sys-
tems and how people can work to protect soil (https://www.
soils4teachers.org/). In addition to creating and overseeing 
K-12 curricula and hosting online seminars, the SSSA’s 
year-long observance of the 2015 International Year of Soils 
was recognized for its innovation in communication. In 
New York City, NY, the Urban Soils Institute was created to 
provide soils information, testing, and education for green 
infrastructure, community gardening, urban agriculture, and 

restoration efforts (Fig.  7.1). Art has also been a creative 
means for communicating the value of soils. For example, 
the Hundred Dollar Bill Project, initiated by the nonprofit 
organization Fundred, is a collective art project with the goal 
of bringing awareness to the dangers of soil Pb and the 
importance of investing in a solution to improve both human 
health and soil (https://fundred.org/).

�An Ecosystem Services Framework for Urban 
Soils

In the provision of ecosystem services, urban soil plays a 
unique role as the “brown infrastructure” of urban ecological 
systems, much in the same way urban vegetation is thought 
of as green infrastructure (Heidt and Neef 2008; Pouyat et al. 
2007). While green infrastructure provides services attrib-
uted to vegetation, such as the moderation of energy fluxes 
by tree canopies (Akbari 2002; Heidt and Neef 2008), brown 
infrastructure provides ecosystem services attributed to soil, 
such as those previously mentioned.

Traditional engineering approaches, especially those used 
in urban areas, typically address ecosystem service deficits 
with built or gray infrastructure or, alternatively, may actu-
ally move the ecosystem service function off-site. An exam-
ple is the collection of wastes from urban areas through a 
sewer system of pipes to a sanitary treatment plant (i.e., gray 
infrastructure). Subsequently, processed sanitary wastes may 
be transported to rural areas and applied as a soil amend-
ment, effectively recycling wastes using soil processes; but 
transporting wastes off-site can result in the emissions of 
greenhouse gases from the vehicles transferring the waste. 
More innovative engineering approaches, however, utilize 
the recycling function of urban soils within the urban ecosys-
tem rather than creating emissions by transporting the waste 
to a rural area. Stormwater management is another soil func-
tion traditionally addressed by gray infrastructure. Urban 
soil, however, can be utilized as a permeable media to reduce 
runoff (e.g., rain gardens) and as such works with green and 
gray infrastructure to reduce stormwater overflow (Kaushal 
and Belt 2012).

These newer and more innovative roles for urban soils 
create new opportunities for realizing ecosystem services 
and for conceptually framing how we consider these services 
and the disciplinary and management approaches we imple-
ment to enhance them (Fig.  7.2). Provisioning services 
include traditional services such as food production but also 
include novel services such as those that support structures 
and roads. Regulating services include storage of soil C and 
mitigation of greenhouse gas emissions and novel services 
such as stormwater retention and waste management. 
Supporting services include soil formation and nutrient 
cycling but also may include the sequestration of contami-
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Fig. 7.1  As with nonurban soils, urban soils provide ecosystem services. Because of the close proximity of urban soils with dense human popula-
tions, the importance of ecosystem services is especially magnified for managed regulating services and managed cultural services

Fig. 7.2  Soils training 
session for environmental 
stewardship conducted by the 
USDA Natural Resources 
Conservation Service and the 
New York City Urban Soils 
Institute, Bronx, NY. (Photo 
credit: Richard Shaw, USDA 
Natural Resources 
Conservation Service)
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nants to reduce human exposure and improve public health. 
Finally, cultural services, which include the support of pub-
lic greenspaces used for recreation, aesthetic, or spiritual val-
ues, will be enhanced in urban areas because of the high level 
of human access. Each of the ecosystem services provided 
by urban soils can be modified by soil management practices 
and may also be integrated with engineered approaches 
(Morel et al. 2015).

�Anthropogenic Influences on Urban Soils 
and Their Assessment

As land is converted to urban uses, soil scientists consider both 
direct and indirect factors that can affect soil characteristics. 
Direct effects include those typically associated with urban 
soils, such as physical disturbances, incorporation of human-
created materials, and burial or coverage of soil by fill material 
and impervious surfaces. Indirect effects are less noticeable 
and involve changes in the abiotic and biotic environment, 
which can even affect undisturbed soils within urban and peri-
urban or suburban areas (Pouyat et al. 2010). The resultant con-
ditions of both direct and indirect effects embody what 
ecologists and soil scientists refer to as “novel” ecosystems 
(Hobbs et al. 2006). These novel ecosystems represent the suite 
of conditions that have created and formed urban soils over 
time since humans began congregating and living in densely 
populated settlements or cities more than 5000 years ago.

�Direct Effects

Urbanization is characterized by the built environment—the 
buildings, roads, and other structures that form the commu-
nities where humans live and work—and subsequent human 
activity in that environment. The conversion of forested and 
agricultural lands to urban uses often results in a host of 
rapid changes related to land development and grading. As 
humans live and work in this environment, they manipulate 
soils for a wide variety of purposes, which range from storm-
water management, lawn maintenance, and landscaping to 
urban agriculture and recreation. Furthermore, human activ-
ity generates waste products, including everything from 
industrial waste to feces of pets.

�Land Use Change and Urbanization
Land development associated with land use change and 
urbanization occurs not only at the perimeters of urban areas 
but also in periurban or suburban communities and in the 
interior of cities through infill development (Setälä et  al. 
2014). Usually the first phase of development is to create 
level topography through grading. During this process, the 
landscape is altered by the removal of surface O- and 

A-horizon soils, and the remaining soils are compacted from 
the use of heavy equipment. Even if surface soils are replaced 
after construction, soil structure is degraded, considerable 
soil carbon (C) stocks are lost (e.g., Chen et al. 2013), and 
hydraulic conductivity is greatly reduced (e.g., Schwartz and 
Smith 2016). Additionally, lower soil horizons may be 
severely compacted, especially if grade changes are signifi-
cant or soils are located in construction staging areas.

�Waste Disposal
Dense populations and concentrated activity in urban areas 
generate a significant amount of waste products. Domestic 
and industrial waste materials, construction debris, ash from 
heat and power production, and dredge spoils commonly end 
up as components of urban soils. In many areas, these mate-
rials have been used to fill wetlands or extend the shoreline, 
but most cities have now created domestic landfills to address 
part of the waste problem. Many of these human-made or 
processed artifacts, which can include black C, trace metals, 
and organic contaminants, have properties that are unlike 
natural soils, and these materials can have profound effects 
on soil-forming processes and soil properties (Huot et  al. 
2015).

�Grading and Stormwater Management
Soil and its management can be a useful tool in retaining 
stormwater during and after the land development process 
(Shuster et al. 2014; Shuster and Dadio 2017). As an exam-
ple, grading is used to alter water flow paths to direct over-
land flow into soil-plant reservoirs such as with bioretention 
cells and rain gardens. These reservoirs are often filled with 
engineered “bioretention” soil mixes that allow for rapid 
infiltration and are highly penetrable by roots (Kaushal and 
Belt 2012). Additionally, various techniques such as deep 
ripping followed by compost amendment can significantly 
increase permeability in soils degraded by compaction (Chen 
et al. 2014; Schwartz and Smith 2016).

�Sealing and Paving
A high proportion of urban land is covered by impervious 
surfaces, with much of this surface being soil sealed by 
asphalt or concrete pavement (Scalenghe and Marsan 2009). 
Few studies of soils beneath pavement have been conducted. 
Paving or sealing the soil surface interrupts the flow of 
energy and materials (including detritus) and, therefore, is 
disadvantageous to the provision of most ecosystem ser-
vices. As a consequence, the water and nutrient cycles are 
disrupted, the heat balance is altered, more anoxic conditions 
prevail, and thus habitat for root growth and many soil organ-
isms is lost. Existing research indicates that C and N contents 
are lower in sealed areas than in adjacent unsealed soils 
(Table  7.1) (Piotrowska-Dlugosz and Charzynski 2015; 
Raciti et al. 2012).
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Due to the high proportion of sealed surfaces in urban 
areas, more burden is exerted on the fragmented unsealed 
areas to provide provisioning, regulating, and supporting 
services (Setälä et al. 2014). Because cities are often situated 
in areas with few site limitations (e.g., level topography and 
well-drained soils), many of the most productive agricultural 
soils end up sealed and disturbed as urban areas expand 
(Wessolek 2008). The few advantages of soil sealing include 
rapid removal of stormwater runoff, containment of pollut-
ants, and the preservation of cultural heritage (e.g., the ruins 
of Pompeii) (Scalenghe and Marsan 2009; Wessolek 2008).

An indirect effect of concrete surfaces is the introduction 
of secondary or pedogenic carbonates, which are commonly 
found in many urban soils as a result of the weathering of 
calcium silicate and hydroxide minerals from concrete 
(Washbourne et al. 2015). Dust additions and natural parent 
materials can also supply calcium carbonate, which can lead 
to a relatively high soil pH that provides buffering against 
soil acidification (Pouyat et al. 2007).

�Soil Replacement and Recycling
Infill development may occur where soils are absent (e.g., 
displaced by underground structures), severely degraded 
(e.g., were previously beneath structures or roadways and are 
compacted and contain a variety of artifacts), or capped 
because of the accumulation of contaminants. In these cases, 
soil is often imported from soil blending or recycling facili-
ties. At such facilities, soil is typically screened and blended 
with sand and compost. The resulting blended soils are 
sometimes more susceptible to compaction, are poorly struc-
tured, and have a lack of aggregate formation; therefore they 
may have lower water holding capacities than the soils they 
replace (e.g., Spoor et al. 2003).

�Lawn Management
The estimated amount of lawn cover for the conterminous 
United States is 163,800 km2 ± 35,850 km2, which accounts 

for almost three-quarters of all irrigated cultivated lands 
(Milesi et al. 2005). To manage turf grass cover, almost half 
of all residences apply fertilizers (Law et al. 2004; Osmond 
and Hardy 2004), with some applying fertilizer rates similar 
to or exceeding those of cropland systems (e.g., 
>200 kg ha−1  year−1) (e.g., Morton et  al. 1988). While the 
potential for losses of C and N in residential areas can be 
high (Byrne et al. 2008), turf grass systems have shown the 
capacity to retain a surprising amount of C and N when com-
pared to agricultural soils (Scharenbroch et  al. 2018; 
Trammell et al. 2016). This apparent retention may be due to 
turf grass management efforts (e.g., irrigation) that maintain 
high plant productivity, which can lead to organic matter 
accumulation in soil (Groffman et  al. 2009; Pouyat et  al. 
2002).

�Indirect Effects

Humans indirectly influence urban soil conditions through 
activities that alter urban climatic conditions (e.g., tempera-
ture and moisture), chemical inputs (e.g., pollutant and nutri-
ent concentrations), and spread of native and nonnative 
invasive species (Pouyat et al. 2010). Cities are warmer due 
to increased heat-generating activities and reduced heat 
losses because of less evaporative cooling surface (Taha 
1997; Zhao et  al. 2014), a phenomenon called the “urban 
heat island” (Oke 1990). Elevated atmospheric deposition of 
nutrients (Lovett et al. 2000; Rao et al. 2014) and other pol-
lutant inputs, such as ozone (O3), can indirectly alter the 
chemical composition of organic matter (OM) inputs to soil 
as well as the microbial activity. The addition of nonnative 
species in urban landscapes (McKinney 2006) also affects 
soil conditions and biogeochemical cycles (Ehrenfeld 2010; 
Liao et al. 2008). Introduced invasive plants, soil organisms, 
and plant insect pests alter plant composition and subsequent 
plant chemical inputs to soil, in turn altering soil microbial 
community structure and activity. These indirect human 
influences on soils alter both soil structure (e.g., aggregate 
formation) and function (e.g., N cycling).

�Urban Climate
The urban heat island is linked with changes in plant phenol-
ogy, including timing and duration of canopy leaf out, leaf 
budburst, and flowering (Chen et al. 2016; Jochner and Menzel 
2015). The urban heat island effect varies by species (Xu et al. 
2016) and alters the timing and quantity of OM inputs to the 
soil environment. Results from experimental soil warming 
studies suggest that soil microbial activity and soil ecosystem 
processes in urban landscapes may be accelerated due to the 
urban heat island effect (Butler et al. 2012; Craine et al. 2010). 
However, the net effect of soil warming on microbial pro-
cesses and biogeochemical cycles (e.g., net soil CO2 flux) will 

Table 7.1  Soil organic carbon stocks to 1 m for soil types in two dif-
ferent cities

Soil type C (kg m−2) Land area (%) Hectares Total C (Mg)
New York, NY
Naturala 22.2 6.8 5256 1,362,080
HAHTb 18.3 25.4 19,626 3,428,416
Sealed soils 6.0 62.6 48,328 2,885,155
Baltimore, MDc

Natural 10.2 38.2 7995 815,490
HAHT NA 19.2 4021 NA
Sealed soils 3.3 42.6 8898 293,634

aNatural soils include brown till, red till, tidal marsh, and outwash
bHAHT are human-altered or human-transported soils that include 
spolic, artifactual, dredgic, and combustic soils
cData from Yesilonis and Pouyat (2012); natural soils do not include 
wetlands
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depend on potential compensation from other anthropogenic 
factors that may restrict microbial activity in urban ecosys-
tems. While the urban heat island effect in cities has been well 
studied, the alteration of precipitation in cities is complex and 
is now a focus for atmospheric scientific research (Shepherd 
and Burian 2003; Song et al. 2016). Numerous studies have 
identified an “urban rainfall effect” (Shem and Shepherd 2009; 
Shepherd and Burian 2003), where urban areas experience 
increased rainfall, snowfall, and convection storm events com-
pared to nearby rural areas (Niyogi et  al. 2011; Shem and 
Shepherd 2009; Taha 1997). The combined effect of altered 
temperature and precipitation regimes in urban environments 
can affect plant productivity, and thus, the quantity and quality 
of OM inputs to the soil, and microbial activity, all of which 
strongly influence urban soil structure and function.

�Urban Atmospheric Chemistry
Human activities in urban areas alter the chemical environ-
ment of soils by elevating nutrients (e.g., N deposited from 
the atmosphere) and increasing atmospheric pollutant con-
centrations (e.g., O3), which can strongly influence the 
chemical composition and the quantity of organic matter 
inputs to the soil. Urban precipitation contains greater con-
centrations of inorganic N, calcium (Ca), and magnesium 
(Mg) that may actually have beneficial effects on plants and 
microbes via increased nutrient availability; however, the 
increase in hydrogen ions (acidity) in precipitation may be 
detrimental for many soil-swelling organisms (Carreiro et al. 
2009; Lovett et  al. 2000). Urban environments also have 
elevated CO2, nitrogen oxides (NOx), O3, and other air pol-
lutants in the atmosphere. How altered chemical inputs affect 
plant growth, and in turn soil processes, in urban areas is not 
fully understood (Calfapietra et al. 2015). For example, plant 
productivity may be stimulated by N deposition and elevated 
CO2 yet dampened by greater O3 concentrations (Gregg et al. 
2003). Soil N cycling rates in urban environments may 
increase due to increased N availability (Pardo et al. 2011) or 
decrease due to the production of more complex phenolic 
compounds by stressed plants or depressed enzyme activity 
by fungi, which are important in the decay of organic matter 
(Carreiro et  al. 2000; Findlay et  al. 1996). Therefore, the 
cumulative effects of altered atmospheric deposition as well 
as ozone have the potential to stimulate or depress soil 
organic matter and nutrient pools over time.

�Nonnative and Invasive Species
Species invasion is a global phenomenon that causes eco-
logical and economic damage to soil ecosystems including 
those situated in urban areas (Szlavecz et al. 2018). Urban 
areas are often the epicenter for nonnative species introduc-
tions because cities are transportation hubs supporting global 
commerce and international trade (McKinney 2006). 
Nonnative invasive species commonly found in urban envi-

ronments, such as nonnative invasive plants, nonnative earth-
worms (suborder Lumbricina), and nonnative tree pests, can 
have significant impacts on soil conditions (e.g., pH) and 
processes (e.g., N cycling) (Ehrenfeld 2010).

Species introduction of soil invertebrates is usually acci-
dental and happens through transportation of plants or soil. 
Historically, soil was used as ballast material in ships bound 
for North America, and many species from the Atlantic and 
Mediterranean regions crossed the oceanic barrier in this 
way (Lindroth 1957). Species that generally do well in 
human-dominated environments were successful. Many 
common earthworms, terrestrial isopods (order Isopoda), 
millipedes (family Diplopoda), snails (class Gastropoda), 
and beetles (order Coleoptera) dominating urban soils in 
North America are from other biogeographical realms. 
Greenhouses provide a shelter and “jumping board” for spe-
cies arriving from different climatic regions. Some species, 
such as silverfish (Lepisma saccharina) and cave crickets 
(order Orthoptera, family Rhaphidophoridae), remain in 
close proximity to humans, while others escape and spread 
through the landscape (Garthwaite et al. 1995). At the same 
time, remnant patches of natural vegetation can serve as 
refugia for populations of native invertebrates (Korsós et al. 
2002). The dominance of nonnative species over natives is 
taxon dependent. For instance in the Northeast region, car-
rion beetles (order Coleoptera, family Silphidae) are native, 
and their community composition is driven by urban forest 
patch size and quality, while woodlice (order Isopoda) 
assemblages are entirely made up of introduced species 
(Hornung and Szlavecz 2003; Wolf and Gibbs 2004).

Nonnative invasive plants exert pressure on ecosystems 
by altering plant community composition, plant productivity 
and phenology, litter decomposition, and soil processes (Jo 
et  al. 2015; Liao et  al. 2008; Trammell et  al. 2012). 
Furthermore, invasions by nonnative plants can shift micro-
bial community composition (Arthur et  al. 2012; Kourtev 
et  al. 2003) and have cascading effects on belowground 
nutrient cycles. Similarly, nonnative earthworms alter soil 
structure and biogeochemical cycles (Szlavecz et al. 2011) 
and in urban forests were shown to enhance N cycling and 
leaf litter decay rates (Pouyat and Carreiro 2003; Szlavecz 
et al. 2006). Hence, greater earthworm abundance in urban 
soils may be associated with lower soil OM (Sackett et al. 
2013; Smetak et al. 2007) and altered microbial composition 
(Drouin et  al. 2016; Scharenbroch and Johnston 2011). 
While nonnative plants and earthworms directly interact 
with urban soils, nonnative insect pests can devastate native 
tree populations in cities, significantly reducing the urban 
tree canopy, as is the case with emerald ash borer (Agrilus 
planipennis) (Poland and McCullough 2006). This reduction 
in urban tree foliage can decrease OM inputs to soil; how-
ever, how nonnative insect pests influence urban soil condi-
tions or processes is not well understood.
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�Mapping, Classification, and Interpretation

The past decade has seen an increase in urban soil survey 
efforts in the United States. Modern soil surveys for 
New York City, Chicago, IL, Los Angeles, CA, and Detroit 
now provide detailed information on physical, chemical, and 
mineralogical properties of human-altered and human-
transported soils, enabling more reliable ratings and interpre-
tations for stormwater management, revegetation and 
restoration efforts, urban agriculture, and better resource 
inventory. Maps derived from digital elevation models 
(DEMs) and digitized surface geology along with greater 
access to engineering logs and reports assist in identifying 
and understanding anthropogenic alteration and eventually 
making some predictions about soils and landscapes 
(Fig. 7.3). In the field, geophysical, nondestructive methods 
are increasingly being used to characterize spatial variability 
of soil properties in urban areas. Ground-penetrating radar 
can identify contrasting materials, discontinuities, and sub-
surface interfaces (Doolittle et  al. 1997). Electromagnetic 
inductance and magnetic susceptibility can distinguish cer-
tain types of artifactual material (Howard and Orlicki 2015). 
Portable X-ray fluorescence spectrometry can be used to 
detect and map concentrations of Pb and other trace metals 
in the soil (Carr et al. 2007).

Cooperation with universities and Federal, state, and 
municipal agencies helps to address local soil issues and 
survey needs, provide operational guidance, and offer 
opportunities for outreach and education. Although there 
are global similarities in soil characteristics, the urban soil 

pattern is unique for every city and is affected by history, 
geology, and geography. For instance, European settlement 
in New York City began in 1609 in an area with three islands 
and one peninsula (772  km2 total) and limited room for 
expansion. It was accompanied by extensive filling of wet-
lands and expansion of the shoreline, much of which was 
done with waste materials such as construction debris and 
dredge spoils (Fig. 7.4a). Consequently most of the city’s 
soils are human-altered or human-transported (HAHT), 
many with a considerable artifact content. In contrast, much 
of the growth and expansion of Los Angeles took place after 
1870, and the city had sufficient room to expand (from 
73 km2 to 233 km2 to 1215 km2). The predominant form of 
human disturbance in Los Angeles was land leveling and 
terracing, much of which involved a relatively small depth 
(<50 cm) of surface alteration (Fig. 7.4b). As a result, Los 
Angeles has a lower percentage of sealed surfaces and 
HAHT soils (Table 7.2).

There have also been recent updates in the classification 
of urban soils. The World Reference Base for Soil Resources, 
an international correlation system, added a Technosols ref-
erence soil group for soils dominated by technic or artifac-
tual materials (Rossiter 2007). The USDA Soil Taxonomy 
added definitions of anthropogenic landforms and microfea-
tures, artifacts, and HAHT materials, along with 12 HAHT 
family classes (Soil Survey Staff 2014). Both systems are 
open to revision and likely to change with advances in urban 
soil research and mapping.

In an alternative approach, Morel and others (2015) pro-
posed a categorization of soils in urban areas according to 
their capacity to deliver various ecosystem services (provi-

Fig. 7.3  LiDAR (light 
detection and ranging)-
derived digital elevation 
models (DEMs) use pulsed 
laser light to measure 
distances. This high-
resolution topographical 
information can be used for 
urban soil surveys. (Image by 
Randy Riddle, USDA Natural 
Resources Conservation 
Service)
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sioning, regulating, cultural). The classification was based 
on a gradient of anthropogenic disturbance and the capacity 
of the soils to support vegetation. The main objective was to 
improve the recognition of ecosystem service provision and 
offer new insight on soil management, design, and engineer-
ing in the urban environment.

Ecosystem service delivery can also vary with use-
dependent or dynamic soil properties such as soil organic 
matter, soil structure, bulk density and porosity, pH, electri-
cal conductivity, and nutrient availability. Land use and 
cover are not regularly differentiated in the soil survey, but 
for the recent USDA NRCS Soil Survey of New York City, 
land use-dependent map units were designed in order to 
assign more precise data on soil physical, chemical, and min-
eralogical properties. Such data will allow for more reliable 
interpretations and ratings for green infrastructure, urban 
agriculture, landscape architecture, and land use classifica-
tions, as well as assessment of ecosystem service delivery 
potential.

�Opportunities for Ecosystem Service 
Enhancements in Cities

As mentioned previously, urban soils can provide many ben-
efits, including C sequestration, reduced stormwater runoff, 
improved water quality, food production, and recreation. Not 
all of these outcomes, however, are aligned with one another 
and in some cases may even conflict. Thus, managing soil in 
urban areas for ecosystem services requires an interdisciplin-
ary approach. As an example, soil scientists, ecologists, engi-
neers, and horticulturists are actively engaged in assessing 
and improving the performance of bioinfiltration soil mixes 
for both pollutant removal and plant growth (for review, see 
Roy-Poirier et al. 2010). Landscape architects may engage in 
soil management through specifying custom blended soil 
mixes for various types of vegetation (Craul 1992). Urban 
foresters may employ engineered soils to address conflicting 
soil functions such as supporting pavement while allowing 
tree root growth (Sloan et al. 2012). As the many benefits of 
soils are better understood and urban design becomes more 
multifunctional, the engagement of diverse disciplines in 
soils research and practice can be expected to expand. There 
are a number of examples in which scientists, practitioners, 
and residents have worked together to address the enhance-
ment of ecosystem services provided by urban soils, includ-
ing the recycling of municipal waste as a soil amendment, 
engineered soils associated with green roofs and street pits, 
and the use of plants to maintain or restore the diversity of 
organisms inhabiting the soil. Here we provide a few 
examples.

Fig. 7.4  Extensive filling of wetlands and expansion of shorelines 
often accompanies the development of urban areas. (a) Frequently, the 
fill material is made up of waste materials such as construction debris 
and dredge spoils. (b) In steep topography, the predominant form of 

disturbance is often land leveling and terracing, which involves altering 
a relatively small amount (<50 cm) of the surface. (Photo by Randy 
Riddle, USDA Natural Resources Conservation Service)

Table 7.2  Soil/land cover type comparison, New  York and Los 
Angeles

Percentage of land area
City Sealed soil HAHTa soils Natural soilsb Non-soil
New York, NY 63 27 9 1
Los Angeles, 
CA

43 11 44 2

aHAHT are human-altered or human-transported soils that include 
spolic, artifactual, dredgic, and combustic soils
bNatural soils include brown till, red till, tidal marsh, and outwash
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�Recycling Municipal Waste to Enhance Urban Soils

Every municipality is charged with handling waste materials 
that can be used to enhance soils and associated ecosystem 
functions. Examples of these materials include the organic 
component of municipal solid waste and the liquid and solid 
residuals from wastewater treatment. Soils themselves can also 
be waste materials from construction and dredging projects and 
road maintenance operations. However, departments within a 
municipal infrastructure charged with handling wastes and 
those that could potentially use these same materials are often 
segregated, with minimal incentive to find common purpose. 
Even when overlapping interests are found within a single divi-
sion, there is often no recognition or action based on this over-
lap. Benefits can be optimized by identifying appropriate end 
uses for soil-building material and optimizing those uses within 
the municipal infrastructure, but this requires interdepartmental 
cooperation and may also involve nontraditional stakeholders. 
One example of this is the Harvest Pierce County program in 
Tacoma and Pierce Counties in Washington, a program that 
manages approximately 80 community gardens and a farm that 
utilize biosolids and compost as soil amendments (Box 7.1).

�Soil Amendments to Reduce Contaminant 
Bioavailability

Although soils can provide many ecosystem services, soil 
contaminants can be harmful. Soils can serve as a sink for 
legacy pollution and are a potential source of exposure to 
human populations if ingested or inhaled (Schwarz et  al. 
2012). In some cases, especially in postindustrial urban areas, 
pollution is widespread, making the removal and disposal of 
soil impractical (Farfel et al. 2005). As an alternative, research-
ers have looked at the role that amendments may play in miti-
gating potential risk to human populations (Kumpiene et al. 
2008). In the case of metal(loid)s, amendments can be used to 
either immobilize or mobilize pollutants by changing the bio-
availability of the contaminant (Bolan et al. 2014). For exam-
ple, chelating agents can be used to mobilize heavy metal(loid)
s to encourage plant uptake (Bolan et al. 2014). More com-
monly, amendments are used to immobilize contaminants to 
reduce uptake by biological systems. The addition of phos-
phorus-containing amendments or fertilizers has been of great 
interest due to their capacity to form pyromorphite, which 
demonstrates low solubility (Kumpiene et al. 2008; Ryan et al. 
2001). The addition of organic matter via compost or biosolids 
may also tightly bind Pb, making it less bioavailable (Farfel 
et al. 2005). In addition to changing the bioavailability of pol-
lutants, amendments may also address potential exposure by 
(1) diluting the concentration of pollutants in the soil and (2) 
promoting the growth of vegetation, which can serve as a pro-
tective barrier between contaminated soil and people. 
Managing soil contaminants through the use of amendments 

has the potential to enhance the ecosystem service of pollutant 
retention and restore land uses such as recreation and food 
production (Schwarz et  al. 2016). However, unlike soil 
removal, the process can be slow and dynamic, making sus-
tained maintenance and monitoring a necessity.

�Green Roofs: An Opportunity for Ecosystem 
Service Enhancement

Soils for green roofs are typically engineered substrates 
designed to be lightweight while still supporting plant life, 
although natural mineral soils are used in some instances, 
especially for rooftop farming (e.g., Brooklyn Grange, 
https://www.brooklyngrangefarm.com). Green roofs provide 
multiple opportunities for ecosystem service enhancement 
via soils. Roofs cover 20–25% of some cities (Akbari and 
Rose 2008) and offer a significant area for new soils to pro-
vide ecosystem services and habitat for plants and other 
biota. Soils and plants on green roofs can mitigate large 
amounts of stormwater, although green roofs in general cost 
more than other stormwater controls. They may also be a 
source for nutrient or pollutant export if green roof soil-plant 
systems are not carefully designed (Seidl et  al. 2013). 
Furthermore, because green roof soils often require very spe-
cific physical properties while maintaining a relatively low 
density, they have been created from a variety of recycled 
materials, including roof tiles (Emilsson and Rolf 2005), 
bricks, glass, and paper pellets (Molineux et  al. 2009). 
Therefore, green roof soils often require nutrient supple-
ments, making them an avenue for utilizing urban waste 
products. Engineered green roof soils may accumulate a sub-
stantial amount of organic matter over time (Schrader and 
Böning 2006), but soil formation processes in these soils are 
poorly understood. Green roofs are an example of creation 
and evolution of novel assemblages of soil organisms. 
Microbes and invertebrates colonize these spaces and create 
unique communities over time. Additionally, the variety of 
green roof designs provides an excellent opportunity to 
investigate how habitat structure can affect biodiversity 
(Madre et al. 2013; McGuire et al. 2013). In several instances, 
arthropod diversity has been shown to be high and include 
rare species (Kadas 2006; MacIvor and Lundholm 2011).

�Diverse Plant Communities Stabilize 
Ecosystem Service Enhancement

A long-term ecological paradigm is that increased biodiver-
sity enhances ecosystem productivity and stability. Although 
there is debate about the mechanisms by which diversity 
influences ecosystem stability, foundational experiments 
have shown that biodiversity is an important determinant of 
temporal stability, consumption of limiting resources, and 
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invasibility by nonnative species (Tilman 1999). Planning 
and managing for diverse plant communities is considered 
an important aspect of ecosystem stability in cities. For 
example, to provide resilience against potential insect pest 
outbreaks or extreme weather events, current recommenda-
tions for urban forest management specify that one genus 
should not make up more than 5% of the urban forest canopy 

(Ball 2015). Yet soil disturbance from urbanization can have 
a homogenizing effect on planted species, especially when 
combined with cultural, policy, or economic pressures that 
may favor some species over others (Groffman et al. 2014). 
Relatively few tree species are well adapted to many of the 
soils associated with the conversion of agricultural or for-
ested lands to urban uses. Historically, overreliance on a 

Box 7.1 Harvest Pierce County Program
The Harvest Pierce County program in Tacoma and Pierce 
County in Washington manages community gardens and a 
gleaning program that now serves approximately 80 com-
munity gardens and a farm (Box Fig. 7.1). To get started, 
derelict land owned by the City was inventoried. Most of 
these properties were then converted to community gar-
dens. Because the area has a history of soil contamination 
from a former metal smelter, soil testing is provided by the 

City. Most gardening is done in raised beds, and the mate-
rials to construct the beds are provided by the City. 
Gardeners are also given topsoil amended with biosolids 
and yard waste compost for use within the beds. Cardboard 
diverted from the solid waste stream is placed between 
beds where it acts as a barrier to potentially contaminated 
soils. Wood waste is diverted from the composting site and 
used as mulch over the cardboard, which serves as a bar-
rier to weeds and contaminants in the soil.

Box Fig. 7.1  An example of the many ways that municipal waste recycling can enhance urban soils and provide benefits
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Box 7.2 Plant Species Diversity and Urban Soil 
Ecosystem Services
How does plant species diversity affect provisioning 
services provided by urban ecosystems? In forests 
adjacent to urban interstates in Louisville, KY, the 
characteristics of stands invaded by Lonicera maackii, 
a nonnative shrub (Box Fig. 7.2), and uninvaded stands 
(Box Fig. 7.3) varied, with invaded forests having half 
the plant species richness of uninvaded forests (Box 
Fig. 7.4). Soil carbon accumulation, an important eco-
system service, will likely be affected by these 
observed decreases in aboveground litter inputs associ-
ated with the lower plant diversity in invaded forests. 
To determine the impact of the decreased litter on soil 
C dynamics, soil carbon over a 30-year period was 
simulated using the CENTURY model. Results showed 
that soil C accumulation per year in uninvaded forests 
was almost four times greater than in invaded forests 
(Box Fig. 7.5).

Box Fig. 7.2  Urban forest in Louisville, KY, that been invaded 
by the nonnative shrub, Lonicera maackii. (Photo credit: Tara 
Trammell, University of Delaware)

small number of species that are well adapted to such condi-
tions, such as American elm (Ulmus americana), has con-
tributed to outbreaks of pests, such as the Dutch elm disease 
fungus (Ophiostoma novo-ulmi), and reduced resilience. 
Thus, soil protection and management may have the poten-
tial to expand habitat for some species. The synergistic 
effects of altered climate, disturbance regimes, edaphic fac-
tors, and species introductions in urban landscapes may lead 
to unknown outcomes and diverse effects on ecological pro-
cesses, thus requiring more research on these relationships in 
urban environments.

The connection between aboveground and belowground 
biodiversity is poorly understood in general and even more 
so under urban conditions. In heavily landscaped and man-
aged urban settings, studies indicate that increasing the 
diversity of plants positively affects soil fauna diversity, 
leading to enhanced functions such as increased litter decom-
position rates and soil organic matter buildup (Byrne 2007; 
Ossola et al. 2016). Additionally, adding trees to lawn areas, 
in parks, or in residential areas can lead to significant 
increases in soil organic matter in only a few decades (e.g., 
Setälä et al. 2016). Other factors such as the diversity of local 
habitat types and management inputs like irrigation can also 
be important drivers of soil biodiversity (Philpott et al. 2014; 
Smith et al. 2006), suggesting that managers and residents 
can play an important role in improving ecosystem services 
of urban soils (Box 7.2).

�Key Findings

•	 Soil conditions in urban areas generally correspond to a 
range of anthropogenic effects, from relatively low influ-
ence (native forest or grassland soil) or indirect urban 
environmental effects (remnant forest stands) to those 
derived from human-created materials (landfills), sealed 
by impervious surfaces (asphalt), or altered by physical 
disturbances and management (residential yards).

•	 Despite the high levels of disturbance typically experi-
enced by most urban soils, they, like their rural counter-
parts, have the potential to support plant, animal, and 
microbial organisms and mediate hydrological and bio-
geochemical cycles. The resultant communities of soil 
organisms are a unique combination of native species sur-
viving or thriving in urban areas and species introduced 
from other regions or other continents.

•	 While urban soils can provide many types of ecosystem 
services (e.g., provisioning, regulating, supporting, and 
cultural), in many cases they may not be aligned with one 

(continued)
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another, and in some cases they may even conflict. 
Therefore, managing soil for ecosystem services in urban 
areas requires an interdisciplinary approach.

•	 In the United States, the classification and survey of soils 
in urban landscapes has advanced tremendously in the 
last 20 years, with modern soil surveys being conducted 
in New  York City, Chicago, Los Angeles, Detroit, and 
elsewhere. These surveys have provided detailed informa-
tion on physical, chemical, and mineralogical properties 
of human-altered and human-transported soils, enabling 
more reliable interpretations for stormwater management, 
revegetation and restoration efforts, urban agriculture, 
and better resource inventory.

•	 Many urban environmental effects roughly correspond to 
changes that are occurring in the overall global climate; 
therefore, urban areas have been suggested as useful ana-
logues to study the multifactorial effects of climate 
change on forest and grassland ecosystems.

�Key Information Needs

•	 Novel conditions found in urban landscapes present a 
challenge for soil scientists who spatially describe urban 
soil characteristics (e.g., Box 7.3). More data needs to be 

Box Fig. 7.3  Uninvaded urban forest in Louisville, KY. (Photo 
credit: Tara Trammell, University of Delaware)
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obtained at multiple observational scales (site, city, met-
ropolitan area) before this “new heterogeneity” is under-
stood and effectively translated into current classification 
and mapping systems.

•	 Urban soils are often degraded with respect to the 
native soils that they have replaced, and likewise, they 
very often are covered with sealed surfaces such as 
asphalt and concrete pavements. More field studies are 
needed to quantify soil characteristics in urban land-
scapes as a whole and in particular beneath impervi-
ous surfaces.

•	 The existence of sealed surfaces in urban landscapes often 
necessitates the need to restore soil functions to a higher 
level (i.e., on a per unit area basis) than is typically found 
with native soils. For instance, developing a soil mix for a 
rain garden will require infiltration rates that are much 
higher than the rates of the previous native soil. Therefore, 
research and data are needed for the development of these 
“hyperfunctioning” soils.

•	 Studies and field observations are needed to quantify the 
benefits that are unique to urban soils. These may include, 
among others, the sustainable use of biosolids and the 
often unappreciated potential of using urban soils to facil-

Box 7.3 Spatial Heterogeneity of Soil Lead
The amount of lead (Pb) in soil can be highly variable, and 
proximity to a source is often an important driver that can 
explain the spatial distribution of soil Pb. Two important 
sources of lead include vehicular traffic (e.g., Bityukova 
et  al. 2000) because Pb was used as a gasoline additive 

until 1986 (Mielke 1999) and interior and exterior lead-
based paints, which were used until 1978 (Trippler et al. 
1988). Elevated soil Pb levels have been observed next to 
buildings (Box Fig.  7.6) regardless of building material 
(wood and brick), and elevated soil lead is often associated 
with older housing (Schwarz et al. 2012).

Box Fig. 7.6  Elevated soil lead (Pb) levels are often found near 
buildings and are especially associated with older housing. (a) Gray 
areas represent the “footprint” for built structures or pavement, green 
circles represent soil Pb levels below 400 ppm, and yellow and red 

circles represent soil Pb levels above 400 ppm. (b) Parcel-level mea-
surements can be used to create predictive models; areas in red are 
predicted to exceed 400 ppm of soil Pb, and areas in gray are pre-
dicted to fall below 400 ppm of soil Pb. (Source: Schwarz et al. 2013)
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itate STEM (science, technology, engineering, and math-
ematics) education.

•	 The role of soil biota in urban soil formation, nutrient 
cycling, and other functions needs to be addressed more 
explicitly.
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