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Urban Grassland Management
Implications for Soil C and N
Dynamics: A Microbial Perspective

Grant L. Thompson' and Jenny Kao-Kniffin*

School of Integrative Plant Science, Cornell University, Ithaca, NY, United States

Urban grasslands are turfgrass dominated landscapes of varying functions and uses
that are ubiquitous in areas associated with human population growth and urbanization.
While these landscapes are perceived to serve a primarily aesthetic function, they provide
a multitude of beneficial ecosystem functions that impervious surfaces do not provide.
Urban grassland soils have been shown to accumulate carbon (C) and nitrogen (N) for
decades, matching native grasslands and eastern hardwood forest soils in terms of C
and N densities. The establishment and maintenance of urban grasslands alters many
microbially-mediated biogeochemical processes in soils, including soil organic matter
(SOM) dynamics. Despite strong evidence of alterations to soil C and N cycling, the
impacts of maintaining urban grasslands on soil microbiomes and their functions remain
understudied compared to other ecosystems. Typical management practices can directly
and indirectly affect edaphic factors in urban grasslands, which in turn, could impact
soil processes mediated by microorganisms. We reviewed the existing literature on
urban grassland management, focusing on how mowing, fertilization, irrigation, grass
species composition, and soil cultivation could impact the composition and function of
soil microorganisms. Although sparse, the literature indicates that the techniques used
to maintain urban grassland habitats broadly select for copiotrophic microorganisms
adapted to higher resource availability. Additionally, the studies indicate that greater soail
fertility and plant productivity found in urban grasslands facilitate the accumulation of soil
C and N, as well as SOM as compared to other land-use types. However, effects on soil
biology and biogeochemistry depend on specific management practices, which are quite
variable. Future research on soil C and N dynamics in urban grasslands should focus
on the dominant component of this ecosystem—residential lawns—however, much of
the existing scientific literature featuring turfgrass systems focus heavily on golf courses,
athletic fields, and major tourist parks.

Keywords: urban grasslands, soil microbiome, soil C and N, biogeochemistry, ecosystem services, turfgrass

INTRODUCTION

A key feature of urbanization is the expansion of suburban and exurban developments
consisting of larger parcel sizes where residential turfgrass lawns are a major land cover type
(Robbins and Birkenholtz, 2003; Pouyat et al., 2009; Wang et al., 2017; Ignatieva and Hedblom,
2018). In the United States, where more than 80% of the population lives in urban areas
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(US Census Bureau, 2011), turfgrass landscapes, including
residential, commercial, and institutional lawns, parks, athletic
fields, and golf courses, make up roughly 2% of the total
terrestrial land area—an area larger than the state of Georgia
(Milesi et al., 2005). Moreover, a study on urbanization in Sweden
found lawns to be 52% of all urban greenspaces (Hedblom et al.,
2017). With more than half of the global population living in
urban areas (WHO, 2010), and recent projections that 60% of
all urban areas in the world that will exist by 2030 have yet to
be built (Secretariat of the Convention on Biological Diversity,
2012), there is an expectation that turfgrass will expand in land
area if current development patterns persist.

At a landscape scale, turfgrass forms a contiguous ecosystem
that extends beyond individual property boundaries. While
humans recognize property boundaries, wildlife, and soil biota
are largely free to expand into adjoining parcels, which allows
turfgrass to functionally serve as a distinct ecosystem type.
Referred to as “urban grasslands,” these ecosystems are comprised
of perennial grasses dominated by turf-forming species, grown
and managed by humans for aesthetic, recreational, or functional
purposes (Groffman et al.,, 2009; Thompson and Kao-Kniffin,
2017). In this review, the terms “lawns, turf, or turfgrass” are used
throughout to refer to urban grasslands. The urban grassland
concept includes a range of management intensities from high-
end athletic fields and intensively managed golf courses to
unirrigated, unfertilized, and infrequently mown roadsides and
residential, commercial, institutional, and park lawns or playing
fields (Thompson and Kao-Kniffin, 2017).

In recent years, there has been growing recognition that
urban grasslands provide additional ecosystem benefits beyond
commonly recognized cultural services (e.g., recreation and
aesthetics); these include regulating services (e.g., green
infrastructure support and soil erosion control), provisioning
services (e.g., stormwater and pollution mitigation), and
supporting services (e.g., soil formation) (Monteiro, 2017).
Intriguingly, urban grasslands have been shown to alter key
supporting ecosystem services, such as soil carbon (C) and
nitrogen (N) sequestration and soil organic matter (SOM)
accumulation. SOM is the largest terrestrial C pool and
represents the long-term difference between autotrophic C
fixation and heterotrophic respiration of CO, (Shi et al., 2012;
Cotrufo et al.,, 2015). The amount of C and proportions of C
and N entering the stabilized SOM pool are key factors that
determine the long-term potential for soil C sequestration and
N cycling (Cotrufo et al,, 2013). SOM dynamics have long
been studied in agricultural settings and in various terrestrial
ecosystems, but there has been an increasing interest on SOM
and nutrient cycling dynamics in urban areas (Pouyat et al.,
2002; Pataki et al., 2011; Smith et al., 2018).

Urban biogeochemistry is complex and differs from native
ecosystems in regards to C and N cycling (Kaye et al., 2006;
Pickett et al, 2008), and is particularly the case for urban
grassland soils (Pouyat et al, 2009; Raciti et al., 2011; Smith
et al., 2018). Though variable, turfgrass lawn soils have been
found to contain soil organic carbon (SOC) stocks in excess of
native shortgrass prairie landscapes (Kaye et al., 2005; Pouyat
et al, 2009), agricultural systems (Kaye et al., 2005; Pouyat

et al., 2006), and northeastern hardwood forest soils (Pouyat
et al., 2002, 2006). Turfgrass was also shown to be highly
retentive of N, when applied as a fertilizer (Petrovic, 1990) or
received via atmospheric-N deposition (Groffman et al., 2004;
Raciti et al., 2008). Empirical and modeling results suggest
turfgrass ecosystems can accumulate SOM for 25-40 years or
more (Qian and Follett, 2012; Shi et al., 2012). The potential
for urban grasslands to store SOC, retain N, or accumulate
SOM is dependent on many edaphic and management factors;
additionally, the measurement and interpretation of such results
depend on the sampling depth and method, therefore soil C and
N dynamics of urban grassland soils compared to other landcover
types may vary at local or regional scales. Given the wide-spread
adoption of urban grasslands and the range of management
intensities they receive, understanding the drivers of C and N
cycling in these novel environments is of increasing importance.

Soil ~ microorganisms  mediate many fundamental
belowground ecological processes, such as nutrient cycling
and SOM accumulation or depletion, thus even typical urban
grassland management practices such as mowing, the return or
removal of mowed-off grass clippings, irrigation, fertilization,
lawn species composition, or soil disturbance, have the potential
to affect soil microbial structure and function. Changes in
soil microbial processes may have tremendous influence on
long-term C and N dynamics, including determining the fate of
SOM in urban grasslands (Shi et al., 2012; Zhalnina et al., 2015;
Crouch et al., 2017; Wang et al., 2017). Shifts in the composition
of the soil microbiome could signify alterations to microbial
functions that regulate biogeochemical transformations and
other valuable ecosystem services (Shi et al., 2007, 2012). Despite
the complexity and heterogeneous nature of soils, research has
shown that soil microbiota respond to changes in environmental
conditions and management practices that are at resolutions
detectable with standard sequencing approaches (Janssen, 2006;
Fierer et al., 2009a; Crouch et al, 2017; Wang et al, 2017).
While relative abundances and diversity matrices of broad taxa
can be tracked to show microbiome structural changes, soil
functional attributes are also detectable (Schimel et al., 2005;
Isobe and Ohte, 2014; Reisinger et al., 2016; Wang et al., 2017).
Soil environmental controls on microbially-mediated processes,
such as substrate availability, redox status, and pH, strongly
influence soil microbial dynamics (Isobe and Ohte, 2014;
Reisinger et al., 2016; Wang et al., 2017). In urban grasslands,
much of these environmental variables are managed, including
organic matter levels (mowing, topdressing with compost), soil
moisture (irrigation), soil pH (liming), and nutrient additions
(fertilizer applications), with potential impacts to soil microbiota
and their functions.

In this review, we summarize the distinguishable aspects of
urban grasslands, by specifically emphasizing how management
practices used in these ecosystems affect soil microbial
communities, and consequently, the potential for alterations to
soil C and N cycling. Additionally, we address the concept of
urban grasslands and management implications on soil SOM, C,
and N dynamics in light of emerging models of SOM processing
that explicitly emphasize the role of soil microbiota. Finally, we
discuss how urban grassland management practices influence
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FIGURE 1 | Urban grasslands encompass a range of landscape types, management intensities, and landscape scales including those associated with: (A) residential
development, (B) parks and recreational spaces, (C) school athletic fields, (D) institutional campuses, (E) roadsides and medians, (F) civic grounds, and (G) golf
courses. While the land-uses and management goals and social drivers of urban grasslands differ, common maintenance practices can have discernable effects on
local and regional carbon (C) and nitrogen (N) dynamics and associated soil microbiomes.

soil microbiome structure and function relevant to C and N
cycling, and we conclude with a perspective on how advances
in urban grassland design and management can optimize a
multitude of microbially-mediated ecosystem services.

CHARACTERIZING URBAN GRASSLANDS
AND THEIR MANAGEMENT

As defined by Groffman et al. (2009), urban grasslands are
“adapted to semi-regular mowing, may be fertilized, may
be irrigated, are not grazed, and are kept for aesthetic or
recreational value.” This definition constitutes a range of land
uses, spatial scales, and interconnectivity, from sports fields or
golf courses to residential lawns or roadsides (Figure 1). In all
cases, urban grasslands are herbaceous, perennial landscapes of
primarily turf-forming grass species, although dominant species
composition is regionally adapted (Thompson and Kao-Kniffin,
2017; Trammell et al., 2019). Moreover, different types of urban
grasslands experience a wide range of management intensities
(Figure2). A small fraction of turf includes competition-
level athletic fields and golf courses that are highly managed
with fertilizers, irrigation, pesticides, and intensive cultivation
practices. However, the majority of turf landscapes comprise a

broad and extensive network of patches encompassing residential
and institutional lawns, school playing fields, parks, and right-
of-way zones (e.g., turfgrass corridors along sidewalks, roads,
electric utility paths, and railways) that are maintained to a lesser
degree (Turgeon, 2005; Puhalla et al., 2010; Christians et al.,
2016). There is variability in management intensity with lawns,
ranging from no-inputs other than mowing, to infrequent or
moderate fertilizer, irrigation, and chemical use, to the more
intensive professionally-contracted landscape turf management
services (Cheng et al., 2008). An in-depth discussion of turfgrass
maintenance is provided in Turgeon (2005), Guertal (2012), and
Christians et al. (2016), however, this review focuses on the most
typical management practices that apply to the majority of urban
grasslands—primarily lawns, playing fields, and parks.

Other characteristics that distinguish urban grasslands from
other ecosystem types include ecophysiological traits. For
example, urban grasslands photosynthesize, transpire, and
assimilate nutrients for a longer portion of the growing season
compared to deciduous forests or conventional agricultural
systems (Pickett et al, 2008). The long growing season is
suggested to be one factor contributing to the high net
aboveground productivity observed in urban grasslands (Pouyat
et al., 2002; Qian and Follett, 2012). Estimates of turfgrass
primary productivity are 1,000 to 1,600g m~2 yr—!, which
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Potential Alterations of Soil Microbiome & Soil C and N Dynamics

FIGURE 2 | The wide-range of maintenance practices that are used to
manage urban grasslands can be grouped into increasing levels of
management intensity. They range from low-to-high for most urban grassland
types, except for some golf course and athletic fields that require intensive
management and inputs. This framework can be used to gauge the potential
for alterations to the soil microbiome or soil biogeochemical cycling of different
urban grassland types on the basis of management intensity, though more
research is needed.

is near that of corn or tallgrass prairie systems (Falk, 1980;
Shi et al, 2007). Typically, high turfgrass plant densities,
combined with dense, fibrous root system architecture, results
in relatively large portions of the soil volume to rooting depth
being influenced by grass roots (Beard and Green, 1994). The
relatively extensive rhizospheres of urban grasslands is also highly
dynamic as turfgrass species allocate significant amounts of
annual productivity below ground, 2.5-5 times that of cultivated
corn or wheat or native grasslands (Kaye et al., 2005). Regular
defoliation of turfgrass through mowing increases belowground
C allocation, where turf root exudates stimulate rhizosphere
microorganisms to mineralize SOM, thereby making nutrients
available for turf regrowth after mowing (Hamilton and Frank,
2001). The turfgrass leaf blades removed by mowing, known as
clippings, are high in N and rapidly decompose if returned to
the soil surface. As much as 20-30% of leaf clippings C and
N was mineralized in a 28-day incubation study (Shi et al,
2006). Compared to the return of senesced plant tissue, such as
deciduous leaf litter fall, returning fresh grass clippings increases
labile C and N availability at the soil surface that could prime
the mineralization of SOM near the surface, while frequent

mowing additionally stimulates root exudation priming of SOM
mineralization. Thus, high productivity, a relatively large and
active rhizosphere, and the potential for more frequent return of
labile litter suggest that urban grasslands can be highly dynamic
systems with rapid components of nutrient cycling (Yao and Shi,
2010; Guertal, 2012).

SOIL C AND N IN TURFGRASS
ECOSYSTEMS

There is increasing interest in understanding the dynamics of
biogeochemical cycles in urban environments, how they differ
from other ecosystems, and how human management affects
these cycles (Groffman et al., 2004; Kaye et al., 2006; Pickett et al.,
2008; Pataki et al., 2011). There is also particular interest in C and
N parameters of urban grasslands, including the context of their
expansion in regions exhibiting increases in population densities
(Milesi et al., 2005; Wang et al., 2014, 2017; Monteiro, 2017;
Smith et al., 2018). The scale and rapid rate of land-use change
from forests and agriculture to residential landscapes could alter
regional C and N dynamics.

There is growing evidence that urban soils can accumulate
C at densities equal to or exceeding native and cultivated
ecosystems. Pouyat et al. (2002) found that urban areas in
the continental United States, on the whole, had higher soil
carbon densities than the average for all land-uses in the country
(continental 48 states) with 8.2 and 6.8kg C m~2 at 1 m depth,
respectively. Residential areas with substantial lawns had among
the greatest pool of soil C (15.5kg C m~2 at 1 m depth) by land-
use, rivaling or exceeding eastern deciduous hardwood forest
soils (11.2-16.2kg C m~2 at 1m depth; Pouyat et al., 2002).
Urban soil C represents about 4.2% of the continental USA soil
C pool (2.6 Pg of 61.9 Pg), with residential soils (primarily lawns)
holding slightly more than one-third of the urban soil C pool total
(0.98 Pg; Pouyat et al., 2002).

Regional variation in climate, native vegetation, and
management practices influence if urban grasslands represent
an increase or decrease in soil C storage potential compared to
regional native ecosystems (Pouyat et al., 2009). For example,
turfgrass SOC densities in Baltimore, MD were similar to
suburban remnant forest soils (11.0 vs. 11.0kg C m™2 to I m
depth) and in Denver, CO, residential turfgrass had greater SOC
than native shortgrass prairie soils (12.7 vs. 7.3kg C m~2 to
1 m depth; Pouyat et al., 2009). The researchers suggested that
supplemental irrigation in turfgrass landscapes alleviated water
limitations and increased plant production in the Colorado sites.
These results and interpretation are consistent with earlier work
(Golubiewski, 2006), that compared urban landscapes to native
grasslands and agriculture in Colorado. Golubiewski (2006)
found SOC increased as urban green spaces aged, such that by
50 years after development, urban sites had significantly more
(~2-3 times) SOC to 30 cm depth than either native grasslands
or cultivated systems. Despite the difference in sampling depths,
these studies present similar conclusions: that turfgrass SOC can
rival or exceed native ecosystems, especially when supplemental
irrigation and fertilization alleviate constraints on productivity.
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Land-use history, in addition to regional climate, has been
shown to be a factor in SOC and N accumulation in urban
grassland soils. In a study of residential lawn soils with
contrasting land-use histories (previously cultivated or hardwood
forest), Raciti et al. (2011) found that on average, residential
properties contained greater soil C and N densities than nearby
reference forests (6.95 vs. 5.44kg C m~2 and 552 vs. 403g N
m~2, all to 1 m depth). Housing age was a significant predictor
of C and N for homes constructed on formerly cultivated lands.
They found initially lower C and N densities immediately after
residential development on properties that were previously held
agricultural lands, but were followed by significant accumulation
rates of 0.082 kg C m~—2 y’1 (Raciti et al., 2011).

While there is great potential for soil C accumulation in
urban grasslands, the activities associated with this ecosystem
are dependent on fossil fuels (e.g., mowing, irrigation, and
fertilization) that create C-emissions, which offset any gains
in soil C storage (Golubiewski, 2006; Guertal, 2012). More
fundamentally, a focus on soil C does not account for changes in
aboveground C, which can be profound, especially in areas where
the native vegetation is hardwood forest. Estimating greenhouse
gas emissions for urban grassland maintenance is difficult, but
typical lawns can be C-sinks if fertilization is kept to a minimum
(—108gCO,; m2y~! for 10g N m~2 y~!; Townsend-Small and
Czimezik, 2010). Urban grasslands become a C source if they
are fertilized at higher rates (+285g CO; for 75g N m~2 y™ 1),
when accounting for emissions from mowing and fertilization
against soil C storage (Townsend-Small and Czimczik, 2010).
Additionally, the authors found that lawns managed in a way
that minimizes SOM accumulation, or those that are frequently
disturbed, such as athletic fields, are consistently C-sources
(+405 to +798 g CO, m 2y~ 1),

MICROBIAL PROCESSING OF PLANT
LITTER INTO SOM

To better understand how urban grasslands and their
management practices affect soil C and N dynamics, it is
necessary to consider how plant litter is processed by soil
microorganisms into more stable pools of soil C. Here, we
attempt to lay a common groundwork for understanding plant-
microbe interactions with regards to soil C and N, and how
emerging understandings of organic matter decomposition are
shifting the emphasis away from a plant-centric view to a more
microbially-focused perspective. While much of the research
and models focus on natural ecosystems and agriculture, we
summarize the extent of plant-microbial interactions and
microbial decomposition research most relevant to urban
grasslands and the maintenance of this vegetation type.

A major shift is underway in understanding, predicting,
and characterizing vegetation litter decomposition dynamics
(Grandy and Neff, 2008; Cotrufo et al., 2013; Wieder et al., 2014;
Buchkowski et al., 2017; Morrison et al., 2019; Robertson et al.,
2019). Emerging concepts are highlighting the role of microbial
processing as a controller of the movement of C from plant litter
into stabilized SOM pools, in contrast to previously held ideas

about litter chemistry being of primary importance. Advances
in analytical methods to characterize SOM structure, as well as
conceptual advances in linking plant-soil-microbial interactions,
are leading the paradigm shift (Grandy and Neff, 2008; Wieder
et al, 2014; Cotrufo et al, 2015; Buchkowski et al., 2017;
Liang et al.,, 2017). The improved understanding of microbe-
mediated SOM formation could provide important insights for
modifying the management of urban grasslands toward greater
C sequestration.

Plant litter mass loss studies, in various forms, dominated
the decomposition research, with scientists concluding that
“recalcitrance” is a function of initial litter chemistry. Specifically,
high lignin, phenolic, waxy compound content or high C:N ratios
determine the proportion of litter entering soils as particulate
inputs are stabilized through microbial processing (Cotrufo et al.,
2015). Until recently, it was assumed that soluble, labile, N-rich,
and non-structural compounds lost early in decomposition
contributed little to SOM (Cotrufo et al., 2013; Liang et al.,
2017). However, results from more recent studies challenge
these original assumptions. Research involving isotopic tracers
of plant litter decomposition (Bird et al., 2008; Rubino et al.,
2010), accumulation of microbial decomposition byproducts and
microbial necromass in SOM (Mambelli et al., 2011; Liang et al,,
2017), and studies showing a lack of preferential accumulation
of recalcitrant plant litter components in SOM (Marschner et al.,
2008) support the concept of microbially-driven SOM dynamics
(Cotrufo et al,, 2013; Liang et al., 2017; Robertson et al., 2019).
Under the traditional litter decomposition models, turfgrass
clippings that contain few structural compounds and higher N
content would be expected to contribute little to SOM. However,
under a microbially-centered paradigm, the frequent litter return
rates of turfgrass leaf blades could contribute more to soil C and
N storage than previously thought.

It is now understood that SOM formation is the joint
product of litter decomposition and the microbially-mediated
enzymatic depolymerization of litter-derived organic polymers
and resynthesis into recalcitrant polymers (Grandy and Neff,
2008; Cotrufo et al., 2013; Wieder et al., 2014; Liang et al.,
2017). At different levels, SOM is resistant to microbial
decomposition by physical protection in soil microaggregates
(occlusion), physio-chemical associations with mineral soil
fractions (silt and clay, <53 um), or biochemically stabilized
by microbial processing and resynthesis (Six et al, 2002;
Grandy and Neff, 2008). Furthermore, microbial residues
and exudates, in the form of extracellular enzymes and
decaying microbial biomass (necromass), preferentially
form mineral-associated SOM (MAOM) pools distinct
from plant-derived pools in the particulate soil fraction
(>53um) (Grandy and Neff, 2008; Wieder et al., 2014).
Labile plant residues that are efficiently processed through
microbial decomposition can become protected from
further decomposition by associations with the mineral
soil fraction, which is now considered a primary means
by which SOM accumulates. Soil C accumulation in
macroaggregates (>250 um) is another major pathway,
although more prone to decomposition if aggregate structure
is disrupted by soil disturbance, such as soil grading during
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construction, tillage, or practices that breakdown soil aggregates
(Grandy and Robertson, 2007).

URBAN GRASSLAND MANAGEMENT
EFFECTS ON SOIL MICROBIOME
COMPOSITION AND FUNCTION

By understanding the contributions of soil microbiota to Cand N
dynamics, we can assess how different ecosystem properties can
be modified to influence SOM formation processes. Alterations
to the structural habitat of soil microbiota can impact their
composition and function. Similarly, changes to the resource
inputs could affect soil microbiota and plant physiological
variables—both of which influence SOM processes. In the next
section, we tease apart the environmental variables (e.g., mowing
and clipping management, fertilization and irrigation, plant
species composition, and soil disturbance) that are modified
in urban grasslands and discuss their potential impacts on soil
microbiota, as summarized in Table 1.

Mowing and Clipping Management

Regular defoliation by mowing is among the most fundamental
turfgrass maintenance practices, akin to ungulate grazing
in natural grasslands. Mowing serves to maintain a usable
groundcover surface, reduce weedy encroachment of species
intolerant of mowing, and sustaining the turf (Turgeon, 2005).
Clipping management (i.e., return or removal of mown off plant
material) is a major factor controlling microbial growth and
activity and nutrient cycling in urban grasslands (Figure 3).

Hamilton and Frank (2001) studied the effect of clipping
removal on rhizosphere plant-microbial feedbacks in unmanaged
grasslands that was dominated by Kentucky bluegrass (Poa
pratensis L.), a common cool-season turfgrass species. While the
authors intended to simulate ungulate grazing in Yellowstone
National Park, this study is informative of processes that
occur in low maintenance lawns (unfertilized and receiving no
supplemental irrigation) where clippings are not returned after
mowing. By clipping P. pratensis and removing the clippings,
Hamilton and Frank (2001) stimulated root C exudation that was
assimilated by rhizosphere microorganisms, increasing microbial
biomass C. In clipped plots with more microbial biomass, the
authors observed an increase in potential N mineralization that
made inorganic soil N (NH; -N and NOj -N) more available
in the soil, which corresponded to greater net photosynthesis
and shoot N content of P. pratensis a week after clipping.
Defoliated grasses simulated soil microbes through root exudates
to mineralize indigenous SOM to supply N for turf regrowth
(Hamilton and Frank, 2001).

Law et al. (2017) compared the effects of clipping return
or removal on labile soil C, total soil C, SOM, and total N
accumulation in field plots of Kentucky bluegrass (P. pratensis
L.) and tall fescue [Schedonorus arundinaceus (Schreb.) Dumort.
syn. Festuca arundinacea Schreb. syn. Lolium arundinaceum
(Schreb.) Darbysh]. The authors found that after 2 years of
clipping treatments, returned clippings contained 3.3% (826 vs.
800 mg C kg~! soil) more labile C, 3.3% more total soil C (24.7

TABLE 1 | Common turfgrass management practices their effects on soil C, N,
soil organic matter (SOM), and the soil microbiome.

Turfgrass Potential effects on soil C, N, soil organic matter,
management and soil microbiome

practices

Mowing Stimulation of root exudation (Hamilton and Frank,

2001; Kuzyakov et al., 2002); Stimulation of
rhizosphere C-cycling and microbial N-skink (Qian
et al., 2010)

Rapid clipping decomposition (Shi et al., 2006); Sail
C, N, and SOM accumulation long-term (Porter et al.,
1980; Qian and Follett, 2002; Qian et al., 2003, 2010;
Shiet al., 2012; Law et al., 2017) but little short-term
effect on indigenous SOM (Law et al., 2017).
Returned clippings may reduce fertilizer requirements
(Kopp and Guillard, 2002)

N mineralization from indigenous SOM (Hamilton and
Frank, 2001)

Shift microbial community structure-decreased
abundance oligotrophic and mycorrhizal groups (Leff
et al., 2015; Zhalnina et al., 2015); indirect effects on
microbial extracellular enzyme activities for SOM
decomposition leading to C sequestration (Yao et al.,
2009); effects of fertilization cooccur with pH effects
on the soil microbiome and soil enzymatic activity (Yao
et al., 2009; Zhalnina et al., 2015); SOM effects
unclear

Grass clipping return

Grass clipping
removal

Fertilization

Irrigation Stimulate plant growth and SOM accrual, especially
where water limits turfgrass productivity (Kaye et al.,

2005; Pouyat et al., 2006, 2009)

Increased SOM if turf species are deeper rooting
(Qian et al., 2010); specific turfgrass species
differences in soil C, N, and SOM accumulation (Law
et al., 2017); increased soil N retention and turf
productivity with diverse turf systems (Thompson and
Kao-Kniffin, 2016); the soil microbiome across
different urban grasslands in the Mid-Atlantic region
pre- and post- construction were more similar than
different, but were enriched with copiotrophic bacteria
(Crouch et al., 2017)

Soil May stimulate SOM mineralization due to soil aeration

disturbances/cultivation and degradation of soil aggregates, but SOM effects
may be offset by improved plant growth (Murphy and
Ebdon, 2018); soil disturbance does not appear to
significantly alter the soil microbiome once adapted to
typical lawn edaphic and management conditions
(Yao et al., 2006; Bartlett et al., 2007; Shi et al., 2012;
Crouch et al., 2017)

Manipulating species
composition

These potential effects may vary by the intensity of each management practice,
geographically, and under different management goals. This review and this table present
preliminary attempts to link multiple management practices to different soil nutrient cycles
via impacts on the soil microbiome.

vs. 23.9¢g C kg-"! soil), and 4.6% total soil N (2.28 vs. 2.18g N
kg_1 soil), but SOM was unaffected. Law et al. (2017) reported
that their experimental results of total soil C and N accumulation
closely followed results predicted by the CENTURY model,
which simulates C and N accumulation from clipping return
(Qian et al., 2003). They suggested that with more time, changes
to the SOM pool from clipping management practices may be
observed, but that clipping return resulted in significant soil C
and N accumulation within just 2 years (Law et al., 2017).
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FIGURE 3 | Turfgrass litter management practices affect dominant C (gray arrows) and N (blue arrows) flows and soil organic matter dynamics at the soil surface and
subsurface. Defoliation by mowing stimulates turfgrass root exudation, which supplies the soil microbiome with labile C and creates a microbial N-sink. Microbially

mineralized N can be assimilated by microorganisms or turfgrass roots, leached, or lost via gaseous pathways. Grass clippings (green arrows) are more labile forms of
litter in comparison to senesced urban tree leaves and will accelerate decomposition and mineralization at the soil surface and in the thatch layer, if returned. Leached
labile C and N compounds from decomposing clippings at the soil surface can contribute to rhizosphere N demands. Removal of grass clippings take away C and N.
Leaf litter mulching (brown arrow) is more recalcitrant, contains less N, and is more resistant to microbial degradation. The effect of leaf litter residue on soil C and N in
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The interactions of clipping management and fertilizer
application rates was studied in mixed Kentucky bluegrass (P.
pratensis L.), creeping red fescue (Festuca rubra L.), and perennial
ryegrass (Lolium perenne L.) turfgrass lawn plots by Kopp and
Guillard (2002). Clipping return or removal was compared
across four fertilizer application levels (0, 98, 196, or 392kg N
ha=! yr=!). Returning clippings increased turfgrass dry matter
yields by 30-72%, total N uptake (NUP) by 48-60%, and N
use efficiency (NUE) by 52-71%. The authors concluded that
returning turfgrass clippings had no negative effects on turf
quality and could reduce N fertilization rates by 50% or more
(Kopp and Guillard, 2002). While this study did not explicitly
study soil microorganisms, it can be inferred that microbial N
mineralization of returned turfgrass clippings supplied additional
N that resulted in greater turf growth. The benefits of clipping

return were seen across the fertility treatments, which suggests
that regardless of the level of management an urban grassland
receives in terms of supplemental fertilization, clipping return
would be beneficial.

In a study of a chronosequence of golf course fairway soils,
Shi et al. (2006) found that turfgrass clippings decomposed
rapidly, with 20-30% of C and N from clippings mineralized
over a 28-day incubation. The fairways received N applications
of approximately 150kg N ha™! (Shi et al, 2006).
While golf course age was not correlated with decomposition
or net N mineralization, the potential nitrification rate was
significantly different in younger vs. older fairway soils. Young
soils exhibited an initially low potential nitrification rate that
increased after clipping addition, whereas old turf soils had
an initially high potential nitrification rate that was unaffected
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by the clippings (Shi et al., 2006). Following clipping addition,
potential nitrification rates were similar despite soil age. The
authors concluded that returning grass clippings stimulated rapid
decomposition of the clippings (~30% within 7 days), but not
mineralization of indigenous SOM. Additionally, they found
that turfgrass age was not a factor, thus mowing practices with
clipping return would have similar effects despite turf age.

Together, these studies indicate the importance of turfgrass
defoliation (mowing) and clipping management to SOM
dynamics, particularly N cycling (Hamilton and Frank, 2001;
Kopp and Guillard, 2002; Kuzyakov et al,, 2002; Shi et al.,
2006). Defoliation by mowing stimulates rhizosphere C-cycling,
creating a microbial N-sink (Qian et al., 2010) and stimulating
microbial mineralization to meet the N demand. Turfgrass
roots can intercept some of the mineralized N. If clippings are
returned to the soil surface, they are rapidly decomposed and
dissolved labile C and N from the clippings can leach into the
soil to meet the microbial and root N demand. Alternatively,
clipping removal can stimulate the mineralization of indigenous
SOM (Hamilton and Frank, 2001) to meet microbial and plant
N needs. Returning grass clippings reduces the need for N
fertilization by up to 50% without compromising turfgrass
quality (Kopp and Guillard, 2002) and protects SOM from
microbial mining, allowing SOM and soil C to accumulate
for a 20-40 year period following turfgrass establishment
(Qian and Follett, 2002; Qian et al., 2010; Shi et al., 2012).
Concurrently with SOM accumulation, N has been found to
accumulate in turfgrass soils with clipping and fertilizer additions
for more than a decade after establishment (Porter et al.,
1980). Furthermore, simulation modeling studies suggest that
properly managed turfgrass can be an N-sink for at least
20-30 years (Qian et al., 2003).

Fertilization and Irrigation

Supplemental fertilization and irrigation are common
maintenance practices for many urban grassland types
(Figure 2), especially those maintained to moderate and
higher degrees, and can affect soil microbiome composition
and nutrient cycling. Multiple studies have shown that urban
grassland irrigation in arid or semiarid regions leads to
enhanced C cycling and altered regional soil C dynamics since
irrigation alleviates water limitations (Kaye et al., 2005; Pouyat
et al., 2006, 2009). Fertilization has been shown to indirectly
affect microbiome structure in native grasslands through
plant-community mediated responses (Left et al, 2015) and
in lawns through increased fertility. The indirect effects of
fertilization also impact soil microbiota, as fertilizer sources
can lower soil pH through soil acidification (Zhalnina et al.,
2015). Additionally, indirect effects were reported for microbial
extracellular enzyme activities in response to fertilization
(Yao et al., 2009).

Kaye et al. (2005) found that fertilized and irrigated lawns in
Colorado, USA had 4-5 times greater aboveground net primary
productivity (ANPP) and 2.5-5 times greater total belowground
C allocation than unmanaged shortgrass steppe. Phospholipid
fatty acid (PLFA) analysis of microbiome structure showed that
irrigated and fertilized urban lawn microbial biomass was twice

that of fallow-wheat, irrigated corn, or unmanaged shortgrass
steppe, but the relative abundance of broad soil microbial
taxonomic groups was not consistently different across land-use
types (Kaye et al., 2005).

Since there are still relatively few studies that explicitly
focus on urban grassland soil microbiomes, it is important to
understand microbial dynamics in natural grasslands. In a study
of 25 globally-distributed native grasslands, Leff et al. (2015)
found consistent shifts in microbiome composition with N and P
additions, and that the magnitude of the compositional shift was
proportional to the plant response to the nutrient input. Nutrient
additions suppressed mycorrhizal fungi (Glomeromycota),
oligotrophic bacteria adapted to low-fertility conditions
(Acidobacteria), and methanogenic archaea (Euryarchaeota
and candidate division [Parvarchaeota]). Leff et al. (2015)
concluded that nutrient additions put the suppressed microbial
groups at competitive disadvantages where their ecological
adaptations for resource acquisition (mycorrhizal fungi) or N,
fixation (Euryarcheota) were not as valuable under non-resource
limiting conditions. They noted that copiotrophic organisms
(fungi: Ascomycotabacteria; archaea: Crenarchaeota; bacteria:
Actinobacteria and Alphaproteobacteria) with fast growth rates
were more competitive and thus more abundant in the sampled
grassland soils. The authors pointed out that the reduced average
bacterial genome size, gathered from shotgun metagenomic
analysis, was suggestive of chronic fertilization enriching for
fast-growing, copiotrophic microbial communities over time.
Larger microbial genomes have been associated with more
success in resource poor environments (Konstantinidis and
Tiedje, 2004; Leff et al, 2015) and smaller average genomes
reduce functional gene abundance and may have implications
for nutrient cycling (Wieder et al, 2013; Leff et al, 2015)
under fertilization.

Direct and indirect fertilization effects on turfgrass soil
microbiome was explored by Zhalnina et al. (2015) with the
Park Grass experiment (PGE) at Rothhamsted Research in the
UK. The PGE has been ongoing since 1856 and is to study the
long-term effects of how fertilizers affect plant productivity. It
is the longest-running plant ecology experiment in the world
(Crawley et al., 2005). Over the more than 150 years since the
study was initiated, fertilization has resulted in soil acidification
from ammonium sulfate [(NH4),SO4] or sodium nitrate
(NH4NOs3) (Zhalnina et al., 2015). Turfgrass species richness
in the plots declined with soil pH and was further reduced
when N and P fertilizers were used in combination (Crawley
et al, 2005). Zhalnina et al. (2015) found using 16S rRNA
sequencing techniques that soil pH was the primary driver of
soil microbiome composition, diversity, and biomass within the
PGE. The lowest microbial diversity was found in plots with low
pH, receiving (NH4),SOy4. Overall, following the oligotrophic-
copiotrophic continuum of organisms, respectively, adapted
to low and high resource environments (Fierer et al., 2007;
Leff et al., 2015), oligotrophic bacteria (e.g., Verrucomicrobia
and Chloroflexi) were negatively correlated with N fertilization
treatments. The abundance of nitrifying Thaumarchaeota and
Nitrospirae were positively correlated with NH, -N and NOjJ -
N. Phylum- and genus-level microbial community composition
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was also altered by soil pH (Zhalnina et al., 2015). The
Ca. Solidobacter (Acidobacteria) and Clostridium (Firmicutes)
are bacteria with preferences for acidic conditions, and they
were found in low pH plots. The Rothamsted Park Green
experiment study demonstrates that long-term urban grassland
management with different formulations of N fertilizers, in
conjunction with P fertilizers, and the indirect effects of soil
acidification can affect the composition of the soil microbiome,
including the abundance of organisms with functional roles in
N cycling.

Kuzyakov et al. (2002) found that cut perennial ryegrass
(Lolium perenne L.) decreased belowground C losses (root
respiration and exudation) during regrowth when fertilizer was
added, further suggesting that when an alternative N source
is available (e.g., fertilization or clipping return), that cut
turfgrasses may rely less on simulating microbial mineralization
of indigenous SOM to supply N for regrowth. Microbially-
produced soil extracellular enzymes catalyze rate-limiting steps
in SOM decomposition (Sinsabaugh et al., 2008; Fanin et al.,
2016), therefore nutrient additions that affect microbiome
structure or enzymatic activity can affect soil C dynamics
in human managed ecosystems. It is generally expected that
increased N availability will enhance decomposition of litter-
derived cellulose by hydrolytic enzyme activity, but diminish
oxidative degradation of lignified or complex compounds
(Sinsabaugh, 2010; Grandy et al., 2013). Although uncertainties
remain regarding net soil C stocks in response to N fertilization
as plant-residues are increased concurrently with enhanced
decomposition (Grandy et al, 2013). When comparing two
turfgrass chronosequences, fertilization (60mg N kg=! soil)
induced minor negative effects on soil oxidase and hydrolytic
enzymatic activity (Yao et al., 2009), leading to C sequestration.
Consistent with previous reports (Sinsabaugh et al, 2008),
Yao et al. (2009) found soil pH in turfgrass ecosystems
to be another important control on soil enzymatic activity.
Under alkaline conditions, Yao et al. (2009) found a two-
fold increase in phenol oxidase activity correlated with a two-
fold increase in soluble phenolic compounds and a decrease
in hydrolytic enzyme activities, resulting in C accumulation
in alkaline soils. The authors concluded that soil pH had a
strong influence on enzymatic activity but that, consistent with
agroecosystems, N fertilization and litter return enhances soil
C inputs (Yao et al, 2009). High quality turfgrass litter [e.g.,
C:N ratio of ~10.8 (Yao et al., 2009)] are below reported
thresholds [e.g., <15 C:N (Craine et al, 2007)] where N
fertilization has little impact on recalcitrant plant residues
(Shi et al., 2012).

Since fertilizer sources and rates can be modified easily in
urban grasslands, it is important to understand their effects on
soil C and N. The relative strength of N or pH controls on
enzymatic activity, and thus SOM degradation within turfgrass
ecosystems is complex. However, multiple studies indicate
that fertilization directly and indirectly (through acidification)
affects plant productivity, soil microbiota, and the activities of
microbially-produced extracellular enzymes that facilitate soil
biogeochemical nutrient cycling.

Plant Species Composition

Soil C accumulation in urban grasslands occurs primarily within
the upper 10-20 cm of soil, where root density is the greatest
(Qian et al.,, 2010), though significant soil C has been observed
to over 70 cm (Raciti et al., 2011). Turfgrasses allocate substantial
amounts of C (~2.5-5 times more than agroecosystems or native
shortgrass prairies) to belowground tissues (Kaye et al., 2005). As
microbial biomass and activity increases with SOM content (Shi
et al., 2007), increasing the depth of root growth and rhizosphere
activity may be one means to increasing SOC accumulation in
urban grasslands. Limited research on turfgrass species rooting
depth supports this, indicating increasing C accumulation with
depth associated with deeper rooting fine-fescue species (Qian
etal.,, 2010) and tall fescues (Law et al., 2017). The study by Law
etal. (2017), mentioned previously as a clipping return study, also
contrasted turfgrass species effects (Kentucky bluegrass vs. tall
fescue) on soil C and N accumulation. They found that tall fescue,
after <3 years of growth, increased labile soil C by 9.9% (851 vs.
774 mg C kg™ ! soil), elevated total soil C by 4.2% (24.8 vs. 23.8 g
C kg™! soil) and raised SOM by 8% (41.7 vs. 38.6 SOM kg~!
soil) compared to Kentucky bluegrass. While Law et al. (2017)
did not consider the soil microbiome, clear turfgrass plant species
differences in soil C and N cycling suggest that there were effects
on microbial variables.

Increasing turfgrass diversity from monocultures to 3-, 6-,
and 12-part polycultures of commonly used turfgrass species
and cultivars has been shown to increase turfgrass productivity
(verdure and clippings), aid in N retention, and increase soil
bacterial and fungal diversity (Thompson and Kao-Kniffin,
2016). The study was not designed to test long-term soil C
or N accumulation, but the experimental was designed to
explicitly manipulate turfgrass species composition diversity in
relation to soil microbiome outcomes. While it is only one
study, the results do parallel findings of a decade-long study
in perennial grassland biodiversity-ecosystem function (BEF)
research that suggests increasing plant species diversity will
enhance root biomass, soil carbon, and N retention (Pasari et al.,
2013). Linkages between above and belowground diversity were
determined by Thompson and Kao-Kniffin (2016) using terminal
restriction fragment length polymorphism (T-RFLP) community
fingerprinting techniques. When Zhalnina et al. (2015) used
next-generation sequencing techniques, which generates more
detailed taxonomic data than community fingerprinting, they
found that plant species richness and plant productivity were not
significantly related to microbial diversity.

When the lawn of the US National Mall in Washington, DC
was renovated with new sod (a 50/50 mixed-blend of Festuca
arundinaceae Schreb. [syn. Schedonorus phoenix (Scop.)] and P.
pratensis L., the soil microbiome was compared pre- and post-
renovation with the originating sod farm (Crouch et al., 2017).
Bacterial 16S rRNA sequencing revealed that across all four
lawns in the study, the Gram-negative, Proteobacteria phylum
was 52.2-58.6% of the observed sequences, of which the genus
Rhodoplanes was widely abundant (26.4-37.3%). Rhodoplanes
has been shown to be abundant in other turfgrass lawns and
golf course greens (Zhalnina et al, 2015; Beirn et al., 2017;
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Crouch et al., 2017). While Rhodoplanes are known denitrifiers,
the importance of these organisms in natural systems and
their ecological role is not well-understood (Crouch et al,
2017). The authors concluded that despite pre- and post- lawn
reconstruction differences and geographic differences of lawns
within the Mid Atlantic coast, the lawn microbiomes were more
similar than different (Crouch et al., 2017). With reference to
the soil microbiome copiotrophic-oligotrophic continuum (Leff
et al., 2015), the lawns sampled by Crouch et al. (2017) were
a majority Proteobacteia and Actinobacteria (collectively 84.2—
88.3% of all operational taxonomic units: OTUs), indicating
the effects of higher nutrient conditions in shaping the lawn
soil microbiome.

The results suggest that turfgrass composition replacement
did not impose significant perturbations to alter the soil
microbiome compared with the more significant effects observed
by Zhalnina et al. (2015), that resulted from long-term fertility
and acidification effects in the Park Grass experiment. However,
as noted by Yao et al. (2006), Bartlett et al. (2007), and
Shi et al. (2012), microbiome shifts may be more significant
during land-use change than over subsequent management of
a landscape. The Crouch et al. (2017) study did not include
soil physiochemical parameters that could be correlated with
community composition data, nor did it measure mineralization,
plant growth, or other ecological functions that are important
considerations of soil microbiome research to link composition
to function. Groffman et al. (1996) suggested that the potential
for grass species compositional changes alone to affect microbial
biomass will be secondary to soil factors (e.g, pH and
texture) and dependent on differences in plant-derived labile C
inputs. Although Groffman et al. (1996) was not considering
microbiome compositional effects of grass species diversity,
the magnitude of soil physiochemistry in shaping the soil
microbiome is becoming increasingly understood as a primary
controller of microbial species presence and abundance (Fierer
et al., 2009b).

To explore N budgets of southern California lawns, Wang
et al. (2014) studied regionally adapted lawn species under
different management intensities: a “typical” cool-season (Cj;
photosynthesis) tall fescue [Schedonorus phoenix (Scop.), syn.
Festuca arundinacea Schreb.] irrigated and fertilized at 192 kg~!
ha™! yr_l; a “low input” warm-season (C4 photosynthesis)
seashore paspalum (Paspalum vaginatum Sw.) irrigated and
fertilized at 123 kg~! ha~! yr~!; and a local best-practice “low
impact” lawn of native sedge (Carex spp.) species irrigated and
fertilized at 48 kg~! ha=! yr~!. Wang et al. (2014) concluded that
reducing fertilizer applications could reduce denitrification in the
low input lawns and that lawns composed of warm-season Cy4
grasses could reduce irrigation and fertilization needs while still
maintaining high productivity and N retention. The proportion
of C3/Cy grasses present in lawns across the United States
is a function of the mean annual temperature of the region,
elevated urban temperatures due to heat island effects, elevated
CO; and lawn management dynamics (Bijoor et al, 2008;
Trammell et al., 2019). More research is needed to determine
how the C3/C4 composition of urban grasslands affects soil
microbiome composition and function as it relates to urban
biogeochemical processes.

Explicitly manipulating plant species composition in urban
grasslands should be studied as potential ways to increase
SOC and N storage potential in urban grasslands. Intentionally
selecting individual turfgrass species can increase soil C and
N accumulation (Law et al., 2017); increasing urban grassland
plant species diversity simultaneously alters N dynamics and
belowground microbial diversity (Thompson and Kao-Kniffin,
2016); and taking advantage of alternate turfgrass photosynthetic
pathways affects productivity and N retention under certain
environmental conditions (Wang et al., 2014). Plant species
effects are likely to be small relative to differences induced
by management practices that directly or indirectly edaphic
factors affecting water, nutrient, and oxygen availability for soil
microorganisms (Groffman et al., 1996), but further research is
needed to explore how such plant species compositional changes
directly or indirectly affect the soil microbiome.

Soil Disturbance

A majority of urban grasslands are long-term perennial
ecosystems that experience relatively little soil disturbance
(Guertal, 2012) compared to other human-managed
ecosystems (e.g., conventional agricultural tillage). For turfgrass
management, major soil disturbance involving tillage methods
may occur infrequently through periodic renovations of
damaged or compacted turf. More routine soil disturbance that
may occur every 1-3 years in moderately managed systems is
compaction alleviation involving equipment that pierces through
the soil (e.g., tines or core aerifiers). Altering soil structure could
impact soil microbiota in many ways, including changes to pore
spaces, gas exchange, water infiltration, root proliferation, and
organic matter decomposition.

Urban development frequently results in significant soil
disturbance that includes the degradation of soil structure,
mixing of soil layers, and removal of entire horizons using
large mechanical equipment, especially for newly-constructed
sites or those experiencing redevelopment (Turgeon, 2005).
These practices result in varying degrees of disruption to soil
structure depending on the intensity of grading practices. Rough
and fine grading practices can disrupt soil peds, macro-, and
microaggregates, which can alter soil pore spaces and expose
occluded SOM to heterotopic decomposition (Baker et al., 2007).
Turfgrass soil microbiota have been shown to change primarily at
the time of turf establishment (i.e., land-use change) and remain
stable over the course of many decades, despite typical turfgrass
management techniques (Yao et al., 2006; Bartlett et al., 2007;
Shi et al., 2012) or during lawn renovation via sod replacement
(Crouch et al., 2017).

With few exceptions, nearly all turfgrass ecosystems
experience some form of compaction resulting from foot
or light vehicular traffic. Depending on the intended use,
turfgrass may experience even more frequent compaction
and wear from dedicated sports field activities, to recreational
activities in small residential lawns, and for overflow event
parking (Murphy and Ebdon, 2013). Soil compaction in urban
grasslands is particularly a concern where loads are applied to
fine-textured soils or repeated traffic is applied to the same areas
(Murphy and Ebdon, 2013). In all cases, compaction itself is a
soil disturbance of varying intensity and can indirectly affect
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soil microbial communities by decreasing water infiltration,
percolation, restricting soil gas exchange, and if soil density
is great enough, even inhibiting root growth and soil fauna
movement (Zabinski and Gannon, 1997). Soil compaction can
be measured as surface hardness, the resistance a soil penetromer
experiences while being pushed into the soil, or as overall bulk
density. Even surface hardening within the upper few cm of
a soil can affect water and gas dynamics deeper in the soil
(Murphy and Ebdon, 2013). Common turfgrass cultivation
techniques involving the use of tines, core aerification, or
vertical mowing to alleviate soil compaction, disturb relatively
little of the soil profile compared to conventional agricultural
tillage techniques (Turgeon, 2005; Guertal, 2012). Specialized
techniques used to maintain sports and putting green turf
such as sand topdressing, rolling, other sports turf-specific
cultivation techniques, and entirely sand-based soil profiles
for golf greens are beyond the scope of this review, but can
be found in Stier et al. (2013). While the majority of turfgrass
literature covering cultivation techniques focuses on athletic
fields and golf course settings, they do not focus on soil biota
or biogeochemical processes (Murphy and Ebdon, 2013).
Soil compaction may not be a primary concern for most turf
systems beyond sports fields and golf courses, but long-term
compaction, even on residential sites, has the potential to alter
edaphic conditions that affect C and N transformations within
the soil.

FUTURE DIRECTIONS IN URBAN
GRASSLAND MANAGEMENT AND
IMPLICATIONS ON C AND N DYNAMICS

We summarized in this review that urban grasslands are
a dominant component of human settlements across the
United States and in many parts of the world. Adoption and
maintenance of this land-use has implications for regional C
and N budgets through impacts on microbially-mediated C
and N transformations. Urban grasslands have been shown to
accumulate soil C, and retain N for decades after establishment.
There is great variability in regional climates that affect urban
grassland plant species composition (Trammell et al, 2019),
productivity and nutrient retention and accumulation (Qian and
Follett, 2012; Smith et al., 2018), and the need for supplemental
inputs to maintain urban grassland quality. The management
intensity of urban grasslands also varies as a function of
intended use, of numerous social-ecological factors (Cook et al.,
2012), and of personal preference by property owners and
managers. Microbiome research specific to urban grasslands is
increasing, but the few published studies indicate a general shift
toward copiotrophic taxa consistent with increasing nutrient
availability in urban grasslands (Zhalnina et al., 2015; Crouch
et al, 2017; Wang et al, 2017). The change in microbial
composition may be a result of both turf fertilization and
the observed increase in C and N cycling, even in low-input
turfgrass plots.

Research linking turf management practices to microbial
mechanisms of litter decomposition and SOM accumulation or

depletion is still limited. To date, empirical data for turfgrass
ecosystems is primarily drawn from golf courses, with relatively
less research on turfgrass soil ecology in residential lawns
and other non-sports dedicated turf, which cover a greater
area and thus have the potential for greater regional impacts
than golf courses. Much research has focused either on soil
C or plant-centric measures of turf growth and quality, with
much less attention paid to microbially-mediated ecosystem
services or plant-microbial interactions within urban grasslands.
Coupled biogeochemical and human behavioral studies in
residential landscapes are emerging, but urban grasslands are
still underrepresented in terrestrial ecosystem research as a
whole. Advanced high-throughput sequencing techniques, along
with metagenomic or other “-omic” techniques, in conjunction
with microbial biomarker techniques (e.g., PLFA or FAME)
for classifying soil microorganisms are needed to more directly
link microbiome composition to functional capacities that affect
ecosystem services in urban ecosystems.

In developing this review, the authors have identified the
following three areas for additional research to link urban
grassland management explicitly with the composition and
function of the soil microbiome: (1) more studies are needed in

FIGURE 4 | The future of urban grasslands in the U.S. is rapidly changing with
adoption of resource conserving technologies and environmental regulatory
practices. Examples of changing practices aimed to promote more sustainable
management of urban grasslands: (A) development of new lawn cultivars that
are drought tolerant and require less maintenance, sign displayed at the Grass
Roots Initiative exhibit at the National Arboretum in Washington DC; (B)
autonomous, battery-powered lawn mower evaluations at the Cornell
University Turf and Landscape Research and Extension Center in Ithaca, NY;
(C) signage explaining the Smart Irrigation System installed in an expanding
residential community in Florida; and (D) wireless, sensor-based irrigation
network. Photos by: (A) Jenny Kao-Kniffin, (B) Justin James Muir, courtesy of
Cornell CALS, (C) Shirley Kniffin, and (D) BlueSpray, Avidz LLC. Written
consent was obtained for all photo images.
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residential and non-sports-related urban grasslands to elucidate
management effects, since non-sports dedicated turf comprises
the majority of this ecosystem type; (2) a greater regional focus
on urban grasslands is needed to address the appropriateness
of turfgrass as a groundcover, particularly as more arid regions
are adopting xeric landscaping or synthetic turf; and (3)
improved integration of biogeochemical and plant-soil-microbial
measurements to link with turfgrass management for improved
ecosystem services that go beyond aesthetics and recreation.
Likewise, it cannot be ignored that there are critical social
factors at play in the management decisions for urban grasslands;
therefore, future research should continue to attempt to integrate
and synthesize the socioeconomic and biophysical outcomes for
urban landscapes (Groffman et al., 2004).

Looking forward, urban grassland management is also
expected to change in the coming years as environmental
regulations for fertilizers, pesticides, and stormwater mitigation
are passed, as irrigation water is restricted, as environmental
sensors become more widely used, and as resource conserving
technologies gain mainstream adoption (Figure 4). Emerging
environmental regulations are restricting when fertilizers may
be applied and limiting phosphorous applications (Maryland,
2018). Moreover, some states are moving toward limitations
on pesticides in turfgrass systems, particularly for areas where
children are in contact with turf (Department of Environmental
Conservation, 2010; Department of Energy Environmental
Protection, 2012). Commercial irrigation systems have relied
on weather stations and turfgrass evapotranspiration models to
supply water based on actual conditions instead of regularly
scheduled applications, particularly on larger scale systems.
Model water-efficient landscape ordinances are stipulating
stricter controls on irrigation systems, including determinations
on which areas should be irrigated and making moves to
limit high water demand plantings—all of which will alter
how urban grasslands are implemented and managed in the
future (California Department of Water Resources, 2018). The
evaluation of in-ground wireless temperature and moisture
sensors at landscape level networks is proving useful for
ecosystem research and has potential in industry to further water
use efficiency (Szlavecz et al., 2007; Terzis et al., 2010). Lastly,
battery-powered autonomous mowing robots have been found to
conserve energy and improve turf quality compared to traditional
gasoline-powered rotary mowers (Grossi et al., 2016). Human-
guided or autonomous electric mowers, including solar-powered
models, have the potential to minimize carbon emissions from
urban grasslands, if adopted at wide-scale. As this review
illustrates, current and potential changes for urban grassland
management that are on the horizon may all have direct and
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indirect implications for the soil microbiome and consequently
belowground biogeochemistry in urban grasslands. Many of
these policy and technological changes to turfgrass landscapes
could alter resource inputs to soil microbiota. For example,
significant changes to water and fertilizer use in these ecosystems
can impact ecophysiological components of the vegetation alter
impact litter chemistry and microbial decomposition of litter.
Collectively, rapid changes in turfgrass management that
are driven by regulatory action and market forces will alter
the scale and composition of urban grasslands and the soil
microorganisms that mediate C and N cycling processes in these
systems. These changes to the management practices of urban
grasslands could enhance the sequestration potential of C and N
in soils, in addition to decreasing the emissions of C. However,
there is a need for more research on soil microorganisms
in urban grasslands, especially given the potential to modify
environmental factors that influence long-term sequestration
of soil C and N. As this review seeks to illustrate, common
urban grassland management strategies like mowing, clipping
return, aerification, fertilization, and vegetation replacement
can have direct and indirect effects on the structure of soil
microbiota and their functions, with the ultimate effect of altering
soil biogeochemical cycles at localized and regional scales. As
management practices advance or become more regulated, there
is a continued need to measure the impact of land management
practices on soil microbial communities and ecosystem function.
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