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Abstract Lawns are a common ecosystem type in

human-dominated landscapes which can have nega-

tive impacts on water quality due to fertilizer appli-

cations, but also host a range of ecosystem services.

While many studies have addressed water and nitro-

gen (N) dynamics in lawns, few have considered how

topography interacts with human behaviors to control

these dynamics. Our overarching objective was to

determine if mesoscale topography (hillslopes within

lawns) interacts with human behavior (fertilizer use)

influencing patterns of N mobilization and removal in

lawns. To that end, we measured several hydrobio-

geochemical characteristics associated with N dynam-

ics along topographic gradients in fertilized and

unfertilized residential and institutional lawns. We

found topographic gradients affect the hydrobiogeo-

chemistry of lawns, with significant effects of land-

scape position (top versus toe slope versus bottomland

swales), but with direction and strength of the effect

often varying among different lawn types (exurban

versus suburban front yards versus suburban back-

yards versus institutional). Fertilizer application did

not affect the hydrobiogeochemical properties of

lawns. Rather, results from this study suggest lawns

in suburban front yards were at greatest risk of N
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mobilization due to a complex suite of characteristics

including proximity to impervious surfaces, swales

with low saturated infiltration rates, and potential

vulnerability to N deposition from vehicles. This study

highlights the need to consider landscape controls of

water and N fluxes and how they interact with human

behaviors to better understand how these landscapes

function. These results contribute to the emerging

understanding of the structure, function and environ-

mental impacts of lawns.

Keywords Residential lawns � Topography �
Nitrogen cycling � Denitrification � Runoff

Introduction

Urbanization affects how nitrogen (N) is processed

and mobilized via water (i.e. the hydrobiogeochem-

istry of N) by altering soil properties, topography and

hydrologic flow paths (Kaye et al. 2006), thus

affecting the magnitude and the pattern of N process-

ing in urban watersheds (Walter et al. 2000; Creed and

Beall 2009). The urban environment is subdivided into

parcels, introducing constructed flowpaths (e.g. gut-

ters, downspouts, and driveways) and landscaped

topography overlaid on the larger scale topography

and hydrologic pathways of the neighborhood (Online

Resource 1). This parcel scale topography, hereafter

referred to as ‘‘mesoscale topography,’’ can result in

unique flow networks at the parcel scale. Additionally,

property maintenance decisions (e.g., lawn fertiliza-

tion, downspout placement) can modify soil proper-

ties, biogeochemistry, and hydrologic flow paths even

further such that the hydrobiogeochemistry of parcels

may differ from their nearby neighbors (Miles and

Band 2015). In this study, we take a landscape

approach to evaluate N mobilization and removal

dynamics in lawns. N mobilization in lawns occurs

when there is both a pool of reactive N and runoff or

infiltrating water to move this N through the land-

scape. Permanent N removal occurs in locations that

support denitrification, a microbial process that trans-

forms nitrate, the dominant form of reactive N to N2

gas. Understanding these dynamics is key to effec-

tively mitigating nutrient pollution of downstream

urban ecosystems. We define lawns (also known as

urban grasslands) as the portion of a parcel that is

‘‘dominated by turf forming species created and

maintained by humans for aesthetic and recreational

purposes’’ (Groffman et al. 2009). Specifically, we

aim to understand how mesoscale topography and

fertilization practices affect the variability of hydro-

biogeochemical processes and the locations of poten-

tial N mobilization and removal in lawns.

Landscape approaches to evaluation of biogeo-

chemical fluxes have a long history in traditional

ecology, as long-term depositional, hydrologic and

ecosystem processes lead to the redistribution of soil,

water, and nutrients across the landscape (Schimel

et al. 1985; Burke et al. 1989). These processes

interact to create locations that act as N sources

(increase the amount of reactive N) or sinks (reduce

the amount of reactive N) within a landscape. Topog-

raphy has long been recognized as a key landscape

factor that affects N processing at various scales. Both

macrotopographic features (e.g., bottom slope posi-

tions) and microtopographic features (e.g., hollows or

depressions) can accumulate substrates such as inor-

ganic N, organic matter and moisture, but also

generate anaerobic conditions that facilitate consump-

tion of inorganic N by denitrification, thus becoming

locations of N removal (Band et al. 2001; Tague et al.

2010; Duncan et al. 2013). At the same time, because

these areas are often wet, they have limited capacity to

support infiltration of water moving from upslope

locations and can therefore become source areas for

runoff, mobilizing N during large rain events (Creed

and Beall 2009). These N source, sink and removal

process interactions have been described in various

non-urban landscapes (Vidon and Hill 2006), but have

not been analyzed in lawns at the parcel scale.

Studies of N dynamics in urban landscapes typi-

cally focus on inputs and exports at the scales of

neighborhoods or watersheds (Baker et al. 2001;

Groffman et al. 2004; Fissore et al. 2011). Previous

studies of N cycling in lawns at the parcel scale

typically treated the lawn within a parcel as hydro-

biogeochemically homogenous despite natural and

constructed topographic gradients within parcels that

can affect N source, sink and removal processes (Zhou

and Troy 2008; Cook et al. 2012; Martinez et al. 2014;

Locke et al. 2018a). For example, in Baltimore, MD

USA, it is recommended that parcels are landscaped to

slope away from the house (at a 5% grade) to prevent

basement flooding, creating predictable patterns of

uphill locations and small swales within parcels
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(Online Resource 1). At neighborhood scales, both

natural topography and landscaping interact to gener-

ate topographic features that move water and sub-

strates across parcel boundaries causing variability in

soil moisture, water flow paths, and consequently

locations of N sources, sinks and removal (Online

Resource 1).

In addition to incorporating natural and constructed

topographic features, urban landscapes have addi-

tional factors influencing landscape patch structure

and function (e.g. N mobilization and removal) that

are absent in less human-dominated ecosystems

(Cadenasso et al. 2008). For example, while topogra-

phy or distance from streams are often useful factors

for analyzing biogeochemical processes, factors such

as homeowner characteristics, distance to impervious

surface, or interventions to achieve social and envi-

ronmental objectives must also be considered in the

urban environment (Spence et al. 2012; Hobbie et al.

2017; Reisinger et al. 2018; Locke et al. 2018b).

Further, built infrastructure and management deci-

sions can alter water and solutes movement through

the urban landscape. At watershed and neighborhood

scales, stormwater pipe and green infrastructure can

move or retain water at large scales, interrupting or

overwhelming topographic flow paths that historically

controlled N dynamics. In residential parcels, deci-

sions about fertilization or placement of rooftop

downspouts create spatial and temporal dynamics in

N sources, flow paths and soil wetness that are not

predictable from topography or other classic land-

scape gradients alone (Miles and Band 2015). Micro-

bial communities can be altered by legacies of prior

agricultural land use or management decisions by

homeowners further affecting N dynamics in lawns

(Thompson and Kao-Kniffin 2019).

Lawns comprise the largest area of any irrigated

crop in the United States (Milesi et al. 2005) and can

be highly and variably fertilized (Groffman et al.

2016) with fertilizer comprising up to 50% of N inputs

in watershed N budgets (Baker et al. 2001; Groffman

et al. 2004; Hobbie et al. 2017). Interestingly, how-

ever, studies at plot and watershed scales have found

exports of fertilizer-derived N to be lower than

expected for their inputs (Petrovic 1990; Gold et al.

1990; Groffman et al. 2009; Kaushal et al. 2011),

demonstrating that lawns have a high potential to

retain N while still ‘‘leaking’’ fertilizer-derived N into

the environment. Thus, understanding N mobilization

and removal dynamics in lawns has implications for

more effective mitigation of N pollution to down-

stream ecosystems. Notably, most studies of N

retention in lawns do not encompass variation arising

from topographic gradients or the diverse use and

management of these spaces (Gold et al. 1990; Raciti

et al. 2008; Cook et al. 2012; Locke et al. 2018a).

These considerations suggest the potential of N export

within lawns may be influenced by hotspots (small

areas that generate a large proportion of exported N)

and hot moments (brief periods of time that generate a

large proportion of exported N) that have been missed

in previous sampling campaigns.

The purpose of this study was to address this gap in

past research. Thus, we examined lawns that varied in

multiple social, soil, and parcel-size factors within two

residential settings and one institutional setting in

Baltimore, MD USA to determine if (a) mesoscale

topography (e.g. hillslopes within a parcel) can

provide an organizing template of hydrobiogeochem-

ical patterns associated with N mobilization and

removal processes for different lawn types; and

(b) compared fertilized and unfertilized lawns to

determine if fertilization practices overwhelm hydro-

biogeochemical patterns expected to be influenced by

topography. Our specific objectives were to determine

(1) if basic topographic patterns observed in less

human-dominated systems are expressed in urban

landscapes, with top, middle, and bottom slope

positions having unique hydrobiogeochemical char-

acteristics; (2) if hydrobiogeochemical properties of

lawns are more variable within a lawn or among lawns

within a neighborhood; (3) if homeowner fertilizer

applications homogenize hydrobiogeochemical prop-

erties of lawns, thus overwhelming the influence of

topography on these processes; and (4) if hydrobio-

geochemical characteristics expected to generate

hotspots of N mobilization (e.g. low infiltration and

denitrification rates) or hotspots of N removal (e.g.

high infiltration and denitrification rates) co-occur in

predictable locations, such as swales, in lawns.

Methods

Site description

The lawns in this study were located in Baltimore

County, Piedmont region of Maryland, USA, and
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included four different lawn types: exurban, suburban

front yard, suburban backyard, and institutional. Four

sites (parcels) were located in the Baisman Run

watershed (hereafter exurban lawn type), five in the

Dead Run watershed (hereafter suburban lawn types),

and two on the University of Maryland Baltimore

County campus (hereafter institutional lawn type;

Fig. 1). Average annual precipitation is approximately

1030 mm, distributed evenly throughout the year

(World Climate, http://www.worldclimate.com/

climate/us/maryland/baltimore).

The exurban lawns are located in Baisman Run, a

3.82 km2 watershed about 10 km north of Baltimore

City. Land cover in Baisman Run consists of 81.8%

tree canopy, 4.8% impervious surfaces (including

structures and roads) and 14.3% low vegetation

(including lawns and tilled fields; Lagrosa and Welty

2017). The residential areas are characterized by large

homes and large (* 1 ha) lots, often dominated by

lawns (Fig. 1, bottom left). Baisman Run has limited

stormwater infrastructure, lacks public water supplies,

and household wastewater is processed by on-site

septic systems. The Baisman Run watershed is

underlain by micaceous schist (Cleaves et al. 1970;

Wolman 1987). Soils at the study parcels are domi-

nated by either acidic, low fertility Manor loams

consisting of loam and sandy loam texture soils, or

Glenelg loam consisting of loam and clay loam texture

soils (Groffman et al. 2006, NRCS, https://

websoilsurvey.nrcs.usda.gov/). The study hillslopes

ranged in length from 6 to 12 m (estimated distance

from top transect to swale transect) with a mean slope

of approximately 10%.

The suburban lawns are located in Dead Run, a

14.11 km2 watershed in Baltimore County near the

Baltimore City limits and is tributary to the Gwynns

Falls. The Gwynns Falls empties to Baltimore Harbor,

which drains into the Chesapeake Bay. Landcover in

Dead Run consists of 27.6% tree canopy, 47.4%

impervious surfaces (including structures and roads)

and 26.2% low vegetation (including lawns and tilled

fields; Lagrosa and Welty 2017). Residential areas in

Fig. 1 Map of neighborhood sampling site locations
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Dead Run are dominated by small houses on small

(* 0.1 ha) lots serviced by sanitary sewers with most

of the areas developed decades before stormwater

regulations were adopted (Fig. 1, bottom middle).

Dead Run watershed is underlain by amphibolite and

ultramafic complex rocks (Groffman et al. 2006). Soils

at the study parcels are derived from diabase and are

classified as a more base richMount Lucas-Urban land

complex consisting of silt loam and clay loam texture

soils (NRCS, https://websoilsurvey.nrcs.usda.gov/).

The study hillslopes ranged in length from 4 to 10 m,

with a mean slope of approximately 7%.

Institutional lawns are located on the University of

Maryland, Baltimore County (UMBC, Fig. 1, bottom

right). Soils at the study parcels are classified as urban

land soils (NRCS, https://websoilsurvey.nrcs.usda.

gov/). The study hillslopes ranged in length from 4

to 18 m with a mean slope of approximately 11%.

Homeowners self-reported whether they fertilized

in the last year or not (answered as ‘‘yes’’ or ‘‘no’’). In

the exurban neighborhood, two homeowners reported

that their lawns were fertilized by a commercial lawn

care company, while two reported no fertilizer use. In

the suburban neighborhood, three homeowners

reported they fertilized their lawns themselves, while

two reported no fertilizer use. We did not collect

details on amounts or timing of fertilizer applications

in the exurban or suburban neighborhoods. The

institutional lawns were uniformly managed and

fertilized (* 100 kg N/ha/year) by campus mainte-

nance staff. Previous studies have found that roughly

50% of homeowners fertilize their lawns in the

Baltimore area (Fraser et al. 2013). Lawns at the

study sites are dominated by one or two of the

following cool season perennial grasses: Poa pratensis

(Kentucky blue grass), Festusca arundinacea (tall

fescue), Lolium perenne (perennial ryegrass), and

Festusca rubra (red fescue).

Sampling design

At each site, we identified a hillslope on which we

systematically sampled to include distinct topographic

positions: top, toe, and swale of the hillslope (Fig. 2).

Tops were located on the upper beginning of a

hillslope. The toes were located either on sloped

locations directly above a swale or at locations where

hillslopes terminated at impervious surface and no

swale was present (a configuration specific to front

lawns in the suburban neighborhood; Online Resource

2). Swales were located at the flattened portion of the

bottom of the hillslope where it appeared water would

pool during a rain event (Fig. 2). In the suburban

neighborhood, we identified one hillslope in the front

of the house (front yard), and one behind the house

(backyard), as these locations may be distinct in their

use, management, and topography (Locke et al.

2018b). In the exurban neighborhood and institutional

sites, we sampled from one hillslope per parcel as

there were no distinct front or back lawns at these sites.

In total, we sampled from 16 different hillslopes,

establishing a transect (10 mmaximum) along each of

the topographic gradients (top, toe and swale). Along

each transect we selected three sampling locations for

a total of nine locations per hillslope (Fig. 2), for the

total of 144 sampling locations.

At each sampling location we took two soil cores to

10 cm depth in September and October 2017. We

measured saturated infiltration rates (N = 139) using

Cornell Sprinkler Infiltrometers (hereafter infiltrome-

ter) at the same soil sampling locations in October

2017 at 14 of the study hillslopes and completed the

final two study hillslopes in January and February

2018 (this seasonal change did not affect the infil-

trometer measurements). We lost 5 infiltrometer

sampling locations due to tree roots or driveway

construction that impeded the installation of the

infiltrometers.

Fig. 2 Example of sampling design on one hillslope (transect

and sampling locations) in a suburban front yard. Transects were

a maximum 10 m in length. Not all hillslopes were adjacent to

impervious surfaces, but sampling design remained the same
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Soils

Soil cores were collected, stored on ice in the field, and

then stored at 4 �C in the lab until processing for soil

physical and chemical characteristics. The two soil

cores collected from the same sampling location were

combined, homogenized, and roots and rocks were

removed, yielding 144 unique soil samples. Soil

moisture was determined gravimetrically by drying a

subsample of soils for 48 h at 60 �C. Soil organic
matter was determined by mass loss on ignition for 4 h

at 450 �C. Soil nitrate (NO3
–) and ammonium (NH4

?)

was determined by shaking 7.5 g (wet weight) soil

with 30 mL 2 M KCl for 1 h. KCl extract was then

filtered through pre-leached Whatman 42 ashless

filters and stored at 4 �C until analyzed colorimetri-

cally on a Lachat QC8000 flow-injection analyzer.

Net nitrogen mineralization was determined by

incubation of 10 g (wet weight) soil for 10 days in

946 mL ‘‘mason’’ jars. After the incubation period,

soil NO3
– and NH4

? were extracted by shaking with

40 mL 2 MKCl for 1 h. KCl extract was collected and

analyzed for NO3
– and NH4

? as described above. Net

nitrogen mineralization was calculated as the change

in soil NH4
? plus the change in soil NO3

– over the

10 day incubation period.

Potential denitrification (DNP) was measured using

denitrification enzyme assays (Groffman et al. 1999).

Five grams of soil (wet weight) were added to 125 mL

Erlenmeyer flasks and 10 mL of media amended with

NO3
– (200 mg NO3-N kg soil-1 as KNO3) and carbon

(400 mg C kg soil-1 as glucose) was added to alleviate

NO3
– and carbon limitation of denitrifying microbes.

We also assessed what substrates (NO3
– or carbon)

limited denitrification by conducting factorial media

amendments with media containing only NO3
–, only

carbon, or neither (DI only). Flasks were flushed with

N2 gas to generate the anaerobic conditions necessary

for denitrification and 5 mL of acetylene was added to

block the reduction of N2O to N2 (Groffman et al.

1999). Gas samples were collected at 30 and 90 min

and were analyzed on a Shimadzu GC2014 gas

chromatograph for N2O concentration.

Saturated infiltration rate measurements

We measured saturated infiltration rates using Cornell

Sprinkle Infiltrometers (Ogden et al. 1997). Infiltrom-

eters consist of a small rainfall simulator placed on an

infiltration ring (457.3 cm2) with a hole and tubing that

allows for the runoff generated during the simulated

rainfall to be collected in a beaker. Rainfall simula-

tions in this study were run at a very high rainfall rate

between 20–30 cm/h. Rainfall of this intensity is

rarely observed; however, for the infiltrometer

method, high rainfall rates are necessary to achieve

saturated conditions to get an adequate estimate of

saturated infiltration rates. To achieve saturation,

simulated rainfalls lasted a minimum of 45 min or

until saturated conditions were achieved, defined as

stable runoff over 9 min (Cornell Sprinkle Infiltrom-

eter, http://soilhealth.cals.cornell.edu/cornell-

sprinkle-infiltrometer/). For each simulated rainfall,

we recorded initial and final soil volumetric water

content using a Field Scout TDR 300 with 7.5 cm

rods, time to runoff, and runoff volume and water

height every 3 min.

Rainfall rate (r) for each simulation was calculated

as:

r ¼ H1 � H2

t
ð1Þ

where H1 and H2 are the height of the water in

centimeters in the rainfall simulator at the beginning

and end of the rainfall simulation, and t is the duration

of the rainfall simulation in hours.

Runoff rate (ro) was calculated for each 3-min

interval with the following equation:

ro ¼ V

A� tr
ð2Þ

in which V is the volume of runoff collected during a

3-min sampling interval in milliliters. A is the area of

the infiltrometer ring in centimeters. tr is duration of

time during which the runoff was collected (i.e. 3 min

interval) in hours.

Field saturated infiltration rate (IFS) was calculated

as the difference between the rainfall rate and the

runoff rate at the end of simulated rainfall when

saturated conditions and steady state infiltration have

been achieved; thus, IFS represents a more stable soil

hydrologic characteristic compared to infiltration rates

at ambient conditions. Because a single ring was used,

a correction factor (0.8) was applied to account for

three dimensional flow from the bottom of the ring

(Reynolds and Elrick 1990), resulting in the following

equation:
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IFS ¼ 0:8 r � roð Þ ð3Þ

Statistical analyses

All tests were run using Stata 16 (StataCorp 2019). To

account for the clustered, non-independent nature of

the sampling design, we used linear mixed effects

models to treat site (i.e. sampled hillslope) as a random

effect, which partitions the variance explained by each

site (Harrison et al. 2018). We first ran models

examining only main effects of topography and

fertilizer on hydrobiogeochemical properties (objec-

tives 1 and 3), and to test for differences in these

properties among lawns types (Eq. 4):

Yij ¼ c00 þ c10hillslopeij þ c01lawntype0j
þ c02fertilizer0j þ l0j þ eij ð4Þ

where Yij represents the coefficient for each hydrologic

and soil property variable for each sample i at site j. c00
is the intercept. c10 is the coefficient for the categorical
variable hillslope location (top, toe, swale) with top as

the reference. c01 is the coefficient for the categorical
variable for lawn type (exurban, suburban backyards,

suburban front yard, and institutional lawns) with

exurban as the reference. c02 is the coefficient for the
categorical variable for unfertilized versus fertilized

lawns with unfertilized as the reference. l0j represents
random effects of site and eij represents observation

level residuals. We also report r2 representing the

variance within sites, s00 representing variance across

sites, and the intraclass correlation coefficient (ICC)

reflecting the proportion of the total variance

accounted for by the clustering of the data in each

site. Denitrification potential (DNP), net N mineral-

ization, soil NO3
–, soil NH4

? and saturated infiltration

rate were log transformed to adhere to assumptions of

normality.

We also ran a separate set of models to test for

moderation effects. Specifically, we examined if lawn

type moderated topographic effects on soil and

hydrologic properties as the lawn types differed in

several multiple social, soil, and parcel-size factors.

Additionally, we examined if fertilizer application

moderated topographic effects on soil and hydrologic

properties as we expected the addition of fertilizer may

homogenize soil properties, such as soil NO3
– (objec-

tive 3). Therefore, we ran the same model described

above but included two interaction terms: lawn type X

hill location and fertilizer use X hill location. Signif-

icant interaction terms were then included in a series

of nested models and Akaike information criterion

(AIC) was used to determine if the inclusion of

interaction terms sufficiently improved model fit.

Models with an AIC score that was lower than the

main effects model by 2 or more were selected as

having moderating effects on soil and hydrologic

properties (Burnham and Anderson 2004).

To test if substrates limiting denitrification (NO3
–

or carbon) varied by hillslope location and fertilizer

use within each lawn type (objective 1) we conducted

a Kruskal–Wallis H test, followed by Dunn’s post-hoc

test to compare limitation treatments (DI, NO3
–, C,

NO3
– ? C).

To examine if hydrologic and soil properties were

homogenous within and among lawns (objectives 2),

we calculated coefficients of variation (CV; standard

deviation/mean 9 100) for each study hillslope

(within lawns) and each fertilized and unfertilized

yard type (among lawns). CVs were calculated for

DNP, soil NO3
–, soil NH4

?, soil organic matter, soil

moisture and saturated infiltration rate. Net N miner-

alization and pH were omitted as these data are not on

a ratio scale and thus would generate inappropriate

CVs. Homogenous variables within or among lawns

were defined as a CV below 100%. To determine if

homeowner fertilization of lawns homogenized hydro-

logic and soil variables (objective 3), we conducted a

t-test comparing fertilized and unfertilized lawns

using CVs of soil and hydrologic variables for each

study hillslopes as the dependent variable.

To examine if particular hydrobiogeochemical

characteristics associated with N retention or mobi-

lization co-occurred in predictable locations, we

examined where sampling locations fell on both

NO3
– retention (DNP) and NO3

– mobilization (satu-

rated infiltration rate) axes (objective 4). To identified

sampling locations we expected may act as hotspots of

N mobilization or retention, we identified sampling

locations that fell in the upper and lower quartiles (i.e.

the extremes) for both axes (Palta et al. 2014). The

sampling locations that occurred at these extremes

were categorized into four groupings:

Group 1: sampling locations with LOW DNP and

LOW saturated infiltration rates.

Group 2: sampling locations with LOW DNP and

HIGH saturated infiltration rates.
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Group 3: sampling locations with HIGH DNP and

LOW saturated infiltration rates.

Group 4: sampling locations with HIGH DNP and

HIGH saturated infiltration rates.

We defined locations with a high potential for NO3
–

retention as having both high DNP and high saturated

infiltration rates (group 4). Locations defined as

having high potential for NO3
– mobilization had low

DNP and low saturated infiltration rates (group 1).

Locations with lowDNP and high saturated infiltration

rates (group 2) and high DNP and low saturated

infiltration rates (group 3) have the potential to act as

locations of either NO3
– retention or NO3

– mobiliza-

tion given runoff conditions. We performed a chi-

square test to determine if certain groups were more

likely to contain sampling locations from particular

hillslope locations, lawn types or lawn fertilization

practices.

Results

Main effects of topography, lawn type,

and fertilizer use on soil and hydrologic properties

(objective 1)

Results of mixed effects models revealed a significant

effect (p\ 0.05) of topography (i.e. hillslope loca-

tion) on soil organic matter (v2 (2) = 9.13), pH (v2

(2) = 12.42), and saturated infiltration rate (v2

(2) = 8.76; Table 1). Specifically, soil organic matter

and pH were significantly greater in toes and swales

compared to tops of hillslopes, while saturated infil-

tration rates were significantly lower in swales than

toes and tops of hillslopes (Fig. 3).

The same models also revealed a significant effect

(p\ 0.05) of lawn type on DNP (v2 (3) = 8.33), soil

NH4
? (v2 (3) = 14.83), soil organic matter (v2

(3) = 32.96), pH (v2 (3) = 11.51), and saturated

infiltration rate (v2 (3) = 8.63; Table 1), and a

marginally significant effect on soil NO3
– (p = 0.08,

v2 (3) = 6.68). Specifically, DNP and soil organic

matter were significantly higher in suburban lawns

compared to exurban lawns (Fig. 4). Soil organic

matter was also significantly higher in suburban lawns

than institutional lawns (Fig. 4). Soil NH4
? was

significantly higher in suburban backyard lawns

compared to all other lawn types, while pH was

significantly lower in suburban backyard lawns com-

pared to exurban and institutional lawns (Fig. 4).

Institutional lawns also had significantly higher satu-

rated infiltration rates than all other lawns (Fig. 4).

Lawns on which the homeowner reported they

fertilize had significantly greater (p\ 0.05) net min-

eralization (v2 (1) = 3.85) and soil NO3
– (v2

(1) = 18.01), and marginally significantly higher soil

NH4
? (p = 0.06, v2 (1) = 3.7; Table 1, Fig. 5).

Moderating effects of lawn type and fertilizer use

on soil and hydrologic properties

Mixed effects models revealed lawn type significantly

(p\ 0.05) moderated effects of topography on several

soil and hydrologic properties, and also improved

model fit (Online Resource 3). Lawn type moderated

the effect of topography on outcomes for DNP (v2

(11) = 45.12), soil NO3
– (v2 (11) = 34.03), soil

organic matter (v2 (11) = 41.91), soil moisture (v2

(11) = 29.58), and saturated infiltration rate (v2

(11) = 43.11). We found fertilizer use did not mod-

erate topographic effects on any soil or hydrologic

property. Main effects models remained the most

parsimonious model for net mineralization, soil NH4
?,

and pH (Online Resource 3). Specifically, we found

that DNP was higher on lower slope (toes and swales)

than top slope positions for all lawn types except

exurban lawns where it was significantly lower in

swales (Fig. 6). Soil NO3
– was significantly higher in

toes and swales than top positions in institutional

lawns, but topography did not have a significant effect

on soil NO3
– in any other lawn type (Fig. 6). Soil

organic matter, similar to the main effects model,

increased from top to bottoms of hillslopes for all lawn

types except suburban backyards where swales had

lower soil organic matter than other hillslope positions

(Fig. 6). Soil moisture had different topographic

patterns depending on lawn type with soil moisture

increasing from top to bottoms of hillslopes at the

exurban and institutional sites and showing no distinct

pattern at the suburban sites (Fig. 6). For saturated

infiltration rates, we found that the significantly lower

saturated infiltration rates in swales found in the main

effects model were driven by very low saturated

infiltration rates in swales of suburban front yards

specifically (Fig. 6).
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Limiting substrates for denitrification (objective 1)

Factorial amendments of DEA media with NO3
– and

carbon revealed widespread evidence of carbon lim-

itation of denitrification potential at all study sites.

Specifically, the Kruskal–Wallis H test showed

significant (p\ 0.001) differences among the tests

for substrates limiting DNP (DI, NO3
–, C, NO3

– ? C)

for all lawn types (Exurban, v2 (3) = 124.9; Suburban

backyard, v2 (3) = 161.6; Suburban front yard, v2

(3) = 149.9; Institutional, v2 (3) = 47.1). Dunn’s post

hoc comparisons revealed all lawn types were carbon

Table 1 Mixed effect

model results for models

including only main effects

DNP, N min, NO3
– NH4

?,

saturated infiltration rate

data are log transformed

DNP denitrification

potential, N min net N

mineralization, NO3
– soil

nitrate, NH4
? soil

ammonium, Sat. inf.
saturated infiltration rate,

BY backyard, FY front yard
�Trending p\ 0.1;

*p\ 0.05; **p\ 0.01;

***p\ 0.001;

b = regression coefficient;

SE = standard error

DNP N min NO3
– NH4

?

b (SE) b (SE) b (SE) b (SE)

Fixed effects

Intercept 4.23 (0.51)*** 1.71 (0.06)*** 1.66 (0.29)*** - 0.82 (0.31)**

Hill location: top as reference

Toe 0.46 (0.26)� 0.10 (0.06)� 0.11 (0.10) - 0.43 (0.23)�

Swale 0.27 (0.26) 0.07 (0.06) 0.15 (0.10) - 0.35 (0.23)

Lawn type: exurban as reference

Suburban BY 1.64 (0.58)** 0.08 (0.06) - 0.43 (0.33) 0.87 (0.34)**

Suburban FY 1.14 (0.58)* 0.01 (0.06) 0.37 (0.33) 0.18 (0.34)

Institutional 1.00 (0.78) - 0.04 (0.09) - 0.16 (0.45) - 0.63 (0.45)

Fertilize: unfertilized as reference

Fertilized - 0.56 (0.46) 0.10 (0.05)* 1.14 (0.27)*** 0.52 (0.27)�

Random effects

r2 0.56 1.52e-9 0.22 0.11

s00, site 1.61 0.08 0.26 1.21

Nsite 16 16 16 16

ICCsite 0.37 0.04 0.45 0.23

Observations 144 143 144 143

Organic matter Soil moisture pH Sat. inf

b (SE) b (SE) b (SE) b (SE)

Fixed effects

Intercept 5.55 (0.35)*** 19.19 (2.03)*** 6.44 (0.28)*** 1.16 (0.33)***

Hill location: top as reference

Toe 0.64 (0.23)** 0.55 (0.72) 0.18 (0.08)* 0.00 (0.12)

Swale 0.57 (0.23)* 0.93 (0.72) 0.29 (0.08)*** - 0.33 (0.13)**

Lawn type: exurban as reference

Suburban BY 1.56 (0.38)*** - 2.50 (2.36) - 1.01 (0.33)** 0.64 (0.38)�

Suburban FY 1.57 (0.38)*** - 0.52 (2.36) - 0.52 (0.33) 0.45 (0.38)

Institutional - 0.33 (0.51) - 5.83 (3.18)� - 0.04 (0.44) 1.47 (0.51)**

Fertilize: unfertilized as reference

Fertilized 0.49 (0.31) 2.21 (1.90) - 0.21 (0.26) 0.23 (0.31)

Random effects

r2 0.17 10.86 0.22 0.28

s00, site 1.31 12.44 0.16 0.40

Nsite 16 16 16 16

ICCsite 0.38 0.53 0.69 0.57

Observations 144 144 142 139
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limited (Fig. 7). Additional Kruskal–Wallis and

Dunn’s post hoc tests were conducted to examine if

limiting substrates for denitrification differed among

hillslope locations and among fertilizer treatments; all

permutations revealed carbon limitation.

Hydrobiogeochemical homogeneity

within and among lawns (objective 2 and 3)

Using CV as an estimate of variability (i.e. homo-

geneity), we found that hydrologic and soil properties

demonstrated different patterns of homogeneity within

and among lawns of a shared lawn type. Saturated

infiltration rates, DNP and soil NH4
? were more

heterogenous (defined as a CV above 100) within and

among lawns than soil NO3
–, soil organic matter or

soil moisture (Fig. 8). Typically, within and among

lawn CV patterns were similar (i.e. variables that were

homogenous within lawns were also homogenous

among lawns) with two exceptions: DNP and saturated

infiltration rates. Both of these variables overall

demonstrated more heterogeneity among lawns of a

particular lawn type than within lawns. T-tests found

no significant difference between CVs of fertilized and

unfertilized lawns for any hydrologic or soil property

suggesting homeowner fertilization does not have a

homogenizing effect on the measured variables.

Fig. 3 Mean values for soil properties and hydrologic variables by hillslope location. Different letters represent significant differences

(p\ 0.05). Pairwise trending differences are represented by �(p\ 0.10). Error bars indicate ± 1 SE
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Potential hotspots of NO3
– mobilization

and retention (objective 4)

We found that 42 of the 144 sampling locations fell

into one of the four groups based on the upper and

lower quartiles of DNP and saturated infiltration rates.

Groups varied significantly by lawn type (v2

(9) = 56.88), p\ 0.001), were marginally significant

by hillslope location (v2 (6) = 11.07, p = 0.09) and

showed no significant effect of fertilizer use (v2

(3) = 5.7, p = 0.13). Specifically, we found that 85%

of the sampling locations occurring in group 1 (low

DNP, low infiltration; high potential for NO3
– mobi-

lization) were from 2 of the 4 hillslopes sampled in the

exurban neighborhood, with no differences among

hillslope location and fertilizer use (Fig. 9). In group 2

(low DNP, high infiltration), 77% of the sampling

locations were from the tops and toes of hillslopes in 3

of the 5 suburban front yards sampled (Fig. 9). In

group 3 (high DNP, low infiltration), 83% of sampling

locations were from toes and swales in 6 of the 10

suburban neighborhood front and backyard hillslopes

sampled (Fig. 9). In group 4 (high DNP, high infiltra-

tion; high potential NO3
– retention) 85% of sampling

locations came from the institutional lawns with most

sampling locations occurring on one study hillslope

(Fig. 9).

Fig. 4 Mean values for soil properties and hydrologic variables by lawn type. Different letters represent significant differences

(p\ 0.05). Pairwise trending differences are represented by �(p\ 0.10). BY backyard, FY front yard. Error bars indicate ± 1 SE
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Discussion

Lawns are often the target of N mitigation plans as

they are a significant component of landcover and

account for a large portion of the N inputs in urban

watersheds due to fertilizer applications. While sev-

eral studies show lawns are relatively retentive of N

given these large N inputs (Gold et al. 1990; Raciti

et al. 2008), it is not clear if lawns can be treated as

hydrobiogeochemically homogenous, or if there are

locations that may be more retentive of N than others.

The present study examined if topographic gradients

and anthropogenic inputs of N via fertilizer affect

hydrobiogeochemical patterns of N sources, sinks and

removal in lawns. Key findings for this study are:

(1) Topography has an effect on some hydrobio-

geochemical characteristics of lawns, such as

soil organic matter, soil moisture, and saturated

infiltration rates, just as it does in non-urban

landscapes (objective 1). However, differences

among lawns types (e.g., exurban vs. suburban;

front yard vs. backyard) in the direction or

strength of change, when moving from the top to

the bottom of the hillslope, suggest both natural

and anthropogenic factors seem to influence the

effect topography has on hydrobiogeochemical

characteristics of lawns.

(2) Front and back lawns of suburban neighbor-

hoods varied in several hydrobiogeochemical

properties, such as higher soil NO3
– and lower

Fig. 5 Mean values for soil properties and hydrologic variables by fertilizer use. Different letters represent significant differences.

Pairwise trending differences are represented by �(p\ 0.10). Error bars indicate ± 1 SE
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swale saturated infiltration rates in front yards

compared to backyards. This suggests these

spaces may be utilized or managed differently

by homeowners. However, whether a home-

owner fertilizes or not has limited effects on

hydrobiogeochemical properties of lawns (ob-

jective 3) suggesting the need to better under-

stand other aspects of lawn use and management

that may affect N dynamics.

(3) Hydrobiogeochemical properties of lawns

related to N mobilization and removal, such as

DNP and saturated infiltration, are variable

within and among lawns (objective 2). This

suggests that lawns may have locations that are

more or less susceptible to mobilizing N during

rain events (objective 4).

(4) Carbon limitation of denitrification potential in

lawns suggests these ecosystems may have the

potential to remove more N via denitrification

with mitigation strategies targeted at increasing

soil carbon.

Fig. 6 Effects of topography on DNP, soil organic matter, soil

moisture, saturated infiltration rate and soil NO3
– as moderated

by lawn type and effects of fertilizer on soil NO3
– as moderated

by lawn type. Significance tests (p\ 0.05) are made within

lawn types. Astericks (*) or different letters denote significant

differences. Non-significant comparisons are denoted by ns.

Institutional lawns are all fertilized and do not have an

unfertilized comparison group. BY backyard, FY front yard.

Error bars indicate ± 1 SE
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Together these results provide a basis for manage-

ment recommendations about mitigating N mobiliza-

tion and improving N removal.

Topography affects soil and hydrologic properties,

but so do people

Topography has long been recognized as a useful

organizing principle for hydrobiogeochemical pro-

cesses (Schimel et al. 1985; Amundson and Jenny

1997; Band et al. 2001) generating predictable patterns

of water movement downslope and accumulation of N

Fig. 7 Mean denitrification (DN) rates for limitation treatments

each lawn type. DI = distilled water addition; N = NO3
–

addition; C = carbon addition; NC = NO3
– and carbon addition.

Different letters denote significant differences from nonpara-

metric Dunn’s pairwise comparison tests at p\ 0.05. BY
backyard, FY front yard, Inst institutional. Error bars indi-

cate ± 1 SE. Note log scale

Fig. 8 Within and between lawn coefficients of variation (CV)

of soil and hydrologic properties. Large, black symbols

represent between lawn CVs for each fertilized and unfertilized

lawn type. Small, gray symbols represent within lawns CVs for

given lawn type. BY backyard, FY front yard, DNP potential

denitrification, NO3
– soil NO3

–, NH4
? soil NH4

?, SOM soil

organic matter, SM soil moisture, Inf saturated infiltration rate

Fig. 9 Scatter plot of sampling locations along a hydrologic

(saturated infiltration rate) and denitrification gradient. Groups

represent sampling locations that fall at the extremes (defined as

the upper or lower quartile of the data distribution) of both axes

123

Biogeochemistry



and organic matter in low lying locations. Our data

suggest that these inherent topographic controls are

also expressed in urban areas, but not uniformly.

Organic matter, soil NO3
– and DNP are higher in

lower slope positions in some, but not all, lawn types

(Figs. 3 and 6).

Notably, lawn type frequently moderated the effect

of topography on hydrobiogeochemical properties in

lawns. However, determining precisely why lawn type

moderated the effect of topography on hydrobiogeo-

chemical properties in lawns is difficult due to several

differences among the exurban, suburban and institu-

tional lawn types including, but not limited to,

underlying topography, soil types, land use legacies,

homeowner use and management, and time since

home construction. While our results suggest that the

effect of natural topographic gradients may be inter-

acting with either the built environment or people’s

use/management of their lawns, more research is

needed to determine if this is generalizable to other

lawns in other cities. Below we propose a few possible

explanations for how different aspects of lawns may

interact with topography at our study sites.

Parcel size, and thus the size of the hillslope, could

affect the magnitude of the impact that topography has

on hydrobiogeochemical properties of lawns. In this

study, exurban and institutional parcels were larger

than the suburban neighborhood parcels (* 1 ha vs.

0.1 ha parcels, respectively) and the hillslopes were

generally steeper. The larger parcel size likely reduced

the impact of initial housing construction and con-

structed drainage (roads, sewers) and thus left more of

the natural topography in place compared to the

suburban lawns; consequently, patterns expected from

topographic gradients, such as soil moisture, remain

prevalent (Fig. 6). In contrast, the smaller suburban

parcels are likely more impacted from housing con-

struction, constructed drainage and human use. For

example, impacts from downspout placement or

shading from the house would have a proportionally

larger impact on soil moisture patterns on small

parcels compare to large ones (Online Resource 2);

consequently, soil moisture would be higher on the

tops of hillslopes making them more similar to swale

locations and masking the effect of topography.

Additionally, the very low saturated infiltration rates

in swales in suburban front yards could be the result of

how people use their front yards (Fig. 6). These swales

are located adjacent to driveways where people are

frequently accessing their cars. This activity may

compact the soil in these very specific locations

resulting in extremely low saturated infiltration rates

(Online Resource 1).

The low organic matter content of swales of

suburban backyards is an unexpected result, as these

tended to be larger swales compared to swales on other

lawn types and thus could be receiving more upslope

inputs. However, this could be the result of how these

particular swales function during large rain events.

Rather than functioning as a depression that accumu-

lates organic matter (Schimel et al. 1985; Duncan et al.

2013), these backyard swales may be more analogous

to ephemeral streams, with water flowing through

them and across parcels during large rain events.

Organic matter may become entrained during such

storms and deposited in a different location (Online

Resource 1c).

It is also likely that underlying differences in soil

types and land use legacies affected how topography

influenced hydrobiogeochemical properties among

different lawn types. For example, the exurban lawns

in this study have micaceous schist-derived soils,

which have inherently lower fertility than the diabase-

derived soils of the suburban neighborhood (Groffman

et al. 2006). Additionally, the exurban parcels were

converted from agricultural to residential use more

recently than the suburban parcels (1990s versus

1960s respectively), and thus erosion may further

contribute to lower fertility in the exurban neighbor-

hood. These underlying factors in the exurban yards

may have current and legacy effects on the soil

microbial community, potentially explaining why

DNP was much lower in exurban lawns and did not

increase in bottom slope locations despite observa-

tions of higher soil moisture or soil organic matter; two

soil properties typically associated with higher DNP.

While we do not address differences in microbial

communities among the lawns in this study, it is likely

that differences in microbial communities are affect-

ing N dynamics in lawns. Previous studies have found

that microtopography affects microbial community

composition in seemingly homogenous agriculture

fields (Suriyavirun et al. 2019). In addition, land use

legacies and homeowner management decisions, such

as whether to apply fertilizer or return mowed

clippings to the lawn, can have impacts on lawn

carbon and N dynamics and likely the associated

microbial communities (Thompson and Kao-Kniffin
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2019). A better understanding of lawn microbial

communities could provide mechanistic insight into

how topographic gradients interact with the built

environment to shape N dynamics.

Differences in front and backyard lawns

in the suburban neighborhood

Suburban front and backyard lawns have unique

landscape configurations relative to each other, and

to exurban and institutional lawns; these differences in

configuration likely have complex effects on N

processes. As mentioned above, the suburban lawns

have smaller parcel sizes than the exurban and

institutional lawns. Additionally, suburban front yard

lawns are adjacent to impervious surfaces and roads,

potentially affecting exposure to atmospheric deposi-

tion from vehicles, and increasing the potential for

compaction and low saturated infiltration rates next to

high foot and vehicle traffic areas such as driveways

(Online Resource 1).

The most marked difference between suburban

front and backyards in this study was in soil NO3
– and

soil NH4
?. Several factors could contribute to the

elevated NO3
– in the front yards including higher

fertilizer use on front yards associated with the ‘‘public

face function’’ of these areas (Locke et al. 2018a, b)

and increased exposure to nitrogen deposition from

vehicles due to their proximity to roads. Prior studies

have found that nitrogen deposition from vehicles is

greatest within 15 m from roadsides and is associated

with higher soil NO3
– leaching than locations further

from roadsides (Cape et al. 2004; Bettez et al. 2013;

Redling et al. 2013). Our findings of higher NO3
– in

front yards than backyards, suggests that atmospheric

nitrogen deposition may be an important consideration

in future investigations of N dynamics in residential

lawns. The factors driving elevated soil NH4
? in

backyards are not as clear, but one potential explana-

tion is that pet use (and waste deposition) is plausibly

higher in backyards (Hobbie et al. 2017). Other

potentially important differences in landscape config-

uration between front and backyards may work to

obscure topographic effects seen on larger parcel

sizes, such as the distribution and type of trees,

downspout placement, and shading effects from

structures (Miles and Band 2015; Locke et al.

2018b). The potential effects of downspout placement

and shading on soil moisture are discussed above and

demonstrate how aspects of landscape configuration

may be more important than fertilizer in overcoming

the effects of topography in suburban lawns. However,

these effects are speculative and warrant further

investigation to disentangle which landscape gradients

are important for driving patterns of N cycling in

lawns.

Nitrogen dynamics are variable and may generate

hotspots of N mobilization

One key objective for this study was to determine if

there are locations within lawns that have the potential

to act as hotspots of N mobilization. To that end, we

posit that how mobile or retentive N may be on a lawn

is the result of an interaction between the capacity of

the lawn to remove NO3
– via denitrification and to

infiltrate water during storms thus preventing NO3
–

from being mobilized in runoff. Previous research has

suggested that lawns are generally retentive of N

(Gold et al. 1990; Raciti et al. 2008), but it is not clear

if lawns are uniformly retentive or if particular

locations may be more or less susceptible to N

mobilization or retention. We found that DNP and

saturated infiltration rates varied both within and

among lawns. This suggests that particular lawns

within a neighborhood may be more likely to retain or

mobilize N, and particular locations within an indi-

vidual lawn may be more likely to retain or mobilize

N. We found three distinct groupings in our study

sites.

The first distinct grouping encompasses institu-

tional lawns, which had both high DNP and high

saturated infiltration rates suggesting these locations

may be the most retentive of N of any of our study

lawns across a range of rainfall and N source

conditions, but also highlighting that institutional

and residential lawns may not be functionally compa-

rable. Institutional lawns are uniformly managed and

far less utilized by people than typical residential

lawns potentially increasing their capacity to remove

N. The second grouping encompasses lawns in the

exurban neighborhood which have generally low DNP

and saturated infiltration rates, suggesting that these

lawns may be more susceptible to mobilizing N during

storm events as their capacity to retain water and

process N are low. The final grouping encompasses

suburban lawns that may be more variable in their N

dynamics. These locations had high DNP but low
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saturated infiltration rates, suggesting these locations

are likely to generate runoff during storms. However,

whether these locations mobilize or remove N during a

storm depends largely on whether the residence time

of the water allows for NO3
– to be denitrified.

It is important to note that while a lawn may be

susceptible to mobilizing N, how relevant that mobi-

lization is to generating pollution downstream will

depend on the juxtaposition of the lawn relative to

impervious surfaces. For example, while exurban

lawns may be more susceptible to mobilizing N than

other lawn types, the longer hillslopes with longer flow

paths in exurban lawns may present more opportuni-

ties for N processing than the short hillslopes in the

suburban neighborhood. Additionally, the exurban

neighborhood has fewer clear flow paths to impervious

surfaces compared to the suburban neighborhood,

essentially reducing the impact N mobilization from

these lawns may have on downstream ecosystems. In

contrast, the suburban front lawns have a suite of

conditions including close proximity to impervious

surfaces, short hillslopes, downspout inputs, and

swales with low infiltration rates that make them

more vulnerable to mobilizing N onto impervious

surfaces. While this study has identified that particular

locations have the potential to act as a hotspot of N

mobilization, whether they function as such needs to

be verified with actual field measurements of hydro-

logic and gaseous N flux.

Carbon limitation of DNP may limit the capacity

of urban lawns to retain N

Lawns have been shown to have the potential to

accumulate organic matter (Pouyat et al. 2002;

Golubiewski 2006) so it is notable that DNP in the

study lawns were exclusively carbon limited. Lawn

management could be one cause as lawn care can

include the removal of wood, leaf litter and lawn

clippings thus reducing carbon inputs into lawns

(Peach et al. 2019). Additionally, high N inputs in

urban lawns could result in a high demand for carbon,

thus resulting in a depleted carbon pool (Waters et al.

2014). Drivers of carbon limitation in urban lawns

warrant further investigation as results from this study

suggest mitigation strategies that target increasing soil

carbon may work to increase the capacity of lawns to

retain N.

Conclusions

The results of this study highlight several important

avenues of investigation and the challenge of provid-

ing prescriptive mitigation strategies to reduce N

mobilization from lawns. While we found that natural

gradients, such as topography, affect the hydrobio-

geochemistry of lawns, it appears that the configura-

tion of the lawn may be as or more important when

targeting lawns for N mitigation. The high potential

but low risk for N mobilization onto impervious

surfaces in the exurban lawns compared with the

higher risk of Nmobilization onto impervious surfaces

in suburban front yard lawns highlights the need to

better understand flow paths and N processing along

these flow paths in lawns.

It is not clear from this study if fertilized lawns

inherently act as hotspots of N mobilization. Direct

measurements of N in runoff from these lawns are

needed to make this assessment. However, fertilizer

application does not appear to inherently increase or

decrease the potential of a lawn to act as a hotspot of N

mobilization. Rather, results from this study suggest

that the lawns most at risk of Nmobilization (suburban

front yards) due to their proximity to impervious

surfaces may have a complex suite of conditions

increasing their vulnerability to N mobilization that

may be challenging to mitigate. These conditions,

such as N deposition, soil compaction adjacent to

impervious surfaces, and downspout placements that

increase runoff potential, would require mitigation

strategies more tailored to individual lawns than just

management of fertilizer inputs generally. Mitigation

strategies, such as rain gardens, which focus on

capturing and infiltrating excess runoff are potentially

one way to address the multifaceted nature of these

complexities.

The results here contribute to the emerging under-

standing of the structure, function, and environmental

impacts of human-dominated landscapes, but also

highlight the need for more research on lawns.

Notably, this is a study of only 16 lawns in one city

with a temperate climate. More research is needed to

determine which results presented here are generaliz-

able to other cities with different climates, underlying

topography and mesotopography. Our analysis shows

that while the landscape controls of water and N fluxes

that have been well defined in ‘‘natural’’ landscapes

are still important in urban landscapes, there are
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important interactions with human behaviors. In other

words, biophysical characteristics do not overwhelm

human behaviors nor do human behaviors overwhelm

biophysical characteristics. Both matter and need to be

considered to understand and manage the system.

Analysis of these interactions increases our basic

science understanding of ‘‘how urban landscapes

work’’ and of how to improve the environmental

performance of a dominant ecosystem and landscape

type in the U.S.
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