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Abstract

As aresult of uncertain resource availability and growing populations, city managers are implementing
conservation plans that aim to provide services for people while reducing household resource use. For
example, in the US, municipalities are incentivizing homeowners to replace their water-intensive
turfgrass lawns with water-efficient landscapes consisting of interspersed drought-tolerant shrubs and
trees with rock or mulch groundcover (e.g. xeriscapes, rain gardens, water-wise landscapes). While these
strategies are likely to reduce water demand, the consequences for other ecosystem services are unclear.
Previous studies in controlled, experimental landscapes have shown that conversion from turfgrass to
shrubs may lead to high rates of nutrient leaching from soils. However, little is known about the long-
term biogeochemical consequences of this increasingly common land cover change across diverse
homeowner management practices. We explored the fate of soil nitrogen (N) across a chronosequence
ofland cover change from turfgrass to water-efficient landscapes in privately owned yards in
metropolitan Phoenix, Arizona, in the arid US Southwest. Soil nitrate (NO; —N) pools were four times
larger in water-efficient landscapes (25 + 4 kg NO3; —N/ha; 0-45 cm depth) compared to turfgrass
lawns (6 £+ 7 kg NO3; —N/ha). Soil NO; —N also varied significantly with time since landscape
conversion; the largest pools occurred at 9—13 years after turfgrass removal and declined to levels
comparable to turfgrass thereafter. Variation in soil NO; —N with landscape age was strongly influenced
by management practices related to soil water availability, including shrub cover, sub-surface plastic
sheeting, and irrigation frequency. Our findings show that transitioning from turfgrass to water-efficient
residential landscaping can lead to an accumulation of NO;™—N that may be lost from the plant rooting
zone over time following irrigation or rainfall. These results have implications for best management
practices to optimize the benefits of water-conserving landscapes while protecting water quality.

1. Introduction

Water conservation is a critical sustainability goal in
urban areas worldwide (Natural Defense Resource
Council (NDRC) 2008, Hilaire 2009, NOAA 2014).
Weather extremes, increasing urban sprawl and popu-
lation density, and the additive effects of urban heat
islands create challenges in urban water management
for even the most water-secure cities (Morehouse 2000,
Vorosmarty et al 2010, Jenerette et al 2013, Hogue and
Pincetl 2015). Since the late 1960’s, water conservation
programs have been developed to reduce residential
water use (Gleick 2014). Because approximately 30%-—

50% of household water is consumed outdoors for
landscaping (Domene and Sauri 2006, US Environ-
mental Protection Agency 2015), conservation pro-
grams that target outdoor irrigation are key to
reducing urban water consumption (Balling et al 2008,
Ontario Water Works Association (OWWA) 2008).
Common conservation programs in cities incentivize
the replacement of water-intensive turfgrass lawns with
water-efficient landscapes that typically consist of inter-
spersed drought-tolerant shrubs and trees with rock or
mulch groundcover (e.g. xeriscapes, green infrastructure,
rain gardens, climate-appropriate/water-wise landscapes,
and others). In 2015, 77 cities in 16 US states offered

©2016 IOP Publishing Ltd
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financial incentives to encourage homeowners to replace
their lawns. This land cover change from turfgrass to
mixed shrubs and trees reduces water and often fertilizer
use (Sovocool et al 2006, Hilaire 2009) but may have unin-
tended consequences for water quality (Amador
et al 2007). In non-urban ecosystems, the change from
grassland to shrubland leads to loss of nitrogen (N) from
the plant-soil system through erosion, runoff, and leach-
ing (Parsons et al 1996, Turnbull et al 2010, Yusuf
etal 2015). These losses are due to reduced soil-stabilizing
roots, increased surface water runoff, changes in soil
moisture (SM), and inconsistent plant nutrient uptake.
Construction of shrub landscapes from fertile, managed
urban grasslands may lead to similar water quality trade-
offs, which could compromise water resource sustain-
ability objectives.

While cities expand, turfgrass cover continues to be
the land cover of choice for homeowners and businesses
(Gaston et al 2005, Zhang et al 2015). Cultivated turf-
grass covers more US land area (163 800 km?) than the
major irrigated crops combined, including corn
(43 000 km?; Milesi et al 2005). Grassy lawns provide
aesthetic benefits (Larson et al 2015), sequester high
amounts of C, 14.4kgm > compared to 8kgm 2 in
forests (Pouyat et al 2006), and mitigate the urban heat
island effect through evaporative cooling (Jenerette
etal 2011, Hall et al 2015). However, lawns require sub-
stantial water inputs (on average 1 liter/m” daily) and
consume 7—10 times more water in semi-arid climates
compared to mesic regions (USDA, National Agri-
cultural Statistics Service (NASS) 2003, Milesi et al 2005,
USDA, National Institute of Food and Agriculture
(NIFA) 2011). As an alternative, shrub-dominated land-
scapes are promoted for their water savings (35%—75%
reduction compared to turfgrass) in addition to aes-
thetic and biodiversity benefits (McPherson 1990, Sovo-
cool et al 2006, Beumer and Martens 2015, and others).

As urban land cover increases, the ubiquity of inten-
sively managed turfgrass has led to concerns about
water pollution due to surface runoff and nutrient
leaching (Petrovic 1990, Kasper et al 2015). Urban
grasslands can contain as much N as agricultural soils
due to intensive nutrient inputs, held mostly within a
dense network of actively growing roots (Baer et al 2002,
Raciti et al 2008, Reuben and Sorensen 2014). Nitrogen
compounds such as nitrate (NO;3 ™) are highly mobile in
the soil and contribute to contamination and eutrophi-
cation of ground water and aquatic ecosystems (Paul
and Clark 1989). Some studies have shown that N losses
from leaching and runoff can be high from lawns
(Easton and Petrovic 2004, Raciti et al 2011, Wherley
et al 2015 and others), however, recent research shows
that turfgrass lawns retain more nutrients than pre-
viously thought, maintaining small pools of soil N and
supporting surprisingly low rates of NO;™—N leaching
(Martin 2001, Zhu et al 2006, Groffman et al 2009, Mar-
tinez et al 2014). In Baltimore, MD, Raciti et al (2008)
found that turfgrass had higher N retention rates up to
one year after "°N addition compared to forest plots.
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This pattern was likely due to accumulation of soil
organic matter (McClellan et al 2009) and high plant
uptake/productivity (Nektarios et al 2014), as well as N
immobilization (Raciti et al 2008).

Much less is known about the fate of soil nutrients in
water-conserving landscapes, particularly relative to the
turfgrass lawns these landscapes replace. One study in
artificial plots concluded that shrubs are more effective at
using water and nutrients than turfgrass (Qin et al 2013).
However, other studies in experimental landscapes show
that gardens with wood mulch and shrubs have the
potential to lose up to 10-fold more N than grass land-
scapes (Erickson et al 2001, Amador et al 2007, Loper
et al 2013). After turfgrass death, rates of NO; —N leach-
ing are high due to diminished plant uptake and changes
in microbial activity (Jiang et al 2000, Hull et al 2001). In
arid and semi-arid climates NO5;™—N leaching can be
exacerbated after precipitation due to accumulation of
soil nutrients during long dry periods in shrubland eco-
systems (Austin et al 2004, Vourlitis and Fernandez 2015).
Thus, conversion of turfgrass to managed shrub land-
scapes may alter rates of biogeochemical cycling, with
possible unintended consequences for aquatic resources.

Despite the growing prevalence of climate-appro-
priate landscapes, no studies to date have characterized
the biogeochemical outcomes of this land cover change in
heterogeneous residential areas. In this study, we explore
soil properties and nutrient cycling across a chronose-
quence of land cover change from managed urban grass-
land to shrubland in yards of single-family homes in
metropolitan Phoenix, Arizona, in the US Southwest. We
hypothesized that the replacement of turfgrass with
water-efficient landscapes would initially create disturbed,
moist soils that would favor mineralization of organic N,
nitrification, and mobilization of NO3;™—N due to limited
and heterogeneous N uptake by shrubs. Furthermore, we
hypothesized that soil nutrient content would decrease
with water-efficient yard age (time since land cover
change) as water inputs cause downward movement of
nutrients in the soil, or as nutrients are taken up by matur-
ing vegetation. Because homeowners and landscapers
determine vegetative structure, composition, and main-
tenance of yards, we hypothesized that soil N in water-
efficient landscapes would vary with differences in home-
owner management. Elucidation of the patterns and dri-
vers of residential landscape nutrient dynamics will help
shape best management practices to achieve multiple sus-
tainability outcomes in urban and suburban areas.

2. Experimental design and methods

2.1. Site selection

We explored the soil biogeochemical outcomes of a
residential land cover change in the City of Tempe,
Arizona (USA), a city of 168000 residents within
metropolitan Phoenix (United States Census Bureau
2014). Tempe is located in the Sonoran Desert, within the
Central Arizona—Phoenix Long Term Ecological
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Research site (CAP LTER). The climate is arid, with
annual precipitation at 18.3cm split approximately
evenly between two rainy seasons, summer monsoon and
winter rains (Guido 2008, Maricopa County, AZ 2015).
All residential sites in this study (referred to as ‘yards’)
have been residential for at least 40 yrs. This long land
cover history was chosen because the length of time in
residential use significantly alters the soil nutrient content
(Lewis et al 2006). Soils within each landscape class
(turfgrass and all ages of water-efficient landscapes) are
stratified across three soil series and two soil orders,
Avondale clay loam (Typic Torrifluvents), Laveen clay
loam (Typic Haplocalcids), and Contine clay loam (Vertic
Calciargids) (appendix A; Knowles-Yanez et al 1999, Soil
Survey Staff 2013). Annual temperatures range from
average high of 30°C to average lows of 12°C
(NOAA 2015).

2.2.Sampling design

We sampled front yards of homes that were landscaped
with either turfgrass or desert-style, water-efficient yards
during the summer monsoon season (between May and
August of 2014). Forty-one water-efficient landscapes
were selected using a homeowner survey, all of whom
received financial incentive for turfgrass removal between
1993 and 2014 via the Tempe Landscape Rebate Program.
Using convenience sampling, we also selected six single-
family homes with turfgrass lawns that varied by irrigation
type (flood, sprinkler) and tree cover. We grouped the
participating households (n = 47) into five age categories
(n = 5-8 per category): <4, 4-8, 8-13, and 18-21 yrs
since land cover change, and turfgrass yards (figure 1).
Water-efficient yards varied greatly in their area, struc-
ture, and vegetative composition as well as management
(table 1, appendix A). Homeowners indicated that
turfgrass was killed and tilled into the soil or completely
removed prior to re-landscaping with shrubs, rock mulch
groundcover, and trees. Some homeowners also recorded
adding topsoil, fertilizer, and rarely compost, specifically
near new plantings. Approximately 50% of yards also had
plastic sheeting placed on the soil surface under rock
mulch. In these cases, shrubs were located within large
holes in the plastic near the drip irrigation head.

2.3.Yard vegetation

We quantified the area of ground cover, and percent
canopy cover of shrubs (plants shorter than 1.5m,
including cacti and perennial plants) and trees in the
front yards of homes (from sidewalk to house overhang)
using visual surveys. We also recorded the percent of the
yard area covered by the canopies of trees with N-fixing
associations. Vegetation cover observations were cali-
brated among researchers on five sample study yards to
ensure consistency of data collection (+5%).

2.4.Soil sampling
To explore soil properties, we collected soil samples in
June and July of 2014, the seasonal dry period prior to
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the summer monsoon. In each yard, we used a slide-
hammer corer to collect four, 5 cm diameter cores split
into three 15 cm depth intervals to 45 cm. We took two
of the four cores under randomly chosen shrubs
<1.5 m in height, excluding cacti (referred to as ‘under
plant’) and the remaining two cores from adjacent
vegetation-free patches between shrubs (referred to as
‘between plant’). We sampled the homogeneous lawn
area of turfgrass yards by taking only two soil cores in
these sites (split into three depth categories). Prior to
analysis, we homogenized the 2 cores within each patch
type (under plants, between plants, turfgrass) and depth
category in each yard (n = 6 samples in water-efficient
yards; n = 3 samples in turfgrass yard). (For supple-
mental soil methods see appendix A).

2.5.Ion-exchange resin bags

We measured N availability in soils using buried ion-
exchange resin bags (mixed Dowex Marathon MR-3)
during the summer (July—September) and winter
(December—February) rainy seasons to capture nutrient
movement during precipitation events (Giblin et al 1994).
We placed four resin bags in each yard at two depths, 5
and 30 cm, adjacent to the soils cores taken in the ‘under
plant’ and ‘between plant’ patch types (appendix A). Resin
bags remained in the yards for two, two-month deploy-
ments, with replacement after two months with new resin
bags. In the laboratory, we cleaned and then dried the
resins for 48-72 h. Resins were then extracted in NaCl
and frozen until further analyses (Giblin et al 1994).

2.6. Rainfall

The precipitation during each resin bag deployment was
summed for each house, using precipitation data from
the nearest tipping bucket rain gauge within the Flood
Control District of Maricopa County sensor network
(Maricopa County 2015).

2.7.Soil analyses

We processed soil cores to explore patterns of nutrient
pools and rates of microbially mediated N transforma-
tion (extractable NO3; —N and ammonium [NH,N]
content, potential net N mineralization, potential net
ammonification, and potential net nitrification) and soil
properties related to N cycling (gravimetric moisture
(SM), water-holding capacity (WHC), organic matter
content (OM), and texture). All soil methods were based
on LTER standard protocols (Robertson et al 1999).

We quantified pools of soil exchangeable NO;™-N
and NH, "N by extracting soils in 2 M KCl within 48 h
of collection to retain field conditions. To measure
microbial N processes, soils were extracted after a 7 day
incubation at 24 °C in the dark for 7 days at 60% WHC,
optimal for aridland microbial communities (Sponsel-
ler 2007). We used a colorimetric phenolate method to
measure NO, —N +NO; =N [reported as NO; —N]
and colorimetric cadmium reduction to measure
NH, N concentrations in soil extracts (Lachat
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Figure 1. Map of Tempe, AZ within the CAP LTER study area, in the state of Arizona within the western US. Study yards are indicated
by year since land cover change from turfgrass to water-efficient yards (n = 5-8 houses per category). All yards are located in areas
that have an agricultural history but have been under urban land cover for >40 years.

Instruments, Loveland, Colorado). Inorganic N values
were amended with soil bulk density (BD) to determine
pools from concentrations (Lee et al 2009, See
appendix A). We also determined total soil carbon (C)
and N using a CHN elemental combustion analyzer (PE
2400). We calculated organic N by subtracting inorganic
N from total N.

Soil texture was determined using the hydrometer
method (appendix A).

2.8. Statistical methods

We used mixed model analyses of variance to assess the
relationship between the independent variables of land-
scape type (turfgrass and water-efficient) and year since
land cover change (k = 4 categories; also referred to as
‘landscape age’) on the dependent variables of soil NO;~—
N (referred to as ‘extractable NOs~ ), SM, soil OM, and

soil texture with site as a random factor. To assess patterns
of resin NO3; —N (referred to as ‘plant-available NO5;~’,
Binkley 1984) and NH,"-N availability, we used an
Analysis of Covariance (ANCOVA) with precipitation as a
covariate. When comparing whole yard averages (across
depth and patch type) we weighted response variables by
patch type as assessed by percent shrub cover in each yard
(table 1). To evaluate how multiple management factors
(independent variables: shrub cover, patch type, irrigation
frequency, presence of plastic, and depth) influence
water-efficient NO3; —N pools, we also performed a
mixed linear model with yard as a random factor, using
REML/GLS methods (Hrong-Tai and Cornelius 1996).
Modified backward stepwise removal was used to create a
model of water-efficient extractable NO; N levels by
including only significant factors and ecologically relevant
interactions, while avoiding Type I error (Mundry and
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Table 1. Yard characteristics, divided by categories of years since land cover change. Yard area includes the front
of house from the sidewalk or property edge to the house overhang and includes both pervious and impervious
surfaces (e.g. driveway and walkway). Values represent the mean (£standard error [SE]). P-values are results of
ANOVA tests between age categories within columns. Lowercase letters represent significant differences in

shrub cover between age categories.

Canopy cover
Years since land cover change Shrubs Trees N-fixing trees Yard area
Years % % % m’
Turfgrass 11.73 (4.68) ab 60.24(8.29) 18.00(13.35) 290.25(67.59)
<4 17.08 (3.50) ab 43.71 (6.66) 26.02(9.15) 196.87 (15.05)
4-8 17.66(2.45)a 57.03(17.68) 25.05(9.33) 255.97(33.22)
9-13 8.21(1.92)b 56.90(10.87) 27.78 (11.66) 205.16(22.33)
18-21 15.09 (1.90) a 57.92(9.57) 42.10(9.96) 185.69 (11.56)
F-value 4.31 0.21 1.11 3.45
p-value 0.004™" 0.65 0.36 0.07

Note: “*Shows statistical significance at p < 0.01.

Nunn 2009). We left all main effects in the model if they
were significant or had a significant higher-order interac-
tion (see appendix C). We plotted all model residuals to
assess assumptions of statistical testing and transformed
data to achieve homoscedasticity.

3. Results

3.1. Soil nitrate content and availability differ by
landscape type and across time

Conversion of residential ‘grassland’ to ‘shrubland’ sig-
nificantly alters the availability and pool size of soil
NO;™-N, and varies across landscape age (figure 2). Using
patch-weighted averages, water-efficient yards contained
25 + 4kg NO; —N/ha in the first 45 cm of soil, while
lawns contained much less, at 6 + 7kg NO; —N/ha.
Pools of soil extractable NH,"—N were relatively small
and did not differ between yard type (mean 1.5kg
NH,t-N/ha). Soil extractable NO; -N differed signifi-
cantly by age category depending on patch type, where the
decline in NO3;™-N in the oldest landscapes was greatest
in the patches between plants (Patch type x year since land
cover change interaction, p = 0.01, table 2)].

Patch-weighted estimates of plant-available soil
NO;-N and NH,-N from resins did not differ
between turfgrass (mean 0.32 mg NO; —N/g resin and
0.04 mg NH,"-N/g resin) and water-efficient yards
(patch-weighted mean 0.67 mg NO; —N/g resin and
0.12 mg NH,*-N/g resin). Additionally, ANCOVA
with summer precipitation revealed no relationship
between years since land cover change or patch type.
However, plant-available NO; —N estimates were
strongly and positively related to total precipitation
(ANCOVA, p < 0.001, figure 3).

As predicted, soil properties follow similar patterns
to soil nutrients when turfgrass is replaced with a water-
efficient landscape. Soil OM content was negatively
related to soil NO3; =N pools across patch types in
water-efficient yards (Pearson’s correlation p = 0.005,

! Supplemental material online includes additional data and figures
stacks.iop.org/ERL/11/084007 /mmedia.

figure 4). Organic matter declined from 6% in turfgrass
yards to 4% in water-efficient yards within 4 years after
land cover change (ANOVA, landscape type x OM,
p = 0.03), then declined further with time (ANOVA,
year since land cover change x OM, p = 0.03). This pat-
tern is confirmed by levels of total soil C and N which
also decreased after land cover change (ANOVA, land-
scape type x C, p = 0.02 and landscape type x N
p = 0.01). We found a proportional shift in the ratio of
organic N to inorganic N between turfgrass and water-
efficient yards, where turfgrass yard soils contained
approximately 30% more organic N and 30% less inor-
ganic N than the oldest water-efficient yards (table 2).
Potential net N mineralization and net nitrification
rates were not related to soil extractable NO; —N and
did not differ between land cover types (appendix B).
However, potential N mineralization rates were posi-
tively correlated to OM (Pearson’s correlation p = 0.02),
and significantly higher in the under plant patch type
than the between plant patch type (ANOVA, patch type x
N mineralization, p = 0.03). Sand content, a correlate of
soil WHC, differed significantly across land cover types
(ANOVA, p = 0.01), increasing from 38% on average in
turfgrass yards to 49% in water-efficient (table 2).

3.2. Soil nitrate patterns influenced by management
over time

Patterns in soil extractable NO; —N across landscape
age were greatly influenced by yard management. Mixed
linear model results between water-efficient yard extrac-
table NO3;™—N and yard biophysical and management
variables identified several interactions that contributed
significantly to the variation in soil NO; —N in water-
efficient landscapes of different age (table 3). The decline
in soil NO3;™—N over time was dependent upon patch
type and was significantly related to the amount of
irrigation, the presence or absence of plastic sheeting,
and shrub cover. In yards that were converted >4 years
prior to this study, landscapes irrigated more frequently
(14 times per week) contained less soil NO; —N than
yards that were not irrigated often (<1 time per week;
p = 0.002). Soil NO;™-N did not differ by irrigation



http://stacks.iop.org/ERL/0/000000/mmedia

10P Publishing

Environ. Res. Lett. 11 (2016) 084007

P Letters

Patch Type

50— = Between plants
M Under plants

Turfgrass <4

(n = 5-8ineachland cover category).

Figure 2. Pools of soil extractable NO3;™—N increase after a change from turfgrass to water-efficient landscapes (0—45 cm). Bars
represent means of extractable NO;™—N by years since land cover change as a function of patch type. Error bars show =+ one SE
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Figure 3. Plant-available NO;~—N is significantly related to summer monsoonal precipitation received during the sampling interval.
Data points represent mean plant-available NO3™—N over 4 months for each study yard. Precipitation values are sums of precipitation

frequency in the youngest year category (figure 5). Shrub
cover was also significantly and negatively related to
extractable NO3;™—N, and this pattern was strongest in
the patches between plants (ANOVA, shrub cover x
extractable NO; N, p = 0.01, shrub cover x location
interaction, p < 0.01, figure 6).

4, Discussion

4.1. Mechanisms determining N availability after
land cover change

Our study evaluated the fate of soil inorganic N in
residential landscapes after homeowners converted their




Table 2. Values represent mean soil properties averaged over soil depth (0—-45 cm), data split by soil depth in supplementary materials). Bold values indicate whole-yard averages (patch-weighted in water-efficient yards). P-values indicate
differences between categories of landscape type (turfgrass versus water-efficient landscapes) and years since land cover change (water-efficient yard ‘year categories’, k = 4) on patch-weighted data. One SE shown in parentheses.

Gravimetric soil Water holding Soil organic Extractable Extractable
moisture capacity matter NO;-N NH;-N Sand Silt Clay Soil C:N Total C Total N Bulk density
% gH,0/gsoil % kgha™' kgha! % % % % % gem™?
Turfgrass yard 17.45 (2.50) 0.63 (0.05) 5.63(1.13) 5.7 (2.50) 1.50 (0.56) 39.71(3.83) 42.97 (1.96) 17.32(2.48) 23.50(2.98) 1.78(0.24) 0.10(0.01) 0.96 (0.03)
Water-efficient 9.70 (2.50) 0.55(0.05) 4.78 (0.69) 31.0(5.36) 1.7 (0.26) 39.07 (3.83) 22.59 (4.32) 8.59(1.78) 39.15(8.84) 1.43(0.29) 0.06 (0.02) 1.06 (0.02)
yard <4yrs
Between plants 9.89(1.20) 0.53 (0.03) 3.99(0.36) 27.7(8.57) 1.60 (0.45) 46.21(3.46)  39.02(2.20)  1477(1.47)  25.12(473)  2.07(0.12)  0.11(0.01) 1.07 (0.02)
Under plants 10.19(0.88) 0.55(0.02) 4.03(0.41) 21.2(11.10) 1.50(0.32) 45.56 (3.22) 39.52(1.74) 14.92 (1.59) 28.66 (4.22) 2.02(0.19) 0.08 (0.01) 0.98 (0.06)
Water-efficient 9.57 (1.46) 0.51(0.05) 3.67(0.47) 35.0(10.26) 1.60 (0.35) 47.35(4.78) 16.10(3.02) 7.40 (1.52) 19.15(2.37) 1.06 (0.19) 0.06 (0.01) 1.14(0.06)
yard 4-8 yrs
Between plants 9.07(1.34) 0.47(0.02) 3.74(0.37) 31.1(16.85) 1.60 (0.34) 48.10(3.23)  3535(1.66)  16.55(2.20)  19.07(2.06)  1.59(0.14)  0.09(0.01) 1.04(0.06)
Under plants 9.22(1.05) 0.48(0.01) 3.67(0.44) 14.8 (6.61) 1.20(0.33) 47.39 (2.59) 36.84(2.25) 15.78 (1.93) 22.42(2.00) 1.62(0.13) 0.08 (0.01) 1.07 (0.04)
Water-efficient 9.19(1.10) 0.48 (0.02) 3.32(0.30) 35.0(7.62) 1.40 (0.24) 46.55(1.91)  23.12(4.10) 8.75(1.58)  25.78(3.05)  0.83(0.18)  0.04(0.01) 1.40 (0.09)
yard 9-13 yrs
Between plants 9.27(1.10) 0.49 (0.02) 3.34(0.31) 35.0(11.64) 1.40(0.35) 47.49 (2.21) 38.09(2.13) 14.42(0.97) 21.13(1.70) 1.21(0.10) 0.06 (0.01) 1.05(0.05)
Under plants 8.19(0.47) 0.50 (0.02) 3.48(0.32) 34.8(13.32) 2.80(0.80) 4559(2.53)  39.81(2.69)  14.60(1.24)  19.31(2.17) 1.40(0.10)  0.08(0.01) 1.06 (0.05)
Water-efficient 9.10(1.20) 0.48 (0.02) 2.92(0.29) 8.6(1.13) 1.40 (0.22) 51.10(2.20)  17.40(2.83) 7.08(1.35)  35.67(7.73)  0.99(0.18)  0.03(0.01)  0.97(0.05)
yard 18-21yrs
Between plants 9.13(1.27) 0.47 (.02) 2.80(0.29) 7.3(2.14) 1.40 (0.49) 50.88(2.34) 34.86 (1.56) 14.27 (1.49) 57.49(18.38) 1.57(0.14) 0.05(0.01) 0.96 (0.06)
Under plants 8.90(1.35) 0.49 (0.02) 3.58(0.41) 16.5 (7.90) 2.10(0.78) 51.19(227)  35.15(1.59)  13.66(1.25)  53.67(15.41)  1.85(0.10)  0.07(0.01) 1.03 (0.04)
F-value year 6.28 3.51 4.63 0.05 0.10 1.08 6.45 5.48 0.45 2.88 4.45 0.71
category
p-value <0.001"** 0.02" 0.004" 0.82 0.75 0.40 0.01" 0.02" 0.51 0.05 0.01* 0.41
F-value 25.72 9.56 8.17 4.27 0.04 6.56 15.43 12.96 0.22 6.09 7.91 2.65
landscape type
p-value <0.0001™"" 0.003™" 0.007"" 0.04" 0.84 0.01" <0.001""" <0.001""" 0.65 0.023" 0.01" 0.11
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Figure 4. Soil organic matter (OM) content by year since land cover change, split by soil depth. Soil OM content declines over time.

Table 3. Results of mixed model regression between soil extractable
NO;™-N and multiple management factors. Backward stepwise
removal was used to create a model of water-efficient extractable
NO;—N levels by including only significant factors and ecologically
relevant interactions. We left all main effects in the model if they were
significant or had a significant higher-order interaction (appendix C).
Significant factors and interactions are highlighted in bold.

Factors and interactions Df  F-value  p-value
(Intercept) 180 5.49 0.02
Years since land cover change 41 0.27 0.61
Shrub cover (%) 41 9.87 <0.01
Patch type 180 25.52 <0.0001
Irrigation frequency 41 1.21 0.28
Depth (cm) 180 5.12 0.02
Presence of plastic 180 0.15 0.70
Patch type:depth 180 7.52 <0.01
Patch type:presence of plastic 180 35.08 <0.0001
Years since land cover change: 180 13.30 <0.001
patch type
Shrub cover:patch type 180 12.05 <0.001
Years since land cover change:irriga- 41 1.27 0.27
tion frequency
Years since land cover change: 180 6.14 0.01

patch type:irrigation frequency

yards from water-intensive turfgrass lawns to water-
efficient, shrub-dominated yards. Given the high rates of
plant growth and soil organic matter turnover of turfgrass
landscapes (Pouyat et al 2006), we hypothesized that the
replacement of turfgrass with interspersed, drought-
tolerant shrubs would lead to fast rates of decomposition
that would in turn lead to excess inorganic N that would
not be fully utilized by shrubs. Our results show that soil
NO; N pools, at 045 cm, increased in water-efficient
yards, from below 2 kg N ha " in turfgrass soil to about
6 kg N ha" in water-efficient yard soil in the first 13 years

after land cover change. This increase in plant-available N
suggests that there is a pulse of soil organic matter
decomposition and nitrification after turfgrass removal.
In the first 5-8 years after land cover change, soil organic
matter levels dropped from ~6% to <4% while NO;™—N
levels peaked, supporting the premise that elevated rates
of organic matter decomposition and subsequent nitrifi-
cation are a possible mechanism driving the production
of plant-available N in water-efficient landscapes.
Interestingly, we found that soil NO3;™—N pools and
total soil N declined in older water-efficient landscapes to
levels comparable to turfgrass despite an increase in cover
of N-fixing trees. These patterns could result from nutri-
ent uptake by increasingly mature plants in older land-
scapes, or from N leaching to deeper soil layers after rain
events (particularly in the patches between shrubs).
Because available water is required for plant uptake in arid
environments (Ogle and Reynolds 2004), and dry periods
in the desert can lead to nutrient accumulation (Schle-
singer et al 1996), balancing irrigation with plant needs is
an important way to minimize potential leaching of N.
The shift in texture from silt loam to sandy loam after
land cover change may result from tillage during the con-
version process, removal of thatch and organic matter that
provided structure to the upper soil-held silt content, and
general disturbance of the topsoil during yard transforma-
tion and subsequent management. These textural chan-
ges, along with a decline in soil organic matter content,
could augment rates of water infiltration, increasing nutri-
ent mobility at depth (Austin et al 2004). Studies from
experimental landscapes show that shrub installation
replacing turfgrass leads to NO; —N leaching below the
rooting zone (Amador et al 2007, Bushoven et al 2000).
Our results show concentrations of NO3; —N in soil
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Figure 5. Frequent irrigation decreases soil NO3;~—N content in older yards compared to infrequent irrigation (0—45 cm). Values are
averaged over soil depth and then weighted by patch type. Error bars represent + one SE.
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Figure 6. Shrub cover is inversely related to soil extractable NOs™—N content.

solution in water-efficient yards (0.4mg to 1.4 mg
NO;™-N/g resin) are not significantly higher compared
to turfgrass yards at any depth (0.6 mg NO; —N/g resin).
This non-significant finding could be an artifact of the low
precipitation received by turfgrass sites due to timing of
resin deployments, which did not capture most of the lar-
ger monsoon events of the summer and therefore are not
represented at higher precipitation levels. Furthermore,
turfgrass soils contained similar NO3; N in soil pore

water to water-efficient landscapes despite the fact that
they are irrigated with up to 3 times more water (Sovocool
and Rosales 2001, Sovocool et al 2006).

We also found that soil C:N ratios are greater in
older water-wise landscapes compared to recently
converted landscapes and yards with turfgrass. One
explanation of this pattern is that the water-efficient
yards are leaching dissolved organic N over time
(McLauchlan 2006, Wherley et al 2015), but it is more
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likely that this is an artifact of declining inorganic N
pools due to downward movement of N or plant
uptake, as discussed above. Alternatively, soil micro-
organisms could be immobilizing inorganic N in older
water-efficient yards if inorganic N pools are limited.
The magnitude of difference in C:N ratios between
yard types could partly be attributed to addition of
soil/fertilizer or disturbance during the conversion
process.

4.2. Drivers of variation in soil N

In addition to patterns in soil N, our findings highlight
significant differences in soil and ecosystem properties
across the turfgrass to water-efficient landscape trans-
ition (table 1). Homeowners and hired landscapers
determine how their yard is converted, including how
much and where vegetation is planted and how the
landscape is maintained, as well as decisions that
determine the magnitude of plant nutrient uptake,
such as the type of vegetation and water inputs
(appendix A, Amador et al 2007, Cook et al 2012).
Results from our mixed model suggest that home-
owner decisions help regulate soil NO; —N content
and that the cover of shrubs may be more important
than trees in these landscapes. Differences in vegeta-
tion by species or life form (e.g. shrubs versus trees or
cacti) influence root structure and patterns of nutrient
uptake. For example, plants in semi-arid shrub-
dominated ecosystems allocate a large fraction of their
fine root mass to shallow soil layers, and their activity
is highly dependent on water availability (Schwinning
and Sala 2004). If nutrient-acquiring roots are concen-
trated at shallow depths, they will have a diminished
opportunity to intercept plant-available NO; -N
deeper in the soil profile (Schenk and Jackson 2002,
Amador et al 2007). Plant root structure is also affected
by water availability. Frequent irrigation with small
amounts would encourage shallow root growth, while
infrequent but large irrigation events may increase
rates of water infiltration, leading to deeper rooting
such that shrubs could access water several days after
an irrigation event (Rundel and Nobel 1991).

5. Conclusions

This research is the first to explore the ecological
outcomes and temporal dynamics of an increasingly
common urban land cover that is universally pro-
moted in US cities and growing in popularity world-
wide. Increasingly common droughts, exacerbated by
augmented rates of evaporation from warmer global
temperatures, intensify the need for programs that
aim to decrease urban water use (Sheffield et al 2012).
Many cities already restrict the number of days water
can be used for landscaping, and a subset of those cities
incentivize homeowners and businesses to decrease
water use (Environment Agency 2009, California,
Department of Water Resources 2015, WaterSense, U.
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S. Environmental Protection Agency 2015). Often the
restrictions on water use are local initiatives, starting at
the municipal or even citizen level. As climate
uncertainty continues and urban areas and population
density increase (Kirtman et al 2013, World Health
Organization 2015), it is likely that there will be
progressively more top-down implementation of sta-
tewide or federal regulation of water use (Walton and
Hume 2011, Clarvis and Engle 2015, Desert Water
Agency 2015, Mass.gov. 2015). Severe droughts and
over-allocation of the Colorado River Basin in the
Western US have lead to recent legislation to decrease
urban water use, such as California’s mandate of 25%
reductions by 2016 (Castle et al 2014, Department of
Water Resources 2015). Water-wise alternative land-
scapes are already at the forefront of the initiatives
being applied to accomplish water use reduction goals,
and these landscapes will likely continue to gain
popularity in urban areas.

Results from our study show that water availability
and management are significantly associated with the
amount and mobility of NO;™—N in soil. For this rea-
son, installment of water-efficient yards in more mesic
climates—or soils with sandy textures as is common in
coastal areas—could result in faster rates of organic N
mineralization and increased concentrations of lea-
ched NO5; N within a shorter time period than mea-
sured in this study (for example, see Erickson
et al 2001). The likelihood of N leaching will depend
on several factors, including soil type, total water
inputs (irrigation frequency/amount and precipita-
tion) and Vegetation cover. However, our research
suggests that installation of sparsely distributed shrubs
would decrease yard N uptake capacity, especially
within the first few years after landscaping. Further-
more, while irrigation frequency/amount is likely to
be significantly lower in mature water-efficient yards,
landscapes are frequently irrigated during shrub estab-
lishment (Erickson et al 2001). Additionally, the high
SM we measured in water-efficient yards (~10%)
likely exceeds plant requirements, which corroborates
other studies that suggest landscape over-watering is
common (Volo et al 2015). In order to prevent the
accumulation of available NO3; -N in lawn-alter-
native landscapes and mitigate the potential for nega-
tive water quality, we recommend that future research
should develop best management practices and
explore the outcomes of residential land cover change.
For example, removing grass using a turf cutter could
eliminate a large source of organic material in new
landscapes; soil amendments, such as fertilizer or
compost, could be added only where shrubs will be
planted; and adding both annual and perennial
ground cover may contribute to nutrient retention
with minimal water input. Additionally, future
research in water-efficient landscapes across gradients
of precipitation and yard structure is necessary in
order to determine potential trade-offs between water
conservation and water quality.
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Appendix A. Lab and field methods

Study site. The city of tempe is located within the
Phoenix metropolitan area, within the boundaries of
the 6400 km?* Central Arizona—Phoenix Long Term
Ecological Research site (CAP LTER). The climate is
arid, with annual precipitation split between the
summer monsoon (July to September), characterized
by sporadic, short, and heavy rainfall, while winter
brings longer but lighter rainfall events. Soils in the
study area are Laveen loam/Laveen clay loam (Fine-
loamy, mixed, superactive, calcareous, hyperthermic
Typic Torrifluvents), Contine clay loam (Fine, mixed,
superactive, hyperthermic Vertic Calciargids) or
Avondale clay loam (Coarse-loamy, mixed, super-
active, hyperthermic Typic Haplocalcids) derived
from flood-plain parent material with a slope of 0%—
1% (Soil Survey Staff 2013). All residential sites used in
this study (referred to as ‘yards’) have been under
urban land use for at least 40 yrs and have an
agricultural land legacy (Knowles-Yanez et al 1999).
Annual temperatures range from average high of
30 °C to average lows of 12 °C (NOAA 2015). In 1993,
Tempe was one of the first cities in the nation to offer
financial rebates to replace turfgrass lawns with
drought-tolerant shrubs. Since then, the city has kept
records of participants in the Tempe Landscape Rebate
Program, documenting the address, homeowner
name, as well as yard area and rebate year. Common
yard plants in Tempe water-efficient yards include
both native and non-native species of cacti, such as
saguaro (Carnegiea gigantea), prickly pear (Genus
Opuntia), and barrel cacti (Genus Echinocactus);
shrubs, such as creosote (Larrea tridentata), brittle-
bush (Encelia farinose), and Mexican bird of paradise
(Caesalpinia pulcherrima), among others, and N-fixing
trees, such as mesquite (Prosopis chilenses and
P. velutina), acacia (Acacia berlandieri and A.
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constricta), and palo verde trees (Parkinsonia florida
and P. microphylla).

Household survey and site selection. We selected 1400
homes that participated in the Tempe Landscape
Rebate Program, stratified by the year they received
the rebate so that an equal number of homes were
selected at random from each year. This rebate
program offers a financial incentive to residents to
encourage turfgrass removal and conducts voluntary
classes on xeriscaping. In April of 2014, we sent
postcards to the homes with a link to an online survey
to gather data on yard history and management, and
secure homeowner permissions for in situ research.
We included survey questions that fell under
three general categories: current yard cover and
maintenance, the yard conversion process and motiva-
tions, and homeowner demographics. These cate-
gories provided information on how the homeowner
managed his/her yard, as well as common practices
used during the conversion process (table Al). We
contacted individuals by post-card, written in English,
which contained a link to the online survey. Home-
owners were also given the option to participate in the
survey over the phone or fill out a hard copy sent to
their home.

The response rate of the household surveys was
10% (n = 140) and of those, 40 individuals opted in
for further study and their yards were used for soil
sampling. All sites are single-family homes in the City
of Tempe that have an agricultural land legacy. In
order to avoid location bias we mapped the addresses
using GIS software and visually assessed that the sites
were spatially distributed across the city. We further
grouped the participating households (n = 47) into
age categories containing an approximately equal
number of yards: <4, 4-8,9—13, and 18-21 years since
land cover change, and turfgrass yards (0 years since
land cover change). This design provided multiple
replicates for each category including grassy lawns as
age zero (n = 5-8 per category).

Yard vegetation. Drought-tolerant shrubs, cacti,
and desert-adapted trees are common in water-effi-
cient yards in Tempe, but the number of plants and
level of maturity is highly variable among the study
sites. In order to identify potential effects of plant
nutrient uptake on soil nutrient pools and fluxes, we
quantified the area of ground cover, and canopies of
shrubs and trees in the front yards of each home using
visual surveys. For ground cover, we segmented yards
into four quadrants and recorded the approximate
cover of grass, gravel, bare soil, or impervious (pave-
ment/stones), summing to 100% for each quadrant.
The data for each quadrant were later multiplied by
0.25 and summed together to get a whole yard cover of
each cover type. To determine canopy cover, we first
measured the yard dimensions using a measuring tape
to determine length, from the sidewalk (or street) to

11



10P Publishing

Environ. Res. Lett. 11 (2016) 084007

P Letters

Figure Al. The 30 cm depth resins were installed using a double-PVC pipe apparatus. The outside larger pipe was permanently
installed at an angle in the soil during the study. The smaller, inner pipe, was used to hold and replace the resins. The resins sat at the
bottom end of the tube (shown here upside down) and the opposite end was capped using plastic sheeting to prevent any precipitation
or irrigation water reaching the resin bags that did not first travel through the soil column.

the front overhang of the house, and width, from one
side of the lot to the beginning of the next lot, includ-
ing impervious driveways or walkways. Length and
width were multiplied to determine total yard area.
We then measured the canopy cover of all trees
(defined as vegetation taller than 1.5 m and excluding
cacti) by taking two cross section measurements of
each tree’s canopy and multiplying these measure-
ments to get a square area. To determine the percent
yard canopy cover, we divided the total yard area by
the total canopy of trees and then multiplied by 100. In
order to capture any biogeochemical impacts from
vegetation with N-fixing symbioses (or non-N fixing
legumes with high tissue N content, such as palo verde
trees), we also quantified canopy cover for these spe-
cific trees. Using the same method as the ground
cover, we recorded the vegetative cover of non-trees
(referred to as shrub cover, %) by visually segmenting
the yard into four quadrants and assigning a % cover
of shrubs for each quadrant. We defined shrubs as all
plants that were shorter than 1.5m, including cacti
and non-annual plants.

Soil sampling. In turfgrass yards, we took four soil cores
by choosing areas of the yard that were at least 1 m
away from impervious surfaces and a 1 m away from
any tree canopy. After homogenization by depth
category and patch-type, samples were bagged and

placed at 10 °C in a cooler with ice for 1-2 h until
processing in the laboratory.

In the winter of 2014, we sampled soil to deter-
mine BD using a slide-hammer corer at 15 cm incre-
ments, down to 45 cm. The slide-hammer allowed us
to penetrate to the desired depth in cemented soils
(with a caliche layer). Most cores were extracted as
whole cores with little impaction. Core holes were
measured and compared to core length to test for
impaction. We took special care to collect any soil that
may have fallen back into the coring hole due to sandy
or loose soils. Any site that had incomplete cores or
visible impaction had an additional core taken. Sam-
ples were bagged and brought back to the laboratory
for processing.

ITon-exchange resin bags. Resin bags were composed of
nylon and filled with approximately 10 g of 50/50
cation/anion exchange resins (Dowex Marathon MR-
3 hydrogen and hydroxide form). We placed four pairs
of resin bags in each yard, two pairs each adjacent to
but greater than 30 cm from the place where the
‘between plant’ and ‘under plant’ soil cores were taken.
Resin bags were paired to control for small-scale
spatial variation from nearby plants or large rocks.
One of the pairs was placed at approximately 5cm
depth and a second pair was placed at approximately
30 cm. For the shallow pair, we used a shovel to lift the
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Table Al. Selected survey questions and responses regarding yard management.
Survey question topic Survey question % of yards
Conversion process To the best of your knowledge, when your yard was changed to a desert-style land-
scape, how was the yard prepared?
Stopped watering grass 45.2
Living grass removed (removed grass while still alive) 41.9
Stopped water and used herbicide 38.7
Used turf removal equipment (removed first 5cm soil) 22.6
Keptliving grass (installed new cover over living grass) 2.0
Other 22.6
Soil amendments during Before adding rocks or other non-grass ground cover, which of the following activ-
conversion ities were completed?
Laid down barrier (plastic sheeting or weed-blocking fabric) 22.6
Tilled soil 16.1
Added soil or compost 3.2
Watered grass or dirt 0
Added fertilizer 0
Other 9.7
Litter management Which of the following best describes what is done after maintaining the yard?
Cut grass, weeds, leaves/branched and remove by bagging 92.9
Leaf-blower is used to blow off leaves, weeds, or grass 28.6
Grass clippings, leaves or weeds are left on the ground 9.5
Grass, shrubs or weeds are not cut or trimmed 24
Do not know 2.4
Irrigation frequency Thinking about this past summer (June—August 2013), about how often/were the
plants, trees or grass in your yard usually watered?
Every day 4.8
Every week (but not daily) 54.8
Every month (but not weekly) 214
Every season (but not monthly) 4.8
Never water 11.9
Irrigation type Please indicate all of the ways used to water plants, trees, or grass in your yard.
Drip irrigation 71.4
Ahandheld hose 52.4
Watering jug/can 35.7
Sprinklers 31.0
Sprinklers on a hose 14.3
Flood irrigation 4.8
Other 71
Decision making ‘Who makes decisions about how your yard is maintained?
Ido 74.8
Another household member(s) 19.2
Landscaping service 2
Other 4

soil, then place the paired resin bags under the shovel
and then removed the shovel to achieve the least
amount of disturbance over the resin bag. To ensure
soil sitting above the 30 cm resins was undisturbed and
for easy removal and replacement at depth, we
augured through the soil at an angle (30°-45°) to
approximately 30 cm depth and inserted a PVC pipe
that held the paired resins on one end (figure Al).
Resins were kept in the yards for about two months,
after which we replaced the resin bags with new resin
bags in the same holes where they remained for
another two-month deployment period.

After each two-month incubation period, we care-
fully removed the resin bags with a shovel and gloved
hands to ensure all nutrients collected by the resins
were from the soil. The resin bags were then placed in
individual sealed plastic bags and put on ice at 10 °C in
a cooler for 1-3 h until processing in the laboratory. If
processing was postponed more than 3 h, resin bags
were placed in the refrigerator up to 24 h. In the
laboratory, we rinsed the resins with deionized water
to remove any residual soil. We removed the nylon bag
and then each pair of resin bags were homogenized
and then dried for 48-72 h at 60 °C until they stopped
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Table A2. Bulk density estimates (g m ) for soil samples from 47
residential yards using three different methods (Throop et al 2012).
Values are averages across patch-type because there was not a sig-
nificant difference in BD between patch types. One standard error
(SE) shown in parentheses.

Estimates of bulk density using three methods. Coarse soil is
>2 mm fraction and fine soil is <2 mm fraction.

Fine mass/
Coarse + fine Fine mass/ (core volume—
Depth mass/core volume core volume coarse volume)
cm g cm >
0-15 1.13(.02) 0.95(.02) 1.03(.02)
15-30 0.96 (.03) 0.86(.03) 0.90 (.03)
30-45 1.19(.03) 1.09(.03) 1.15(.03)

losing weight. After drying, organic materials such as
roots, were carefully removed using forceps. Resins
were then extracted using 2 M sodium chloride (NaCl)
solution by shaking for 24 h at 160 rpms. The super-
natant was poured through pre-leached Whatman #1
filters and samples were frozen at —4 °C until further
analyses up to 3 weeks after extraction.

Soil analyses. In the laboratory, we sieved the soils
using a 2 mm sieve within 24 h of collection; gravel
and organic matter (roots, leaves, insects) were dis-
carded. 20 g of sieved soil was set aside at field moisture
for both SM determination and WHC, and 10 g was
weighed out for both exchangeable NO;~ and NH,*
analyses and for incubation to determine microbial N
transformation rates. We air dried the remaining soil
and stored it for future analyses. 20 g of soil was dried
at 105 °C for 24 h, and then weighed to determine the
moisture content. We determined WHC (100% field
capacity of the soils) by saturating 20 g of loose soil in a
WHC filter funnel using a Whatman #42 filter and
weighing the soil after 24h to determine water
content. The 100% WHC value was multiplied by 0.6
to get the 60% WHC which provides soil microbes
with both enough water and oxygen in soil pore spaces
to optimize microbial processes on dry desert soils
(Sponseller 2007). Optimizing microbial activity dur-
ing the incubations allowed us to measure the greatest
potential rates of microbial activity. To determine
organic matter content, 10 g of oven-dried soils was
combusted using a muffle furnace at 550 °C for 4 h
and then weighed again to determine mass loss. We
determined total soil C and total soil N using a CHN
elemental combustion analyzer at the Goldwater
Environmental Lab (PE 2400; Tempe, AZ).

To determine pools of soil exchangeable NO;~
and NH, ", we extracted the soils using 100 ml of 2 M
potassium chloride (KCl) within 48 h of collection to
retain field conditions. Soil extractions were shaken
for one hr at 160 rpms and then we filtered the super-
natant through pre-leached Whatman #1 filters. To
measure microbial N processes, soils were incubated
at room temperature (24 °C) and in the dark for 7 days
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at 60% WHC. After the incubation period, we extrac-
ted the samples in the same way as the initial soil nutri-
ent samples using a 2 M KCl solution. After extraction
all samples were frozen immediately and thawed when
ready to analyze, within 4 weeks.

Soil texture. We determined soil particle size using the
hydrometer method followed by sieving for sand
(Day 1965). To disperse soil particles we shook 40 g of
oven-dried soils with 100 ml of 50 g1~" (5%) sodium
hexametaphosphate for 24 h and then carefully trans-
ferred the soil to a sedimentation cylinder. We added
900 ml of deionized water to the cylinder and used a
suspension plunger to manually suspend the soil in the
cylinder. To determine sand (%) and silt (%) content,
we took a hydrometer readings at 40s and at 7h
respectively. We calculated clay content using the
known percentage of sand and silt subtracted from
100%. To check accuracy of the 40 s sand readings, we
sieved the soil after the 7 h reading using a 53-micron
mesh size and determined sand weight by removing
remaining sediment from the sieve and drying it
overnight at 105°C. The average organic matter
content of all samples was 3.5%. According to
Gasparotto et al (2003), not destroying soil organic
matter prior to texture analyses decreases precision of
silt content by only 1% when using the hydrometer
method. Given the low organic matter content in our
soils (average 3.5% of WE yards, 5.7% for turfgrass)
the error in the silt values from not destroying the
organic matter did not significantly affect the soil
particle size distribution.

Bulk density. To estimate BD, we used a hybrid BD
method recommended by Throop et al (2012) for
rocky aridland soils, where BD = (mass of fine soil
[<2 mm])/(core volume-volume of gravel [>2 mm]).
Throop’s review of BD methods suggests this correc-
tion for coarse volume is appropriate when using BD
for nutrient analyses pertaining only to the fine
fraction because the coarse fraction does not contain
extractable inorganic N (table A2). Because volumetric
BD estimates are inaccurate in rocky soils, we excluded
cores in which the gravel volume was greater than
20%. We first calculated BD values for each soil sample
then, because there was no significant difference
between patch type, we averaged the BD for each yard
across patch type within each depth category. We then
averaged across yards, keeping unique BD values for
each depth because of significant differences in BD
between depth categories.

Appendix B. Microbial processes

Potential net N mineralization and net nitrification
were both highly variable between years since land
cover change categories as well as in the different
patch-types (table B1). The only identifiable pattern
is in the net N mineralization values, where
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Table B1. Soil microbial processes by year since land cover change and patch type. Bold rows are patch-weighted values. One SE in parenthesis.

Net N mineralization Net nitrification Net ammonification
ug N g~ ' soil/day ugN

Turfgrass 0.32(0.31) —0.06(0.02) 0.38 (0.30)
Water-efficient yard <4 yrs 0.28(0.92) 0.40(0.91) —0.12(0.05)
Between plants 1.04 (0.42) —0.11(0.04) 1.15(0.44)
Under plants 1.44(0.48) —0.11(0.04) 1.54(0.48)
Water-efficient yard 4-8 yrs 1.12(1.60) 0.88 (1.74) 0.24(0.37)
Between plants 0.71(1.08) 0.11(0.15) 0.60(1.11)
Under plants 1.11(0.54) 0.58(0.37) 0.53 (0.42)
Water-efficient yard 9-13 yrs —0.12(1.02) —0.16(1.01) 0.03(0.11)
Between plants 0.10(0.64) —0.02(0.05) 0.12(0.63)
Under plants 1.14(0.39) 0.66 (0.46) 0.48 (0.70)
Water-efficient yard 18-21yrs 0.32(0.09) 0.43(0.09) —0.11(.04)

Between plants 0.26 (0.12) —0.10(0.03) 0.37(0.12)
Under plants 0.81(0.42) —0.20(0.05) 1.01 (0.40)

mineralization was higher in the under plant patch-
type than the between plant patch-type. Net ammoni-
fication was not as variable across year category and
patch-type, however there was also no significant
difference between the patch-weighted averages.

Appendix C. Results of mixed linear
regression model selection

In order to identify the most important combination
of variables in controlling soil N cycling in water-
efficient landscapes, we used model selection, of a
mixed linear model, with backward stepwise removal
(table C1). Typical stepwise regression removes

variables based only on their contribution to a ‘best-fit’
model, but this type of removal does not consider that
some interactions and variables are important regard-
less of if they are found significant. For this reason, we
performed a mixed linear model using backward
stepwise removal to create a model that predicts water-
efficient extractable NO; —N levels by including only
significant factors and interactions that make sense
ecologically. We left all main effects in the model if
they were significant or had a significant higher order
interaction. This table shows selection criterion for
model possibilities. AICc was used due to low sample
size. Model 6 had the lowest deltaAICc and highest
weight, indicating that it is a model that explains the
data well. We added ecological interactions that are
important to NO; —N levels to this simplified model,

Table C1. Results from mixed linear model selection using backward stepwise removal of independent variables (years since land cover
change, shrub cover, patch type, irrigation frequency, presence of plastic, and depth) as they relate to soil extractable NO3™—N in water-
efficient yards. ‘Years since’ is the years since land cover change categories (<4, 4-8, 9—13, and 18-21). ‘Shrub cover’ is percent shrub cover.
‘Irrigation frequency’ is high or low frequency of irrigation (< 1 time per week or 1+ times per week) ‘Plastic present’ is whether or not the

yard had plastic sheeting down under the mulch layer.

Model: All models include house as a random factor and use a restricted

maximum likelihood criterion AIC AICc dAICc Weight [AICc]

NOj5 —N~Years since"Shrub cover“Patch type*Irrigation Frequency”- 472.60 525.56 750.54 >0.000
Depth*Plastic Present

NO35—N~Years since+Shrub cover Patch type Trrigation Frequency™- 39.89 52.62 277.60 >0.000
Depth*Plastic Present

NOj3 -N-~Years since-+Shrub cover+Patch type Irrigation Frequency™- —163.05 —159.11 65.87 >0.000
Depth*Plastic Present

NOj3-N-~Years since4Shrub cover+Patch type+Irrigation Frequency”- —187.96 —186.30 38.68 >0.000
DepthPlastic Present

NOj3;-N-~Years since4Shrub cover+Patch type+Irrigation Frequency —214.52 —213.54 11.45 0.00
+DepthPlastic Present

NOj; —-N-~Years since4Shrub cover+Patch type+Irrigation Frequency —225.79 —224.98 0.00 0.85
+Depth+-Plastic Present

NOj; —-N-~Years since+Shrub cover+Patch type+Irrigation Frequency —223.67 —221.47 3.52 0.15

+Depth+-Plastic Present+ (Depth:Patch type)+(Location:Plastic Pre-

sent)-+(Years since:Patch type)+(Shrub cover:Patch type)+(Years

since:Irrigation Frequency)+(Years since:Patch type:Irrigation
Frequency)
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shown in model 7. Analyses were performed on
transformed data.

References

Amador]J A, Hull R ], Patenaude E L, Bushoven J T and Gérres ] H
2007 Potential nitrate leaching under common landscaping
plants Water Air and Soil Pollut. 185 32333

Austin A T, Yahdjian L, Stark ] M, Belnap J, Porporato A, Norton U,
Ravetta D A and Schaeffer S M 2004 Water pulses and
biogeochemical cycles in arid and semiarid ecosystems
Oecologia 141 221-35

Baer S, Kitchen D, Blair ] and Rice C 2002 Changes in ecosystem
structure and function along a chronosequence of restored
grasslands Ecol. Appl. 12 1688-701

Balling R C, Gober P and Jones N 2008 Sensitivity of residential
water consumption to variations in climate: an intraurban
analysis of Phoenix, Arizona Water Resour. Res. 44 W10401

Beumer C and Martens P 2015 BIMBY s first steps: a pilot study on
the contribution of residential front-yards in Phoenix and
Maastricht to biodiversity, ecosystem services and urban
sustainability Urban Ecosyst. 19 45-76

Binkley D 1984 Ion exchange resin bags: factors affecting estimates
of nitrogen availability Soil Sci. Soc. Am. ]. 48 11814

Bushoven] T, Jiang Z, Ford HJ, Sawyer C D, Hull R J and
Amador J A 2000 Stabilization of soil nitrate by reseeding with
perennial ryegrass following sudden turf death J. Environ.
Qual. 29 1657-61

California, Department of Water Resources 2015 California Water
Plan (http://waterplan.water.ca.gov/cwpu2013/final /
index.cfm)

Castle SL, Thomas B F, Reager ] T, Rodell M, Swenson S C and
Famiglietti ] S 2014 Groundwater depletion during drought
threatens future water security of the Colorado River Basin
Geophys. Res. Lett. 41 5904-11

Clarvis M H and Engle N L 2015 Adaptive capacity of water governance
arrangements: a comparative study of barriers and opportunities
in Swiss and US states Reg. Environ. Change 15 517-27

Cook EM, Hall S and Larson K L 2012 Residential landscapes as
social-ecological systems: a synthesis of multi-scalar
interactions between people and their home environment
Urban Ecosyst. 15 19-52

Day P R 1965 Particle fractionation and particle-size analysis
Method of Analysis. Part 1. Physical and Mineralogical
Properties (Berkley, CA: University of California) pp 545-67

Department of Water Resources (DWR) 2015 Public Affairs State of
California (http://water.ca.gov/newsroom/pao/
publicaffairs.cfm)

Desert Water Agency 2015 Mandatory Water Use Restrictions:
http://dwa.org/restrictions

Domene E and Sauri D 2006 Urbanisation and water consumption:
influencing factors in the metropolitan region of Barcelona
Urban Stud. 43 1605-23

Easton Z M and Petrovic A M 2004 Fertilizer source effect on
ground and surface water quality in drainage from turfgrass
J. Environ. Qual. 33 645-55

Environment Agency 2009 Water for People and the Environment
(Almondsbury, Bristol: Rio House) Report nr Water Resources
Strategy for England and Wales (http://webarchive.
nationalarchives.gov.uk/20140328084622 /http://cdn.
environment-agency.gov.uk/geho0309bpkx-e-e.pdf)

EricksonJ, Cisar J, Volin J and Snyder G 2001 Comparing nitrogen
runoff and leaching between newly established St. Augustine
grass turf and an alternative residential landscape Crop Sci. 41
1889-95

Fernandez-Cafiero R, Ordovés J and MachucaM AH 2011
Domestic gardens as water-wise landscapes: a case study in
Southwestern Europe HortTechnology 17 26-31 (http://
horttech.ashspublications.org/content/21/5/616.full)

Gasparotto E, Malo D and Gelderman R 2003 Soil/Water Research
South Dakota State University, Brookings, SD 57007:

P Letters

Agricultural Experiment Station, Plant Science Department.
Soil PR03-16

Gaston K J, Warren P H, Thompson K and Smith R M 2005 Urban
domestic gardens (IV): the extent of the resource and its
associated features Biodivers. Conserv. 14 3327-49

Giblin A, Laundre J, Nadelhoffer K and Shaver G 1994 Measuring
nutrient availability in arctic soils using ion exchange resins: a
field test Soil Sci. Soc. Am. J. 58 1154—62

Gleick P H 2014 The World’s Water Volume 8: The Biennial Report on
Freshwater Resources (Washington DC: Island Press, Pacific
Institute for Studies in Development, Environment, and
Security)

Groffman P M, Williams C O, Pouyat RV, Band L E and
Yesilonis I D 2009 Nitrate leaching and nitrous oxide flux
in urban forests and grasslands J. Environ.Qual. 38
1848-60

Guido Z 2008 Understanding the southwestern monsoon Southwest
Clim. Outlook7 3

HallSJ, Learned J, Ruddell B, Larson K L, Cavender-Bares J, Bettez
N, Groffman P M, Grove ] M, Heffernan ] B, Hobbie SE and
Morse ] L2015 Convergence of microclimate in residential
landscapes across diverse cities in the United States Landscape
Ecol. 1-17

Hilaire R S 2009 The residential urban landscape as a frontier for
water conservation Proteus 26 13—-6

Hogue T S and Pincetl S 2015 Are you watering your lawn? Science
3481319-20

Hrong-Tai F A and Cornelius P L 1996 Approximate F-tests of
multiple degree of freedom hypotheses in generalized least
squares analyses of unbalanced split-plot experiments J. Stat.
Comput. Simul. 436378

Hull R, Amador J, Bushoven J and Jiang Z 2001 Does death of turf
make nitrate leach? Golf Course Manag. Res. 27 107-20

Jenerette G D, Harlan S L, Stefanov W L and Martin CA 2011
Ecosystem services and urban heat riskscape moderation:
water, green spaces, and social inequality in Phoenix, USA
Ecol. Appl. 21 2637-51

Jenerette G D, Miller G, Buyantuev A, Pataki D E and Gillespie T
2013 Urban vegetation and income segregation in drylands: a
synthesis of seven metropolitan regions in the southwestern
United States Environ. Res. Lett. 8 044001

Jiang Z, Bushoven J T, Ford H ], Sawyer C D, Amador J A and
Hull R ] 2000 Mobility of soil nitrogen and microbial
responses following the sudden death of established turf
J. Environ. Qual. 29 1625-31

Kasper ] W, Denver ] M and York J K 2015 Suburban groundwater
quality as influenced by turfgrass and septic sources,
Delmarva Peninsula, USA J Environ. Qual. 44 64254

Kirtman B et al 2013 Near-term climate change: projections and
predictability Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the 5th Assessment Report of
the Intergovernmental Panel on Climate Changeed T F Stocker
(Cambridge: Cambridge University Press) pp 953—1028

Knowles-Yénez K, Moritz C, FryJ, Bucchin M, Redman C,
McCartney P and Maruffo ] 1999 Historic land-use team:
phase Ireport on generalized land use 19th Annual User
Conference, Environmental Systems Research Institute, Inc.
(San Diego, CA, July 1999)

Larson K, Nelson K, Samples S, Hall SJ, Bettez N, Cavender-Bares ],
Groffman P, Grove M, Heffernan J and Hobbie S 2015
Ecosystem services in managing residential landscapes:
priorities, value dimensions, and cross-regional patterns
Urban Ecosys. 19 95-113

Lee ], Hopmans ] W, Rolston D E, Baer S G and Six Johan 2009
Determining soil carbon stock changes: simple bulk density
corrections fail Agric. Ecosyst. Environ. 134 2516

Leiros M, Trasar-Cepeda C, Seoane S and Gil-Sotres F 1999
Dependence of mineralization of soil organic matter on
temperature and moisture Soil Biol. Biochem. 31 327-35

Lewis D B, Kaye J P, Gries C, Kinzig A P and Redman C L 2006
Agrarian legacy in soil nutrient pools of urbanizing arid lands
Glob. Change Biol. 12703-9

16


http://dx.doi.org/10.1007/s11270-007-9456-3
http://dx.doi.org/10.1007/s11270-007-9456-3
http://dx.doi.org/10.1007/s11270-007-9456-3
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.1890/1051-0761(2002)012[1688:CIESAF]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2002)012[1688:CIESAF]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2002)012[1688:CIESAF]2.0.CO;2
http://dx.doi.org/10.1029/2007WR006722
http://dx.doi.org/10.1007/s11252-015-0488-y
http://dx.doi.org/10.1007/s11252-015-0488-y
http://dx.doi.org/10.1007/s11252-015-0488-y
http://dx.doi.org/10.2136/sssaj1984.03615995004800050046x
http://dx.doi.org/10.2136/sssaj1984.03615995004800050046x
http://dx.doi.org/10.2136/sssaj1984.03615995004800050046x
http://dx.doi.org/10.2134/jeq2000.00472425002900050037x
http://dx.doi.org/10.2134/jeq2000.00472425002900050037x
http://dx.doi.org/10.2134/jeq2000.00472425002900050037x
http://waterplan.water.ca.gov/cwpu2013/final/index.cfm
http://waterplan.water.ca.gov/cwpu2013/final/index.cfm
http://dx.doi.org/10.1002/2014GL061055
http://dx.doi.org/10.1002/2014GL061055
http://dx.doi.org/10.1002/2014GL061055
http://dx.doi.org/10.1007/s10113-013-0547-y
http://dx.doi.org/10.1007/s10113-013-0547-y
http://dx.doi.org/10.1007/s10113-013-0547-y
http://dx.doi.org/10.1007/s11252-011-0197-0
http://dx.doi.org/10.1007/s11252-011-0197-0
http://dx.doi.org/10.1007/s11252-011-0197-0
http://water.ca.gov/newsroom/pao/publicaffairs.cfm
http://water.ca.gov/newsroom/pao/publicaffairs.cfm
http://dwa.org/restrictions
http://dx.doi.org/10.1080/00420980600749969
http://dx.doi.org/10.1080/00420980600749969
http://dx.doi.org/10.1080/00420980600749969
http://dx.doi.org/10.2134/jeq2004.6450
http://dx.doi.org/10.2134/jeq2004.6450
http://dx.doi.org/10.2134/jeq2004.6450
http://webarchive.nationalarchives.gov.uk/20140328084622/http://cdn.environment-agency.gov.uk/geho0309bpkx-e-e.pdf
http://webarchive.nationalarchives.gov.uk/20140328084622/http://cdn.environment-agency.gov.uk/geho0309bpkx-e-e.pdf
http://webarchive.nationalarchives.gov.uk/20140328084622/http://cdn.environment-agency.gov.uk/geho0309bpkx-e-e.pdf
http://dx.doi.org/10.2135/cropsci2001.1889
http://dx.doi.org/10.2135/cropsci2001.1889
http://dx.doi.org/10.2135/cropsci2001.1889
http://dx.doi.org/10.2135/cropsci2001.1889
http://horttech.ashspublications.org/content/21/5/616.full
http://horttech.ashspublications.org/content/21/5/616.full
http://dx.doi.org/10.1007/s10531-004-9513-9
http://dx.doi.org/10.1007/s10531-004-9513-9
http://dx.doi.org/10.1007/s10531-004-9513-9
http://dx.doi.org/10.2136/sssaj1994.03615995005800040021x
http://dx.doi.org/10.2136/sssaj1994.03615995005800040021x
http://dx.doi.org/10.2136/sssaj1994.03615995005800040021x
http://dx.doi.org/10.2134/jeq2008.0521
http://dx.doi.org/10.2134/jeq2008.0521
http://dx.doi.org/10.2134/jeq2008.0521
http://dx.doi.org/10.2134/jeq2008.0521
http://dx.doi.org/10.1007/s10980-015-0297-y
http://dx.doi.org/10.1007/s10980-015-0297-y
http://dx.doi.org/10.1007/s10980-015-0297-y
http://dx.doi.org/10.1126/science.aaa6909
http://dx.doi.org/10.1126/science.aaa6909
http://dx.doi.org/10.1126/science.aaa6909
http://dx.doi.org/10.1080/00949659608811740
http://dx.doi.org/10.1080/00949659608811740
http://dx.doi.org/10.1080/00949659608811740
http://dx.doi.org/10.1890/10-1493.1
http://dx.doi.org/10.1890/10-1493.1
http://dx.doi.org/10.1890/10-1493.1
http://dx.doi.org/10.1088/1748-9326/8/4/044001
http://dx.doi.org/10.2134/jeq2000.00472425002900050033x
http://dx.doi.org/10.2134/jeq2000.00472425002900050033x
http://dx.doi.org/10.2134/jeq2000.00472425002900050033x
http://dx.doi.org/10.2134/jeq2014.06.0280
http://dx.doi.org/10.2134/jeq2014.06.0280
http://dx.doi.org/10.2134/jeq2014.06.0280
http://dx.doi.org/10.1007/s11252-015-0477-1
http://dx.doi.org/10.1007/s11252-015-0477-1
http://dx.doi.org/10.1007/s11252-015-0477-1
http://dx.doi.org/10.1016/j.agee.2009.07.006
http://dx.doi.org/10.1016/j.agee.2009.07.006
http://dx.doi.org/10.1016/j.agee.2009.07.006
http://dx.doi.org/10.1016/S0038-0717(98)00129-1
http://dx.doi.org/10.1016/S0038-0717(98)00129-1
http://dx.doi.org/10.1016/S0038-0717(98)00129-1
http://dx.doi.org/10.1111/j.1365-2486.2006.01126.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01126.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01126.x

10P Publishing

Environ. Res. Lett. 11 (2016) 084007

Loper SJ, Shober AL, Wiese C, Denny G Cand Stanley CD 2013
Nutrient leaching during establishment of simulated
residential landscapes J. Envirom. Qual. 42 260-70

Maricopa County 2015 Flood Control District Rainfall Data, Sensor
ASU South 4525 (http://fcd.maricopa.gov/Weather/Rainfall /
raininfo.aspx)

Martin C 2001 Landscape water use in Phoenix, Arizona Desert
Plants 17 26-31

Martinez N G, Bettez N D and Groffman P M 2014 Sources of
variation in home lawn soil nitrogen dynamics J. Environ.
Qual. 43214651

Mass.gov. 2015 Municipal Water Use Restrictions. MassDEP
(http://mass.gov/eea/ agencies/massdep/water/
watersheds/municipal-water-use-restrictions.html)

McClellan T A, Gaussoin R E, Shearman R C, Wortmann CS,
Mamo M, Horst G L and Marx D B 2009 Nutrient and
chemical properties of aging golf course putting greens as
impacted by soil depth and mat development J. Am. Soc.
Hortic Sci. 44 452-8 (http:/ /hortsci.ashspublications.org/
content/44/2/452.full)

McLauchlan K 2006 The nature and longevity of agricultural impacts
on soil carbon and nutrients: a review Ecosystems 9 1364—82

McPherson E G 1990 Modeling residential landscape water and
energy use to evaluate water conservation policies Landscape
J.9122-34

Milesi C, Running S W, Elvidge C D, Dietz ] B, Tuttle B T and
Nemani R R 2005 Mapping and modeling the
biogeochemical cycling of turf grasses in the United States
Environ. Manage. 36 426-38

Morehouse BJ 2000 Climate impacts on urban water resources in
the Southwest: the importance of context J. Am. Water
Resour. As. 362

Mundry R and Nunn C L 2009 Stepwise model fitting and statistical
inference: turning noise into signal pollution Am. Nat. 173
119-23

Natural Defense Resource Council (NDRC) 2008 The consequences
of global warming, Environmental Issues: Water (http://
nrdc.org/globalWarming/fcons.asp)

Nektarios P, Petrovic A and Steenhuis T 2014 Nitrate and tracer
leaching from aerated turfgrass profiles Eur. J. Hortic. Sci. 79
150-7

NOAA, City of Tempe, AZ 2015 Annual Climatological Summary
(http:/ /wx.tempe.gov/townlake/NOAAPRYR.TXT)

NOAA, National Climatic Data Center 2014 State of the Climate:
Drought for Annual (http://ncdc.noaa.gov/sotc/drought/
201413)

Ogle K and Reynolds J F 2004 Plant responses to precipitation in
desert ecosystems: integrating functional types, pulses,
thresholds, and delays Oecologia 141 282—94

Ontario Water Works Association (OWWA) 2008 Outdoor Water
use Reduction Manual (Toronto: Ontario Water Works
Association) (www.allianceforwaterefficiency.org/
uploadedFiles/Resource_Center/Library/Canada/2012_
Provincial_Summaries/ OWWA-Outdoor-Water-Use-
Manual.pdf)

Parsons A J, Abrahams A D and Wainwright ] 1996 Responses of
interrill runoff and erosion rates to vegetation change in
southern Arizona Geomorphology 14311-7

Paul E A and Clark F E 1989 Reduction and transport of nitrogen
Soil Microbiology and Biochemistry (New York: Academic)
pp 149-62

Petrovic A M 1990 The fate of nitrogenous fertilizers applied to
turfgrass J. Environ. Qual. 19 1-14

Pouyat RV, Yesilonis I D and Nowak D ] 2006 Carbon storage by
urban soils in the United States J. Environ. Qual. 35
1566-75

Qin Z, Shober A L, Beeson R C and Wiese C 2013 Nutrient leaching
from mixed-species Florida residential landscapes J. Environ.
Qual. 42 153444

Raciti SM, Groffman P and Fahey T 2008 Nitrogen retention in
urban lawns and forests Ecol. Appl. 18 1615-26

Raciti SM, Groffman P M, Jenkins ] C, Pouyat RV, Fahey T'J,
Pickett S T and Cadenasso M L 2011 Accumulation of carbon

P Letters

and nitrogen in residential soils with different land-use
histories Ecosysterns 14 287-97

Reuben T and Sorensen D 2014 Estimated nitrate loadings from
lawns, irrigated cropland, and on-site wastewater to an
aquifer in Ogden Valley, Utah J. Soil Water Conserv. 69
243-53

Robertson G P, Coleman D C, Bledsoe C S and Sollins P 1999
Standard Soil Methods for Long-Term Ecological Research
(Oxford: Oxford University Press)

Rundel PWand Nobel P S 1991 Structure and function in desert
root systems Plant Root Growth: An Ecological Perspective
(Special Publication No. 10 of the British Ecological Society)
ed D Atkinson (Oxford, UK: Blackwell Scientific)
pp 349-78

Schenk H J and Jackson R B 2002 Rooting depths, lateral
root spreads and below-ground/above-ground
allometries of plants in water-limited ecosystems J. Ecol.
90 480-94

Schlesinger W H, Reynolds J, Cunningham G L, Huenneke L,
Jarrell W, Virginia R and Whitford W 1990 Biological
feedbacks in global desertification Science 247 10438

Schlesinger W H, Raikes ] A, Hartley A E and Cross A F 1996 On the
spatial pattern of soil nutrients in desert ecosystems Ecology
77 364-74

Schwinning S and Sala O E 2004 Hierarchy of responses to
resource pulses in arid and semi-arid ecosystems Oecologia
141211-20

Sheffield ], Wood E F and Roderick M L 2012 Little change
in global drought over the past 60 years Nature
491 435-8

Soil Survey Staff 2013 Web soil survey Natural Resources
Conservation Service, United States Department of Agriculture
(http:/ /websoilsurvey.nrcs.usda.gov/)

Sovocool K A, Morgan M and Bennett D 2006 An in-depth
investigation of xeriscape as a water conservation measure
J. Am. Water Works As. 98 82-93

Sovocool K A and Rosales J L2001 A five-year investigation into
the potential water and monetary savings of residential
xeriscape in the Mojave Desert Southern Nevada Water
Authority report in Cooperation with the U.S. Bureau of
Reclamation CT 68-A

Sponseller R A 2007 Precipitation pulses and soil CO, flux
ina Sonoran Desert ecosystem Glob. Change Biol.

13 426-36

Throop H, Archer S, Monger H C and Waltman S 2012 When bulk
density methods matter: implications for estimating soil
organic carbon pools in rocky soils J. Arid Environ. 77
66-71

Turnbull L, Wainwright J and Brazier R E 2010 Changes in
hydrology and erosion over a transition from grassland to
shrubland Hydrol. Process. 24 393-414

United States Census Bureau, Population Division 2014 Annual
Estimates of the Resident Population for Incorporated Places
0f 50 000 or More, Ranked by July 1,2014 Population: 1 April
2010-1 July 2014 (http://factfinder.census.gov/faces/
tableservices/jsf/pages/productview.xhtml?src=bkmk)

US Environmental Protection Agency 2015 WaterSense ®: An EPA
Partnership Program, (Washington, D.C: Office of Waste
Water Management (4204M); 4/23/2015 (http://epa.gov/
watersense/our_water/water_use_today.html)

USDA, National Agricultural Statistics Service (NASS) 2003
Estimated Quantity of Water Applied and Method of
Distribution by Selected Crops Harvested: 2003 and 1998
Report nr table 28 (http://agcensus.usda.gov/Publications/
2002/FRIS/)

USDA, National Institute of Food and Agriculture (NIFA) 2011 Turf
Irrigation and Water Conservation (https://extension.
umass.edu/turf/fact-sheets/turf-irrigation-and-
conservation)

Volo TJ, Vivoni E R and Ruddell B L 2015 An ecohydrological
approach to conserving urban water through optimized
landscape irrigation schedules Landscape Urban Plan 133
127-32

17


http://dx.doi.org/10.2134/jeq2012.0098
http://dx.doi.org/10.2134/jeq2012.0098
http://dx.doi.org/10.2134/jeq2012.0098
http://fcd.maricopa.gov/Weather/Rainfall/raininfo.aspx
http://fcd.maricopa.gov/Weather/Rainfall/raininfo.aspx
http://dx.doi.org/10.2134/jeq2014.03.0103
http://dx.doi.org/10.2134/jeq2014.03.0103
http://dx.doi.org/10.2134/jeq2014.03.0103
http://mass.gov/eea/ agencies/massdep/water/watersheds/municipal-water-use-restrictions.html
http://mass.gov/eea/ agencies/massdep/water/watersheds/municipal-water-use-restrictions.html
http://hortsci.ashspublications.org/content/44/2/452.full
http://hortsci.ashspublications.org/content/44/2/452.full
http://dx.doi.org/10.1007/s10021-005-0135-1
http://dx.doi.org/10.1007/s10021-005-0135-1
http://dx.doi.org/10.1007/s10021-005-0135-1
http://dx.doi.org/10.3368/lj.9.2.122
http://dx.doi.org/10.3368/lj.9.2.122
http://dx.doi.org/10.3368/lj.9.2.122
http://dx.doi.org/10.1007/s00267-004-0316-2
http://dx.doi.org/10.1007/s00267-004-0316-2
http://dx.doi.org/10.1007/s00267-004-0316-2
http://dx.doi.org/10.1111/j.1752-1688.2000.tb04266.x
http://dx.doi.org/10.1086/593303
http://dx.doi.org/10.1086/593303
http://dx.doi.org/10.1086/593303
http://dx.doi.org/10.1086/593303
http://nrdc.org/globalWarming/fcons.asp
http://nrdc.org/globalWarming/fcons.asp
http://wx.tempe.gov/townlake/NOAAPRYR.TXT
http://ncdc.noaa.gov/sotc/drought/201413
http://ncdc.noaa.gov/sotc/drought/201413
http://dx.doi.org/10.1007/s00442-004-1507-5
http://dx.doi.org/10.1007/s00442-004-1507-5
http://dx.doi.org/10.1007/s00442-004-1507-5
http://www.allianceforwaterefficiency.org/uploadedFiles/Resource_Center/Library/Canada/2012_Provincial_Summaries/OWWA-Outdoor-Water-Use-Manual.pdf
http://www.allianceforwaterefficiency.org/uploadedFiles/Resource_Center/Library/Canada/2012_Provincial_Summaries/OWWA-Outdoor-Water-Use-Manual.pdf
http://www.allianceforwaterefficiency.org/uploadedFiles/Resource_Center/Library/Canada/2012_Provincial_Summaries/OWWA-Outdoor-Water-Use-Manual.pdf
http://www.allianceforwaterefficiency.org/uploadedFiles/Resource_Center/Library/Canada/2012_Provincial_Summaries/OWWA-Outdoor-Water-Use-Manual.pdf
http://dx.doi.org/10.1016/0169-555X(95)00044-6
http://dx.doi.org/10.1016/0169-555X(95)00044-6
http://dx.doi.org/10.1016/0169-555X(95)00044-6
http://dx.doi.org/10.2134/jeq1990.00472425001900010001x
http://dx.doi.org/10.2134/jeq1990.00472425001900010001x
http://dx.doi.org/10.2134/jeq1990.00472425001900010001x
http://dx.doi.org/10.2134/jeq2005.0215
http://dx.doi.org/10.2134/jeq2005.0215
http://dx.doi.org/10.2134/jeq2005.0215
http://dx.doi.org/10.2134/jeq2005.0215
http://dx.doi.org/10.2134/jeq2013.04.0126
http://dx.doi.org/10.2134/jeq2013.04.0126
http://dx.doi.org/10.2134/jeq2013.04.0126
http://dx.doi.org/10.1890/07-1062.1
http://dx.doi.org/10.1890/07-1062.1
http://dx.doi.org/10.1890/07-1062.1
http://dx.doi.org/10.1007/s10021-010-9409-3
http://dx.doi.org/10.1007/s10021-010-9409-3
http://dx.doi.org/10.1007/s10021-010-9409-3
http://dx.doi.org/10.2489/jswc.69.3.243
http://dx.doi.org/10.2489/jswc.69.3.243
http://dx.doi.org/10.2489/jswc.69.3.243
http://dx.doi.org/10.2489/jswc.69.3.243
http://dx.doi.org/10.1046/j.1365-2745.2002.00682.x
http://dx.doi.org/10.1046/j.1365-2745.2002.00682.x
http://dx.doi.org/10.1046/j.1365-2745.2002.00682.x
http://dx.doi.org/10.1126/science.247.4946.1043
http://dx.doi.org/10.1126/science.247.4946.1043
http://dx.doi.org/10.1126/science.247.4946.1043
http://dx.doi.org/10.2307/2265615
http://dx.doi.org/10.2307/2265615
http://dx.doi.org/10.2307/2265615
http://dx.doi.org/10.1007/s00442-004-1520-8
http://dx.doi.org/10.1007/s00442-004-1520-8
http://dx.doi.org/10.1007/s00442-004-1520-8
http://dx.doi.org/10.1038/nature11575
http://dx.doi.org/10.1038/nature11575
http://dx.doi.org/10.1038/nature11575
http://websoilsurvey.nrcs.usda.gov/
http://dx.doi.org/10.1111/j.1365-2486.2006.01307.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01307.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01307.x
http://dx.doi.org/10.1016/j.jaridenv.2011.08.020
http://dx.doi.org/10.1016/j.jaridenv.2011.08.020
http://dx.doi.org/10.1016/j.jaridenv.2011.08.020
http://dx.doi.org/10.1016/j.jaridenv.2011.08.020
http://dx.doi.org/10.1002/hyp.7491
http://dx.doi.org/10.1002/hyp.7491
http://dx.doi.org/10.1002/hyp.7491
http://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?src=bkmk
http://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?src=bkmk
http://epa.gov/watersense/our_water/water_use_today.html
http://epa.gov/watersense/our_water/water_use_today.html
http://agcensus.usda.gov/Publications/2002/FRIS/
http://agcensus.usda.gov/Publications/2002/FRIS/
https://extension.umass.edu/turf/fact-sheets/turf-irrigation-and-conservation
https://extension.umass.edu/turf/fact-sheets/turf-irrigation-and-conservation
https://extension.umass.edu/turf/fact-sheets/turf-irrigation-and-conservation
http://dx.doi.org/10.1016/j.landurbplan.2014.09.012
http://dx.doi.org/10.1016/j.landurbplan.2014.09.012
http://dx.doi.org/10.1016/j.landurbplan.2014.09.012
http://dx.doi.org/10.1016/j.landurbplan.2014.09.012

10P Publishing

Environ. Res. Lett. 11 (2016) 084007

Vourlitis G L and Fernandez J $ 2015 Carbon and nitrogen
mineralization of semi-arid shrubland soils exposed to
chronic nitrogen inputs and pulses of labile carbon and
nitrogen J. Arid Environ. 122 37-45

Vérosmarty CJ, McIntyre P, Gessner M O, Dudgeon D,

Prusevich A, Green P, Glidden S, Bunn S E, Sullivan C A and
Liermann C R 2010 Global threats to human water security
and river biodiversity Nature 467 555—61

Walton A and Hume M 2011 Creating positive habits in water
conservation: the case of the Queensland Water Commission
and the Target 140 campaign Int. J. Nonprofit Volunt. Sector
Market. 16 215-24

WaterSense, U.S. Environmental Protection Agency 2015 Office of
Wastewater Management (4204M), 1200 Pennsylvania
Avenue, N.W.Washington, D.C. 20460

Wherley B G, Aitkenhead-PetersonJ A, Stanley N C, Thomas ] C,
Fontanier C H, White R H and Dwyer P 2015 Nitrogen runoff
losses during warm-season turfgrass sod establishment
J. Environ. Qual. 44 1137-47

P Letters

World Health Organization 2015 Urban Population Growth. Global
Health Observatory data (http://who.int/gho/urban_health/
situation_trends/urban_population_grow th_ text/en/)

Wyant K A, Marusenko Y'Y, Hall S ] and Sabo J L 2014 Land-use
type changes the belowground food-web in an arid, urban
ecosystem Poster presented at Central Arizona Phoenix LTER
Symp. (Scottsdale, AZ)

Yusuf HM, Treydte A C and Sauerborn J 2015 Managing semi-arid
rangelands for carbon storage: grazing and woody
encroachment effects on soil carbon and nitrogen PloS One
10e0109063

ZhangY, Zheng B, Sun G and Fan P 2015 The American lawn
revisited: awareness education and culture as public policies
toward sustainable lawn Problemy Ekorozwoju-Probl. Sus.
Dev. 10 107-15 (http://papers.ssrn.com/sol3/papers.cfm?
abstract_id=2560287)

ZhuW, Hope D, Gries C and Grimm N B 2006 Soil characteristics
and the accumulation of inorganic nitrogen in an arid urban
ecosystem Ecosystems 9 711-24

18


http://dx.doi.org/10.1016/j.jaridenv.2015.06.007
http://dx.doi.org/10.1016/j.jaridenv.2015.06.007
http://dx.doi.org/10.1016/j.jaridenv.2015.06.007
http://dx.doi.org/10.1038/nature09440
http://dx.doi.org/10.1038/nature09440
http://dx.doi.org/10.1038/nature09440
http://dx.doi.org/10.1002/nvsm.421
http://dx.doi.org/10.1002/nvsm.421
http://dx.doi.org/10.1002/nvsm.421
http://dx.doi.org/10.2134/jeq2015.01.0040
http://dx.doi.org/10.2134/jeq2015.01.0040
http://dx.doi.org/10.2134/jeq2015.01.0040
http://who.int/gho/urban_health/situation_trends/urban_population_grow th_ text/en/
http://who.int/gho/urban_health/situation_trends/urban_population_grow th_ text/en/
http://dx.doi.org/10.1371/journal.pone.0109063
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=2560287
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=2560287
http://dx.doi.org/10.1007/s10021-006-0078-1
http://dx.doi.org/10.1007/s10021-006-0078-1
http://dx.doi.org/10.1007/s10021-006-0078-1

	1. Introduction
	2. Experimental design and methods
	2.1. Site selection
	2.2. Sampling design
	2.3. Yard vegetation
	2.4. Soil sampling
	2.5. Ion-exchange resin bags
	2.6. Rainfall
	2.7. Soil analyses
	2.8. Statistical methods

	3. Results
	3.1. Soil nitrate content and availability differ by landscape type and across time
	3.2. Soil nitrate patterns influenced by management over time

	4. Discussion
	4.1. Mechanisms determining N availability after land cover change
	4.2. Drivers of variation in soil N

	5. Conclusions
	Acknowledgments
	Appendix A. Lab and field methods
	Study site. The city of tempe is located within the Phoenix metropolitan area, within the boundaries of the 6400&znbsp;km2 Central Arizona-Phoenix Long Term Ecological Research site (CAP LTER). The climate is arid, with annual precipitation split between 
	Household survey and site selection. We selected 1400 homes that participated in the Tempe Landscape Rebate Program, stratified by the year they received the rebate so that an equal number of homes were selected at random from each year. This rebate progr
	Soil sampling. In turfgrass yards, we took four soil cores by choosing areas of the yard that were at least 1&znbsp;m away from impervious surfaces and a 1&znbsp;m away from any tree canopy. After homogenization by depth category and patch-type, samples w
	Ion-exchange resin bags. Resin bags were composed of nylon and filled with approximately 10&znbsp;g of 50/50 cation/anion exchange resins (Dowex Marathon MR-3 hydrogen and hydroxide form). We placed four pairs of resin bags in each yard, two pairs each ad
	Soil analyses. In the laboratory, we sieved the soils using a 2&znbsp;mm sieve within 24&znbsp;h of collection; gravel and organic matter (roots, leaves, insects) were discarded. 20&znbsp;g of sieved soil was set aside at field moisture for both SM determ
	Soil texture. We determined soil particle size using the hydrometer method followed by sieving for sand (Day 1965). To disperse soil particles we shook 40&znbsp;g of oven-dried soils with 100&znbsp;ml of 50&znbsp;g&znbsp;l-1 (5&#x00025;) sodium hexametaph
	Bulk density. To estimate BD, we used a hybrid BD method recommended by Throop et al (2012) for rocky aridland soils, where BD&x000A0;=&x000A0;(mass of fine soil [&#x0003C;2&znbsp;mm])/(core volume-volume of gravel [&#x0003E;2&znbsp;mm]). Throop&#x02019;s

	Appendix B. Microbial processesPotential net N mineralization and net nitrification were both highly variable between years since land cover change categories as well as in the different patch-types (table B1). The only identifiable pattern is in the net 
	Potential net N mineralization and net nitrification were both highly variable between years since land cover change categories as well as in the different patch-types (table B1). The only identifiable pattern is in the net N mineralization values, where 

	Appendix C. Results of mixed linear regression model selection
	In order to identify the most important combination of variables in controlling soil N cycling in water-efficient landscapes, we used model selection, of a mixed linear model, with backward stepwise removal (table C1). Typical stepwise regression removes 

	References



