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Abstract

Healthy soils are an essential ingredient of land systems and ongoing global change.
Urbanization as a global change process often works through the lens of urban planning,
which involves urban agriculture, urban greening, and leveraging nature-based solutions
to promote resilient cities. Yet, urbanization frequently leads to soil erosion. Despite
recognition of this tension, the rate at which the urban growth boundary accelerates soil
erosion above natural background levels has not yet been determined. Our goal here is
to provide a first broad estimate of urbanization’s impact of soil erosion. By combining
data on modern erosion levels with techniques for estimating long-term natural erosion
rates through cosmogenic nuclide °Be analysis, we modeled the impact of urbanization
on erosion across a range of cities in different global climates, revealing an acceleration of
soil erosion ~7-19x in environments with mean annual precipitation <1500 mm; growth
in wetter urban centers accelerated soil erosion ~23-72x. We tested our statistical model
by comparing natural erosion rates to decades of monitoring soil erosion on the margins
of Phoenix, USA. A century-long expansion of Phoenix accelerated soil erosion by ~12x,
an estimate that is roughly at the mid-point of model projections for drier global cities.
In addition to urban planning implications of being able to establish a baseline target of
natural rates of soil erosion, our findings support the urban cycle of soil erosion theory for
the two USA National Science Foundation urban long-term ecological research areas of
Baltimore and Phoenix.

Keywords: urban soil; background rates of soil erosion; sustainable landscape pattern;
urban agriculture; urban greening; urban nature-based solutions

1. Introduction

This Special Issue focuses on observation and modeling of land system changes, with
the goal of presenting new data and models. We do both in this paper, focusing on the land
system change in urban growth’s impact on soil erosion. However, the reader should be
cognizant that this is the first research designed to quantify just how much urbanization
accelerates soil erosion above natural background rates. As such, our goal is not to provide
a hard and firm rate of acceleration, but a first approximation.

Urban soils are part of global human-driven land use change [1-3]. Soils provide
ecosystem services both within and outside cities, such as carbon storage and its asso-
ciation with global climate regulation [4,5], effective stormwater management [6,7], and
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regulation of the urban heat island effect [8,9]. Urban soils play an important role in urban
planning [10]. However, urban soils are sometimes an overlooked resource in human
adaptation to global and local environmental changes [11].

Urbanization, while providing essential infrastructure and services for growing pop-
ulations, has a profound impact. Urban growth alters temperature [12], vegetation [13],
carbon emissions [14], and many other effects. The focus on this paper rests on the role of
urban expansion on urban soils.

In this context, the process of urbanization directly impacts the erosion dynamics of
urban soils. The modification of natural landscapes through construction and development
accelerates soil erosion, shifting the location and magnitude of erosion patterns. A half-
century ago, Wolman [15] proposed the “urban cycle of erosion” model for understanding
how urbanization influences soil erosion, specifically for the Baltimore /Washington D.C.
area, USA. His iconic schematic diagram illustrates how sediment yield changes over
time as urban development transforms a humid, vegetated landscape, altering hydrologic
flow paths and accelerating soil erosion (Figure 1). This model emphasizes the need
to understand and address the impacts of urbanization on soil erosion to mitigate its
consequences and protect vital ecosystem services provided by urban soils. It has not been
possible to quantify the acceleration of soil erosion from urbanization until now.

SCHEMATIC SEQUENCE: LAND USE,SEDIMENT YIELD
AND CHANNEL RESPONSE
FROM A FIXED AREA
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Figure 1. Wolman's [15] hypothesized cycle of erosion associated with urbanization. (Reproduced
from [15]).

Thus, a significant research gap persists in determining specific criteria or thresholds
for reducing soil erosion in urban areas. The reason why we focus on urban planning
in this paper is that soil erosion might best be managed in an urban context by planners.
Unfortunately, no data exists for the appropriate erosion reduction targets that should be
established, nor on whether these targets should be tailored to the unique characteristics of
different urban environments. Furthermore, it remains unclear whether the same erosion
reduction values should be applied universally across cities or whether strategies should
be adapted to the specific climatic conditions of each urban setting. Consequently, there
is a lack of research that bridges the gap between scientific understanding of accelerated
soil erosion due to urbanization and its practical implementation. This gap particularly
pertains to providing evidence-based recommendations.

These unresolved issues give rise to several critical research questions: (i) How can the
pre-Anthropocene (pre-human impact) erosion rate be quantified to provide target erosion
rates for urban planners? (ii) How can urban planners effectively assess the current status of
soil erosion acceleration in urban environments? (iii) How should erosion reduction targets
be adapted to account for the unique characteristics of different urban environments?
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Research Problem

How much does
urbanization
accelerate of erosion
of soils in a global
comparison?

Urban Planning
Applications

e Set soil erosion
sustainability
benchmarks based
on natural
background

e Identify causes of
acceleration for
mitigation

e Pinpoint erosion
hotspots

¢ Develop theory on
the "urban cycle of
erosion"

Our approach to address this gap uses '°Be (Beryllium-10) catchment-averaged erosion
rates. The long half-life of 1°Be (1.387 million years) enables the calculation of long-term
average erosion rates over periods ranging from 1000 to 100,000 years. These long-term
erosion rates provide a natural baseline for understanding erosion dynamics in undisturbed
landscapes. By establishing such a baseline, urban planners can use these values as reference
points for setting target erosion rates [16,17], thereby informing the development of more
effective strategies to manage and mitigate soil erosion in urban settings. In addition,
comparing “Be-derived erosion rates, which represent the natural baseline, to current soil
erosion rates can provide valuable insights into the extent of urbanization’s impact on soil
erosion. Expressed as a ratio (i.e., urban erosion rates relative to natural background levels),
this comparison offers urban planners a practical framework for effectively managing and
controlling soil erosion in urban areas.

To address the research questions outlined above and to meet the goal of this Special
Issue by presenting both new observations and modeling, we designed our study in several
steps (Figure 2). First, we analyze prior published compilations of 1°Be natural background
erosion rates using the catchment-averaged denudation rate (CADR) method [18], alongside
the compilation by Russell et al. [17] on modern urban soil erosion. This analysis involves
developing a statistical model for global cities to estimate the acceleration of erosion in
urban environments across different contexts. One limitation of our approach is that CADR
data are not derived from the same global urban catchments as those compiled by Russell
et al. [17]. To mitigate this, we use nearby catchments or estimates from similar climates.
However, we acknowledge that more accurate estimates will be possible in the future
through data sampled from the same urban sites.

Methods
Global Cities Phoenix Metropolitan Region, AZ
Watershed ER Watershed ER Data City Model
—» Data Compilation <
B 2 1000 - 10,000 yrs The 20* Century
* 1°8e CADR 8
e Urban ER ;T, °Be CADR Spatio-Temporal
-> Background ER Statistical Model
l 3 - Background
Two Decades - UAE
Pr—— - UAEN (ratio)
: tock Pon
JAEN | ff
( UAEN In Different - Urban ER

Climates & Landscapes

\ v

Next Model Refinement

¢ Measure natural background rate
inside of other urban centers to
test UAEN model in other urban
contexts

e Create GIS module for
spatio-temporal statistical modeling

Figure 2. Overview of the research question, methods, scales, intended results, urban planning
applications, and next steps for model refinement. ER: Erosion Rate; CADR: Catchment-Averaged
Denudation Rate; SSY: Area-Specific Sediment Yield; UAE: Urban-Accelerated Erosion Rate; UAEN:
Urban Acceleration of Erosion above Natural Background (ratio).

Our new data come from Phoenix, Arizona, USA. Located in the Sonoran Desert,
Phoenix has been an icon of sprawl in urban planning [19], and more recently discussed in
planning for urban heat resilience [20]. This urban sprawl, however, has been an important
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aspect of our ability to measure CADR and monitor urban soil erosion using the same
watersheds. Jeong et al. [21] provided CADR data for watersheds that have experienced
over two decades of urban sprawl in Phoenix Metropolitan Region (PMR), and these
watersheds were previously studied for urban soil erosion [22]. We utilize these watershed-
specific results to develop a statistical model of natural background erosion rates for the
entire PMR, based on the CADR data. Subsequently, we present the first approximation
of a spatiotemporal statistical model for the rate of urban-accelerated erosion (UAE) in
PMR, using two decades of soil erosion data. Finally, we combine the CADR and UAE
models to present the first model of urbanization’s acceleration of soil erosion above natural
background (UAEN). Our Phoenix-wide statistical model serves as a test of the validity of
the global cities model across both space and time.

Phoenix, thus, presents a particularly valuable case study for two reasons. First, the
2023 U.S. Census confirmed that Phoenix is now the fifth largest city in the United States [23],
and it is the fastest growing of the major U.S. cities. Second, Phoenix is one of two urban
centers selected by the U.S. National Science Foundation for long-term ecological research,
representing an arid region, alongside the Baltimore/Washington D.C. area, which serves
as a representative temperate humid region [24,25]. Therefore, our global comparative
analysis and the specific results for Phoenix will contribute to urban soil sustainability by:
(a) presenting a model to measure urban acceleration of erosion above natural background
rates; and (b) offering a framework for understanding soil erosion across an important
urban region using watershed-specific data.

In the Discussion section (Section 5), we return to how our approach to quantifying the
impact of urban growth on erosion can be applied to promote sustainable urban landscape
patterns. Our research strategy links spatial patterns of land use and land cover change
in urbanizing cities to the processes and rates of soil erosion. By considering regional
social-ecological elements, we attempt to work towards “sustainable development goals”
(cf. [26], p. 1843), contributing to spatial environmental planning efforts aimed at fostering
healthy urban soils.

2. Study Areas

We selected our sample of global cities (Figure 3) to understand soil erosion based on
two very different published datasets: (i) urban areas where Russell et al. [17] compiled
available data on urbanization’s impact on soil erosion; and (ii) nearby watersheds where
10Be CADR data are available [27,28], or watersheds with CADR data with similar slopes
and climate to matching urban area [29]. Figure 3 also includes our case study urban area
of Phoenix, Arizona, USA.

Table 1. Mean slope of different global cities. Supplementary File S1 presents the slope maps used to
analyze the mean slope of these cities. The urban ID number corresponds with Figure 3, Table S1
in Supplementary File S2, and Supplementary File S1. Cities 1 through 8 (bold and *) in Table 1 are
those we analyzed because they have both nearby /related 1Be CADR data and low slopes. The
other cities listed are ripe targets for future studies using '°Be.

ID City Name Mean slope (°) Std (°)
1 West Fork, Arkansas, USA * 4.5 3.6
2 Washington D.C., USA * 3.7 3.0
3 Phoenix, Arizona, USA * 4.0 3.2
4 Fredericksburg, Virginia, USA * 3.4 3.2
5 Haean-myeon, South Korea * 7.1 4.5
6 Kuala Lumpur, Malaysia * 4.5 5.0
7 Tokyo, Japan * 24 2.7
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Table 1. Cont.

ID City Name Mean slope (°) Std (°)
8 Guwahati, India * 2.7 4.4
9 Bogota, Columbia 2.8 3.7
10 Rome, Italy 3.8 3.4
11 El Alto-La Paz, Bolivia 5.1 6.8
12 Nairobi, Kenya 3.2 2.6
13 Addis Ababa, Ethiopia 47 3.6
14 Mexico City, Mexico 3.5 4.4
15 Quito, Ecuador 8.2 7.1
16 Santiago, Chile 1.8 1.9
17 Sana’a, Yemen 2.0 2.0
18 Tehran, Iran 3.3 3.1
19 Kabul, Afghanistan 2.7 49
20 Ankara, Turkey 59 49
21 Chongging, China 7.8 6.7
22 Stockholm, Sweden 4.1 4.2
23 Zurich, Switzerland 4.8 4.4
24 Berlin, Germany 1.3 1.3
25 London, UK 2.2 2.3
26 DParis, France 25 2.6
27 Sydney, Australia 4.0 3.8
28 Toronto, Canada 2.3 24
29 Beijing, China 2.3 3.2
30 Seoul, South Korea 6.0 6.3

Figure 3. Locations of urban areas analyzed in this paper. Numbers correspond with the city ID in
Table 1. The regions with mean annual precipitation >1500 mm [30] are blue-colored. The base map
was imported from ESRI, producer of ArcGIS software 10.7.1 and public datasets—accessed through
the Arizona State University license. Note—1: West Fork, Arkansas, USA; 2: Washington D.C., USA;
3: Phoenix, Arizona, USA; 4: Fredericksburg, Virginia, USA; 5: Haean-myeon, South Korea; 6: Kuala
Lumpur, Malaysia; 7: Tokyo, Japan; 8: Guwahati, India.

The selection of appropriate cities had to be constrained by an urban slope. Cities
with very steep slopes experience landslides and other mass wasting processes, as well
as gullying. Since these processes can invalidate the 1’Be CADR method of determining
natural rates of erosion, our selection of cities must exclude cities with mean slopes above
8.5° [31]. The '“Be CADR method is based on erosion that happens first when rainfall
generates rainsplash erosion [32]. Then, water that does not infiltrate continues to erode
exposed ground via overland flow that picks up loose particles [33,34]. Thus, to compare
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global cities with similar basic geomorphic conditions, we identified major global cities
with mean slopes below 8.5° (see Supplementary File S1 for slope maps), which we present
in Table 1.

The values presented in Table 1 go beyond this particular study, because they offer
potential future urban regions that would be most amenable for further study using our
methodological approach. Thus, Table 1 includes more cities than we analyze here, because
(i) we needed to understand first what cities had average slopes below the key threshold
of 8.5° that would indicate the dominant erosion processes on bare ground would be rain
splash and overland flow; (ii) match these cities with existing data on modern urban erosion
(e.g., [17]); and then (iii) match those cities that had nearby CADR data on background
erosion rates [27,28], or had comparable natural watersheds in terms of slope and climate
with CADR data [29]. Cities 1 through 8 in Table 1 and Figure 3 met these three conditions.
Hence, the cities in Figure 3 are used in the development of a statistical model to compare
existing urban erosion data with existing CADR background soil erosion rates.

For the PMR (Figure 4), we collected our own data on both modern rates of soil erosion
due to urbanization [22] and 1°Be CADR [21]. This was necessary because we needed to
measure modern urban soil erosion from the same watersheds as those used for CADR in
order to assess the accuracy of the modeling conducted for other global cities (Figure 3).

=36°N

=34°N

Elevation (m)
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—
. 22
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Figure 4. The metropolitan Phoenix region, identified by the rectangular box and the location of
downtown Phoenix indicated by the solid square—placed with the context of the State of Arizona,
USA. Phoenix could develop in such an arid, hot region because of its large drainage area that
supplies gravity-fed water from mountains to the north and east.

Figure 5 contextualizes the locations of these watersheds monitored CADR and also
erosion rates for over two decades, as the expanding PMR progressively encroached upon
the surrounding Sonoran Desert. Soil erosion was monitored as it progressed through
different stages, beginning with cattle grazing, followed by impacts from wildfire, and
ultimately leading to the exposure of bare ground due to urbanization [22]. Subsequently;
10Be CADR measurements were taken from the same watersheds [21], enabling the first
direct comparison of urbanization-induced erosion to natural background erosion.
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Figure 5. Urban sprawl of Phoenix metropolitan region contextualizing the scattered locations of
18 monitored stock pond catchments with urban sprawl from 1912 to 2010. Urban boundaries were
extracted from land cover classification by Central Arizona-Phoenix Long-Term Ecological Research.
Numbers refer to catchments identified prior research [21,22] and in Supplementary File S3 that

presents all of these watersheds (by number and by name), their land use histories, precipitation, and
erosion data.

Figure 6 illustrates how soil erosion was influenced by land use and land cover changes
(LULCC) in one of these watersheds. For each watershed, we analyzed historical aerial
photographic imagery to identify timelines of LULCC (exemplified by Figure 6A for one of
the Phoenix-region watersheds). We then developed a method to quantify aerial changes in
LULCC across different time periods for each watershed (Figure 6B). After completing the
erosion data analysis, we compared LULCC to natural background erosion rates (CADR),

as exemplified by Figure 6C. Supplementary File S3 provides this same analysis for all
18 monitored watersheds.

A 1D03: Cline (1989-2004)

1991: Cattle grazing

B Time —_—>

——Maximum UAE
——Minimum UAE

Construction
Cattle grazing (subdivisign)

=5 + == == == =

1 1 I L L L L L I ! 1 ! I 1

7954 99, %, 7993 99y "9, %5 995 %> 995 99y 0o, <o, 8009 205 ?001

Year
Figure 6. An example of how urbanization impacted a Phoenix-region watershed monitored for both
natural background soil erosion (dark black line) and the influence of land use changes. The ID of this
watershed is ID3 in prior research [21,22]. (A) LULCC of Cline stock pond catchment illustrated in
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aerial photographs. (B) Idealized explanation of how we calculated bare ground exposure (modified
from Jeong [35]). The dashed line is the imaginary line that does not exist on the land use/land cover
classification map, which is to show the exposed bare ground. The exposed bare ground during the
time period from T1 to T2 (Bare Ground1) can be calculated by the intersection of natural land cover
in T1 (Naturall) and urban land cover in T2 (Urban2). The annual urban growth was calculated
from dividing by the length of time period. (C) Comparison between CADR natural background soil
erosion (lower flat line) with pre-urbanization cattle grazing and then urban development between
1989 to 2004.

3. Methods

Our approach to estimating the impact of urbanization on soil erosion above natural
background (UAEN) differs topically from the air quality research of Yao et al. [36], but it
shares methodological similarities, particularly in the use of a space-time regression model
that explores physical geography data across an urban region. This section outlines six key
steps, two of which we have been discussed in prior work: (i) measuring '’Be CADR on
timescales of 10>~10° years from the PMR watersheds to obtain natural background rates
of erosion [21]; and (ii) collecting and analyzing two decades of soil erosion data from the
same PMR watersheds used for CADR [22]. Our data collection process spanned over two
decades and incorporated significant LULCC, including transitions from cattle grazing to
urbanization-induced bare ground exposure, as well as the impacts of wildfires.

This paper documents the four remaining tasks required to compare the CADR, which
provides a sustainability target [21], with the impact of urbanization on soil sustainability.
These four tasks are summarized in this section, with extensive details on data collection and
methods provided in Supplementary File S2. The information in Supplementary File S2 offers
a new set of tools for researchers aiming to further investigate urban soil sustainability.

The sequence of methods summarized here begins by modeling CADR for various
global cities where urban soil erosion data have already been compiled. Next, we model
natural background erosion rates for the entire PMR using the CADR data. Third, we
present a model for the rate of UAE in the PMR, based on two decades of soil erosion
data. Fourth, we compare UAE to CADR to develop a model of UAEN for the PMR. This
Phoenix-specific case study enables us to test the accuracy of the global cities model.

Before delving into the details, we wish to stress that our findings are ultimately
limited by the lack of data on background rates of soil erosion in global cities outside
of Phoenix, Arizona, USA. The limitations of our methods expressed in the sections that
follow also mean that our results are best interpreted as broad estimates of how urban
growth increases soil erosion.

3.1. Comparison of UAEN to Global Cities in Different Environmental Settings

We compiled global scholarship from CADR research [27-29] to compare with modern
sediment yields from urban centers undergoing substantial urban expansion [17]. This
approach enabled the first comparison of sediment yields impacted by urban-accelerated
erosion (UAE) and natural background erosion.

A significant challenge, however, is the lack of CADR data for the same watersheds
studied for urban soil erosion. While CADR data may exist for nearby catchments or similar
climatic regions, only one urban location—within the Potomac River basin of Chesapeake
Bay, USA—had both CADR and modern urban soil erosion rates [28,37]. Importantly,
neither of these studies was designed to compare natural and urban soil erosion.

Given this limitation, we focused on locations with reported median sediment yields
from urbanizing catchments (as referenced in [17], and detailed Table S1 in Supplementary
File 52). The scarcity of CADR data from the same catchments prevented direct comparison.
Therefore, we utilized nearby CADR data or, in cases where such data were unavailable,
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employed the median CADR values from multiple studies conducted in similar climate
regimes [29]. Section S2 in Supplementary File S2 provides further details on how we
addressed key discrepancies across studies.

To compare our findings in the PMR, we limited our analysis to cities with basic
geomorphic conditions similar to Phoenix, specifically: (i) mean slopes below 8.5 [31]
(Supplementary File S1 presents slope maps for 30 such global cities); and (ii) where eroded
soil primarily results from overland flow processes, rather than gullying or streambed
erosion. The 8.5° threshold is a reasonable one for the PMR, since gullying tends to occur
on steeper slopes. While previous studies [16,17] emphasize that processes other than
rainsplash and overland flow contribute to erosion in various urban contexts, we focused
on low-slope cities to enhance the likelihood of comparing similar geomorphic erosion
processes. We acknowledge that our global erosion assessment is subject to high uncertainty,
due to the insufficient availability of CADR data for urbanizing catchments.

3.2. Natural Background of Soil Erosion Rates

Controlled experiments have previously determined that CADR is insensitive to urbaniza
tion-induced soil erosion in the PMR [21]. Jeong et al. [21] collected active-channel sediment
samples from 18 stock pond watersheds that had undergone urbanization over the past two
decades. The CADRs of each stock pond watershed is presented in Jeong et al. [21]. To compare
CADRs with modern sediment yields, bedrock density was used for conversion from length
unit to mass unit (e.g.,, m My ! x bedrock density, 2.7 t m 3 = Mg km 2 yr ).

Jeong et al. [21] collected active-channel sediment samples from 18 stock pond water-
sheds that had undergone urbanization over the past two decades. The CADRs for each
watershed are presented in Jeong et al. [21]. To compare CADRs with modern sediment
yields, bedrock density was used to convert from length units to mass units (e.g., m My !
x bedrock density of 2.7 t m =3 = Mg km 2 yr1).

3.3. Modern Rates of Soil Erosion

To understand erosion associated with different LULCC over time in the PMR
(Figure 5), sediment accumulation depths were measured from 18 stock ponds during
the expansion of Phoenix’s urban fringe between 1989 and 2013 [22] (Figures 4 and 5).
Since dust storms are common in the Phoenix region, the silt and clay accumulating in the
stock ponds could potentially originate from aeolian dust deposition, weathered bedrock
or, more likely, a combination of these sources. Consequently, two area-specific sediment
yields (SSY) (and erosion rates) are presented in Table S5 in Supplementary File S2. The
maximum SSY calculation assumes no aeolian dust deposition, while the minimum SSY
calculation assumes that all silt and clay are derived from aeolian deposition. SSY was
calculated as follows [38]:

SSY = SMiyax or min/ (Ap % TE x Y) x 10° (1)

where SSY (Mg km~2 yr~!) is the area-specific sediment yield, SM (Mg) is sediment mass,
Ap (km?) is drainage area of the watershed of each stock pond, TE (%) is the sediment
trap efficiency (100% for each stock pond) and Y (years) is the measurement period. The
maximum sediment mass (SMy,;;) and minimum sediment mass (SM,,,;;,;) were calculated
as follows:

SMiyax = SV X dBD = Ap X Dypg x dBD, ()

SM,in = SMyaxy X (1 — percent silt and clay) (3)

where SV (m?) is the measured sediment volume in the stock pond during the given time
period Y (years), dBD (t m~?) is average dry bulk density of the sediment, A, (m?) is
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sedimentation area and D,ye (m) is the averaged depth of the sediments measured from
nine grid points. The error term of two sediment yields derives from the standard deviation
of nine depth measurements for each time slice. This standard deviation of the average
depth then translates as a + percentage of the reported sediment yield.

We followed previous studies in comparing CADR and modern SSY [39,40], using
the bedrock density (~2.7 g cm~3) for CADR conversion and sediment bulk density for
modern SSY calculation (see Table 1 in [21]).

3.4. Modeling Background Rates of Erosion for the Entire Phoenix Metropolitan Region

Jeong et al. [21] demonstrated that natural background rates of erosion were signifi-
cantly and positively correlated with mean slope (r = 0.75, p < 0.05) and mean elevation
(r=0.63, p < 0.05) in the 18 monitored watersheds in PMR. Given that mean slope and
mean elevation are significantly correlated and endogenously related [21], we omitted mean
elevation as a predictor for natural background sediment yield to mitigate multicollinearity
issues. Therefore, mean slope was finally adopted as a proxy for background erosion, as
explained in Section S3 of Supplementary File S2.

The final model to predict background erosion for bare ground exposed during
the PMR urban expansion from 1912 to 2010 within a regression framework as follows
(R? = 0.57):

Background erosion = 47.677 x (mean slope) — 0.075 4)

Full details are provided in Table S2 in Supplementary File S2.

3.5. Modeling Urban Acceleration of Erosion for the Entire Phoenix Metropolitan Region

There are different approaches to modeling soil erosion over a region. The Revised
Universal Soil Loss Equation (RUSLE) within a GIS environment usually yields accurate
results for watersheds [41-44] and urban landscapes [45-47]. However, given the nature of
our historic and cosmogenic nuclide datasets, which exhibit spatiotemporal heterogeneities,
we determined that a nested spatiotemporal statistical regression model—similar to those
used to study urban air pollution [36,48]—would be more suitable for investigating soil
erosion at the urban growth boundary [49].

To model urban acceleration of erosion for bare ground exposed during PMR ur-
ban expansion from 1912 to 2010, we examined relationships between modern SSY from
the 18 stock ponds, LULCC, and catchment geomorphological factors (i.e., initial urban
cover, annual urban growth rate, drainage area, mean slope, relief, and drainage density)
(Figure S3 and Table S6 in Supplementary File S2). Through the correlational analysis,
we selected annual urban growth rate (AUGR2, in km? yr~!) and mean slope as proxies
for urban acceleration of erosion (Table S7 in Supplementary File) (rationale explained in
Section 54 of Supplementary File S2). The final model predicts the urban acceleration of
erosion (UAE) within a multiple regression framework as follows (adjusted R? = 0.17):

Urban acceleration of erosion = 783.92 x (AUGR2) + 8.8 x (mean slope) + 96.52 (5)

Full details are provided in Table S7 in Supplementary File S2.

3.6. Urban Cycle of Erosion for an Arid Environment

Wolman [15] proposed the first and only conceptual model illustrating how LULCC
associated with urbanization impact soil erosion. He introduced the concept of the “urban
erosion cycle” for the Maryland piedmont, USA, where deforestation and agriculture at
the urban growth boundary accelerated erosion. However, this acceleration was not as
significant as the erosion observed during the construction phase of urbanization. After
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the completion of urbanization, erosion rates decreased substantially with the paving of
surfaces [50]. Two critical components of Wolman’s model were based on assumptions due
to data limitations: Wolman lacked the ability to measure natural background erosion rates,
and he did not account for the urban acceleration of erosion due to surface sealing, such as
the application of asphalt and concrete.

While Wolman’s model focused on a humid-region city, we are in a unique position
to examine whether a similar “cycle” exists in an arid-region city. To investigate this, we
compiled all previously published SSY data in the Képpen-Geiger BWh climate (hot desert
climate) setting, as well as data from the PMR [21,22,51]. We categorized the SSY data
according to LULC types, including natural, grazing, agriculture, wildfires, construction,
and surface sealing. Using these data, we created box-and-whisker plots for each LULC type
in arid settings and compared the results with Wolman [15]’s erosion cycle in humid regions.

Table S1 in Supplementary File S4 provides the data on the stock pond catchments
necessary for calculating soil erosion, along with other watershed characteristics used in
modeling soil erosion in the PMR. Additionally, Table S1 presents the LULC categories.
Table S2 in Supplementary File S4 presents summary statistics of compiled SSY data used
for the box-and-whisker plot, along with their corresponding references.

4. Results
4.1. Modeling of UAEN for Global Cities in Different Environmental Settings

The global cities UAEN model indicated a similar range of soil erosion acceleration in
urban areas, spanning from 200 mm to approximately 1300 mm of mean annual precipi-
tation (MAP). Figure 7 illustrates this range, showing UAEN values between 7x and 19x
for cities with MAP <1500 mm. The acceleration of erosion in urban areas increases signif-
icantly in cities with MAP >1500 mm, where the modeled UAEN values range from 23x
to 72x (Figure 7). These results suggest a three- to four-fold increase in urban-accelerated
erosion in wetter climates compared to drier ones.
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We offer speculative explanations for the three outliers in Figure 7. The two Wash-
ington D.C. subcatchments, which exhibit significantly higher UAEN, may be influenced
by gullying, a process known to greatly accelerate erosion. The notably lower UAEN for
West Fork, Arkansas, USA, could be attributed to rapid vegetation regrowth at construction
sites. These hypotheses are based on an examination of low-resolution historical aerial
photographs and would require confirmation through historical ground rephotography.

4.2. Modeling Natural Background and Urbanization-Related Erosion in the Metropolitan
Phoenix Region

Figure 8 situates our estimates of background and urbanization-accelerated erosion
in both spatially and temporally. Figure 8A displays the development history of the PMR,
as shown in Figure 5. Figure 8B (Table S4, Supplementary File S2) presents our estimated
background erosion rates for the entire PMR. A comparison with Figure 8A reveals that
background erosion is typically higher in areas of the PMR that have been developed more
recently and have historically been less urbanized. This is because background erosion
tends to be higher in locations with steeper slopes, which are traditionally less favorable to
construction and urbanization.

In contrast, Figure 8C shows that areas with lower background erosion rates tend to
exhibit higher rates of urban-accelerated erosion. This is particularly evident in the central
and earlier developed areas of the metropolitan region (see Figure 5). A likely explanation
for this discrepancy is that the earliest phases of urbanization were concentrated in lower-
lying, flatter areas, conditions that naturally favor lower rates of background erosion. Taken
together, Figure 8B,C suggest that urbanization has the potential to accelerate erosion in
areas that would otherwise be prone to low levels of background erosion, as well as in
areas already experiencing higher levels of background erosion.

Figure 8D provides a temporal perspective by illustrating the annual urban growth
rate (AUGR) and our estimate of urban-accelerated erosion in the PMR from 1912 to 2010.
As expected, the acceleration of erosion by urbanization closely tracks the broader magni-
tude of urbanization over time. Prior to 1950, both urbanization and the erosion induced
by urbanization were minimal. From the mid-1950s to 2000, both urbanization and erosion
progressively increased decade by decade. The most striking increase in both metrics
coincided with the widespread build of the early 2000s. These patterns of expansion and
acceleration tapered off between 2005 and 2010, likely due to the slowdown in building and
expansion following the USA’s Great Recession. Erosion, and consequently soil sustain-
ability, is closely linked to human development activities over time. Furthermore, erosion
can occur in areas that deviate from typical background spatial patterns, highlighting the
influence of urbanization on soil processes.

Figure 9 integrates our perspectives of time and space, as well as the interplay between
natural background and urbanization-accelerated erosion processes. Figure 9A presents
our estimates of the UAEN, indicating the degree to which urbanization accelerated the
natural erosion process across the twentieth century.

A UAEN of “1” indicates that the level of erosion attributable to urbanization is equiv-
alent to the level of natural background erosion. From 1912 to 1955, the UAEN ranged
between 2.4 and 3.5, suggesting that urbanization during this period accelerated erosion
by no more than 3.5 times the natural background rate. This acceleration increased signifi-
cantly in subsequent decades, peaking during the 1985-1990 period, when urbanization
accelerated erosion by approximately 23 times the background. The period following
1985 witnessed significant construction in the southeastern (e.g., Tempe, Gilbert, Chandler)
and northwestern (e.g., Peoria) region of the PMR (see Figure 9B). Despite slight declining
since the 1985-1990 peak, UAEN has remained high in the PMR.
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Table 2 presents the transitions of UAE, background erosion, and UAEN in PMR from
1912 to 2010, derived from regression analysis. Sediment yield estimates from the bare
ground layers exposed by urban expansion in PMR from 1912 to 2010 were 9 Mg km 2 yr~!
for background erosion and 111 Mg km 2 yr~! for UAE. This analysis reveals an accelera-
tion of soil erosion by a factor of 12.2 times above the natural background rate as Phoenix

expanded over a century (Table 2).
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Figure 9. (A) Temporal change in the urban acceleration of erosion above natural background (UAEN)
in PMR from 1912 to 2010. (B) Spatial distribution of the UAEN.

Table 2. Transition of UAE, background erosion, and UAEN in PMR from 1912 to 2010 derived from
regression analyses.

. AUGR 3 Background  UAE =+ 1o

oo M e uew CNERS REGY we (o
o120 22 0.46 0.02 503+£404 1219 + 789 49 + 40 119 + 77 24 22 43
1934 5955 21 44.81 2.13 1%13’?15;[ 43%;%2; 138+55 488+ 221 35 32 3.7
19581975 20 266.79 13.34 43%332 i 319,35356,‘;26* 88 + 47 736 + 359 8.4 8.1 9.2
1975 5085 10 262.39 26.24 zﬁgfgéf 4'2%%2'99,2%;[ 113450 1844 =987 163 136 173
19855990 5 200.89 40.18 7}1'57, pore 1'%57%%15 71+ 45 1648 + 874 23.1 216 29.8
19905995 5 186.06 37.21 92'53,%;[ 1'},5966'%1* 106449 1243 + 642 118 10.7 122
19955000 5 247.13 49.43 14621'?67067i 2133535%# 115450  1924+1031 167 137 17.9
20003005 5 380.37 76.07 24909',964212i 4213252;2; 12745 2181 +1175 172 135 187
20053010 5 281.70 56.34 21719'?’7636; 1'797196',‘f1%11i 150+57 1263 + 651 8.4 6.6 9.3
o0 98 1870.61 1909 s Aoeieas 944 111 + 58 122 10.9 12.8

L LT: length of time period. 2 ABG: area of exposed bare ground during urbanization. > AUGR: annual urban
growth rate calculated as ABG/the length of time period. * UAEN: urban acceleration of erosion above natural
background erosion calculated as UAE/background.
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4.3. Urban Cycle of Erosion for Arid Environments

The rocky desert landscape of the Phoenix, Arizona, USA, region exhibits significant
sensitivity to soil erosion resulting from anthropogenic disturbance [22,52] (Table S2 in
Supplementary File S4 and Figure 10). A comparison of sediment yields from the 1st and
3rd quartiles of each major LULCC category for the PMR reveals the following trends:
(i) grazing increased sediment yields typically 0.5 to 6.6 times the natural background
rates; (ii) human-set wildfires [53] elevated sediment yields by a factor of 1.9 to 10.6 times
the natural background rates; (iii) the exposure of bare ground due to residential and
commercial development resulted in sediment yields 7.5 to 61.8 times higher than natural
background rates; and (iv) the sealing of urban surfaces led to sediment yields ranging
from one-tenth to one-half of those associated with natural background erosion rates.
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Figure 10. Box and whisker plots of area-specific sediment yield associated with LULCC in a warm
desert environment compared with the humid-region prior model. The gray curve presents the
classic cycle of land use change and sediment yield behavior developed for LULCC in Maryland [15].
Dashed lines in the gray curve indicate unmeasured but predicted lower erosion due to urban
sealing effect [15]. Letters (A-G) correspond to different land uses associated LULCC in the PMR,
with their associated area-specific sediment yield (SSY) data. Specific land use categories and
associated sediment yields: (A) Background sediment yield: Derived from CADR from stock ponds
in the PMR using 1°Be [21]. (B) Grazing Period SSY: Collected from stock ponds in PMR during
grazing period [22]. (C) Published grazing SSY: Collected from published grazing data in BWh
catchments [22,51]. (D) Dryland agriculture SSY: Collected from published data from BWh catchments
experiencing dryland agriculture [22,51]. (E) Wildfire SSY: Collected from stock ponds in PMR after
wildfires [22]. (F) Construction period SSY: Estimated from our model for entire PMR from 1912 to
2010. (G) Urban sealing SSY: From the PMR in stock pond and other watersheds after urbanization
sealed surfaces.

5. Discussion

The methods (Section 3) and Results Section (Section 4) provides detail about the
observations and modeling used to obtain a first broad quantification of just how much
urban growth accelerates soil erosion. It is crucial to acknowledge, however, that the models
for estimating UAEN presented here are largely based on indirect comparisons across
diverse catchments and data sources. Given these inherent limitations in data availability
and modeling detail, there are also limits to their interpretation and, importantly, their
transferability and general applicability to other regions. For example, this initial estimate
suggests a potential climatic inflection point around 1500 mm of mean annual precipitation
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(Figure 7), where the acceleration rate appears to change significantly. However, the rough
nature of our modeling efforts, coupled with the limited dataset, renders it inappropriate
to model how global changes might alter broader patterns of soil erosion, or to establish
a rigid threshold. Indeed, the UAEN concept, while promising, remains insufficiently
validated by independent data outside our Phoenix case study, especially for more humid
climatic regions (MAP > 1500 mm) where output variability is considerable (ranging from
23x to 72x). This underscores a key limitation of our current model and the need for
further verification. Therefore, despite our broader interest in global change, we focus
this discussion on local applications for urban planners. We have sufficient confidence
in the direction and approximate magnitude of soil erosion acceleration to recommend
these findings for effective erosion management in urban contexts. Future research must
explicitly address the degree of uncertainty, the model’s limiting assumptions, and potential
biases that may arise when transferring this model to regions with substantially different
climatic, hydrological, and urbanization characteristics.

5.1. Sustainable Landscape Pattern and Urban Soil Sustainability

The provision of ecosystem services by soils makes their preservation a critical consid-
eration in urban planning [10]. Widely recognized improvements to the urban environment
include replacing impervious land surfaces with healthy soils and green groundcover
and trees [54,55]. Thus, soil erosion, especially its potential for off-site movement and
subsequent impacts, has emerged as a key concern in urban planning [55]. It is often the
downstream consequences, such as degraded water quality or increased flood risks from
transported sediment, that underline this significance.

It is important to recognize that the value and challenges of urban soils differ sig-
nificantly from natural or agricultural contexts. While the ecological functions of urban
soils are paramount, their perceived importance in planning can also be influenced by
esthetic considerations, perceived quality of life in urban gardens and farms, or even
the practical ability of clients or developers to import or ‘manufacture’ soil for specific
purposes. Therefore, urban soil management often involves a more balanced view of soil
dynamics, where the focus shifts from preventing all erosion to effectively managing its
undesirable consequences.

Soil erosion is the opposite of soil retention—an important conservation priority
for urban ecological land [56] (p. 3). Achieving sustainable landscape pattern (SLP) in
cities requires soil retention [2] in order to carry out such activities as sustainable urban
agriculture and urban greening [57] and associated resilience to urban heat islands [20].
Some argue that the carbon-storing function of urban soils could play a role in helping to
control anthropogenic global warming [5]. Recognition of the importance of urban soils
prompted a variety of soil-related sustainability strategies, including the artificial creation
of soil [58], the unsealing of soils [59], or focusing more on natural soils that survived the
urban sealing processes [59]. Irrespective of the scholar’s preferred sustainability strategy,
urban soils provide a wide variety of ecosystem services that are vital to sustaining our
cities into the future [60-62]. Therefore, in the context of sustainable development, we hope
to help spatial planners explore this practical dimension of SLP [49].

Specifically for spatial planning, natural background rates of soil erosion as measured
by 1°Be CADR provide a useful “planning target” (cf. [49], p. 37) for sustainable rates
of soil erosion. This is because soils maintain a dynamic equilibrium when rates of soil
formation are equal to natural erosion rates [63]. Thus, the urban acceleration of erosion
above natural background of 1 or below permits soil retention [64]. The overwhelmingly
clear finding of this research is that all modeled global cities had urban accelerations above
natural background rates of erosion (UAEN) much higher than 1 (Figure 7), including our
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focused study region of metropolitan Phoenix (Figure 8). Historic rates of urban soil erosion
greatly exceed rates of soil formation. In other words, no modeled or directly observed
city had sustainable urban soils, because all analyzed cities experienced an anthropogenic
acceleration of physical soil erosion far above natural values.

One piece of this sustainable future involves the post-industrial trend of urban agri-
culture efforts that enhance the sustainability of cities of the future [65]. Urban agriculture
is part of urban greening [66], a way to cool cities [67] and better air quality [68]. Ur-
ban greening is also a nature-based strategy to mitigate the impact of urban flooding
on urban soils [69]. Our basic finding of a non-sustainable UAEN much higher than
1 (Figures 7 and 8) does not directly influence the resilience of the remaining urban soils;
shocks to soil health are an entirely different issue, typically involving such issues as heavy
metal pollution or removal of organic carbon [70].

5.2. Testing Global Cities Model with Phoenix-Region Case Study

The largest problem with our global cities UAEN model is that there is no “apples to
apples” comparison of the same watersheds studied for urbanization impacts and natural
erosion rates. All of the natural rates we have available to compare with urbanization’s
impact derive from the proxies of nearby drainages or samples collected from a similar
climate region, introducing inherent uncertainty in these broader estimates. Thus, our
detailed case study for the PMR, Arizona, USA (Figures 7-10) provides the first “apples to
apples” comparison that we use to test the general accuracy of the global cities modeling
results (Figure 7). While this case study strengthens our confidence, it also highlights the
critical need for similar direct validation in other diverse urban settings to enhance the
model’s robustness and transferability.

Our Phoenix case study reveals a ~12.2x acceleration of erosion; this resides in the
middle of 7x-19x for drier global cities (Table 1; Figure 7). The natural question to ask is
whether Phoenix is truly representative of an arid region in terms of its erosion rates and
in terms of its soil production. Prior scholarship [71] does indicate that arid-region soil
production is about the same as the long-term erosion rates we modeled for the Phoenix
region (Figure 7).

This means that the next test of our approach to modeling the acceleration of soil
erosion above sustainable natural background values should come from wetter global cities
above 1500 mm precipitation with a UAEN envelope of 23x-72x (Figure 7). While it is
beyond the scope of this study to replicate our Phoenix-region results for another urban
area, our next step is to obtain samples from urbanizing watersheds on the perimeter of
wetter cities (e.g., Table 1) for CADR analysis. Such a study would provide enhanced
confidence that CADR offers clear “targets” for sustainable rates of urban soil erosion.

5.3. Spatial and Temporal Variability in Soil Sustainability

Our strategy to model soil erosion across the history of the metropolitan region
of Phoenix reflects what Dong et al. [49] refer to as “frontier theory” supporting SLP
development. While there is growing recognition that the field of urban sustainability lacks
a firm scientific foundation for understanding critical sustainability processes [72] over the
long durée, soils are particularly challenging, as their relevant spatial scale for analysis is
often extremely fine. The construction of structures and roads can have an impact on the
health of proximate soils. Our analysis therefore complements other recent sustainability
research by integrating settlement and environmental data over long periods of time and at
high spatial resolution within a land-based perspective [73].

The overall picture that we present suggests that the PMR lacks sustainable soils. This
regional conclusion, however, may not be accurate for all places or times. The Phoenix-wide
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modeling results presented here (Figure 8) indicates that there are periods of time and
locations where urbanization’s impact on soil erosion is less severe (e.g., UAEN < 1 in
Figure 8C,D). For example, the Phoenix region experienced sustainable soil erosion prior to
about 1975 (Figure 8C) and also in developments on lower slopes (Figure 8B).

Certainly, the spotty nature of Phoenix’s sustainable soil erosion seen in Figure 8B,C
might not be a pattern observed in other cities. However, the trend over time (Figure 8D)
towards greater offsets between sustainable rates of soil erosion and urbanization’s impact
might be similar to other urban areas that are expanding their perimeter out towards
steeper slopes. What our Phoenix model offers to other cities is the ability to model where
accelerated soil erosion might occur and enhance efforts to mitigate this erosion. The
mitigation might be as simple as allowing the growth of some vegetation cover [74,75] or
not exposing piles of bare ground during a rainy season [76-78].

5.4. Why Precipitation Falling on Urban Construction Sites Is Different from Natural Watersheds:
Implication for SLP Serving Spatial Planning

Our research on urban soil erosion operates within the “frontier theory” in Sustainable
Landscape Planning (SLP), which necessitates placing soil erosion in a broader theoretical
context [49]. For over six decades, the scientific discipline of geomorphology has debated the
precise impact of precipitation on natural rates of soil erosion [79-82]. A prominent perspective
from this debate is the model by Langbein and Schumm [83], which posited a skewed
distribution of erosion rates with climate—specifically, lower rates in arid regions, maximum
rates in semi-arid environments, and a subsequent decline in wetter places attributed to
increased vegetation cover. However, this view is not universally accepted, as many studies
in non-urban and non-agricultural settings show a low correlation between precipitation and
erosion, largely due to the mitigating role of dense vegetation cover [79-81].

Our global cities modeling results, however, present a strong and distinct precipitation
signal in urban environments, often characterized by a step function where erosion rates
double or triple above ~1500 mm of mean annual precipitation (Figure 7 and Table 2).
This striking contrast to natural settings reignites aspects of the long-standing debate
within a new urban context, and is likely attributable to the widespread exposure of bare
ground during urban construction. Unlike natural landscapes where vegetation acts as
a primary buffer [79-81], urban construction processes frequently remove this protective
cover entirely. In such disturbed urban settings, the basic drivers of erosion—rainfall
intensity, surface runoff, and the inherent energy from slope—become dominant.

Specifically, the pronounced increase in erosion above 1500 mm precipitation can be
explained by the fundamental process of rainsplash. While initial surface crusts can form on
newly exposed bare ground and offer some temporary protection [84], the constant intensity
and cumulative volume of precipitation typical of rainy seasons in wetter cities likely
overwhelm this natural soil-crusting effect. Without the robust protection of vegetation, it
is geomorphologically plausible that erosion rates would accelerate significantly once the
limited protective capacity of soil crusting is exceeded by abundant rainfall.

This analysis underscores a critical point for spatial planning solutions to manage
urban soil erosion problems and promote SLP. For example, construction projects can be
strategically planned to expose bare ground predominantly during dry seasons, while
carrying out other activities during wet periods. Another effective strategy is to protect soil
piles under covers for their later use in urban agriculture or greening, after testing for lead
and other contaminants [85]. Such solutions may seem obvious in retrospect and are easier
to propose than to implement.
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5.5. The Urban Cycle of Erosion and Soil Sustainability

The U.S. National Science Foundation supports long term ecological research (LTER)
in two urban regions of the USA: Baltimore/Washington D.C. Maryland metropolitan
region [25] and the Phoenix metropolitan area [24]. Wolman [15] proposed an urban cy-
cle of erosion for the Baltimore/Washington D.C. area (Figure 1). We reinterpret here
Wolman's broader thinking now in terms of SLP for more settings than Wolman’s Balti-
more/Washington D.C. setting.

The various spatial patterns of erosion across urban growth boundaries are space
and time transgressive, something we were able to assess for the PMR. Thus, Wolman's
general model can be interpreted in terms of urban soil sustainability (Figure 10). The
Sonoran Desert setting of PMR experienced a sequence of LULCC different than the
Maryland piedmont (Figure 10). Late Quaternary conditions in the PMR had low rates of
soil erosion. Then, instead of deforestation, the studied watersheds underwent a period
of grazing slightly increasing erosion above natural background rates. While the Phoenix
area did have both prehistoric and historic agriculture [86], no data exists on soil erosion
for either period. Thus, we plot global dryland agricultural data [22,51] for illustrative and
comparative purposes. The PMR watersheds then experienced a spike in erosion from
human-set wildfires [53] on the urban fringe [22]. Then, the largest effect on soil erosion
came from a century of urbanization, as predicted in Wolman’s model [15]. Soil erosion in
the PMR then returned close to natural background levels after paving these urban surfaces.

Thus, both of the LTER urban areas of the USA National Science Foundation went
through a long phase of accelerated soil erosion related to LULCC preceding urbaniza-
tion. Both LTER urban areas experienced a massive spike in elevated urban soil erosion
associated with construction. However, what we learned in the case of PMR, the 19Be
CADR method offers a target for urban planning; hence we were able to quantify exactly
how much enhancement occurred from such processes as grazing and wildfire that pre-
ceded urbanization (Figure 10) and that urban sealing drops soil erosion below natural
CADR-quantified erosion rates.

5.6. Broader Impacts of Urban Soil Erosion for Urban Planning

It is important to highlight issues that extend beyond our focus on sustainable soils [2],
given their significance for urban planning and SLP. Figure 2 in Dong et al. [49] present a
ternary theoretical basis of a SLP. One leg of Dong et al.’s [49] ternary diagram involves
a feedback loop between biodiversity and ecosystem processes. In the context of urban
patterns, we view this ternary leg as truly involving soils. Consider the importance of soils
as key to urban agriculture as part of urban greening [57], cooling cities [67], and aiding air
quality [68]—especially in the global urban south that is a key for global sustainability [87].

We acknowledge that the rate, manner, and regulatory frameworks of urbanization
vary significantly across the globe. This includes diverse approaches to managing and
mitigating environmental impacts, such as ‘biodiversity offsetting,” a mechanism through
which urban development’s impact on green open space assets is counterbalanced by their
creation or enhancement elsewhere [88]. For instance, in Germany, particularly in cities like
Berlin, urban development projects often include requirements for developers to provide
compensation for environmental benefits or mitigate negative landscape impacts, formal-
ized through mechanisms like eco-accounts [89]. Similarly, in the UK, specifically London,
such compensation is facilitated through instruments like Section 106 agreements [88].
Beyond Europe, countries like the USA also have established requirements for mitiga-
tion and compensation, prominently for wetland losses, often involving concepts such as
wetland mitigation banking. Other nations like the Netherlands and Sweden have also
implemented various forms of environmental compensation within their planning sys-
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tems, showcasing a diversity of approaches adapted to different legal and environmental
contexts globally [90]. These varied policy measures underscore a global trend towards
acknowledging and attempting to compensate for the environmental costs of urban growth.

The stakes associated with urbanization-enhanced soil erosion tend to be spatially
variable, as tends to be for all soil erosion [60,91-93]. Beyond direct erosion impacts, ur-
banization fundamentally alters natural hydrology through increased impervious surfaces
and modified drainage systems. This altered hydrology, in conjunction with soil erosion,
leads to significant impacts on water quality. Involving SLP to help aid in urban planning
(cf. [49]) naturally incorporates issues such as urban soil erosion impacting reservoirs [35],
degraded water quality [94-96] and related health effects from heavy metals [97,98]. This is
particularly critical as once urbanized areas stabilize, concerns may shift from soil quality
itself to the overarching implications for water resources.

Moving forward into the twenty-first century demands that “urban sustainability, ur-
ban resilience and urban transformation” involves Earth System dynamics [99], such as soil
erosion processes. These processes can also cause other urban sustainability complications
such as eutrophication of freshwater systems due to the increased delivery of sediment
containing P and N from fertilizers [100,101]. Soil erosion also impacts urban poverty in
a variety of ways [102], including negative health impacts [103] and compromised water
quality [104]. Enhanced urban soil erosion might remove carbon stored in city soils [5,105],
or it might end up in a setting where it can be more stable such as a reservoir [106].

6. Conclusions

Our research on how urbanization accelerates soil erosion links to this Special Issue on
land systems pertaining to global change by presenting new observations and new models
of urban soil erosion. For the first time, we provide a comparison of natural long-term rates
of soil erosion obtained through cosmogenic nuclide '°Be analysis with direct observations
of urban soil erosion over a century. This unique dataset exists only for the city of Phoenix
in the Sonoran Desert of North America, where urban expansion accelerated soil erosion
by about 12x. Unfortunately, no cosmogenic nuclide 1°Be data exist for other cities across
different global climates. Thus, we had to model existing '°Be data, and this led to only
being able to provide a broad estimate that cities with mean annual precipitation <1500 mm
experienced soil erosion acceleration of ~7-19x, similar to Phoenix. A jump in urban
acceleration of soil erosion occurred for cities with mean annual precipitation >1500 mm.
The next step in this research requires obtaining new data on cosmogenic nuclide '°Be for
global cities in different climates, instead of using modeled data.

The loss of soils in urban landscapes remains an understudied topic in global change
and with likely long-term consequences for ecosystem services derived from urban land-
scapes [107]. In this first insight into quantifying the offset between urban soil erosion and
sustainable rates of erosion, we offer new research strategies for urban planners to better
understand urban soil sustainability, as follows: (i) a way to obtain sustainable rates of
soil erosion via measurement of 1°Be cosmogenic nuclides from watersheds before they
undergo urbanization; (i) how to estimate natural background rates of soil erosion if '°Be
cosmogenic nuclide analyses were not feasible; and (iii) a strategy to statistically model
rates of soil erosion across an urban area. Furthermore, the combination of our approach
coincides with the emergence of new data pertaining to long-term urbanization patterns
(e.g., [108]). The list of urban areas in Table 1 that were beyond the scope of our research
design would be ideal candidates for 1’Be measurements to provide a natural baseline
and a basic target of sustainable rates of soil erosion to aid spatial planners in promoting
sustainable soils for urban planning.
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SSY Area-specific sediment yields
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