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ABSTRACT

In cities, the strong heterogeneity of soils, added to the lack of standardized assessment methods, serves as a bar-
rier to the estimation of their soil organic carbon content (SOC), soil organic carbon stocks (SOCS; kgC m~2) and
soil organic carbon citywide totals (SOCCT; kgC). Are urban soils, even the subsoils and sealed soils, contributing
to the global stock of C? To address this question, the SOCS and SOCCT of two cities, New York City (NYC) and
Paris, were compared. In NYC, soil samples were collected with a pedological standardized method to 1 m
depth. The bulk density (Dy,) was measured; SOC and SOCS were calculated for 0-30 cm and 30-100 cm depths
in open (unsealed) soils and sealed soils. In Paris, the samples were collected for 0-30 cm depth in open soils and
sealed soils by different sampling methods. If SOC was measured, Dy, had to be estimated using pedotransfer func-
tions (PTFs) refitted from the literature on NYC data; hence, SOCS was estimated. Globally, SOCS for open soils
were not significantly different between both cities (11.3 + 11.5 kgC m~—2 in NYC; 9.9 + 3.9 kgC m~2 in Paris).
Nevertheless, SOCS was lower in sealed soils (2.9 & 2.6 kgC m~2 in NYC and 3.4 + 1.2 kgC m~2 in Paris). The
SOCCT was similar between both cities for 0-30 cm (3.8 TgC in NYC and 3.5 TgC in Paris) and was also significant
for the 30-100 cm layer in NYC (5.8 TgC). A comparison with estimated SOCCT in agricultural and forest soils
demonstrated that the city's open soils represent important pools of organic carbon (respectively 110.4% and
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44.5% more C in NYC and Paris than in agricultural soils, for 0-30 cm depth). That was mainly observable for the
1 m depth (146.6% more C in NYC than in agricultural soils). The methodology to assess urban SOCS was also

discussed.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The increase of greenhouse gases, including CO,, in the atmosphere
is responsible for the global warming. Moreover, recent anthropogenic
emissions of greenhouse gases are higher than ever observed before
(IPCC, 2014). In this context, soils appear to be a solution to mitigate cli-
mate change since they represent the largest terrestrial pool of organic
carbon and they are in strong interaction with the atmosphere
(Jacobson et al., 2000; Scharlemann et al.,, 2014). Indeed, they can indi-
rectly provide the ecosystem service of regulation of the climate, behav-
ing as a sink or a source of atmospheric CO,, according to different
factors, such as land use (Dignac et al., 2017).

In that respect, soil organic carbon maintenance is a major issue. In
this way, the recent “4 per 1000” initiative was launched at the
COP21, to support states and non-governmental actors to allow for a
better management of soils, for a long-term maintenance of soil organic
carbon stocks (SOCS; kgC m~2). However, the efforts are mainly focus-
ing on cultivated and forested soils (http://4p1000.org; Minasny et al.,
2017; Paustian et al., 2016). Nowadays, the Soils of Urban, Industrial,
Traffic, Mining and Military Areas (SUITMAs) represent nearly 3% of
the world's territory. By 2030, as compared to the 2000s, the urban sur-
face area alone is expected to increase by 1.2 million km? worldwide,
which represents 110 km? a day (i.e. Paris city area; Morel et al., 2015;
Seto et al., 2012). Since the 2000s, some initial attention has been paid
to SOCS in urban soils. All over the world, research results have
displayed a similar trend: in urban open (unsealed) soils, SOCS was gen-
erally higher than in agricultural soils, and could be in the same order of
magnitude as the forest or grassland SOCS (Edmondson et al., 2012;
Pouyat et al., 2009; Vasenev et al., 2014). However, the C stock estima-
tion in cities should include the sealed soils, which represent a large part
of highly human-altered areas (e.g., nearly 64% in France in 2014;
Service de la Statistique et de la Prospective, 2015). Thus, instead of
SOCS, the soil organic carbon citywide totals (SOCCT, provided in mass
units of carbon) should be estimated, to really understand the city's con-
tribution to the Earth global stock of carbon and to be compared to non-
urban soils (e.g., forest and agricultural soils). Three barriers limit this
understanding: first, the sealed soils are very difficult to sample, be-
cause the sampling campaigns often have to be based on opportunities
(tree planting, Raciti et al., 2012; reconstruction projects, Yan et al.,
2015). Then, urban soils are globally very heterogeneous and SOCCT
may depend on the city, in link with its history, culture, geography
and geological background. Finally, there is not one standardized
method to describe and characterize urban soils: for example, the
depths studied in the literature are very heterogeneous, the sampling
can be performed either per horizon or per depth, and even the formula
to calculate SOCS is not harmonized (per horizon, Huot et al,, 2017; ata
given depth, Pouyat et al., 2009; different methods to calculate SOCS,
Edmondson et al.,, 2012; Yan et al., 2015). Hence, the possibility to com-
pare results between cities or even with non-urban soils is restricted.

This study focused on two cities, New York City (NYC) and Paris
(more precisely, the Grand Paris Metropolis), in order to compare
their soil organic carbon content (SOC), SOCS, and SOCCT. Similar sur-
face areas and global population characterize these two major cities of
the world, but they display a different climate. They are also very differ-
ent in terms of their basement geology, history and urban management
policies. In each city, a database of urban soil properties, including SOC,
has been built since the 1990s, but with extremely different assessment
methods. In Paris, the database displays at this time thousands of data

points collected by different actors, following non-standardized meth-
odology. Some important parameters, such as bulk density, which is a
main parameter to calculate SOCS, are not available. On the contrary,
the NYC database was created following a standardized and pedological
approach, but includes a smaller amount of data. In both cities, most of
the samples were collected from open soils, and only a few were from
sealed soils; however, the latter were kept in this study, because of
their importance to calculate SOCCT and the difficulty to sample them,
leading to a paucity of data.

Hence, the first objective of the present study was to compare SOC of
open soils between these two major cities, at a given point in time. The
second objective was to assess SOCS and SOCCT in the urban open soils,
but also in sealed soils, through the example of these two cities of west-
ern industrialized countries. Finally, a discussion about the limits
resulting from these different methodological approaches was
proposed.

2. Materials and methods
2.1. New York City open soils

2.1.1. Study area

New York City (NYC; 40°42’46"N 74°00'21"W) is the most popu-
lated city in the United States with 8.5 million inhabitants in 2016
(U.S. Census Bureau). The city covers a land area of 772 km?, divided
into five boroughs (Brooklyn, Bronx, Manhattan, Queens, and Staten
Island), four of which are located on islands. The total population
density is 10,756 inhabitants km~2. The elevation ranges from sea
level to 122 m. The climate in the area is humid continental (Dfa ac-
cording to Képpen climate classification system) to humid subtropi-
cal within the city (Cfa), characterized by cold winters and hot and
humid summers, with annual mean precipitation of 1270 mm and
mean air temperature of 12.9 °C (annual low and high temperatures:
+8.9 °Cand +16.8 °C). The NYC geomorphic setting includes three
physiographic provinces: i) the crystalline bedrock (gneiss, schist,
marble), which outcrops in Manhattan and the Bronx; ii) the Triassic
and Jurassic sedimentary and igneous rocks in the northeastern part
of Staten Island; and iii) the Atlantic coastal plain composed of un-
consolidated deposits of late Cretaceous on Staten Island and Long [s-
land (Brooklyn and Queens). Several glacial episodes deposited
surficial materials for soil formation and shaped the landscape. Par-
ent materials of NYC soils also include post-glacial deposits, such as
tidal marsh deposits, organic materials and anthropogenic materials
(NYC Soil Survey Staff, 2005).

By nature of its geography, the New York City has had limited room
for expansion. Draining and filling of wetlands and extension of the
shoreline have been common, often resulting in soils enriched in
human artifacts and waste materials. The completion of the Erie Canal
made the city the nation's commercial capital, and the population also
grew rapidly during the 19th century due to immigration. To address
the increasing demand for green spaces, several parks were established,
including a large central park in Manhattan (Central Park), completed in
1876, Prospect Park in Brooklyn in 1867, as well as several areas “of a
rural character” in the Bronx in the 1880s (New York City Department
of Parks and Recreation, n.d.). In addition to parkland, comprised of
both active recreational and “natural” areas, the larger contiguous par-
cels of open space in the city include cemeteries and golf courses.
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2.1.2. Open soils data/sampling method

The soils of NYC have been mapped at a 1:12,000 scale by the USDA-
Natural Resources Conservation Service following National Cooperative
Soil Survey standards (USDA-NRCS). Soils formed in naturally deposited
(ND) materials were differentiated from those formed in human-
altered and human-transported (HAHT) materials. The soil survey leg-
end, available on the Web Soil Survey site (http://websoilsurvey.sc.
egov.usda.gov/App/HomePage.htm), contains 236 map units composed
of 37 soil series in ND materials, 29 soil series in HAHT materials, and six
miscellaneous areas, including urban land covered by impervious sur-
faces, or sealed soils (62.7% of land area citywide). The open soils
formed in ND materials represent 8.6% of land area citywide and main
parent materials are glacial till (4.6% of the land area), tidal marsh
(1.9%) and marine sands (0.5%). The open soils formed in HAHT mate-
rials represent 27.6% of land area citywide. Primary anthropogenic par-
ent materials encompass loamy fill with low artifact (<10%) content
(14.9% of the land area), construction debris or artifactual (5.9%),
dredged materials (3%), domestic wastes (landfills; 1.6%) and coal com-
bustion ash (0.1%).

For most of the soil series, one or more pedons were described by
horizon to a depth of at least 100 cm, except if the bedrock was reached
within 100 cm, following the USDA-NRCS criteria (Schoeneberger et al.,
2012). For each pedon, all of the described horizons were sampled for
physical, chemical, and mineralogical analyses. The mass and volume
of coarse fragments (respectively 6-»mm W/W and 6-5mm V/v) >20 mm
were assessed in the field and the smaller coarse fragments
(2-20 mm) were weighed in the laboratory. Clods were sampled to as-
sess the bulk density after correction for coarse fragments (Soil Survey
Staff, 2014). The database used for the estimation of C storage encom-
passes 58 pedons sampled between 1995 and 2015, all of which are rep-
resentative of sampling sites larger than 2000 m?. In general, the soils, in
their dominant land use and cover, were sampled for complete charac-
terization for soil survey database population, although seven of the
pedons were part of an urban soil carbon study. To allow for the estima-
tion of citywide figures, five pedons from sites just outside of the city in
New Jersey were included. The open soils studied in NYC were located
in urban fallows (i.e. urban wastelands), urban woodlands, salt marshes,
and parks.

2.2. Paris open soils

2.2.1. Study area

Paris is the capital of France (48°51/12"” N, 2°20'55” E). This city is in-
cluded in the Grand Paris Metropolis, which is the urbanized centre of
the region Ile-de-France. It covers an area of 815 km? (Paris city covers
105 km?), including 17.4 km? occupied by water. The population was
7.0 million inhabitants in 2014 (with nearly 2.22 million in Paris city)
and the total population density was 8589 inhabitants km™2, but it
was 21,067 inhabitants km 2 in Paris city. Finally, this region accounted
for approximately 10.6% of the total population of metropolitan France
(INSEE - French National Institute of Statistics and Economic Studies,
2014). The altitude is between 24 m and 180 m. The natural parent ma-
terial is sedimentary (Jurassic limestone, Oligocene green marl and
clays, carbonaceous alluvial deposits, Oligocene quartz sand,
Sparnacien). However, the backfills are commonly present in this city,
where they can reach 10 m in depth and include various natural and
technogenic materials (e.g., silt, stones, wood, rubble; Béchet et al.,
2009). According to Koppen climate classification system, the climate
is temperate oceanic (Cfb) with an average temperature of 11.6 °C (an-
nual low and high temperatures: 4+7.86 °C and +15.5 °C) and an aver-
age rainfall of 591 mm per year. During the 19th century, Paris city
management was marked by the Haussmann period, which strongly
transformed the city, according to three ideas: i) to have more space
to clean up the city, ii) to unify the different districts and iii) to embellish
the landscape with squares, parks and public promenades. Thus, during
this period, 18.3 km? of green spaces were created in Paris city.

However, Paris city was geographically limited by two walls and was
becoming overcrowded. At the end of the 19th century, the first suburbs
began to be urbanized and inhabited as well.

For the following, the term “Paris” corresponds to the Grand Paris
Metropolis, including Paris city and its first suburbs.

2.2.2. Paris open soils data

To build the Paris database, available data from the Paris agronomic
laboratory, which has been saving soil analyses since 1993, were used.
The database contained nearly 10,000 samples mostly collected in
urban areas of the Paris region. The sampling methods were not stan-
dardized as they depended on various projects of soil fertility assess-
ment led by different organizations. Thus, the studied soil depths were
not harmonized, but globally only the first layer of topsoil added during
the site creation (or renovation) to support the vegetation was sampled,
in order to manage its fertility. Then, the exact locations of the sampling
points were sometimes not precisely known, and some parameters,
such as bulk density, were not determined. To allow a comparison
with NYC database, only the samples collected between 1995 and
2015, within a 0-30 cm depth, in parks, urban woodlands and urban
garden areas (i.e., horticulture centres, shared or family gardens and
housing accompaniments) of Paris, were selected. These three land
uses (parks, woodlands, gardens) constituted the “open soils” category
for Paris. If many sampling campaigns were launched on the same sam-
pling site, only the samples collected during the most recent sampling
campaign were selected for this location. Moreover, only the sampling
sites larger than 2000 m? were studied to allow a comparison with
NYC sites. Thus, 593 samples of soils collected in open areas were finally
kept to build the database of Paris used in this study.

2.3. Sealed soils in both cities

Few data from sealed soils were available in the Paris and NYC data-
bases (seven and eight samples, respectively). In Paris, the exact depth
of sampling was not known but was set to 30 cm. In NYC, the thickness
of asphalt and concrete layers were assessed and the underlying soil
layer was described and sampled to a 100 cm depth, which was gener-
ally homogeneous. To allow for comparison, an average value of SOC
was calculated for a 30-cm thick layer of soil under the impervious sur-
face as well as a 70-cm thick layer of soil for NYC 30-100 cm dataset. The
“0-30 cm” studied depth in sealed soils concerns the 30 cm of soil under
the impervious layers (the latter were not included in this thickness),
such as in Wei et al. (2014a) or Yan et al. (2015). The 30-100 cm
depth in sealed soils excluded the impervious layer thickness as well.

Finally, all the sampling site locations from both cities are indicated
on the map in Fig. 1.

2.4. Soil parameter analyses

In NYC, the soil analyses were conducted at the Kellogg Soil Survey
Laboratory (USDA-NRCS) following standardized methods (Soil
Survey Staff, 2014). The samples were air-dried and sieved at 2 mm.
The soil total carbon content (totC) was measured by dry combustion.
The carbonate content (totCaCOs) and the soil inorganic carbon content
(SIC) were determined for non-acidic soils by treating the soil with HCl
and measuring the evolved CO, manometrically. The SOC was estimated
by subtracting SIC from totC. For each pedon, a weighted average for
each parameter was calculated for the surface (0-30 cm) and subsur-
face (30-100 cm) depths. These datasets are referred to as NYC
0-30 cm and NYC 30-100 cm. The dataset NYC 30-100 cm contained
only 56 samples, since two soils were too shallow to be taken into ac-
count. Four soils were <100 cm deep and the average value was calcu-
lated for their depth.

In Paris, the soil samples were analysed using standardized methods
by the Paris agronomic laboratory between 1995 and 2015. The samples
were air-dried and sieved at 2 mm allowing to determine 65, W/W.
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Fig. 1. Maps of the sampling sites within Paris (left part) and New York City (NYC; right part). Paris city and its suburbs are distinguished on the map. For NYC, the five pedons studied in the

New Jersey area are not included.

The totC was analysed by sulfochromic oxidation until May 2015;
then, it was carried out by dry combustion (AFNOR, 1995; ISO,
1998). The SIC (or totCaCO3) was determined by the volumetric
method (AFNOR, 1999). The SOC was estimated by subtracting SIC
from totC.

2.5. SOCS calculation

As shown by Poeplau et al. (2017), the method used to calculate
SOCS can strongly impact the results. However, some estimation had
to be proposed to calculate Paris and NYC SOCS with the same equation

(Eq. (1)).

\"

n o m-
SOCS = Z SOCi x DBi| 1— i V1 x Hi (1)
5 00
Mass(fine earth)

with DBi =

2)

V(sample)—V(coarse fraction)

where SOCS is the stock calculated in each studied depth (0-30 cm or
30-100 cm; kg€ m~2); SOC; s soil organic carbon content of the horizon
i (gCkg™1). Then, Db is the bulk density of the fine earth (Dy,) of the ho-
rizon i, calculated as the fine earth mass divided by the difference of the
total volume of the sample and the coarse fraction volume of the sample
(Eq. (2); g cm™3); 8mm V/V is the coarse fraction volumetric content
(%); Hi is the thickness of the horizon i (m). Finally, n is the number of
horizons of the soil profile included between 0 and 30 cm or 30 and
100 cm.

For both datasets, an estimation of 6;,m V/V USINg 82mm W/W (%) was
first performed as following USDA-NRCS (2003):

z=0.0056 x y* +0.39 x y + 2.03 (3)

where z is 6ymm V/V (%), and Y, dxmm W/W (%).

Unlike the soils in NYC, the soil samples in Paris were not collected
per horizon, but only for a given depth. So, the parameters were consid-
ered as homogeneous for the first 30 cm in Paris selected values. More-
over, D, was not determined in Paris, contrary to most of NYC samples.
Thus, different pedotransfer functions (PTFs) to estimate D, were tested
on NYC data, using SOC (here, the SOC; and Db; were used, i.e., before
calculating the weighted average SOC and Dy, for each depth). For this,
several models were tested after being refitted from Chen et al.
(2018), using also the Levenberg-Marquardt non-linear least-square
method available in the minpack.lm R package (Elzhov et al., 2013).
This work was conducted on two datasets: the first one included all
the samples obtained by horizon in NYC 0-30 cm and the second in-
cluded all the samples obtained by horizon in NYC 30-100 cm. Each
dataset was split into two independent subsets (by avoiding separating
the samples from a same pedon): the training subset was used to de-
velop the model and the validation subset was used to test it. The
Table 1 gives the descriptive statistics of SOC and Dy, in these two sub-
sets, for NYC 0-30 cm and NYC 30-100 cm.

The model precision was analysed using the adjusted determination
coefficient (R?,4;) and the root mean square prediction error (RMSPE)
between the measured values and predicted values. The equation pro-
viding the Rzadj and the slope closest to a value of one, and the lowest
RMSPE was selected. Thus, we estimated: i) the undetermined Dy, of
NYC soil for both depths, using, the model selected in the 0-30 cm
depth and the one selected in the 30-100 cm depth respectivelys; ii)
the Dy, of all the samples of Paris database, using the model built with
the NYC 0-30 cm dataset.
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Table 1
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Summary of the soil organic carbon content (SOC; gC kg~ ') and the bulk density of the fine earth (Dy,; g cm3) of the training and validation data subsets, including the samples collected

(N) per horizon in NYC 0-30 cm and NYC 30-100 cm; SD is the standard deviation.

Layer (cm) Training data subset Validation data subset
Parameter N Median Mean SD Min Max N Median Mean SD Min Max
0-30 SoC 86 334 80.2 121.6 0.5 494.4 47 25.5 62.7 95.6 1.0 474.7
Dy 86 13 1.2 0.5 0.1 1.9 47 13 1.1 0.5 0.2 1.7
30-100 soc 100 6.8 50.6 1153 0.0 624.3 44 34 13.1 24.0 0.2 89.0
Dy 100 1.5 14 0.4 0.2 2.1 44 1.6 15 03 0.5 1.9

Concerning the sealed soils, Eq. (3) was also used to estimate the
coarse fraction volumetric percent in both Paris and NYC datasets. As
to the Dy, estimation, the distribution of D, in NYC was very narrow
and was similar to the D, measured on sealed soils by Yan et al.
(2015). Because of this low distribution and the low amount of data
for the sealed soils, developing a PTF was not possible, so the average
NYC Dy, was used as Dy, for the sealed soils of Paris.

2.6. Statistical analyses to study the factor effects

The comparisons of SOC and SOCS between Paris and NYC 0-30 cm
and between the two depths in NYC, at a given point in time, were per-
formed using Kruskal-Wallis test on R software (significant level at p =
0.05; R Core Team, 2013). The same test allowed studying the effects of
environmental factors on SOCS in each city for the same depth
(0-30 cm) and it was followed by a Nemenyi posthoc test to distinguish
the levels displaying significantly different values (PMCMR package;
Pohlert, 2014). These non-parametrical tests were preferred since the
normal distribution and the homoscedasticity were not validated for
the datasets. The environmental factors studied included the following:
the land use and the geographic location in Paris; the land use and the
parent material type in NYC.

2.7. Calculation of the soil organic carbon citywide totals

The soil organic carbon citywide totals (SOCCT, kgC) is the product of
average SOCS (keC m~2) and the surface area covered by the analysed
soil (m?). In NYC, this calculation was independently performed for
each depth (at 0-30 cm and 30-100 cm) and for open soils and sealed
soils. In Paris, the calculation was also performed independently for
the open and sealed soils (at 0-30 cm). Furthermore, in each city, the
SOCCT of open soils was calculated according to the factors having a sig-
nificant effect on SOCS (explained in Section 3.3).

To allow a comparison with regional soils, an estimation of equiva-
lent SOCCT for forest and agricultural soils of NYC and Paris regions
was carried out for the 0-30 cm depth (and for the 30-100 cm depth
in NYC) and for the same areas. More precisely, the citywide surface
areas of open spaces (289 km? in NYC and 233 km? in Paris) and of
sealed soils (483 km? in NYC and 565 km? in Paris) were used. Then,

Table 2

for the estimation in NYC, the data of SOCS of the forest and agricultural
soils of New Jersey (18 samples) analysed by USDA-NRCS (unpublished
data) were used. At 0-30 cm depth, SOCS were 10.0 kgC m~—2 and
40 kgC m~2, in forest and agricultural soils, respectively. At
30-100 cm depth, SOCS reached 4.5 kgC m~2 and 3.0 kgC m~2 in forest
and in agricultural soils, respectively. For the estimation in Paris, the
SOCS of forest and agricultural soils of its region (Ile-de-France) were
obtained from the national monitoring network of soil quality “Réseau
de Mesures de la Qualité des Sols” (© INRA, Unité INFOSOL, Orléans,
2017; Arrouays et al., 2002). In this region, SOCS was 5.6 kgC m 2 in for-
est soils (14 samples) and 4.8 kgC m~2 in agricultural soils (36 sam-
ples), for 0-30 cm depth.

3. Results
3.1. Soil organic carbon content in open soils of both cities

Globally, SOC in NYC soils was higher than in Paris soils, for the same
depth. Moreover, in NYC, the topsoil SOC was higher than the subsoil
one (Table 2). By comparing the SOC in woodlands between both cities,
NYC 0-30 cm displayed a higher SOC than Paris. Both had a significantly
higher SOC than the NYC 30-100 cm woodlands. However, in the parks,
SOC was not significantly different between NYC 0-30 cm and Paris. The
value in NYC 0-30 cm was still significantly higher than in NYC
30-100 cm, but the difference was not as pronounced as in woodlands.
The fallows were the only land use where SOC was not significantly dif-
ferent between NYC 0-30 cm and NYC 30-100 cm.

The variability of SOC distribution was very high in NYC compared to
the one in Paris: for all the open soils together, the coefficient of varia-
tion (CV) was equal to 56% for Paris (0-30 cm), 159% for NYC
0-30 cm and 266% for NYC 30-100 cm. This was principally due to the
high CV observed in the fallows, in NYC (CV = 202% in the 0-30 cm of
depth and CV = 217% in the 30-100 cm of depth). However, this differ-
ence of variability was not observed in 0-30 cm of depth, in parks: CV
was equal to 55% in Paris and 59% in NYC 0-30 cm. Since Paris SOC
data were included within NYC 0-30 cm SOC range in open soils, it
was then possible to build a PTF using NYC SOC data, in order to esti-
mate Dy, in the Paris dataset.

Soil organic carbon content (SOC; gCkg ~") for Paris 0-30 cm, NYC 0-30 cm and NYC 30-100 cm. For each dataset, SOC was described for all the open soils together; then, only the land uses
in common between at least two datasets (i.e., parks, woodlands and fallows). N is the number of samples for each level, SD is the standard deviation (gC kg~'). The significant differences
displayed by the statistical tests (p = 0.05) are followed by the letters: “a” is assigned to the dataset displaying the highest values; “n.s” means that there is a non-significant difference
between the studied datasets (p = 0.05). The symbols “**” and “***” indicate that the Kruskal-Wallis test followed by a Nemenyi posthoc test provided 0.001 < p < 0.01 and p < 0.001,

respectively.

Land use Paris NYC NYC

0-30 cm depth 0-30 cm depth 30-100 cm depth

N Median  Mean SD Min  Max N Median Mean SD Min  Max N Median Mean SD Min  Max
All open soils*** 593 255 (b) 284 160 23 1439 58 34.0(a) 633 1009 038 5605 56 5.6(c) 382 1013 03 5333
Parks™* 547 26.1(a) 29.0 160 23 1439 17 227(a) 300 17.7 9.6 779 16 8.1 (b) 183 22.2 1.5 76.5
Woodlands*** 16 18.6 (b) 204 121 49 42.3 22 426(a) 510 26.4 10.6 1067 21 3.1(c) 4.1 2.8 1.0 10.6
Fallows - - - - - - 15 95(ns) 886 179.1 08 5605 15 6.1 82.1 1784 03 5333
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Table 3

Summary of the pedotransfer functions developed in the study to estimate the bulk den-
sity of the fine earth (Dy,; g cm™3); X is the soil organic carbon content expressed in g
100 g~ . For each layer, the line written in bold corresponds to the model chosen for the
following estimations of Dy,

Layer (cm) Model Function Coefficients
a b [«
0-30 A axe®X ¢ 13 —0.1 0.3
B (axX+b)~! 62x1072 0.6 -
30-100 A axe®X 4 ¢ 1.1 -0.1 0.6
B (axX+b)™! 47 %1072 0.6 -

3.2. Estimation and comparison of organic carbon stock per unit area in
open soils

3.2.1. Estimation of the bulk density

The refitted coefficients for the PTFs are listed in Table 3 for NYC
0-30 cm and NYC 30-100 cm: only the two best models tested on
NYC data are shown.

In NYC 0-30 cm, both models were efficient: with the model A, Rzadj
reached 0.79, the slope was 0.75, and the RMSPE was 0.22 g cm™>; with
the model B, Rzadj was 0.80, the slope was 0.73, and the RMSPE was
0.22 g cm > (Fig. 2).

In NYC 30-100 cm, the models were both less efficient: with the
model A, Rzadj was 0.66, the slope was 0.53, and the RMSPE was
0.20 g cm™?; with the model B, R?,4; was 0.66, the slope was 0.47, and
the RMSPE was 0.21 g cm™>. As the model A provided the best
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predictions for NYC 30-100 cm, and was similar to the model B for
NYC 0-30 cm, it was chosen for both depths to estimate the unknown
Dy,.

The bulk density was not significantly different between Paris and
NYC 0-30 cm, for all open soils together (data not shown). Estimated
average D, was 1.3 + 02 g cm™> (min = 0.6 g cm™>; max =
1.6 g cm™3) in Paris, and average D, was 1.2 & 0.3 g cm™> (min =
0.2 gcm™>; max = 1.7 g cm>) in NYC 0-30 cm. However, Dy, was sig-
nificantly higher in NYC 30-100 cm, with a mean equal to 1.4 +
04gcm > (min=02gcm >;max =19gcm>).

3.2.2. Comparison of SOCS between Paris, New York City and their regional
soils

The values of SOCS were not significantly different in topsoils
(0-30 cm) between Paris (mean 9.9 + 3.9 kgC m~2) and NYC (mean
11.3 & 11.5 kgC m~2; Fig. 3). The SOCS values in subsurface soils
(30-100 cm) in NYC were significantly lower, even if the mean was
14.5 + 34.7 kgC m™2. Indeed, as for SOC, this high mean was explained
by some very high SOCS values (maximum SOCS = 216.3 kgC m~2), but
the SOCS median was much lower in NYC 30-100 cm than in NYC
0-30 cm and Paris (SOCS median was respectively 4.4 kgC m—2,
9.5 kgC m~2 and 9.8 kgC m™2). The average SOCS in Paris open soils
was higher than SOCS in both forest and agricultural soils found in its re-
gion (5.6 and 4.8 kgC m~2, respectively). Concerning NYC 0-30 cm open
soils, SOCS was at the same level of magnitude as SOCS found in the re-
gional forest, for the same depth (10.0 kgC m~2), and it was much
higher than agricultural soil SOCS (4.0 kgC m™2).
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Fig. 2. Predicted vs. measured bulk densities of the fine earth (D) in 0-30 cm (first line) and in 30-100 cm (second line) in New York City soils using the two best tested pedotransfer

functions.
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Fig. 3. Soil organic carbon stock (SOCS) distributions in open soils, in the three datasets:
Paris 0-30 cm, NYC 0-30 cm and NYC 30-100 cm (logarithmic scale). The horizontal
lines inside the boxes represent the median, the diamond-shaped symbols represent the
mean. Bottom and top of the box are the first and third quartiles. The symbol “***”
indicates that the multiple comparison (Kruskal-Wallis test followed by a Nemenyi
posthoc test) provided p < 0.001 in open soils. The significant differences displayed by
the statistical tests (p = 0.05) are given by the letters: “a” is assigned to the dataset
displaying the highest values. The numbers in brackets refer to the amount of data for
each dataset. The average SOCS of forest soils were given for both Paris and NYC regions
(long dash lines).

The variability of SOCS, mostly explained by SOC variability, was also
very high in the soils of NYC compared to those from Paris. For all the
open soils, the CV was respectively equal to 39%, 101% and 237% in
Paris, NYC 0-30 cm and NYC 30-100 cm. These high values in NYC
were, here again, mostly explained by the high CV of SOCS in fallows:
it was 156% in NYC 0-30 cm and 208% and NYC 30-100 cm.

3.3. Factors influencing SOCS in open soils of both cities for the same depth

In Paris, effects of the land use type and the geographic location
(Paris city vs. its suburbs) on SOCS were studied. These factors displayed
a significant effect on SOCS, even though the land use effect was less sig-
nificant than the geographic location one (0.001 < p < 0.01 for the land
use; p < 0.001 for the geographic location; Fig. 4). Concerning the land
use factor, the parks showed a significantly higher SOCS than the gar-
dens and woodlands, with no significant difference between the two
latter (10.1 + 3.8 kegCm~2, 8.1 + 49 kgC m 2 and 7.3 & 4.0 kgC m 2
respectively). Moreover, Paris city displayed a significantly higher
SOCS than its suburbs (10.1 + 3.9 keC m~2 and 6.6 + 4.0 kgC m 2, re-
spectively). These results allowed calculating SOCCT in the open soils of
Paris. First, it was calculated for Paris city and its suburbs distinctly, as
they displayed significantly different SOCS. Then, for each one of these
locations, SOCCT was calculated: i) in the parks, using the average
SOCS in parks and the corresponding surface area; ii) for all the other
open spaces, using the average SOCS in woodlands and gardens multi-
plied by the remaining open soil surface area (i.e., excluding the parks;
IAU fle-de-France Occupation du sol 2012). Finally, the SOCCT of all
Paris open soils was obtained by adding these results.

In NYC 0-30 cm, only the parent material had a significant effect on
SOCS (0.001 < p < 0.01; Fig. 5). Technosols formed in coal ash displayed
the highest SOCS, and despite its higher mean, it was not significantly
different from the soils of tidal marshes (SOCS mean was 47.6 +
30.2 kgCm~2 and 14.2 + 3.9 kgC m ™2, respectively). Both were signif-
icantly higher than SOCS of soils formed in dredgic fill (3.0 +
0.8 kgC m™—2), which are very sandy (> 90% sand). As they were both in-
cluded in the fallow land use, the high difference of SOCS (and SOC) be-
tween the coal ash and the dredgic fill could explain the very high CV of
SOCS (and SOC) in the fallows. All the other types of parent material
were not significantly different from these two groups (SOCS mean
was comprised between 9.5 kgC m~2 and 11.7 kgC m~2). Concerning
the land use effect in NYC 0-30 cm, in contradiction with the results
in Paris, this factor did not show a significant effect (Fig. 5). More specif-
ically, SOCS in parks and woodlands were not significantly different in
NYC (10.1 & 6.6 keCm 2 and 10.4 + 3.7 kgC m 2, respectively). Finally,
the parent material effect was studied in NYC 30-100 cm and displayed
a very significant effect as well (p < 0.001). Thus, for the NYC open soils,

a a
25 * 25 ®
20 b $ 20 i b
< b i I
g = .
o 15 o 15
< <
) n
g 10 e g 10 s
) s K 17}
v 3
5 5
‘ \
0 0 —
Gardens Parks Woodlands Paris City Suburbs
(30) (547) (16) (574) (19)

Land use (Paris) **

Location (Paris) ***

Fig. 4. Soil organic carbon stock (SOCS) distributions in the different levels of each factor in Paris: land use and geographic location. The symbols “**” and “***” indicate that the Kruskal-
Wallis test followed by Nemenyi posthoc test provided respectively 0.001 < p < 0.01 and p < 0.001. Lower case letters indicate significant differences between the levels (p = 0.05): “a” is
assigned to the dataset displaying the highest values. The numbers in brackets refer to the amount of data for each dataset.
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Fig. 5. Soil organic carbon stock (SOCS) distributions in NYC 0-30 cm according to the types of parent material (left part) and the land uses (right part). The parent materials include
naturally deposited materials: tidal marsh (marsh), red till (red), brown till (brown), outwash, serpentinite till (serpent), and human-altered and human-transported materials:
dredgic fill (dredge fill), clean spolic fill (clean fill), artifactual fill (artifac), coal ash fill (coal). The symbol “**”indicates that Kruskal-Wallis test followed by a Nemenyi posthoc test
provided 0.001 < p < 0.01; “n.s” means that the factor did not have a significant effect. Lower case letters indicate significant differences between the levels (p = 0.05): “a” is assigned
to the dataset displaying the highest values. The numbers in brackets refer to the amount of data for each dataset. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

SOCCT was calculated according to their parent material: each one was
subdivided into different mapped soil series, which were therefore used
for this calculation, in order to be even more precise. Hence, SOCCT was
calculated for each soil series from the SOCS value of the representative
pedon or the average of the SOCS values estimated on several pedons
multiplied by the land surface area occupied by the soil series across
the city, based on the soil survey. For some soil series, the SOCS values
were estimated from similar soil series or from data obtained on pedons
of the same soil series sampled just outside the city. Finally, for each
depth, the total SOCCT was calculated in NYC open soils by adding the
results obtained for each soil series.

4.0
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3.4. Soil organic carbon citywide totals of open soils

In the open soils, SOCCT was lower in Paris than in NYC 0-30 cm: it
reached 1.6 TgC in Paris and 2.4 TgC in NYC 0-30 cm (Fig. 6). Neverthe-
less, the result obtained in Paris was higher than if its open soils were
occupied by the regional forests or agricultural soils. Indeed, in Paris,
for a surface area of 233 km?, SOCCT would be 1.3 TgC for non-urban for-
ests and it would be 1.1 TgC for agricultural soils. Concerning NYC
0-30 cm, SOCCT would be higher if the regional forest replaced the
urban open soils: for a surface area of 289 km?, the soils would have a
SOCCT of 2.9 TgC. However, as well as in Paris, SOCCT would be much

2.5

0.9
r

(30-100cm)

NYC
(0-30cm)

Fig. 6. Soil organic carbon citywide totals (SOCCT; TgC = 10° kgC) calculated in open soils of Paris (0-30 cm), NYC 0-30 cm and NYC 30-100 cm (solid color). For each one, the SOCCT
obtained in hypothetic forest and agricultural soils were also displayed (diagonally downward and diagonally upward, respectively). The values of the estimated SOCCT are provided
over the bars.
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lower in NYC open soils if they were occupied by the regional agricul-
tural soils (1.2 TgC).

In NYC 30-100 cm, SOCCT was 2.5 TgC in open soils, which was
equivalent to SOCCT in NYC 0-30 cm. Moreover, for the same depth,
the urban open subsoils had a much higher SOCCT than if they were oc-
cupied by the regional non-urban forest or agricultural land use (1.3 TgC
in forest and 0.9 TgC in agricultural soils; Fig. 6).

3.5. Soil organic carbon in sealed soils

To estimate SOCS in Paris, the average Dy, of NYC sealed soils (1.6 +
0.1 g cm~3) was used as the estimated Dy, for sealed soils in Paris.

The values of SOCS in sealed soils were not significantly different be-
tween Paris (3.4 & 1.2 kgCm™2) and NYC (2.9 + 2.6 kgC m™~2; Table 4);
but they were both significantly lower than SOCS in open soils, in the
0-30 cm depth (9.9 + 3.9 keC m~2 in Paris and 11.3 & 11.5 kgCm 2
in NYC). However, for the 30-100 cm depth in NYC, the SOCS values cal-
culated in sealed soils were not significantly different from the ones
found in open subsoils. Even if their SOCS mean values were very differ-
ent, because of high values in the NYC 30-100 cm open soils, their me-
dian values were respectively 4.9 kgC m~2 and 4.4 kgC m—2. The SOCCT
calculated in sealed soils (for 564 km? in Paris and 489 km? in NYC)
were respectively 1.9 TgC in Paris and 1.4 TgC in NYC, for the first
30 cm of soils; it reached 3.2 TgC in NYC 30-100 cm (Table 4). Thus, in-
cluding both open and sealed soils, the citywide SOCCT values were sim-
ilar in Paris and NYC 0-30 cm: SOCCT was 3.5 TgC in Paris and 3.8 TgC in
NYC 0-30 cm. It was finally higher in NYC 30-100 cm with 5.8 TgC. If the
total surface area (798 km?) in Paris was occupied by its regional forest
and agricultural soils, the SOCCT would respectively reach 4.4 TgC and
3.8 TgC, for the 0-30 cm depth. In NYC (772 km?), for 0-30 cm depth,
it would respectively reach 7.7 TgC and 3.1 TgC for forests and agricul-
tural soils. Finally, in 30-100 cm depth, SOCCT would reach 3.5 TgC if
NYC was occupied by its regional forests, and it would reach 2.3 TgC if
NYC was occupied by its regional agricultural soils.

4. Discussion
4.1. Comparison of SOC and SOCS between NYC and Paris

If compared globally, the open soils of Paris and NYC 0-30 cm
displayed different SOC, lower in Paris than in NYC; however, this
trend was observed in urban woodlands, but not in parks. Moreover,
in this study, the non-urban forest soils near Paris contained less organic
carbon than the ones near NYC. Pouyat et al. (2009) displayed that the
management intensity in cities could remove the effect of natural fac-
tors (such as climate) on SOC and SOCS. In their study, for the
0-20 cm depth, SOCS was not significantly different between the turf
grass soils of the Baltimore and Denver metropolitan areas (11.0 +
0.9 kgCm~2 and 12.7 & 1.3 kgC m~2, respectively), whereas Baltimore
rural soils had 60% higher SOCS than Denver ones. This could explain
why SOC was different between the Paris and NYC woodlands (and be-
tween their regional forests), which are less managed and disturbed

Table 4

Soil organic carbon stocks (SOCS; kgC m~2) and citywide totals (SOCCT; TgC) in the sealed
soils of Paris, NYC (0-30 cm) and NYC (30-100 cm); SD is the standard deviation; N is the
amount of data. The letters “n.s” mean that there was a non-significant difference of SOCS
between Paris and NYC, for 0-30 cm depth (p = 0.05).

Region Category Depth SOCS (kgC m™—2) SOCCT
}mder . N Median Mean SD Min Max (TeC)
impervious
layer (cm)

Paris Sidewalk 0-30 7 32(n. 34 1.2 20 53 19

s)
NYC Road 0-30 8 21 29 26 02 78 14
NYC Road 30-100 8 49 6.7 61 05 182 3.2

soils, whereas SOC was not significantly different in the parks of these
two cities. Indeed, management intensity is quite similar between
both cities: the green spaces, particularly the lawns, are used to being
highly managed: several mowings per year with, in many cases, expor-
tation of the clipped grass (Paris Green Space and Environmental Divi-
sion; New York City Department of Parks and Recreation, pers.
comm.). They are also characterized by an old tradition of irrigation
and fertilization inputs, which may have led, in both cities, to a high
root and shoot biomass productivity in the park lawn, and a high or-
ganic carbon input into the soil (Falk, 1980).

Moreover, the history of park creation in NYC and Paris could explain
their SOC homogeneity (the CV of SOC in parks were quite similar be-
tween Paris and NYC and it was the lowest in NYC compared to its
other land uses). In NYC, most of the parks were built during the 19th
century: local glacial till and outwash deposits were the source for
much of the human-transported soil material used in parks. Since they
were initially low in organic carbon, lime and fertilizer were added to
provide a better plant growth medium: this, as well as the turf grass
contribution to organic matter enrichment could have increased and
homogenized SOC in these soils. In Paris, two main categories of sub-
strates can be found in green spaces. The first one, originally rich in or-
ganic carbon, was also used at the 19th century, when the biggest parks
of Paris city were created. The second category, initially poorer in or-
ganic carbon but still fertile, was used to create new smaller green
spaces in Paris city and to expand its suburbs (Paris Green Space and En-
vironmental Division, pers. comm.).

Thus, the history and management seem to have a strong effect on
SOC in parks, which surpasses the influence of the natural factors,
such as climate or the natural parent material. However, for all open
soils together, climate and natural parent material could nevertheless
explain the higher values and distribution of SOC in NYC than in Paris
(ie. in woodlands and fallows). Indeed, although the long history of
the Parisian soils have led to high amount of backfill deposits in most
places of the city, some areas may be less disturbed and still be influ-
enced by the natural parent material. Yet, the natural parent materials
in Paris are mainly sedimentary and calcareous, whereas NYC naturally
deposited materials are very heterogeneous and can accumulate large
amounts of organic carbon (e.g, in the many wetlands and salt marshes
of the NYC islands). Moreover, SOC generally increases when the rainfall
rate is higher, which is the case in NYC (1270 mm year™') compared to
Paris (591 mm year™!; Azlan et al., 2013; Burke et al., 1989; Selhorst
and Lal, 2012).

Concerning SOCS, Paris and NYC open soils displayed equivalent
SOCS for a same depth (respectively 9.9 + 3.9 kgC m~2 and 11.3 +
11.5 kgC m~2). This result observed for SOCS values, but not for SOC,
was mostly due to the coarse fraction volumetric content, which was
lower in Paris than in NYC (means were 5.9% vs. 11.0%, respectively)
while Dy, was not significantly different between both datasets. Globally,
for the same depth, Hao et al. (2013) reported that SOCS of urban open
soils in China (Tianjin Binhai New Area) reached 9.2 kgC m~2, which
was at the same level of magnitude as SOCS in Paris and NYC.

In parks, SOCS means were very close between Paris and NYC, for the
0-30 cm depth: respectively 10.1 + 3.8 kgC m~2 and 10.1 +
6.6 kgC m~2, which could be explained by the similar park management
and history between both cities, as well as for SOC. Lower values were
found by Bae and Ryu (2015), in the Seoul Forest Park (SOCS mean
was comprised between 1.0 and 8.0 kgC m™2 under vegetation), but
this park was very young, only built in the 2000s on wastelands and
bare soils, whereas many parks in Paris and NYC are over 100 years old.

In Paris, contrary to NYC, the land use displayed a significant effect
on SOCS, in the 0-30 cm depth. A lack of representation of the woodland
soils in the Paris dataset could contribute to the low value of SOCS in
these soils. Nevertheless, as mentioned for SOC, the higher SOCS in man-
aged parks than in less managed woodlands (10.1 + 3.8 keCm ™2 vs. 7.3
+ 4.0 kgC m~2) could also be due to the old practice of irrigation and
fertilization inputs in the Paris parks, leading to a higher contribution
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of lawns to increase SOCS. This hypothesis could be confirmed by the
SOCS found in the regional forests, which was much lower than in the
urban parks and close to the SOCS in urban woodlands (5.6 kgC m—?
in regional forests). This reasoning could also be applied to NYC: al-
though the parks were established on areas originally very poor in or-
ganic carbon, no significant difference of SOCS was found with the
other NYC land uses, i.e., woodlands, fallows, salt marshes, at the time
of this study. Concerning the garden category in Paris, their lower
SOCS compared to that of parks could be explained by the fact that
half of the garden samples were collected in the suburbs. Yet, the sub-
urbs displayed globally a significantly lower SOCS than Paris city, prob-
ably due to historical origin. As mentioned before, a part of Paris city
green spaces (mostly the largest parks) were created during the Hauss-
mann period, using the market garden soils, rich in organic matter;
whereas, with the expansion of its suburbs, arable soils were used to
create the suburbs' green spaces (poorer in organic carbon). However,
there was also a notable difference in the amount of data between
Paris city and its suburbs, leading to a lack of representation of the sub-
urbs compared to Paris city.

In NYC, only the parent material displayed an effect: this study
showed that the human-altered and human-transported materials
could be the source of higher SOCS (i.e., coal ash), which was in accor-
dance with the results displayed by Trammell et al. (2011). This work
also showed that, as in Yan et al. (2015), the anthropic activities can in-
duce high SOCS at depth. Indeed, those soils very disturbed by human
activities (i.e., parks and fallows) did not display a significant vertical
trend of SOCS; whereas in urban woodlands, which are globally less im-
pacted by the human disturbance, SOCS decreased with depth. Thus,
SOCS in urban open subsoils is significant as it can reach very high
values (e.g., the maximum SOCS value reached 216.3 kgC m~2 in NYC
between 30 and 100 cm of depth).

This first part showed that human activities can increase SOCS by in-
troducing some OC-rich anthropogenic materials (e.g., coal ash) or
through their open soil management. Moreover, the similar SOCS values
and variability observed in the parks of these two cities could suggest
that the management methods, if adapted to the climate and parent ma-
terial, might lead to a homogenization of SOCS in the parks of different
cities (Pouyat et al., 2009). However, it was not possible to estimate,
with the available data, the carbon budget associated with these man-
agement methods, nor the carbon sustainability in urban soils. Yet,
some hypothesis could be proposed for the latter: for example, the
coal ash found in NYC represents recalcitrant black carbon, which is
stored long-term; the same is true for SOCS in subsoils, characterized
by a high organic carbon mean residence time (Rumpel et al., 2012).
On the contrary, according to Vasenev and Kuzyakov (2017), manage-
ment activities of green spaces such as fertilization, irrigation and
lawn mowing (or tree/shrub pruning), which are first associated with
high energy consumption, could also contribute to intensive microbial
activity, responsible for outgoing fluxes from the open topsoils.

In contradiction with the ability of human activities to increase SOCS,
it can also decrease SOCS at a given point in time and space, for example,
by sealing soils. Indeed, in NYC and in Paris, SOCS in sealed soils were
much lower than in open soils. This observation can be first explained
by the topsoil and its organic carbon removal, which systematically oc-
curs when a soil is sealed; secondly, soil sealing prevents the fluxes be-
tween soils with the other pools, so that they cannot accumulate organic
carbon anymore. The data did not allow assessing the fate of the re-
moved topsoil but even if these topsoils are often reused as substrates
for new parks within the city, the disturbance might affect their SOCS,
at least in the short term. The SOCS in sealed soils could only be mea-
sured on a few samples in NYC, but the values obtained were comprised
within the range found in the literature. Indeed, in the literature, for the
first 20 cm of depth, SOCS was comprised between 1.7 kgC m~2 (Yan
et al,, 2015) and 3.2 kgC m~2 (under sidewalks, with the hypothesis of
SOCS homogenously distributed in the soil profile; Edmondson et al.,
2012). This interval also included SOCS equal to 2.2 kgC m~—2 under

roads in Edmondson et al. (2012) and 2.5 kgC m—2 in Wei et al.
(2014a). Here, NYC SOCS would be equal to 1.9 kgC m~2 for 0-20 cm
of depth.

In our study, the results between sealed soils and open soils followed
the ones displayed in Raciti et al. (2012), Yan et al. (2015) and Wei et al.
(2014a): they respectively found that SOCS in sealed soils were 66%,
75% and 68% lower than in open soils (in 0-15 cm, 0-20 cm and
0-20 cm of depth, respectively). Here, SOCS in sealed soils were respec-
tively 66% and 77% lower than in open soils, in Paris and NYC 0-30 cm.
Therefore, this study approved the conclusion of Yan et al. (2015): the
sealed soils SOCS should not be approximated with the adjacent open
topsoil SOCS. However, we displayed that SOCS in 30-100 cm of depth
of sealed soils and open soils were not significantly different in NYC,
which is understandable because, as mentioned before, the sealed
soils often correspond to subsoils, after the topsoil removal.

4.2. Contribution of these two cities to the soil organic carbon totals

In this study, the global carbon stocks in both cities were assessed by
the calculation of SOCCT, taking into account the open soils and the
sealed soils at one given point in time. In the open soils, SOCCT values
were slightly higher in NYC than in Paris. This difference was mainly
due to the difference of open surface areas between both cities:
289 km? in NYC and 233 km? in Paris. The comparison of SOCCT with
forest and agricultural soils for the same areas and for 0-30 cm depth,
demonstrated a high contribution of the urban open topsoils to the
global stocks. Indeed, SOCCT in Paris was higher than its forest ones
(4+24.5%); it was a bit lower in NYC (—15.7% in NYC than its regional
forest soils). Moreover, it was much higher than the agricultural ones
(4+44.5% in Paris than agricultural soils; +110.4% in NYC than its re-
gional agricultural soils). The lower SOCCT observed in NYC open soils
compared to its regional forest belies the results obtained for SOCS, sim-
ilar between both; this is due to the weighted calculation of SOCCT using
surface areas, reducing the influence of the extremely high SOCS values
in the result.

This study also displayed the high contribution of urban open sub-
soils, which was much higher than the forest or agricultural subsoil
ones for the same depth: +93.8% (i.e. 1.9 times greater) in NYC
30-100 cm than in forest 30-100 cm; +195.2% (i.e. 3.0 times more) in
NYC 30-100 cm than in agricultural soils 30-100 cm. At the profile
level (0-100 cm), the contribution of NYC urban open soils was,
hence, higher than the forest and agricultural soils (+18.5% and
+146.6%, respectively).

When the sealed soils were taken into account, the SOCCT values
were at the same level of magnitude in both cities, even if it was a bit
lower in Paris than in NYC (3.5 TgC and 3.8 TgC in Paris and NYC, respec-
tively). This very small difference, whereas the total Paris surface area
was slightly higher than that of NYC, was, here again, mainly due to
the difference of proportions between sealed soils and open soils in
both cities: 62% of sealed soils vs. 38% of open soils in NYC and 70% vs.
30% in Paris. Thus, the potential of urban soils to contribute to the global
stock is strongly depending on this percentage of sealed soils. Thus, by
including the sealed soils, topsoil SOCCT became lower in cities than
in the regional forests (—20.5% in Paris and —50.6% in NYC) and at
the same level of magnitude as in the regional agricultural soils
(—7.9%in Paris and +22.6% in NYC). Thus, it is obvious that the citywide
topsoil contribution would increase by limiting soil sealing, and it could
even become higher or close to the forest soil value, at a given point in
time.

In the 30-100 cm depth, no significant difference of SOCS was ob-
served between open soils and sealed soils in NYC, so, as the sealed
soil area was higher than the open soils', SOCCT was also higher in
sealed soils than in open soils, at this depth (3.2 TgC vs. 2.5 TgC). More-
over, SOCCT in NYC open and sealed subsoils was much higher than in
forest or agricultural subsoils calculated for NYC surface area
(772 km?): SOCCT was 1.7 times higher in NYC subsoils than in forest
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subsoils and 2.5 times higher than in agricultural subsoils. Thus, in
urban soils, the hidden, deeper stocks are very important for soil organic
carbon assessment since they also display a significant contribution to
the global stock.

For 0-100 cm of depth in NYC including the sealed soils, SOCCT
reached 9.6 TgC, which was much higher than the results obtained by
Pouyat et al. (2006) in other cities of USA: they found SOCCT comprised
between 0.8 TgC in Oakland (132 km?) and 3.4 TgC in Chicago
(614 km?). These low values compared to ours could not be only due
to the difference of total areas. First, their estimation of SOCS in the
sealed soils was much lower than our results (3.3 kgC m™2 vs.
9.6 kgC m~2 for 0-100 cm of depth, respectively). Then, there was
also a high difference of SOCS in open soils between both studies: for ex-
ample, in our study, the parks in NYC (0-100 cm) displayed a SOCS
mean equal to 35.4 kgC m~2, whereas it was only 7.4 kgC m~2 in At-
lanta, in Pouyat et al. (2006). That difference could be due to the climate
effect, as Atlanta is characterized by higher temperatures than in NYC
(mean air temperature of 16.4 °C in Atlanta; Azlan et al., 2013; Burke
et al.,, 1989). However, in Edmondson et al. (2012), SOCCT in Leicester
reached 0.98 TgC for 0-100 cm of soil and for 73 km?; thus, if calculated
for the same area as NYC one, SOCCT would reach 10.4 TgC, which is
very similar to the SOCCT in NYC (0-100 cm). Compared to the New Jer-
sey forest and agricultural soils, the citywide SOCCT calculated at
0-100 cm depth (including sealed soils) would be slightly lower than
SOCCT in forest (—14.3%) but it would be higher than in agricultural
soils (+77.8% or 1.8 times more).

However, the results are also strongly dependent on the method
used to calculate SOCCT. Indeed, without distinguishing the significantly
different SOCS values between the factor levels, which had an effect on
SOCS values, the open soils' SOCCT would have been overestimated in
both cities. In Paris open soils, without distinguishing SOCS of Paris
city from in its suburbs, nor distinguishing SOCS in parks from in the
other land uses, SOCCT would reach 2.3 TgC (instead of 1.6 TgC, by
using the average SOCS obtained for all the open soils together, i.e.
9.9 kgC m~2). In NYC 0-30 cm, without performing the distinction be-
tween the different soil series, SOCCT would reach 3.7 TgC (instead of
2.4 TgC, by using the average SOCS obtained for all the open soils, i.e.
12.7 kgC m™2). Thus, a preliminary factor effect study is necessary to
be the closest possible to the real values of SOCCT.

4.3. Limits of the methodology

In the literature, many methods have been used to calculate SOCS in
urban soils, which can potentially lead to a strong bias for the accurate
estimation of SOCS in cities. To be able to use the formula proposed by
Poeplau et al. (2017), several parameters must be accurately deter-
mined: SOC, Dy, 63mm V/v and H.

4.3.1. Estimation of the bulk density

In this study, the methodology used was not standardized and had
some limitations, in particular, to process the Paris data. Indeed, the
sampling methodology was not standardized there, thus some estima-
tions had to be performed, particularly for Dy,. Beforehand, PTFs using
other parameters than SOC (ie. clay, silt; Bernoux et al., 1998;
Tomasella and Hodnett, 1998) were also tested but the results were
not good, so that only SOC was used in this study. Considering the top-
soils (0-30 cm), the Dy, estimation gave satisfactory results for urban
soils compared to the ones found in the literature for non-urban soils.
However, the RMSPE was higher than in some results found in the liter-
ature (Kaur et al,, 2002). This could be explained by the high heteroge-
neity of SOC in NYC datasets, compared to the literature one (SD of SOC
in the training and validation subsets were 121.6 gC kg~ ! and 95.6
gC kg~ ! in this study, whereas they were 3.8 gC kg™ ! and 4.3 gC kg ™!
in Kaur et al., 2002). Hence, the accuracy of the models performed in
this study was not optimum: the error of Dy, estimation was not negligi-
ble and the slope was far from one. This was particularly the case for

30-100 cm depth, for which the models were not efficient. Moreover,
it was not possible to validate this model on some Paris Dy, values (as
this parameter had never been studied in Paris database); thus, accord-
ing to Kaur et al. (2002), the estimated Dy, have to be used with care,
even if Paris SOC were comprised within the range of SOC in NYC
0-30 cm.

Thus, to go further in SOCS assessment, it would have been neces-
sary to determine accurately the bulk density of the fine earth for each
sample.

4.3.2. Estimation of the coarse fraction volumetric content

The coarse fraction estimation in the soils of NYC and Paris was lim-
ited too; this parameter should be more precisely studied in the future
soil organic carbon assessment work. Indeed, its estimation was based
on the assumption that the particle gravity of rock fragments was
2.7 g cm ™2 and D, of the fine earth fraction was 1.5 g cm™>. Yet, as
seen in this study, the average Dy, really measured in the fine earth,
was 1.2 & 0.3 g cm™> in NYC 0-30 cm; it was 1.4 &+ 0.4 g cm™> in
NYC 30-100 cm, and it was 1.6 + 0.1 g cm ™ in NYC sealed soils. More-
over, the coarse fraction could have contained macroorganism residues
(vegetal or animal) or black carbon, whose density values are generally
much lower than 2.7 g cm™>. Then, in urban soils, the possibility to as-
sume that the coarse fraction does not contain organic carbon is more
hazardous, since in cities, different types of artifacts are often provided
to the soils by human activities and they can contain organic carbon
(e.g., charcoal). Thus, it would be necessary, in urban soils, to calculate
the SOCS contained in the coarse fraction too.

4.3.3. Studied depth

Another parameter important to consider with SOCS is the depth to
be examined. First, this study showed that the studied depth should not
be limited to 0-30 cm: indeed, in NYC, the SOCCT was equal to 3.8 TgC in
the first 30 cm; however, it reached 9.6 TgC for 0-100 cm of depth,
which is 2.5 times the value in 0-30 cm. Moreover, as said before, in
urban subsoils, the values of SOCS can be very high, which must not
be disregarded to understand the potential of cities to stock organic car-
bon. Then, the determination of the soil parameters must be more accu-
rate if performed by pedological horizon, as it was done in NYC, to take
into account the real soil vertical variability, which can be very hetero-
geneous in urban soils.

4.3.4. Sampling design

Then, the sampling methodology can affect the results. First, the
amount of data is an important question for soil organic carbon assess-
ment: enough samples are needed to be representative of the spatial
heterogeneity of SOCS in urban soils. In this study, a bias could have
been introduced because of the comparison of SOCS between unbal-
anced datasets. Moreover, only seven and eight samples were collected
in sealed soils in Paris and NYC, respectively. These numbers are low
considering their surfaces areas and greater sampling campaigns should
be launched to study SOCS in sealed soils. However, these soils are
hardly accessible, so that their sampling have to be opportunistic;
thus, most of the studies about sealed soils generally have to deal with
few data (Wei et al., 2014a, 2014b; Yan et al,, 2015). Then, the sampling
design in sealed soils should have included distinctly sidewalks, road-
ways or even built-up soils in each city, as they can display different
SOCS (Edmondson et al., 2012). Here again, the sampling design of
sealed soils is limited by the opportunities for sampling (e.g., building
reconstruction/demolition, works under roads or sidewalks).

Moreover, the sampling design in NYC, to include all important soil
survey types, likely provided a strong heterogeneity of the results of
SOC and SOCS, which was noticeable with the high CV of these param-
eters in this city. We can suppose that the choice of the sampling design
in NYC, based on the parent material cartography, implied that only this
factor displayed an effect on SOCS in NYC 0-30 cm. Indeed, if several
repetitions of sampling were performed for a same series of soil, but
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with different land uses or vegetation covers, the results might have
shown some effects of these factors. To be the most complete possible,
the sampling points should be chosen by taking into account more po-
tential sources of variability: for example, using also the cartography
of land uses or types of cover. Then, only the sampling sites larger
than 2000 m? were retained for this study, but the smaller open soils
should also be studied as they could display different SOCS. Indeed,
their management, their cover or their establishment method could be
different, mainly for the very small open surface areas, such as street
trees or horticultural massifs.

4.3.5. Lack of some dynamics data

The results of this study were obtained at a given point in time; how-
ever, as shown in the study of Bae and Ryu (2015), which displayed that
the land use and land cover changes could strongly impact the soil prop-
erties, including SOC, over a short period of time. These land use and
land cover changes often occur in the urban environment, as cities are
in constant evolution, and as the human activities/disturbance in cities
are very heterogeneous. These activities often lead to different material
inputs into the soils, among which, various types of organic carbon can
potentially be found (e.g, presence of black carbon, more recalcitrant),
which should be studied. Moreover, after its establishment, an urban
land use/cover is probably the source of high amounts of CO,, through
microbial respiration, because of the high management intensity. The
management methods are themselves probably the source of high
emissions of carbon, and may lead to a negative carbon budget. Thus,
this study showed that the SOCS and SOCCT of urban soils could be
higher or equivalent to the forest ones, but the outputs of carbon as
CO,, which were not studied here were certainly higher than in forest
as well. Thus, it would be necessary to quantify the citywide soil carbon
fluxes to assess the effective urban soil contribution to carbon seques-
tration and more largely to climate change mitigation.

5. Conclusion

At this stage, the compilation of numerous existing data has
allowed us to highlight, at the scale of NYC and Paris, some similar
carbon stock trends. The SOCS in parks and in sealed soils were not
significantly different between both cities. Moreover, SOCS in open
urban topsoils were systematically higher than in agricultural soils.
The SOCCT in NYC and Paris were very close when comparing open
urban soils and sealed urban soils. In topsoils, SOCCT in areas with
open soils could be greater than SOCCT in forests (in Paris) and agri-
cultural soils (both cities). However, at the city scale, the high pro-
portion of sealed soils in both cities strongly decreased the topsoil
SOCCT. In subsoils, the contribution of urban soils to the global soil
organic carbon totals was much higher than the forest or agricultural
ones, even including the sealed soils, which shows the importance of
hidden carbon in cities.

At the outcome of this work and from a methodological point of
view, we suggest an enhanced standardization of the SOCS assess-
ment in urban soils. The sampling design should be decided using
all the potential sources of variability of urban soils. The open soils
and sealed soils should be both studied, since SOCS in sealed soils
is significant. As the deeper layers of urban soils can also store or-
ganic carbon, it is necessary to study SOCS along the whole urban
soil profile and the calculation of SOCS should be performed for
each pedological horizon, before summing the results over the stud-
ied depth. All the parameters involved in the equation to calculate
SOCS should be determined and particularly soil bulk density, and
the calculation of SOCS should include the coarse fraction. Finally,
with the aim of increasing the storage of carbon in urban soils, it
should be necessary to unseal soils or to maximise the proportion
of open soils in the frame of development projects.
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