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Abstract
Purpose The influence of human activities on the develop-
ment and functioning of urban soils and their profile charac-
teristics is still inadequately understood. Microbial communi-
ties can change due to anthropogenic disturbances and it is
unclear how they exist along urban soil profiles. This study
investigates the dynamic soil properties (DSPs) and the bac-
terial communities along the profiles of urban soils in New
York City (NYC) with varying degree of human disturbances.
Materials and methods Eleven pedons were investigated
across NYC as well as one control soil in a nearby non-
urban area. Six soils are formed in naturally deposited mate-
rials (ND) and five in human-altered and human-transported
materials (HAHT). For each soil, the profile was described
and each horizon was sampled to assess DSPs and the bacte-
rial community composition and diversity.

Results and discussion The development and the DSPs of
NYC soils are influenced by the incorporation of HAHT ma-
terials and atmospheric deposits. The most abundant bacterial
taxa observed in the NYC soils are also present inmost natural
and urban soils worldwide. The bacterial diversity was lower
in some soils formed in ND materials, in which the contribu-
tion of low-abundance taxa was more restricted. Some differ-
ences in bacterial community composition separated the soils
formed in ND materials and in dredged sediments from the
soils formed in high artifact fill and serpentinite till. Changes
in bacterial community composition between soil horizons
were more noticeable in urban soils formed in ND materials
than in those formed in HAHT materials which display less
differentiated profiles and in the non-urban highly weathered
soil.
Conclusions The bacterial diversity is not linked to the degree
of disturbance of the urban soils but the variations in commu-
nity composition between pedons and along soil profiles could
be the result of changes in soil development and properties
related to human activities and should be consistently charac-
terized in urban soils.

Keywords Bacterial communities . Dynamic soil properties .

Soil profiles . Urban soils

1 Introduction

In the context of increasing urbanization at global level, sus-
tainable use and management of urban soils have to be con-
sidered to maximize the ecosystem services provided by these
soils (Morel et al. 2014).Within this aim, knowledge about the
development and the functioning of urban soils is needed.
Human activities are likely to impact the formation and func-
tions of urban soils. This impact can be direct, such as human
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disturbances and soil management (e.g., excavation, mixing,
incorporation of man-made materials, sealing, fertilization,
irrigation), or indirect through changes of environmental con-
ditions (e.g., atmospheric depositions, urban heat island ef-
fect). This results in high spatial heterogeneity of soils (Burban
soil mosaic^) with varying degrees of soil disturbances
(Pouyat et al. 2010) and an extensive range of soil properties
in urban areas (Schleuss et al. 1998; De Kimpe and Morel
2000). Soil properties that change with natural and anthropo-
genic disturbances are referred to as dynamic soil properties
(DSPs). Profiles of urban soils are often complex, resulting
from the burying of native soils by inputs of anthropogenic
materials and the turbation induced by human activities, and
provide a record of the changing land uses of the area
(Prokof’eva and Poputnikov, 2010).

Despite these human disturbances, urban soils may display
a high degree of biological activity and have high species
richness (Pouyat et al. 2010) due to the active role of micro-
organisms. Microbial communities are essential catalysts in
many soil functions, including organic matter (OM) decom-
position and nutrient cycling (Moore et al. 2005), and they are
sensitive to both natural and anthropogenic disturbances. For
instance, microbial abundance, community composition,
functional diversity or activity have been shown to be influ-
enced by urban land uses (Zhao et al. 2013), soil sealing
(Piotrowska-Długosz and Charzyński 2015) or pollution
(e.g., Subrahmanyam et al. 2016).

Recent advances in molecular genetics and sequencing
technology permit detailed analyses of soil microbial commu-
nity composition and diversity. Most studies on soil microbial
communities have been performed on natural and agricultural
soils although a handful of more recent studies have examined
microbial communities in urban park soils (e.g., Xu et al.
2013; Ramirez et al. 2014). Since these studies have been
limited to the surface soil horizons (top 5 or 10 cm) the sig-
nificance of deeper horizons is unknown.

Deeper horizons of urban soils may be enriched in OM and
can contain substantial microbial biomass and activity (Lorenz
and Kandeler 2005), even if the microbial biomass generally
decreases with soil depth (e.g., Braun et al. 2006). Several studies
on natural and agricultural soils have shown that microbial com-
munity composition and diversity vary with depth and are influ-
enced by soil horizon features (e.g., Hansel et al. 2008;Will et al.
2010). The variations in the community composition with depth
within a soil profile can be as distinct as the differences in com-
munity composition of soils separated by long distances and
found in different biomes (Eilers et al. 2012). As a soil develops
and horizons differentiate, the changes in community composi-
tion between A and B horizons increase, suggesting there is
selection of bacteria adapted to the specific soil properties in each
horizon (Michel and Williams 2011). The investigation of the
bacterial community composition along the profiles of urban
soils may reveal the influence of human activities and provide

a more detailed picture of the biogeochemical functions in these
soils. This study explores various soils across New York City
(NYC) to evaluate DSPs and microbial communities in an im-
portant urban center.

A city-wide soil survey of NYC at a 1:12,000 scale was
completed by USDA-NRCS Soil Survey group and is available
on the Web Soil Survey site (http://websoilsurvey.sc.egov.usda.
gov/App/HomePage.htm). This survey shows that NYC is
covered mainly by impervious surfaces, such as building and
pavement (62.7 % of land area city-wide). In the open spaces,
the soils formed in naturally deposited (ND) materials (8.6 % of
land area city-wide) are generally surrounded by the soils formed
in human-altered and human-transported (HAHT) materials
(27.6 % of land area city-wide). Primary naturally deposited
parent materials of NYC soils are glacial till (4.6 % of the land
area), tidal marsh (1.9 %), and marine sands (0.5 %). Other
parent materials are also present in small areas across the city,
such as serpentinite till in Staten Island and eolian deposits in
northernManhattan. Primary human-transported parentmaterials
are low artifact (<10 %) loamy fill (14.9 % of the land area),
construction debris (5.9 %), dredged materials (3 %), domestic
wastes (landfills; 1.6 %), and coal combustion ash (0.1 %). The
legend of the soil survey has 236 map units composed of 37 soil
series in ND materials, including 4 new series established in
NYC and 29 soil series in HAHT materials, including 27
established in NYC, showing the high diversity of soils within
the urban area (NYC Soil Survey Staff 2005).

1.1 Objectives

The objective of this work is to measure dynamic soil proper-
ties (DSPs) and examine microbial community composition
along the continuum of urban soils across NYC. The soil
sampling sites were selected among the high diversity of
NYC soils according an increasing degree of human influ-
ence, from soils developed without direct impact of human
activities to soils formed inman-madematerials. The selection
was also done with the objective to complete the acquisition of
DSP data within the framework of the USDA soil survey
(Shaw et al. 2016). These soils represent different parent ma-
terials (ND or HAHT materials), vegetative cover (managed
or unmanaged), topography, water regime, and age. An addi-
tional soil formed in a neighboring non-urban area was also
examined to compare with the urban soils.

2 Materials and methods

2.1 Site description

The description of the investigated sites is summarized in
Table 1. Eleven pedons were investigated in parks across the
five boroughs of NYC. In addition, one soil formed in glacial
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till (Rockaway series) but located in a non-urban area in New
Jersey, 85 km to the northeast of NYC (Wawayanda State
Park; Fig. 1), was sampled as example of soil with lower
human influence. Among the soils collected in NYC, five
soils did not display significant direct impact of human activ-
ities. They formed in ND materials consisting primarily of
glacial till, sometimes covered by eolian or slopewash de-
posits (Haledon, Deerfield, Charlton, Siwanoy series) includ-
ing serpentinite till (Todthill series). The six remaining urban
soils were more impacted by human activities as they formed
in HAHT materials. Two of these soils are developed on
human-transported earthy materials or sediments, such as
loamy fill (Flatbush series) or sandy dredged materials
(Fortress series). These materials contained less than 10 %
artifacts (low artifact fill). The four other soils are formed in
pure or amended with soil man-made materials, such as coal
ash (Rikers and Mosholu series) and construction debris
(Laguardia and Secaucus series). These materials contained
more than 10 % artifacts (high artifact fill). All the urban soils
are more or less strongly subjected to indirect influence of
human activities (e.g., atmospheric deposits). Most of these

soils are under unmanaged vegetation cover, mainly wood-
land or grasses and shrubs, with only one soil found under
turf (Secaucus series). In each category of soils (ND and
HAHT soils), soils with varying drainage classes were select-
ed, from somewhat excessively drained to poorly drained
(Schoeneberger et al. 2012; Table 1). According to the cate-
gorization of soils of urban, industrial, traffic, mining, and
military areas (SUITMAs; Morel et al. 2014), the soils formed
in ND materials belong to the vegetated pseudo-natural
SUITMAs whereas the soils formed from high artifact fill
belong to the dumping sites SUITMAs.

2.2 Soil sample collection and preparation

Pedons from the Haledon, Deerfield, Todthill, and Charlton
series were sampled in October 2013. Those from the Rikers,
Mosholu, Laguardia, and Secaucus series were collected in
June 2014. The pedons from the Siwanoy, Rockaway, and
Fortress series were sampled in September 2014 and the one
from Flatbush series in August of 2015.

Fig. 1 Localization of the investigated pedons across New York City and
in New Jersey. Six soils are formed in naturally deposited materials (ND)
from the following soil series: Haledon, Charlton, Deerfield, Todthill,

Siwanoy, and Rockaway. Six soils are formed in human-altered and
human-transported materials (HAHT) from the following soil series:
Flatbush, Fortress, Rikers, Mosholu, Laguardia, and Secaucus

396 J Soils Sediments (2017) 17:393–407



For each soil, a pit was dug to a depth of at least 1 m, except
if the bedrock or the water table was reached within the first
meter. The profile was described following USDA-NRCS
criteria (Schoeneberger et al. 2012). At each horizon, samples
of approximately 10 g of soil were collected in 16-mL tubes
for microbial analysis. A sample of 0.5–1 kg of soil was col-
lected in each horizon for soil analyses, and then it was air-
dried and sieved at 2 mm. The volumetric percentage of coarse
natural and artifactual fragments was estimated in the labora-
tory when not assessed in the field.

2.3 Soil analyses

The fine soil fraction was analyzed for pH, measured in water
at a ratio of 1:1 (v/v). The salt content was measured at a ratio
of 1:2 (v/v) using a conductivity meter. Carbonate contents
were analyzed using the volumetric method (Schleiber meth-
od) on ground air-dried soil samples, according to the French
standard NF ISO 10693 (AFNOR 1995). The results were
corrected by the residual water content and are expressed in
gram per kilogram of oven-dried soil. Organic C content was
assessed by loss on ignition. Two grams of oven-dried
(105 °C) and sieved (<2 mm) soil samples were burned at
550 °C in a furnace for 20 min. Organic matter (OM) content
was calculated as the percent of mass lost in this process. Total
C, N, and S contents were determined by dry combustion at
Auburn University Soil Testing Laboratory for ground sam-
ples dried at 50–60 °C and then corrected by residual water
content. Total organic carbon (TOC), used to assess the C:N
ratio, was calculated by subtracting inorganic carbon content
(C bound to carbonates) from total C content. Elemental com-
position (K, Fe, Ca, Ti, Cr, Mn, Ni, Cu, Zn, Rb, Sr, Zr, Pb) was
analyzed using a portable XRF analyzer on air-dried and 2-
mm-sieved samples. The measurements were performed
through a clear plastic storage bag three times for 90 s each
after mixing the soil sample. Averages were calculated and
then corrected by the residual water content.

Available micronutrients (B, Na, Mg, P, Ca, Fe, Mn, Cu,
Zn) were determined using the modified Morgan extraction
method (McIntosh 1969). Two grams of air-dried (<2 mm)
soil were extracted with 10 mL of 1 M ammonium acetate
adjusted to pH 4.8 in a shaker at 100 rpm for 20 min at room
temperature. Suspension aliquots were centrifuged at
6,000 rpm for 10 min and the supernatants were diluted 100-
fold with an aqueous solution containing 1 % HNO3 and
50 μg L−1 Ge solution as internal standard. Solutions were
analyzed using ICP-MS. Method blanks were added in each
series of analyses. Micronutrient concentrations were
corrected for the soil residual water content.

The particle-size distribution was analyzed using the hy-
drometer method by following the simplified clay fraction
procedure (Gee et al. 1986) on 40 g of air-dried and 2-mm-
sieved soil samples. Organic matter content was removed for

the samples containing more than 5 % of organic C content by
adding hydrogen peroxide (concentration 30 %) until the ef-
fervescence ceased. The particle-size distribution of the sam-
ples collected in October 2013 and the bulk density of most
samples weremeasured at the Kellogg Soil Survey Laboratory
(USDA-NRCS).

2.4 DNA extraction and microbial data analysis

Soil samples (∼10 g) were collected from three to five areas
along the clean wall of the pit within each identified horizon.
For the Rockaway pedon, the organic horizon was too shallow
to be sampled for soil analysis. Three samples were collected
around the pit and used to isolate DNA to assess the bulk
microbial community within the O horizon of this soil. Of
all profiles of the study, the total genomic DNAwas extracted
from each sample (a 0.25 g soil subsample, according to the
manufacturer’s protocol) using the MoBio PowerSoil DNA
extraction kit (Carlsbad, CA, USA), and the DNA concentra-
tion and quality were measured using a NanoDrop 2000 spec-
trophotometer. The soil-extracted DNAwas express-mailed to
Molecular Research Lab (Shallowater, TX, USA) for Illumina
MiSeq sequencing. The bacterial DNA in the sample was
targeted through amplicon sequencing of the V4 or V1–3
regions of the 16S rRNA gene. There were some soil horizons
from which we were unable to extract sufficient amounts of
DNA for sequencing, and were not included in the analysis
(these horizons are labeled in Fig. 4 as Bnot analyzed^). This
may be the result of materials or chemicals in the soil horizon
that interfered with the DNA extraction.

Samples from each horizon of all pedons (except for the
soil from the Flatbush series; data still being processed)
were analyzed (total of 76 samples). Raw sequence data
had paired-end reads joined and then all sequences were
filtered and trimmed using QIIME v1.8 (Caporaso et al.
2010). Operational taxonomic units (OTUs) were assigned
by matching the reads to the Greengenes database
(DeSantis et al. 2006) and alpha diversity was calculated.
Data were summarized and graphed with R (R Core Team
2013). The bacterial community characteristic of a pedon
was determined by identifying OTUs that were present in
50 % or more of the horizon samples and had more than
100 sequences per OTU. The Shannon–Weiner diversity
index (H′; alpha diversity) was calculated and then convert-
ed to the Beffective number of species^ (ENS; in this study
species is considered as equivalent to OTU) to represent
diversity as a number of equally abundant species (or
OTUs), which facilitates comparison across samples (Jost
2006; Chao et al. 2010). The predicted OTUs are an alpha
diversity calculation (Chao 1) for the sample and the ob-
served OTUs is the number of different OTUs that were
actually detected in the sample.
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3 Results

3.1 Description of the soil profiles and dynamic soil
properties

Detailed descriptions of the soil profiles and the dynamic soil
properties (DSPs) are included in the Electronic
Supplementary Material. The photos of the soil profiles are
shown in Fig. 2 and the ranges of the DSPs are summarized in
Table 2.

The soils formed in ND materials displayed an (O)-A-B-C
profile type. The HAHT materials had an (O)-^A-^C profile
type, except the soil formed in loamy fill (Flatbush) in which a
^Bw horizon has developed. Some profiles were complex and
showed buried surface horizons (e.g., Ab horizon in the

Deerfield pedon) or the buried native soils under the human-
transported materials (e.g., Fortress and Flatbush). Organic
(O) horizons have developed at the surface of some of the
soils formed under woodland (Deerfield, Haledon, Rikers).
In particular, the Deerfield pedon showed an accumulation
of decomposed OM. The Mosholu pedon displayed a thick
O horizon composed mainly of human-deposited wood chips.
The Rockaway and Haledon pedons showed both argillic (Bt)
and fragipan (Bx) horizons, while other soils formed in ND
materials displayed Bw horizons. Redoximorphic features
were observed in the soils with limited drainage (Haledon,
Deerfield and Siwanoy series). Gley colors were present in
the some horizons of the Deerfield pedon.

Overall, soils formed in coal ash (Rikers and Mosholu) and
construction debris (Laguardia and Secaucus) as well as the

Fig. 2 Description of soil profiles and vertical distribution of metal
concentrations (Pb, Cu, Zn) in soils of NYC. The pedons of 12 soil
series were presented in order of increasing influence of human
activities (localization in urban area, human-transported earthy or
sediments as parent materials, pure or amended with soil man-made
materials as parent materials). The dotted line represents the bottom of
the pit when the pedonswere investigated.Circumflex accent: presence of

human-transported materials; apostrophe: indicator of the recurrence of
identical horizon descriptor(s) in a profile; a: highly decomposed OM
(used only with O); b: buried genetic horizon; e: moderately decomposed
OM (used only with O); g: strong gley; h: illuvial OM accumulation; s:
illuvial sesquioxide and OM accumulation; t: illuvial accumulation of
silicate clay; u: presence of human-manufactured materials (artifacts);
w: weak color or structure within B; x: fragipan characteristics
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serpentine soil (Todthill) contained a large proportion of
coarse fragments, up to 75 % (v/v) in the C horizon of the
Mosholu pedon. These coarse fragments were mainly artifacts
in the soils formed in coal ash, which contained coal and slag,
and in the soils formed in construction debris, in which bricks,
concrete, glass, coal, slag, or bivalve shells were found.
Proportions were generally higher in Bw and C horizons and
varied markedly between the layers of dredged materials in
the soil from the Fortress series.

As to particle-size class, pedons from the Rikers, Mosholu,
and Deerfield series are sandy, Fortress is sandy over loamy;
the Flatbush, Charlton, Haledon, and Rockaway pedons are
coarse loamy and Siwanoy is coarse silty; Todthill, Laguardia,
and Secacus are loamy skeletal. The texture varied gradually
along the profile of most soils with increase in clay in Bt

horizons (Haledon and Rockaway). But somemarked changes
were observed in the soil formed in sandy over loamy dredged
materials (Fortress) or in the Deerfield pedon at the boundary
with the buried surface silty A horizon.

The pH of most of the soils was acidic. The soils formed in
NDmaterials, including the non-urban soil (Rockaway), had a
pH between 3.5 and 5, except the serpentine soil (Todthill),
which displayed a pH between 5.3 and 6.7. The soils formed
in low artifact fill (Fortress and Flatbush) as well as soils
formed in coal ash had a pH between 4.0 and 6.0. Only the
soils formed in construction debris (Laguardia and Secaucus)
reached slightly to moderately alkaline pH levels (7–8.2), due
to the presence of carbonates, up to 83 mg kg−1, in some
horizons.

The Haledon, Deerfield, and Charlton pedons, and, to a
lesser extent, the Rikers and Flatbush pedons, showed a higher
pH in the surface horizon. By contrast, surface horizons of the
soils formed in construction debris (Laguardia and Secaucus)
had a lower pH compared to the C horizons. This trend was
also observed in the Mosholu and Todthill pedons. The pH
varied markedly along the profile of the Fortress pedon,
displaying a decrease in an organic dredged sediment layer
(5^C horizon) and an increase in the buried native soil
(6ABb horizon).

None of the analyzed soils was saline. However, higher salt
and available Na concentrations were measured in deeper ho-
rizons of the Deerfield pedon (up to 1,000 mg L−1 of salts),
and, to a lesser extent, the Siwanoy pedon. These two soils are
adjacent to salt marshes, which can explain the increased salt
concentrations in deeper horizons. Most of other soils
displayed an increase in salt concentrations in surface hori-
zons. Some increases in salt concentrations were observed in
C horizons of the HAHT soils (Fortress, Rikers, and
Secaucus).

The accumulation of OM and available micronutrients was
higher in the surface horizons of the soils formed in ND ma-
terials under woodland, such as Charlton, Haledon, and
Deerfield. The soils formed in coal ash (Rikers and

Mosholu) displayed high concentrations of TOC with a high
C:N ratio. In general, TOC concentrations decreased with
depth but high TOC concentrations were observed in the C
horizons of the HAHT soils (e.g., 8 % in the ^Cu3 horizon of
the Laguardia soil or 16 % in the ^Cu1 horizon of the Mosholu
soil). Likewise, available micronutrients were generally pres-
ent in higher concentrations in surface horizons but some
deeper horizons also displayed significant amounts, such as
the buried surface horizons of the Deerfield and Rikers pedons
or some C horizons from the HAHT soils. In particular, the
soils formed in construction debris (Laguardia and Secaucus)
had high concentrations in available Ca in some C horizons.

In terms of mean elemental composition along the soil
profiles, the soils formed in high artifact fill (Rikers,
Mosholu, Laguardia, Secaucus) were enriched in Ca (×8), S
(×4), Cu (×3), Zn (×4), Sr (×3), Ti (×2), and Pb (×4) compared
to the urban ND soils. They also displayed enrichment in Ni
(×3) and Cr (×2) compared to the urban ND soils except the
serpentine soil (Todthill), which was characterized by very
high levels of Cr, Ni, Fe, Mn, and available Mg. Mean con-
centrations of Ti and Sr were higher in soils formed in coal
ash, especially the Mosholu pedon, compared to the concen-
trations in the other soils. Average metal concentrations along
the profiles of the soils formed in low artifact fill (Flatbush,
Fortress) were in the same range of those of the urban ND
soils and displayed an enrichment in Pb (×4–5) and in Cu (×5–
7) compared to the non-urban soil (Rockaway).

Overall, the distribution of metals (Pb, Cu, Zn) along the
soil profiles showed an enrichment in metals in the surface
organic horizons in soils formed in ND materials (Fig. 2).
Concentrations of Cu and Pb reached, respectively, 487 and
612 mg kg−1 in the Oa horizon of the soil of Deerfield series.
Concentration of Zn reached 286 mg kg−1 in the Ab horizon in
the same soil, showing that some buried surface horizons were
also enriched in metals. In soils, the HAHT soils, surface ho-
rizons were often enriched in metals but some deeper horizons
were as well, such as an organic clayey layer of dredged de-
posits (5^C horizon) in the Fortress soil or C horizons in soils
formed in construction debris or coal ash. For example, Pb
concentration reached 1049mg kg−1 in the ^Cu3 horizon of the
Laguardia soil and Cu concentration 743 mg kg−1 in the ^Cu4

horizon of the Rikers soil.

3.2 Bacterial community

3.2.1 Bacterial community composition

The comparison of the bacterial communities across all the
soil samples was based on the characteristic set of bacterial
taxa for each soil. Therefore, the influence of rare OTUs was
minimized and comparisons between soils focused on the
prominent representatives of each community, which
remained highly diverse (Fig. 3).
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There were 155 bacterial orders in 28 phyla that formed the
characteristic set of bacteria present in the communities
(Fig. 3). Across all pedons, the most abundant
orders were (in decreasing abundance) Rhizobiales,
X a n t h o m o n a d a l e s R h o d o s p i r i l l a l e s , a n d
Actinomycetales. Three additional identified orders were
abundant though absent in one or two pedons:
Ellin6513(AcidobacteriaDA052), Acidobacteriales, and
Solibacterales. Nine phyla were present in all samples,
regardless of the pedon and horizon type: Acidobacteria,
Actinobacteria, AD3, Chloroflexi, Gemmatimonadetes,
Nitrospirae, Planctomycetes, Proteobacteria, and
Verrucomicrobia. However, within each pedon, these
phyla were not necessarily among of the top five phyla
in terms of abundance. Only Acidobacteria and
Proteobacteria were among the five most abundant phy-
la in all soils. The soils from the Charlton, Haledon,
Rockaway, Deerfield, and Siwanoy pedons, formed in
ND materials, as well as the soil from the Fortress
pedon, formed in dredged sediments, had the character-
istic orders representing >60 % of the bacteria in the
sample. In the serpentine soil (Todthill) and most soils
formed in HAHT materials (Rikers, Laguardia, and
Secaucus), the characteristic orders represented 50–
60 % of the bacteria in the sample. In the soil from
the Mosholu series formed in coal ash, the characteristic
set of orders was least represented, with only 40 % of

the total bacterial community, suggesting this soil has a
heavier representation from low-abundance OTUs,
which in aggregate, make up a significant fraction of
the community.

The bacterial community composition varied differently
along the depth of each profile. To illustrate these variations,
the community was represented within each horizon by the
summed percentage of the five most abundant bacterial orders
for each pedon (rather than the predominant bacterial orders
for the entire study; Fig. 4).

Soils formed in construction debris (Laguardia and
Secaucus) as well as the non-urban soil (Rockaway) had less
variation in community composition than the others. The non-
urban soil had a small decrease in relative abundance of the
five top orders in B and C horizons. In the soils formed in
construction debris, there was a slight change in relative abun-
dance of the top five orders between A and C horizons in the
Laguardia pedon, while there was a noticeable increase of the
abundance of some top orders with depth in the Secaucus
pedon.

Among the other HAHT soils, some showed gradual shifts
in the community composition with increasing depth. For in-
stance, the soil formed in coal ash (Rikers) displayed an in-
crease of the relative abundance of some orders with depth.
Along the profile of the soil formed in dredged sediments
(Fortress), the relative abundance of the five top orders in
the deeper layers was low. Slight changes in the community

Fig. 3 Bacterial orders characteristic (Bcore^) of 11 analyzed pedons of
NYC. Characteristic bacteria of each soil series comprised 40 % or more
of the bacteria communities. Bacteria taxa are differentiated by color
representing the Phyla assignment then gradations of the Phyla color to

indicate Order. Rockaway is the non-urban soil with urban soils separated
into groups of naturally deposited material (NDM) and human-associated
and human-transported material (HAHTM)
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structure seemed to differentiate surface horizons from the C
horizons and from the OM-rich, clayey, and acidic sediment
layer (5^C horizon) and the buried surface horizons.

The remaining soils formed in ND materials (Todthill,
Charlton, Deerfield, and Haledon) showed relatively marked
variations of bacterial communities depending on horizons.
Changes in the relative abundance of the top five orders dif-
ferentiated A, Bw, and BC or C horizons along the profiles of
the soils from Todthill and Charlton pedons. The community
composition varied markedly along the complex profile of the
soil from the Deerfield pedon. Sharp shifts in community
structure can be observed even between two consecutive ho-
rizons. The BC3 horizon had a high relative abundance of
Rhizobiales compared to the other BC horizons. The propor-
tion of the five most abundant orders present in the overlying
horizons was very low in buried surface horizon (Ab) and
underlying gley horizon (C’g1) compared to overlying hori-
zons. The community composition of the soil of the Haledon
series displayed pronounced changes along its profile. In par-
ticular, fragipan horizons had a unique community structure,

dominated by Pseudomonadales order that was absent in the
other horizons.

3.2.2 Bacterial community diversity

The bacterial communities of all soils were relatively similar
in terms of the number of observed and predicted OTUs
(Chao1 estimator). Since not all OTUs are equally abundant
in our soils, the ENS and the observed number of OTUs will
differ, but the diversity value (ENS) will be comparable across
different soils. Differences were observed in the diversity of
the soils (Fig. 5). Soils from the Charlton, Deerfield, and
Haledon series had the lowest diversity, with an ENS below
10,000. However, this number was similar to their predicted
and observed numbers of OTUs. Most other soils had an ef-
fective number of species twice as high as their observed and
expected OTU values. The only non-urban soil (Rockaway)
presented the highest number of expected and observed
OTUs, as well as the highest ENS (Fig. 5).

Fig. 4 Variability of the relative abundance of the five most abundant bacterial orders along soil profiles of NYC. The heatmap represents the total
abundance of the five most abundant (in average along the profile) identified bacterial orders relative to the remaining bacterial community

402 J Soils Sediments (2017) 17:393–407



4 Discussion

4.1 Human activities influence on the development of NYC
soils

Soil development in urban areas is influenced directly by hu-
man activities such as excavation, mixing, introduction of
human-transported materials, and management of vegetation
cover, or indirectly through atmospheric deposition and the
introduction of invasive plants, insects, and animals. This
study targeted a number of urban soils in NYC with an in-
creasing degree of human influence. The soils formed in ND
materials under unmanaged cover (woodland or grasses and
shrubs: Charlton, Deerfield, Haledon, Siwanoy, and Todthill)
have not had significant recent direct physical disturbances. In
addition, the soil from a non-urban area (the Rockaway
pedon) was investigated to highlight the effects of urbaniza-
tion. The majority of soils in open space in NYC are formed in
HAHT materials. Most of these materials are low artifact fill,
such as earthy materials in the Flatbush soil or dredged sedi-
ments in the Fortress soil. The soils formed from artifactual
materials, either pure or amended with soil, such as coal ash
(Mosholu and Rikers) or construction debris (Laguardia and
Secaucus) represent a higher level of human influence. Within
the soils described here, only the soil from the Secaucus series
is under turf and has undergone lawn management practices.

The main soil-forming processes observed in the soils de-
scribed in this study are OM accumulation and, in some cases,
development of structure as well as the translocation and ac-
cumulation of clay. Wetter soils (Haledon, Deerfield, and

Siwanoy pedons) displayed signs of redoximorphic feature
development. All the HAHTsoils are weakly developed soils.
The soil formed in loamy fill (Flatbush) as well as the soils
formed in ND materials from the Deerfield, Charlton,
Siwanoy, and Todthill series displayed the inception of soil
development, characterized by the presence of Bw horizons.
The more highly weathered soils (Haledon and Rockaway)
displayed an argillic horizon (Bt), resulting from the translo-
cation and accumulation of clay, as well as a fragipan horizon
(Bx).

The influence of urbanization appears through the enrich-
ment in metals (especially Pb and Cu) compared to the non-
urban soil (Rockaway) and the New York State rural surface
soils (New York State Department of Environmental
Conservation 2005). The incorporation of man-made mate-
rials (e.g., coal ash, construction debris) contributes also to
the enrichment in some other metals (e.g., Zn, Ni, Cr) in the
soils, even if NYC soils can contain naturally high contents in
Ni and Cr due to the presence of serpentine bedrock in Staten
Island. The distribution of metals along the soil profiles shows
higher metal concentrations (especially Pb, Zn, and Cu) in
organic surface horizons. Most sites did not have direct
sources of metals; therefore, the most likely source is atmo-
spheric deposits from local traffic and industrial activities, as
observed in NYC and other cities (e.g., Imperato et al. 2003;
Pouyat et al. 2010). Garden topsoils of New York City have
been shown to display relatively high Pb concentrations
(600 ppm in average), which can be assigned to the past use
of leaded gasoline, leaded paint, and refuse incineration
(Cheng et al. 2015). This effect of atmospheric deposits is less

Fig. 5 Soil bacterial community diversity across pedons of NYC.
Bacterial community diversity presented as the predicted number of
OTUs (prediction of the potential number of OTUs from the alpha
diversity metric Chao 1), the observed number of OTUs (number of
OTUs detected in the sample) and the effective number of species

(ENS) (conversion of the Shannon–Weiner index to a number of species
or OTU). Error bars are one standard deviation from the mean. The
number of soil samples processed (N) for each soil series is indicated
below the bars, in some cases more soil samples than the number of
horizons were processed and averaged into horizon samples
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detectable in the pedon from Pelham Park Bay (Siwanoy)
further from the city center as well as in the soils formed in
high artifact fill (Rikers, Laguardia, and Secaucus soils) since
these materials can already contain elevated amounts of these
metals. Buried organic surface horizons are also enriched in
metals, which could be considered as evidence of past atmo-
spheric deposition.

The influence of the vegetative cover management is diffi-
cult to investigate within the range of studied soils. By com-
paring soils formed in construction debris, one formed under
weedy cover (Laguardia) and the other under turf (Secaucus),
it appears that the organic horizons under turf are enriched in
OM with a lower C:N. This is likely because of the OM input
from the dense root system of the turf-grass, as well as the
lawn management (e.g., irrigation, fertilization; Pouyat et al.
2010). The dataset does not allow us to observe an enrichment
in nutrients such as P and K in disturbed soils under turf, as
described in several cities (Pouyat et al. 2015).

Overall, profiles of soils formed in ND materials display
more differentiated profiles (A-B-C type) than HAHT soils
(mainly of ^A-^C type). The introduction of HT materials
has modified the native soils, as observed in the Fortress and
Flatbush pedons, which created new parent materials for soil
formation. Consequently, these new young soils are character-
ized by organo-mineral (A) horizons developed over the HT
materials (C horizons), as often reported in these soils (e.g.,
Schleuss et al. 1998; Howard et al. 2015). Only the Flatbush
pedon showed the development of a Bw horizon in the human-
deposited loamy fill. Depending on the mode of deposition of
the HT materials, these parent materials can be stratified pre-
senting sharp discontinuities between the different layers (e.g.,
dredged deposits in the Fortress pedon) or be continuous but
with high vertical variability (e.g., construction debris in the
Laguardia and Secaucus pedons). Therefore, the distribution
of some DSPs (e.g., metals and organic C) along the profile of
these soils can be uneven and dependent on the nature and
variability of the parent materials. This can contribute to the
presence of high organic C in deeper horizons, as observed in
other urban soils (e.g., Lorenz and Kandeler 2005).

The introduction of HT materials modifies the DSPs com-
pared to those of native soils of the region. Anthropogenic
materials may contain large amounts of coarse fragments
(gravels and cobbles), including artifacts derived from human
activities. The presence of coarse fragments as well as textural
boundaries, as observed along the profile formed in sandy
over loamy dredged sediments (Fortress), may modify the
water movement in the soil. Some artifacts influence the
DSPs, such as metal concentrations (El Khalil et al. 2008) or
water and nutrient storage (Nehls et al. 2013). The presence of
anthropogenic organic compounds mixed with natural OM is
also a characteristic of urban soils. Notably, the particulate
form of C resulting from the incomplete combustion of organ-
ic materials (black carbon) contributes significantly to the total

organic C in urban soils (Lorenz and Kandeler 2005; Nehls
and Shaw 2010). This could explain the high C:N ratios mea-
sured in deeper horizons of the soils formed in coal combus-
tion by-products (Mosholu and Rikers). While the native soils
of the NYC area are acidic, the soils formed in construction
debris (Laguardia and Secaucus) show a neutral to moderate
alkaline pH, high available Ca concentrations, and the pres-
ence of carbonates are likely because of the presence of cal-
careous artifacts like concrete or shells. An alkaline pH is
commonly reported in highly disturbed urban soils and asso-
ciated with the presence of materials used in infrastructure and
building (Pouyat et al. 2015).

4.2 Bacterial communities in NYC soils

4.2.1 Comparison of NYC soil bacterial communities
with other soil communities

The most abundant bacterial taxa observed in this study of
NYC soils are common in natural and urban soils across the
globe. Particularly, the phyla Acidobacteria, Actinobacteria,
and Proteobacteria, were prominent in NYC soils and, are
observed in relative high abundance in most soils from differ-
ent biomes across North and South America or Europe
(Janssen 2006; Lauber et al. 2009; Fierer et al. 2012). These
phyla are also dominant in urban soils in China (Xu et al.
2013) and in NYC soils along with Bacteroidetes (Central
Park, Ramirez et al. 2014; urban parks and median streets,
Reese et al. 2015). Other abundant phyla detected in this
study, such as Chloroflexi, Verrumicrobia, Bacteroidetes,
Gemmatimonadetes, Planctomycetes, or Firmicutes, are also
commonly encountered in soils across the globe with varying
abundance (Janssen 2006). The most noticeable observation
among the soils we analyzed is the prevalence of the candidate
phylum AD3 in soils formed in ND materials, which is espe-
cially abundant in Charlton and Deerfield soils. The only other
instances in which it has been reported as abundant are in
surface soil samples from Mitchell Peninsula, Antarctica (Ji
et al. 2015), and from a red soil in China (Ren et al. 2015). The
soil conditions driving the presence of these bacterial taxa
remain to be defined.

The high diversity of the bacterial communities we have
found in the soils included in this study makes it difficult to
determine a set of commonly shared taxa, or Bcore^ (Li et al.
2013), a situation that is not unprecedented in microbiome
studies. Even the intensely studied human microbiome has
shown to be difficult to characterize by a core bacterial com-
munity shared by all individuals (Grice and Segre 2012; Huse
et al. 2012; Li et al. 2013). The comparison of soil bacterial
community composition studies is also complicated by the
difference of methodology in soil sampling and data analyses.
Most studies focused on soil surface horizons whereas it was
shown that some phyla are more abundant in surface horizons
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(e.g., Bacteroidetes, Planctomycetes) while others are more
abundant in deeper hor izons (e .g . , Chlorof lexi ,
Gemmatimonadetes, Nitrospirae, Acidobacteria; Will et al.
2010; Michel and Williams 2011; Eilers et al. 2012). These
trends were also observed in this study.

4.2.2 Bacterial community diversity across the soils
and along the profiles

The bacterial community composition and diversity vary
across the soils and along the profile of each soil.
Despite this variability, some trends in community struc-
ture allow the soils to be distinguishable based on the
nature of the parent materials and some DSPs. The non-
urban soil (Rockaway) has the greatest diversity of all
soils in this study. Among urban soils, diversity is lower
in the Haledon, Deerfield, and Charlton pedons formed
in ND materials compared to the HAHT soils, the ser-
pentine till soil (Totdthill) and the upper horizons of the
Siwanoy pedon. Provided that HAHT soils have been
recently disturbed, it might be expected that diversity
would be greater since the conditions to shed transient
species from the bacterial community and enrich for
specialists have not yet developed (Roxburgh et al.
2004). However, the large difference in diversity be-
tween the soils formed in glacial till with a fragipan
in the non-urban area (Rockaway) as the urban area
(Haledon) suggests that factors other than the nature of
the parent materials are driving the soil bacterial diver-
sity. For instance, the difference in drainage in these
two soils could influence the bacterial diversity, by
constraining the water content and the oxygen availabil-
ity and creating anoxic zones.

The characteristic set of bacteria for each soil represents the
majority of the community for most of the soils formed in ND
materials and the soil formed in dredged sediments (low arti-
fact fill) over the buried native soil (Fortress). By contrast, this
characteristic set constitutes a reduced component of bacterial
community of the HAHT soils (high artifact fill) and the ser-
pentine soil (Todthill). This suggests that these soils have gen-
erally more low-abundance taxa relative to the soils formed in
ND materials (except serpentinite till). Serpentine soils have
elevated metal levels (especially Ni and Cr), and a high Mg to
Ca ratio that is very unfavorable or even prohibitive to most
plants, and could constrain bacterial community composition,
as in soils formed in high artifact fill.

Some specific differences in community composition fur-
ther distinguish the soils formed in ND materials (except
serpentinite till) and in dredged sediments from the soils
formed in high artifact fill and serpentinite till. In the soils
formed in ND materials and in dredged sediments, the pre-
dominant bacter ia l orders are Acidobacter ia les ,
E l l i n6513 (Ac idobac t e r i aDA052 ) , Rh i zob i a l e s ,

Xanthomonadales, and Pseudomonadales. Furthermore,
Pseudomonadales is only present in these soils. In soils
formed in high artifact fill and serpentinite till, the predomi-
nan t bac te r i a l o rde r s a re a l so Rhizob ia les and
Xanthomonadales in addition to RB41 (Chloracidobacteria),
Syntrophobacterales, Nitrospirales, and Acidimicrobiales. No
bacterial order was found exclusively in the soils formed in
high artifact fill and serpentinite till. Some changes in com-
munity composition seem to be linked to soil pH.
Acidobacteria are known to be abundant in acidic soils
(Griffiths et al. 2011; Fierer et al. 2012; Ramirez et al. 2014)
and the soils in this study further support this trend:
Acidobacteriales and Ellin6513 orders are absent in alkaline
soils formed in construction debris (Laguardia and Secaucus)
while in high abundance in acidic Haledon pedon.

The bacterial community composition varies along the
soil profiles and these variations corresponded mostly with
different types of horizons (O, A, B, and C), delimitated
based on field description and DSPs analysis. However,
these changes in community structure are more or less pro-
nounced depending on the soil. Some soils displayed a
relatively constant community structure all along the profile
with only slight changes, such as the soils formed in con-
struction debris (Laguardia and Secaucus) or the non-urban
soil from the Rockaway series. In some soils, the shifts in
community composition are gradual with depth (e.g., in the
soil formed in coal ash, Rikers). By contrast, some soils
(e.g., Deerfield and Haledon) show marked changes in
community composition between consecutive horizons.
Some horizons with particular characteristics may have har-
bored specific communities (e.g., the fragipan horizons in
the soil from Haledon soil), indicating that bacteria could
have undergone selection to adapt to the properties in the
horizon leading to a differentiation of community composi-
tion between horizons as the soil developed, as proposed
by Michel and Williams (2011). This could also explain the
lower bacterial diversity and the lower proportion of rare
bacteria observed in these differentiated soils. The intensity
of changes in community structure with depth is likely
related to the degree of differentiation in horizons and the
variability of DSPs along the profile. The soils formed in
HAHT materials are still relatively little differentiated
(^A-^C profile) and show relatively slight changes in com-
munity composition along their profiles. However, initial
strong variability in HAHT materials may induce signifi-
cant shifts in total bacterial community structure, as it has
been observed in the different layers of constructed
Technosols made from compost, paper by-products and
treated industrial soil (Hafeez et al. 2012). The develop-
ment of horizons with time could create more distinct hab-
itats for microorganisms with depth, as observed in the
soils formed in ND materials. The relative constant com-
munity composition of the highly weathered soil from the
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Rockaway series remains to be explained but could be
partly due to the relative homogeneization of most DSPs
along the soil profile due to the high degree of weathering.

The evolution of the composition of bacterial communities
with depth during the soil development could be a useful
parameter to monitor within the aim of better understanding
the functioning and the ecosystem services provided by urban
soils. Compared to the categorization of SUITMAs (Morel
et al. 2014), this study shows that some vegetated dumping
sites SUITMAs were likely to support higher microbial diver-
sity than vegetated pseudo-natural SUITMAs. However, the
role of these microorganisms in the soil functioning requires
further investigations. Changes in global microbial communi-
ty structure along the soil profile may contribute to changes in
the expression and/or rate of soil processes, as it has been
suggested for the changes in N-cycling processes rates with
depth in constructed Technosols (Hafeez et al. 2012).

5 Conclusions

The present study is unprecedented due to the number
of urban soil types and the depth at which the bacterial
community was examined. It focused on the description
of soil profile characteristics and associated bacterial
communities in soils of NYC, with varying degrees of
human disturbances and management. The development
and the DSPs of these soils are influenced by human
activities, such as atmospheric deposits or the introduc-
tion of human-transported materials. The general bacte-
rial communities present in these soils, even in those
strongly impacted by human activities, are not different
from the communities found in other soils. The bacterial
diversity varied across the investigated soils and was
lower in some soils formed in naturally deposited mate-
rials displaying marked variations of the community
structure along their profiles. The changes in bacterial
community composition depending on the soil horizons
were less pronounced in less differentiated soils, such as
the soils formed in human-transported materials or in
weathered soils with relatively stable distribution of soil
properties along their profiles. This suggests that poten-
tial links exist between human activities, soil develop-
ment, dynamic soil properties, and bacterial community
composition in NYC soils. However, further data anal-
yses are required to better understand which soil prop-
erties are driving the microbial diversity in these soils.
The influence of human activities on soil development
and functioning in relation to the microbial diversity
needs to be investigated across a wider range of urban
soils within the aim of a sustainable management of
these soils.
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