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Abstract. In this study we investigated the variation of soil attributes according to urban-related land cover categories.

The study was carried out in an urbanized watershed located in the Brazilian subtropical region (Sorocaba Munici-

pality, Sdo Paulo). Soil samples were collected considering the land cover category for analysis of physical, chemical

and isotopic attributes. The land cover influenced the soils attributes. Soils from wooded and grassed areas presented

significant differences, especially for values of C isotopes. Soil bulk density was significantly altered. According to con-

sidered land cover mosaic in the study, we estimated 10,241.28 tons of C stored in the thickness 20 cm of the water-

shed (whole area), and this amount is almost a half of the total potential of C storing in the watershed. We stress that

projects of planned land cover should effectively implemented in urbanized regions to effectively contribute in storing

more C and improving the soil-related ecosystem services.

Keywords: environmental impact assessment, environmental sustainability, landscape management.

Introduction

Soils are a critical component of any terrestrial ecosystem
and they have both inherent and dynamic properties that
may vary according to regional physiographic features.
However, human activities also alter the soil properties
of many forms. Such alterations, usually degrading, have
getting more and more importance over the time due the
impoverishment of the soil quality (Alberti 2005). The es-
tablishment and the expansion of urban areas, when poor-
ly designed, is an anthropogenic activity that expressively
alters the original characteristics of the soils (Kahan 2008;
Pickett, Cadenasso 2009; Hagan et al. 2012).
Urbanization is a human-induced process that has
social, economic and environmental causes and implica-
tions (UN 2014). Urbanization frequently produces alter-
ations in land cover (De Kimpe, Morel 2000; Scalenghe,
Marsan 2009; Edmondson et al. 2011), usually resulting in

a landscape characterized by mosaic of land cover patterns
(Antrop 2004; Alphan, Giivensoy 2016).

One of the main factors that drive the quality of soil
organic matter (SOM) is the kind of organic material that
is deposited on the soil surface and that is slowly incorpo-
rated into the soil profile (Lorenz, Lal 2009). The modi-
fication of the land cover normally modifies the kind of
organic material that is deposited on the soil surface and,
consequently, changes the quality of SOM. Because of the
process of land cover shifting, the native vegetation usu-
ally is removed and new species that might not otherwise
co-exist, including exotic plant species, are inserted in the
“new” environment, modifying many soil attributes and
degrading the quality (Alberti 2005). Modifying the SOM
signifies changing parts of the cycles of both carbon (C)
and nitrogen (N) (Pouyat et al. 2006; Baltrenas et al. 2010)
and such alterations are proved through analysis of the

Corresponding author: Alexandre Marco da Silva
E-mail: amsilva@sorocaba.unesp.br

Copyright © 2017 Vilnius Gediminas Technical University (VGTU) Press

www.tandfonline.com/teel

e Taylor & Francis
Taylor & Francis Group



318 A. M. da Silva et al. Soil quality attributes related to urbanization in Brazilian watershed

stable isotopes of the C and N of the soil organic matter
(Norra et al. 2005; Boeckx et al. 2006; Kaye et al. 2006).

Several urban-related activities voluntarily or invol-
untarily compact the soil. Compaction of the soil leads to
increased bulk density (BD), and the BD usually becomes
greater than natural areas, prejudicing, for example the
soil porosity and water infiltration (Scharenbroch et al.
2005; Hagan et al. 2012). When the soil clods are getting
more disaggregated, the porosity diminishes and the rates
of soil loss caused by the rain-induced erosive process tend
to augment. The erosion process plays an important role
in the chemical impoverishment of the soil, which might
signify diminution of concentration of some extractable
elements in the soil (Morgan 2009), evaluated by means
of analyses of the cation exchange capacity (CEC) or also
the electrical conductivity (EC). EC is a measure relatively
easy and cheap to be made and gives the idea of the solu-
ble salts present in the soil (Seifi et al. 2010). Some forms
of soil pollution trend to increasing the EC values (Saritha
et al. 2014), while others, especially erosion-related prob-
lems, diminish the values of EC (Silva et al. 2015a).

Considering the effects of urbanization in the assess-
ment of the budget of C in localities and regions that expe-
rience rapid urban expansions is of high importance, since
there is the chance of identify hotspots of gains and losses
of C (Jim 1998; Pouyat et al. 2002, 2006; Tao et al. 2014).

In the region of the Latin American continent the
number of people living in urban areas has increased rap-
idly and the soils have been modified and converted into
“Technosols”. Currently 79% of the total population from
Latin American continent and 85% from Brazilian terri-
tory live in urban areas (WB 2014). This urban swelling
has happening without a suitable planning. Conversely,
few studies have been developed in the urbanized areas of
the Latin American continent in order to report aspects
of the transformations in the soils of urban regions and
related data are still meager.

Exemplifying, in a world context, there is a lot of pa-
pers regarding alterations of soil properties due the urban-
ization process, as Jim (1998) for Hong Kong; Norra et al.
(2005) for Karlsruhe (Germany); Boeckx et al. (2006) for
Gent (Belgium), Hagan et al. (2012) for Tampa (FL, USA)
and/or by Wang et al. (2013) for Shanghai (China). How-
ever, for regions of Latin American continent, few papers
are found. The papers published by Barrales et al. (2007)
and Vela Correa et al. (2012) for Mexico City; Moura
et al. (2006) for Teresina City (Capital City of Piaui State,
Northeast Brazil); and Lopez et al. (2006) for Buenos Aires
(Argentina) are the main ones published. This character-
izes a lack information and knowledge regarding biogeo-
chemical mechanisms that happen in urban soils from
Latin America and a high demand for new studies.

Hence, in this study we investigated the variation
of the quality of soil and SOM attributes for land cover

classes generated by the urbanization. We hypothesized
that land cover change towards the urbanization provokes
alteration in the soil properties. However, we do not know
if the alterations in the region focused on this study the
soils are similar to alterations reported in other regions
(continents), in terms of typology and magnitude. Here
we did not investigate the consequences of urbanization
over time, but instead we focused on the effects of urban-
ization in a spatial context. Furthermore, because of the
data regarding chemical and physical attributes in urban
soils from Latin America are scarce; this paper constitutes
a baseline to be compared with the later acquired informa-
tion in urban soils from such region.

1. Location and environmental characteristics
of study area

The watershed that attended the desired conditions for our
investigation was one that lies on Sorocaba Municipality
(Fig. 1). Sorocaba has 449 km? and about 629,000 inhabit-
ants, being approximately 98% urban (IBGE 2013). The
investigated watershed encompasses 277 hectares and has
an average density of 3,000 inhabitants per km?. Soil sur-
face is predominantly impervious by asphalt or concrete.
There is no highways or hard traffic avenues, but there is
permanent traffic of cars, buses and small trucks. Land
use is mainly for residential ends, with some small com-
mercial establishments, as well as educational institutions.
Grassy areas (or pasture) usually occur in places where
the land use is less intense as in gardens and vacant lots.
In such grassy areas there is no livestock. Brachiaria grass
(Brachiaria decumbens, Stapf) is the main grass species
that occurs along the grassy areas.

Summers are rainy and hot, whereas the winters are
slight and dry. Annual average temperature is 21.4 °C. An-
nual rainfall depth is 1,309 mm. Regional relief is predom-
inantly slight-waved. Bedrock is sedimentary and a sig-
nificant portion is constituted by fine- to medium-grained
sandstones (IGSP 2009). Soils are deep, mostly brown,
with very low or null stoniness, and they are predomi-
nantly sandy loams and slightly acids. The original class
is Ferralsols (Melfi et al. 2004). Cultivated, irrigated and/
or fertilized lots do not take place along the watershed. In
addition, neither lentic aquatic environments, nor land-
fills occur. Some earthworks are observed and they have
the goal to adequacy of the topography of some places for
residential constructions.

The original vegetation formation in the region was
an ecotonal belt constituted by Atlantic Rain Forest (semi-
deciduous forest) and Brazilian Savanna (Kronka et al.
2005). Most of the original vegetation has been removed
for establishment of residential districts (houses in towns).
Fire sometimes occurs in the region on dry seasons (July
and August) and it usually occurs in grassy and/or wooded
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Fig. 1. Upper left: Brazilian states (highlighting State of Sao Paulo). Upper right: Boundaries of
State of Sao Paulo (highlighting Sorocaba). Bottom left: Boundaries of Sorocaba (highlighting the
studied watershed). Bottom right: Land cover map of studied map (modified from Silva 2012)

Table 1. Land cover categories considered for study, percentage of occurrence, brief characterization of each land cover category and
number of soil samples taken in each land cover category (source: modified from Anderson 1976)

Land cover class

and percentage of Characterization

Number of soil samples collected
according to each class of land cover

occurrence (N = 40)
Woodland (10.7) Small forest remnant patches in distinct degrees of conservation 10
Grassland (11.6) Lawned areas cove.red with invasive grass and with distinct 9

levels of conservation, usually occurring in vacant lots
Areas with the soils poorly covered/protected, where soil
Bare areas . . . . .
(8.2) exposure is clearly visible, typically used as domestic or public 10
’ greenspaces
Urban or Built-up land is comprised of areas of intensive use
. with much of the land covered by structures. Also normally
Built up parcels . . .
used as domestic or public greenspaces. They are private 11

(69.5)

or public properties/places of various sizes, usually using
decorative lawns in gardens of various sizes

sites. Currently, forested areas are reduced and scattered,
with various levels of conservation. Some forest patches
are riparian vegetation (Silva et al. 2013). The land cover
categories were distinguished and identified according to
USGS classification system (Anderson 1976). Table 1 pro-
vides specific information about each land cover class.

2. Procedures
2.1. Field sampling design and laboratorial analyses

Soil samples were taken following the land cover catego-
ries, aiming to capture the spatial heterogeneity of land
cover (Vasenev et al. 2013). Forty undisturbed soil sam-
ples were collected throughout the watershed according to
the occurrence of the four land cover categories.

All sampling points (henceforward SP) were georre-
ferenced and they were always located at least 4 meters
away from any fence lines to avoid possible edge effects

(Silva 2012). They were collected in a thickness of 0-20 cm
of soil, using a stainless steel cylinder (volume of 254 cm?).

In the laboratory soil samples were oven-dried and
weighted at 80 °C. The soil bulk density, i.e., the mass of
a soil sample in a known volume (Jim 1998), was deter-
mined for each sample. Next, the samples were manually
crushed and subdivided into three subsamples (Urban
2011). The first and second subsamples were sieved sepa-
rately (both in mesh 2.00 mm) and the fraction <2.00 mm
of the I** subsample was delivered to Laboratory of Soil
Analyses of Esalq - USP (Piracicaba, SP, Brazil) for ana-
lyzes of the sand fractions (coarse, medium and fine), silt
and clay contents (Raij et al. 2001) and the Cation Ex-
change Capacity (CEC) (Ruggiero et al. 2002). The frac-
tion of the 2™ subsample <2.00 mm was used for analyses
of pH (H,0) and electrical conductivity (EC). For pH and
EC analyses, 30 ml of soil were mixed with 75 ml of dis-
tilled water in a glass beaker. After 30 minutes from the
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last agitation (Raij et al. 2001) and using a probe multi-pa-
rameter Oakton model PCS Test 35 previously calibrated,
we measured the pH and the EC.

The 3™ subsample was also sieved (mash of 0.35 mm),
and the portion <0.35 mm was sent to Laboratory of Iso-
topic Ecology of CENA-USP (Piracicaba, SP, Brazil) for
quantification of the concentrations of C and N and their
respective isotopic signatures. These determinations were
done through gas chromatography after sample burning in
an oxidant medium, by a Carlo Erba 1110 elemental ana-
lyzer conjugated to a Thermo Scientific Delta Plus isotopic
ratio mass spectrometer.

The isotopic signatures of C and N were estimated
using the Eq. (1) (Farquhar et al. 1989):

8C (or 8“N) = [(R,, - R ) R,"1] 1000, (1)

where §"C (or §"N) is the isotopic signal of the sample,
R is the PC/*C (or "N/"N) ratio for the sample, R is the
BC/12C (or *N/*N) ratio for the standard.

For *C/"2C, the reference material is the carbonate
from a fossil belemnite from Pee Dee Formation (Farqu-
har et al. 1989). For "N/"N, the standard is atmospheric
N, (Robinson 2001).

The soil samples were not treated with acid to re-
move the carbonates, because we wanted to analyze the
total 8"°C of the top soil, determined by organic and in-
organic C.

2.2. Estimative of the C stock

The amount of C stored in the soil was estimated using the
Eq. (2), modified from Guo and Gifford (2002):

C,=CBDHh, )
where C_ is the C stock (t ha™), C is the C concentration
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(g kg™), BD is the bulk density (g cm™), h is the thickness
of the surface soil, in centimeters (0—20).

As the gravels did not occur in our samples, such
fraction was not here quantified. The values of C stock
were corrected to soil mass according to procedures and
equations cited in Poeplau ef al. (2011).

2.3. Statistical analyses

Statistical parameters were calculated using the database
as a whole. In addition, the arithmetic average was deter-
mined for each attribute separately for each land cover cat-
egory. The Kruskal-Wallis test was used for each variable
to check the level of significance of the differences among
the land cover classes. Spearman correlation test was per-
formed in order to check the correlation level among the
variables (P = 0.05).

The Fisher’s linear discriminant analysis (F-LDA) was
performed to check the similarity of the SP according to
the land cover categories. The F-LDA is a statistical meth-
od that indicates which variables contribute most to group
separation based on differences of the variables (Burns, R.,
Burns, R. 2008).

3. Results

3.1. Soil attributes, influence of land cover on soil
attributes and Fisher’s discriminant analysis

Sand, predominantly the coarse fraction, was major tex-
tural fraction for soils of the study area (Table 2). While
the content of clay presented significant correlation only
with other textural components of the soil, the silt frac-
tion presented significant correlation with BD (direct cor-
relation) and the sand fraction presented significant and
inverse correlation with values of BD and &“C.

Table 2. Summary statistics for studied attributes considering all samples (N = 40)

Attributes Min Max Range 1 Q Median 34 Q Mean CV (%)
Coarse sand fraction (g kg™) 135.0 567.7 432.8 259.7 366.2 418.7 342.9 30.2
Medium sand fraction (g kg™) 90.5 698.0 607.5 168.7 249.8 292.1 249.6 42.4
Fine sand fraction (g kg™) 28.8 432.2 403.5 92.5 134.5 183.0 157.4 57.1
Total sand fraction (g kg™") 584.5 924.3 339.8 678.9 746.8 821.6 749.9 12.3
Clay fraction (g kg™) 10.0 240.0 230.0 60.0 100.0 120.0 100.3 51.4
Silt fraction (g kg™) 13.0 315.5 302.5 93.4 144.1 199.8 149.8 48.0
Soil bulk density (g cm™) 0.64 1.90 1.26 1.26 1.49 1.64 1.42 22.1
N (g/kg) 0.1 3.3 3.2 0.5 1.0 1.8 1.2 73.4
C (g/kg) 0.3 39.4 39.1 6.4 13.8 21.1 15.1 71.6
C,., (Mgha?) 0.8 75.4 74.7 14.4 32.3 52.3 33.3 68.1
01C (%o) -26.7 -15.9 10.8 -22.8 -20.1 -18.4 -20.8 15.8
SN (%o) 2.6 11.8 9.3 5.1 6.1 7.5 6.5 27.7
C:N ratio 55 16.6 11.1 11.9 12.6 13.9 12.7 16.0
pH-HO 4.9 7.6 2.7 5.7 6.2 6.7 6.2 10.5
Cation Exch. Cap. (cmol kg™) 22.5 233.3 210.8 48.9 76.9 120.0 89.8 62.8
Elect Conductivity (uS/cm™) 33.9 577.0 543.1 109.4 177.5 270.0 203.9 61.8
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For the BD the overall mean and median values were
highly similar, and the highest value was 1.90 g.cm™ (Ta-
ble 2). Only one sample from woody site presented value
higher than the overall mean. Most of the samples that
presented values of BD higher than the value of the 3™
quartile are from built-up lands. The BD values were sig-
nificantly and inversely (negatively) correlated with both
C and N amounts.

The values of the amounts of C and N were highly
correlated, as well as the values of the concentration of C
and stock of C. Only one sample collected in woody site
presented value of C concentration lower than the overall
mean value. Overall mean value and range of values of pH
stated the slight acidity of the soils, regardless the class of
the category of land cover. The pH was the variable with
lowest coefficient of variation (10.5%) and the mean and
median values were identical.

Values of 6"°C ranged from -26.7 to —15.9%o. The
values of the mean and median were similar, meaning that
the data are equally divided around the mean. Based on
the mean value, we can infer that the quality of the SOM
in overall context of the study area is already modified.
All samples presented positive values of 8"°N and more
enriched than the standard (atmospheric air). The range of
values of the 6"°N signature found in all samples, includ-
ing that ones collected from wooded sites, suggested that
the regional N cycle is not well conservative, because in a
region where the cycle of the N is admittedly conservative,
the values of 3"°N of the SOM are near of zero or even
negative. An example is the soil from the non polluted for-
ests located in Chile (Boeckx et al. 2005).

Most of the samples collected from wooded sites pre-
sented value of C:N lower than the overall mean, while

all values of the SP collected from grassy sites were up-
per than the overall mean. The values of electrical con-
ductivity (EC) ranged largely. The values of both cation
exchange capacity and also EC presented high correlation
with the amounts of C and N (Table 3). Usually in soils
considered of good quality, the EC ranges between 200
and 1,200 uS/cm™, and they are highly correlated with the
salt concentration in the soil, being the inverse of electri-
cal resistivity (Brady, Weil 2004). The lowest limit value of
this proposed classification is close of overall mean value
found here. In our study area, 45% of the samples showed
values upper than 200 puS/cm™.

From the ten variables here considered, eight pre-
sented some significant difference among the land cover
categories (Table 4). For the values of BD, the mean values
of the land cover classes built-up and bare area were ap-
proximately 38% higher than the mean value calculated
for woody sites, being statistically different. For grassy
areas the value was approximately 25% higher than the
mean value of the reference area and insignificantly differ-
ent from the others land cover classes.

Regarding the values of 8"°N, we reported the ten-
dency of the woody sites present lowest values, suggesting
a SOM of better quality, while the samples from the class
built-up presented the worse conditions (because of the
highest values), although the values were statistically non
different. For the pH values we reported, for sites from
built-up category, the tendency of a slightly neutral when
compared with the others land cover classes.

The soils from bare areas presented the highest mean
value of BD, as well as smallest amounts of C and N, C
stock and smallest value of EC. On the other hand, sam-
ples from grassy sites presented indicators slightly worse

Table 3. Spearman correlation matrix for soil attributes. Values in bold mean statistically significance at P = 5%

Variables Sand ~ Sand  Sand, Clay Silt ~ BD N C C, C "N  CN pH EC CEC
Sand, -0.45 -0.49 -0.06 -0.10 0.13 -0.07 -0.27 -0.25 -0.30 0.06 -0.24 0.06 -0.09 -0.04 -0.08
Sand _ 017 064 -0.19 -0.66 -030 022 022 021 -021 -0.05 -0.01 0.19 012 013
Sand_ 0.38 -0.36 -0.21 0.02 0.19 017 022 -023 021 -0.11 029 0.07 0.01
Sand, -0.64 -0.82 -0.35 0.12 0.12 012 -031 -024 -0.06 026 0.12 0.13
Clay 0.16 -0.04 0.06 0.05 0.00 019 005 001 -0.28 0.06 0.04
Silt 041 -0.16 -0.15 -0.13 0.18 028 -0.01 -0.18 -0.20 -0.19
BD -0.56 -0.56 -0.51 0.27 0.48 -0.09 0.08 -0.62 -0.60
N 099 097 -035 -0.15 029 0.07 082 0.86
C 097 -033 -0.17 036 0.06 0.81 0.86
C, -0.33 -0.14 039 0.06 0.79 0.84
BC 002 019 -0.02 -0.40 -0.39
BN -0.06 0.41 -0.30 -0.26
CN 006 023 027
pH 0.19 019
EC 0.99
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Table 4. Soil attributes according to land cover classes (N = 40). For each variable, different letters mean difference significant at
P = 5%. Identical letters mean no significant difference among the classes at P = 5%

Classes of land cover and number Wooded (10) Grassy (9) Built Up (11) Bare Area (10)
of sampling points Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

BD (g cm?) 1.13a 25.0 1.43ab 25.5 1.55b 14.6 1.56b 14.3
N (gkg") 2.2b 32.0 1.2ab 56.2 0.8 67.0 0.5 94.6
C(gkg") 27.4b 28.2 16.8ab 55.0 10.6a 70.7 6.2a 95.6
C,.. (Mgha) 58.8b 19.1 37.9ab 54.0 24.0a 72.5 13.92 96.7
3"C (%o) -25.2a 6.2 -18.0b 7.3 -19.6b 11.0 -21.0ab 11.5
"N (%o) 5.6a 17.6 6.2a 21.2 7.3a 34.8 6.6a 254
C:N 12.9ab 10.3 14.1b 6.3 11.9a 16.7 11.9a 23.5
pH - HZO 6.1a 8.1 6.1a 9.6 6.6a 10.7 6.1a 12.4
Cation Exch. Cap. (cmol kg™) 144.6b 32.0 85.8ab 70.5 83.4ab 56.2 45.5a 40.7
Elect. Conductivity (uS/cm™) 359.7b 31.7 186.1ab 39.3 175.0a 47.9 95.7a 63.9

than samples taken from reference sites (i.e., higher BD,
lower C and N amounts, and lower EC), but not signifi-
cantly different for almost all variables, excepting for 5"*C.

Also about the bare areas, for EC, although the values
were statistically similar with the other land cover catego-
ries, we observe average value almost 50% smaller than
the mean value of reference, woody sites. Samples from
built-up areas also presented mean values of soil attributes
significantly different from the mean values of reference
sites for the attributes BD, C and N concentration, C stock
and EC.

The diagram yielded through L-FDA (Fig. 2) con-
firms that soils under woody sites have characteristics

of percentage) and they occupied a specific region of the
diagram. Similar situation is observed for SP from bare
areas, although the SP of such category occupied another
region of the diagram. On they turn, SP from built-up
lands occupied intermediary region of the diagram and
a high level of confusion and misclassification (63.6%) is
observed. Hence, the overall mean percentage of success
in the classification was 80.3%.

Table 5. Confusion matrix for the estimation sample.
The number in each cell corresponds to amount of samples
that were correctly classified by the F-LDA

Wood- Grass- Built Bare

0,
different from the soils beneath anthropogenic categories from\to 1 nd  land up  areas Total % correct
of land cover. We note a region of SP overlapped in the Woodland 10 0 0 0 10 100.0
regions that appear the SP collected in sites from human- Grassland 1 - 1 0 9 778
induced land cover categ.ories. Built up 0 5 ; 5 1 036

The confusion matrix (Table 5) supports the showed
. . . Bare areas 0 0 2 8 10 80.0
difference, because no one SP from woody site was mis-
classified. The samples from grassy sites were mostly suc- Total 11 9 10 10 40 (a\;eéasge)

cessfully differentiated (illustrated by the higher values

0.15— 4. Discussion
o oL P & 4.1. Soil attributes and influence of land cover
o

ED, ¢ g The BD is a measure of soil compaction and the soil com-
® ° 005+ 4 o paction is commonly encountered in urban landscapes
'Y d 0o (De Kimpe, Morel 2000; Hagan et al. 2012). This trend
0015  -0.10 005 A %(')50 0.10 is confirmed in our study. Land cover influenced criti-
® 005 AAA e cally the values of soil bulk density (BD). Increasing the
° ° o A <& BD means compress the soil and this alters some essential
-0.10- ecosystem services played by the soil, as water infiltration
A AA and storage capacity (Quraishi, Mouazen 2013). Maintain-

-0.15-

® Woody O Grass < Builtup ABare soil

Fig. 2. Scatter diagram of samples according to the sites of the
four considered land cover categories

ing the soil structure to mitigating the soil compaction is
a critical ecological service required for both urban and
agriculture soils. For a urbanized area, soil compaction
for built-up and bare lands might be not especially criti-
cal to plant growth (root penetration), since usually we
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do not expect crop yield (like in agricultural areas), but
alterations in infiltration capacity and disruption of soil
aggregation are types of soil degradation that should be
avoided because of the influence on infiltration of water
into the soil profile and runoff generation (Gregory et al.
2006; Silva et al. 2013).

The fact of the significant inverse correlation among
BD and both C and N strongly suggest that the alterations
in the BD impacted the C and N concentrations, possi-
bly because the reduction of the pore size, changing the
dynamic of the C and N of the soil aggregates. This con-
sequently reduces the water accessibility to microorgan-
isms and reduces the capacity of storing C and N (Silva
2012; Silva et al. 2015a). The vegetation cover is a critical
component that drives the BD and consequently the soil
porosity (Jim 1998) and intensifying the arboreal cover
in strategic locals is an important environmental service
required as a part of the reengineering of the urban land
cover design. For Latin America urban regions intensify-
ing the arboreal cover is a mandatory activity, because the
rate the migration of people from rural to urban regions is
high (Grau, Aide 2008; WB 2014) and removing the veg-
etation due expansion of urban areas usually is an auto-
matic consequence.

For soils under wooded sites, the average C stock es-
timated was 58.8 t ha™! and for soils under grassy sites the
average was 37.9 t ha™'. Comparatively, Silva et al. (2009)
in a rural area of Sorocaba (approximately 20 km far from
the area of this study) found in soils under wooded sites
an average value of 55.6 t ha™ of stored C and 28.9 t ha™'
in soils under grassy sites in this same farm. The crucial
difference among the grassy lands is that in the farm oc-
curred a mismanaged livestock, but not in the urban-
grassy sites. The trampling of animals and the excessive
grass consumption by the cattle prejudices the formation
of a mulch layer, and the ground surface becomes un-
protected, stimulating the C and N losses from the soil
by oxidation of SOM and soil erosion (Silva et al. 2015b).
Further, we show that soils under forest even surrounded
by urban-related land cover categories and subjected to
several kinds of external pressures, have the potential to
stock C in quantities similar to forest fragments located in
non urbanized regions and this is a critical property of the
urban forests that must be exalted in terms of planning of
urban landscapes. This higher value of stored C in urban
sites agrees with the trend reported by Edmondson et al.
(2012) who stated that the urban soils store significantly
more C than arable soils.

Taking into account the mosaic of land cover here
reported the overall weighted mean for entire water-
shed of C stored was 28.5 t ha™'. Considering the area
of the watershed, the resulting value was 8,210.2 tons of
C stored in the 20 cm topsoil for the entire watershed.
This value was approximately 48.5% lower than the value

considered, supposing that the area were entirely woody
covered (16,934.4 tons) and interpreted as the maximum
amount of C that the region is capable to store in the top-
soil. Presuming that the watershed were entirely occupied
exclusively by the built-up category (as the downtown of
many medium- or big-sized cities), the value would be of
6,912.0 tons, meaning 15.8% less than the value estimated
for current scenario and 59.2% less if all watershed were
totally forest-covered. These predicted results evidence
once more the necessity of a correct urban design, in order
to preserve some essential ecosystem services.

Soils have a propensity to be chemically altered when
unfamiliar materials are applied to them and this usually
increases the value of soil electrical conductivity (EC)
(Seifi et al. 2010). On the other hand, other degrading
processes, as soil erosion, trend to provoke the loss of nu-
trients and by consequence decreases the EC values (Moe-
bius-Clune et al. 2011). Values of EC exceptionally low or
extremely high might cause difficulties for plants increas-
ing and survivor. In our study area we note an expressive
diminution of EC values in SP from human-induced land
cover categories comparing with values from reference
area. Hence, while in urban soils an enrichment of the soil
could be supposed due to possibility of a usual contami-
nation, for our study area we detected that the trend is an
impoverishment due mismanagement of the ground cover
and a forced exposition of the soil to weathering.

The C:N ratio reflects the kind of material that is de-
posited on the ground surface and also its vulnerability for
decomposition, and indicates how the nutrient cycles are
regulated in the soil (Edmondson et al. 2014). The range
of values of C:N in urban soils is usually high, because
natural and anthropogenic organic particles might oc-
cur together (Lorenz, Lal 2009). In our study area, in the
built-up and of bare soil sites, which are areas where we
supposed that none kind material is added voluntarily (as
solid wastes), the mean value of C:N was lower than in the
soils underneath woody areas. For soils from grassy veg-
etation, where we have a constant deposition of materials
richer in fiber, the C:N is higher than in the woody sites.
Comparatively, in a rural area approximately 60 km from
Sorocaba, Silva et al. (2015b) found values of C:N of 14.4
in soils from organic farms and 14.3 in soils from con-
ventional farms (in both there is plowing and addition of
some kind of soil amendment), and both were discretely
higher when compared with adjacent, forested soils.

Regarding the discrimination against the *C by some
groups of plants, Vagen et al. (2006) suggest, for tropical
soils whose value of §"°C is < —19.5%o the classification is
C,, and for soils with values of §°C > -19.5%o they fall
in the C, group. Dividing our overall dataset according to
this criterion, seventeen samples are classified as C,. No
one sample taken in woody sites was classified as C,. One
SP collected in a grass covered local was classified as C,, as
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well eight from the ten samples collected in bare areas. For
the samples classified as C,, 43% were taken from woody
sites and only one sample from grassy ground. The overall
average for study area is —20.4%o, categorized as C,, in-
dicating that although an important fraction of the land
cover of the study is already altered, an important fraction
of the original SOM still remains in the soil, even in soils
with human-made classes of land cover.

Constant soil disturbances caused by human activi-
ties stimulate large losses of N, leaving behind a "*N en-
riched residual (Boeckx et al. 2005). Although we noted
the different categories of land cover did not produced
significant difference in the 8"°N of the soils, the increas-
ing in values of "°N and synchronized decreasing in the
N concentration in the anthropogenic land cover classes
states that after the disturbance, the regimen of loss of
mineral N is intensified. Comparatively, while in our ur-
banized study site the enrichment of 8N was averaged in
20% for man-induced land covers in relation to reference
sites, in rural areas (arable lands) in Ibiuna (SP, 60 km far
from Sorocaba) the enrichment was averaged 38% (Silva
et al. 2015a), suggesting that in the rural area the N cycle
is more opened than in our urbanized study area, because
the usual high positive correlation among "N enrichment
of soil N and high humification of soil organic matter
(Balieiro et al. 2012).

The pH is a determining factor for chemical reactions
in the soil and the processes of soil acidification increment
the mobility of some elements (Barrales et al. 2007). For our
study area this attribute does not appear to be a concern,
because of genetic reasons, the soil is naturally and slightly
acidic and the differences in the land covers did not pro-
voked significant alteration in the pH. For another factor
that supposed influence the soil pH, the pH of the rainwa-
ter, Antunes et al. (2011) reported mean values of pH for
rainwater of 6.6, classified as slightly acidic and typical for
the region. Comparatively, low coeflicient of variation of
soil pH (12.8%) was also observed by Pouyat et al. (2007)
for urban soils in the City of Baltimore, Maryland, USA.

4.2. Fisher’s discriminant analyses and a
complementary-integrative discussion

Human-driven landscapes constitute a mosaic with many
edges and cores and consequently, distinct sites with pat-
terns of disturbance and management that will affect soil
features through time. The result is a mosaic of soil patch-
es with particular features changing according to the land
cover categories (Pickett, Cadenasso 2009). This trend is
observed for our study area and supported by the com-
plete and clear separation of the SP collected in woody
sites from the other ones resulted by FDA (Fig. 2).

In the Figure 2 we see that the data from the three
anthropogenic land cover formed one group of points
with partial overlapping. Comparatively Pouyat et al.

(2007), using soil data from different land cover categories
and applying a statistical multivariate analysis, also show,
in the scatter plot, a region where the soils under forested
sites are concentrated in a separate region of the graphic,
while the soils under human-induced land cover catego-
ries are not overlapped with forested sampling points, but
highly overlapped among them. Hence, it seems that it is
a common characteristic observed between urban regions
from underdeveloped (Brazil, Latin America) and devel-
oped (USA) regions.

Changing land cover for urbanization creates
hotspots for losses in carbon stocks. Conversely, such ar-
eas have potential to sequester and store C when imper-
vious surfaces in existing urbanized areas such as pave-
ments, parking lots, public squares are substituted by
vegetated surfaces (e.g., bricks with gaps between them
that allow the growing of herbaceous plants with edaphic
biomass stored in root system of the plants) to minimize
the impacts of soil sealing on storing C) (Tao et al. 2014).
In other words, we have a set of subjects to be considered
in a project aiming a territorial reorganization.

The electrical conductivity (EC) is a useful environ-
mental descriptor, since it permits an integrate analysis of
the role of the soil and land cover as potential retainer or
exporter of ions, enabling to establish a budget among the
rate of input of ions (by means of analysis of EC of the rain
water), the stored ions in the soil and output/exportation
by the superficial river network (Silva 2012). Compara-
tively, for urban watersheds in USA, values of EC were
30 times higher in the river water than in the rain water
(Pellerin et al. 2008). For a rural area in Ibiuna (Brazilian
Southeastern region) Silva et al. (2015a) reported increas-
ing of two times. For the watershed here studied the aug-
mentation was approximately 10 times (Fig. 3).

For the region of our studied watershed, major ion
deposited through rain water is the potassium (Antunes
et al. 2011), while major ions in the soil are (decreasing
order) calcium > magnesium > potassium, regardless the
land covers (Urban 2011). The same order was reported
in the river water (Urban et al. 2010). Even taking into
accounting the effect of dumping of domestic sewage into
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the streams of the area here studied (Silva et al. 2013),
when we compare the data of EC of the soil and river wa-
ter, we can infer that fewer ions are transported from ter-
restrial to aquatic systems when we compare soil under
forested regions with the other anthropogenic land cover
categories.

Although there are a considerable number of con-
taminated sites in urbanized regions of Latin America,
especially in Sao Paulo State (Brazil) and such contami-
nated areas are mostly related with problems of gas sta-
tions (www.cetesb.sp.gov.br), in most urbanized places
from Latin America, the main source of contamination in
soils seems to be vehicular traffic (Lopez et al. 2006; Mou-
ra et al. 2006). Hence, the necessity of a correct design of
urban zoning is once again highlighted, in order to reach
the equilibrium between development and conservation.

The effects of increasing of urbanized areas are far to
be completely elucidated, meaning that urban soils consti-
tute an open frontier for environmental research (Vrscaj
et al. 2008). Hence, other studies like this one should be
carried out and reliable data should be systematically sur-
veyed. One of the reasons is that the effect is highly vari-
able according to geographic region (Edmondson et al.
2011; Hagan et al. 2012), the environmental characteristics
of the region (Baltrenas et al. 2010; Templer et al. 2012), as
well as the modality and intensity of urbanization (Alberti
2005; Boeckx et al. 2006).

The urbanization cannot be treated as an indomita-
ble phenomenon. Researchers have detected, and we con-
firmed in this study, which the main problem is not the
urbanization, but the urbanization incorrectly designed
and/or executed (Alphan, Giivensoy 2016). This is espe-
cially true for many megacities. Projects of urban expan-
sion incorrectly formulated and/or implemented diminish
the buffer capacity and resilience of the local ecosystem,
and they do not guarantee the environmental sustainabil-
ity. Regarding soils and water bodies, keep suitable for-
ested areas in adequate places is an important mechanism
of avoiding chemical unbalances and disruptions in the
ecosystems, either by enrichment (increasing in concen-
tration of products and materials, meaning contamina-
tion) or impoverishment (leaching, erosion).

Controlling the pollution is a critical issue that
should be considered in projects of urban expansion, in
order to avoid the emanation of contaminated areas and
water bodies. The maintenance of a suitable design of the
land cover also is an imperative factor in terms of making
the soil a strategic compartment of storing C and others
elements or even making the soil a truly source of pollut-
ants, with implications for global biogeochemical cycles.

Indeed, appropriate generation and use of infor-
mation is one of the pillars for a successful sustainable
urbanization process. For example, analyzing many ur-
ban regions in Latin America through the Google Earth

System (https://www.google.com/earth/), we clearly note a
faint occurrence of forest patches in urban regions, as well
as riparian vegetation along the river networks, and this
appear to be a trend for urban regions of the continent,
whatever is the size of the city.

Hence, projects considering re-vegetation of the ri-
parian stretches (aiming to create riparian linear parks, for
instance) should be prioritized in order to improve of the
protection the water courses, incrementing the area forest-
covered in the cities, improving the local climatic condi-
tions, and contribute in the regulation of the N cycling in
a watershed scale. In other words, the land use in urban
regions needs to be more efficient, in order to let that the
soil exerts, in fact, the ecosystem services and roles that
the soils should exert. The data surveyed in study support
this statement.

Conclusions

The urban-related land cover classes critically increased
the soil bulk density and altered the quality of C of SOM.
Urban-related land cover categories entail modifications
that sometimes make the urban soils similar to soils from
a rural region (for example soils under grassy sites). Other
land cover categories produce specific features of urban-
ized regions (for example, soil beneath built-up regions).

The amount of C stored in the layer 0-20 cm of the
soil for the entire watershed is almost a half of the total
potential of the watershed and forested patches stored C
in similar amount in relation to forest patches from non
urbanized regions. This confirms that urban soils of the
studied area are able to contribute in storing C if a proj-
ect of land cover development is adequately implemented.
The scenario of the studied watershed is not better because
of the poorly designed land cover currently existing. To
improve such design, natural soils should be preserved in
strategic places where urban growth encroaches into pris-
tine areas and new forested areas should be created fol-
lowing some principles suggested by landscape ecologists
aiming to get the landscape ecologically more functional
(Antrop 2004).

For our study area, the values of electrical conductiv-
ity of the soils are augmented in approximately 10 times
when they are compared values among rainfall and river
waters. Forested sites are retainers of ions, while other
sites with human-induced land cover classes are exporters.

Soils from urban settlements should not be ignored
in regional and global C evaluations, highlighting the ur-
gent need to extend the measurement of C stocks to other
urbanized regions of the Latin America. The maintenance
or recovering of the soil quality is an issue that should be
considered as priority in a process of (re)engineering of
the territorial organization, in order to help mitigating the
degrading effects of the (disorganized) urbanization.
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