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Abstract There is insufficient information about the
dynamics of soil organic matter in integrated produc-
tion systems. Therefore, we aimed to evaluate the
variations in soil C and N stocks and microbial
attributes as a function of the distances apart from the
eucalyptus double rows within a silvopastoral system
in the Brazilian Cerrado. Four treatments were con-
sidered, consisting of four distances (0.5 m, 1.6 m,
3.8 m and 6 m) apart from the double rows of
eucalyptus for soil sampling within the silvopastoral
system. The soil C and N contents and stocks, C/N
ratio, microbial C (Cmic), soil basal respiration,
metabolic quotient and microbial quotient were eval-
uated. Our results showed that soil C contents and
stocks were significantly higher near the eucalyptus
trees. Soil C stocks ranged from 99.91 (6.0 m) to
119.64 Mgha™" (0.5 m) up to 100 cm soil depth, with
an increase of 19.73 Mg ha™' nearest of the forest
component. The same pattern was observed for N
stocks, with values ranging from 9.52 (0.5 m) to
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7.95 Mg ha~' (6.0 m) and representing an increase of
1.57 Mg ha™"' near the eucalyptus. We also found an
increase of 51.32% in the Cmic at 0.5 m apart from the
forest component. Thus, we can infer that the presence
of eucalyptus improved the soil quality within the
silvopastoral system, indicating that the correct soil
sampling and measurements must be performed
considering all the transect cultivated with forage
grass and double rows of eucalyptus.

Keywords Integrated forage-forestry system -
Microbial carbon - Soil organic matter - Soil quality

Introduction

The conversion of native vegetation for food produc-
tion can promote degradation and the decline of the
ecosystem sustainability. Agricultural management
and practices are factors that are directly associated
with the changes in soil quality (Wezel et al. 2014). In
the Brazilian Cerrado, there is a predominance for
monoculture cultivation, with low investment in
maintaining soil quality over time.

In this context, several studies have reported that
agroforestry or integrated production systems, when
compared to conventional systems, result in improve-
ments in soil quality regarding the physical (Chen
et al. 2017; Moreira et al. 2018; Cabral Filho et al.
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2017), chemical (Schwab et al. 2015; Aradjo et al.
2017; Pardon et al. 2017) and biological properties
(Udawatta et al. 2014; Portilho et al. 2018; Guillot
et al. 2019). These conservationist systems are also
considered as a strategy for mitigating climate change,
as they can promote atmospheric C sequestration
(Lorenz and Lal 2014; Srinivasarao et al. 2014; Abbas
et al. 2017; Tumwebaze and Byakagaba 2016; Dhillon
and Rees 2017; Franzluebbers et al. 2017).

Agroforestry is cited as sustainable systems
because they advocate the use of available nutrients,
water and light with maximum efficiency (Lorenz and
Lal 2014). In addition, they bring economic returns to
farmers through the production of several agricultural
products. In these agroecosystems, important edaphic
processes such as the dynamics of soil organic matter
(SOM) and nutrient cycling are favored and positively
influenced by the higher plant density (Cezar et al.
2015).

The constant litter inputs and soil cover associated
with the existence of extensive root systems in
intercropped forest systems contribute to the increase
in the levels of soil organic C and N, improving soil
quality over time (Chen et al. 2017; Rodrigues et al.
2015) reported a reduction in the soil organic C in a
monoculture of grass (Brachiaria brizantha) and
increase when the cultivation was intercropped with
trees. Gelaw et al. (2014) also reported significant
increases in the C and N stocks after the introduction
of a silvopastoral system. However, Borges et al.
(2019) have reported that an agricultural system
composed by eucalyptus intercropped with annual
crops and pastures leads to a lack of uniformity in soil
properties. Similar pattern was also reported by
Guillot et al. (2019) in an agroforestry system, where
spatial heterogeneity in soil C and N contents and
microbial biomass was found at different distances
from the tree lines.

On the other hand, Lorenz and Lal (2014) reported
that the inclusion of trees in integrated production
systems can favor the storage of soil organic C. In this
context, Dhillon and Van Rees (2017) highlighted the
need for further research to better understand and
explore the potential for mitigating atmospheric CO,
emissions in forest agroecosystems and also to deter-
mine the influence of trees in the accumulation of soil
C stocks. Freitas et al. (2020) pointed out that C4
species for grain and forage production in
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agrosilvopastoral systems can be used to increases in
soil C and N stocks over time.

In the Brazilian Cerrado, integrated production
systems have been adopted using single, double or
triple eucalyptus lines (Tonini et al. 2019). Thus, it is
important to understand how these arrangements can
contribute to the heterogeneity of soil attributes over
time.

In order to support the adoption of strategies to
representative measurements of soil attributes in
agroforestry systems, we aimed to evaluate the
variation in soil C and N stocks and microbial
attributes as a function of the several distances apart
from the double rows of eucalyptus within a silvopas-
toral system in the Brazilian Cerrado.

Materials and methods

The experimental field site was located at Buritis Farm
(16° 42 25" S e 44° 04’ 36” W), in the municipality of
Montes Claros, Minas Gerais State, Brazil. The study
was undertaken from August 2014 to February 2015.
Elevation of the area was approximately 652 m, with
rolling topography and Cerrado (Savanna) biome
type. The climate is tropical savanna (Aw) with
rainfall concentrated in the summer (October to April).
The average of annual precipitation in the municipal-
ity over the last 15 years was 945 mm, and the mean
temperature was 24.1 °C (Instituto Nacional de
Meteorologia [INMET] 2018). Soil samples were
collected to determine the particle size, soil density
and nutrient contents at 0-5, 5-10, 10-20, 20-30,
30-50, 50-75 and 75-100 cm depths layers. The soil
was characterized as dystrophic and with medium
texture and classified as Orthic Ferralsol (Table 1).
The silvopastoral system was introduced in 2011 in
an area previously cultivated with low productivity
pasture of marandu grass. The spacing adopted for
introducing the integrated production system was
3.2 x 1.5 inside the double rows of trees and 12 m
between double rows (alley). The area was cultivated
with eucalyptus (144 seedlings of Eucalyptus uro-
grandis hybrid [E. grandis x E. urophylla] clones) in
double rows intercropped with maize in the first year
(Zea mays hybrid [SHS 7920]) and B. brizantha cv.
Marandu after maize harvest (used as forage).
During planting of E. urograndis, fertilization with
300 g per pit with simple superphosphate was used.
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Table 1 Granulometric Soil attribute Soil depth (cm)

composition, soil density

and nutrient contents 0-5 5-10 1020 20-30 30-50 50-75 75-100 Mean

(n = 4) in the evaluated

silvopastora] system in the Sand (g kgil) 349 407 422 384 412 440 424 405

Brazilian Cerrado Silt (g kg™ 210 165 145 160 195 200 205 183
Clay (g kg™ 235 220 245 265 215 200 205 226
Soil density (g cm™ ?) .12 1.15 097 0.93 0.89 0.95 0.95 0.99
pH H,O 53 5.1 4.8 4.7 4.7 4.8 5.1 4.9
Available P (mg dm~ %) 18 0.7 0.6 0.5 0.4 0.4 0.5 0.7
K (mg dm™ %) 205 131 146 13.7 12.1 13.7 154 14.7
Ca (cmol, dm~ %) 1.7 1.1 0.5 0.2 0.2 0.2 0.6 0.6
Mg (cmol, dm™ ?) 05 03 0.2 0.1 0.1 0.1 0.2 0.2
H + Al (cmol, dm™ ?) 38 47 4.8 43 3.7 3.0 2.8 39
SB (cmol, dm™ ?) 22 1.5 0.7 0.4 0.3 0.4 0.8 0.9

SB sum of bases, _3

CECe effective cation CECe (cmol, dm™ °) 60 6.2 5.5 4.7 4.1 3.4 3.7 4.8

exchange capacity, m Al m (%) 11.0 192 456 66.0 64.0 57.3 49.7 44.7

saturation, BS base BS (%) 36.7 26.1 15.2 8.9 9.6 11.1 18.7 18.0

saturation, SOM soil SOM (g kg™ 360 330 290 260 220 190 200 23.0

organic matter

The cover fertilization of eucalyptus was applied 8 and
60 days after transplanting, and comprizing 160 g per
plant of NPK fertilizer (4:26:10) and 160 g per plant of
NPK fertilizer (20:00:20), respectively. In February
and October 2012, respectively, 25 g per plant of boric
acid and 100 g per plant of potassium chloride (KCI)
were applied. Before the pasture introduction, 2 t ha™"
of lime was applied between the lines of eucalyptus
followed by plowing and harrowing. The last fertilizer
application in the eucalyptus before soil sampling was
carried out in February 2014, using 25 g per plant of
boric acid.

The experimental design adopted was completely
randomized (CRD), with 4 treatments and 4 replica-
tions. The treatments consisted of the four distances
from the double rows of eucalyptus in the silvopastoral
system: 0.5 m, 1.6 m, 3.8 m and 6 m, in plots of 30.4
m> (3 x 15.2 m) spaced 50 m from each other
(Fig. 1). Soil sampling for analysis of soil C and N
contents and stocks and C/N ratio was carried out in
pits (0.5 x 0.5 x 1.0 m) at 0-5, 5-10, 10-20, 20-30,
30-50, 50-75 and 75-100 cm depths, accounting to
112 soil samples (4 treatments x 4 repetitions x 7
depths). Soil microbial carbon (Cmic), basal respira-
tion (SBR), metabolic quotient (qCO,) and microbial
quotient (@MIC) were determined at 0-5, 5-10 and
10-20 cm depths, accounting to 48 soil samples (4
treatments x 4 repetitions x 3 depths).

After collection, the soil samples were air-dried.
The roots were then removed from the samples and
passed through 2 mm sieves. After this initial pro-
cessing, the soil samples were ground and passed
through 0.150 mm sieves. The soil C and N contents
were determined by dry combustion with a LECO Tru-
Spec CN analyzer (Leco Corp., St. Joseph, MI, USA)
using, respectively, infrared absorption and thermal
conductivity. The soil C and N stocks were determined
from the multiplication of C or N content by the soil
density and respective soil depth layer.

The soil samples for determination of microbio-
logical attributes were preincubated at 60% humidity
of the field capacity for a period of seven days. The soil
microbial biomass extraction was carried out using the
fumigation-extraction method (Reis Junior and Men-
des 2007; Silva et al. 2007), and the determination of
Cmic was performed using the wet oxidation method
(Walkley and Black 1934). The SBR was determined
by the means of evolved CO, and extraction with
sodium hydroxide NaOH (Jenkinson and Powlson
1976). The soil organic C of the samples destined for
microbiological analysis was determined according to
the methodology proposed by Embrapa (1997). Sub-
sequently, qCO, index was obtained by the ratio
between SBR and Cmic, and gMIC index by the ratio
between Cmic and organic C (Anderson and Domsch
1993; Reis Junior and Mendes 2007).
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Fig.1 Scheme of the experimental unit. Dotted line delimits the experimental unit (3 m x 15.2 m). Circles correspond to the distances
of the trees used for soil sampling (D1: 0.5 m; D2: 1.6 m; D3: 3.8 m; and D4: 6 m)

The Shapiro-Wilk test was used to verify if the
values of each variable satisfied a normal distribution,
while the Cochran and Bartlett test was used to assess
the results for homogeneity of variances. After
validating the normal distribution and homogeneity
of variances, analysis of variance (ANOVA) was
performed and subsequently the means were com-
pared by the Duncan test (p < 0.05), using R statistical
software (R Development Core Team 2016). In order
to select explanatory variables to discriminate the
different soil sampling positions within the silvopas-
toral system, a principal component analysis (PCA)
was performed. In the PCA, we considered the mean
values at 0-20 cm and 0-100 cm soil layers for
microbiological attributes and others parameters,
respectively.

Results

Our results indicated that the parameters evaluated
were influenced (p < 0.05) by the distances from the
double rows of eucalyptus in the 10-20 cm layer and
in the soil profile (0—100 cm) (Tables 2, 3 and 4).
Thus, we can infer that to perform a correct assessment
of the SOM dynamics in a silvopastoral system, soil
sampling must be representative for all the transect,
including the forest and forage components.
Considering the soil profile (0-100 cm), the C
contents were significantly higher (1.49 g kg™") near
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the double rows of eucalyptus (0.5 m), since in the 1.6,
3.8 and 6 m distances showed lower and similar soil C
levels (1.30, 1.27 and 1.28 g kg™', respectively)
(Table 2). Figure 2 confirms that the difference in C
levels was more pronounced in the region near the
double rows of eucalyptus, which has the highest
concentration of roots and is constantly shaded. The
results obtained for soil N contents and C/N ratio
showed small variability among the distances of the
eucalyptus planting lines. The N contents ranged from
0.10to 0.11 g kg™, while the C/N ratio ranged from
12.41 to 12.99 (Table 2).

Variation in the soil C and N stocks (p < 0.05) as a
function of the distance from the double rows of
eucalyptus were observed at 10-20 and 20-30 cm
depths (Table 3), and this result can be attributed to
the management practices for introducing pasture into
the alley cropping. Considering the evaluated soil
profile (0-100 cm), C stocks ranged from 99.91
(6.0 m distance) to 119.64 Mg ha~' (0.5 m distance),
showing an increase of 19.73 Mg ha™' when the soil
sampling was performed near the double rows of
eucalyptus. The soil N stocks were higher at 0.5 m
when compared to 3.8 and 6.0 m distances from the
tree component. Considering the soil profile
(0-100 cm), the N stocks ranged from 9.52 (0.5 m
distance) to 7.95 Mg ha™' (6.0 m distance), which
represented an increase of 1.57 Mg ha™' when soil
sampling was performed near the trees within the
silvopastoral system.
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Table 2 Soil C and N Soil depth (cm) Distance from the double rows of eucalyptus (m)

contents and C/N ratio at

different distances from the 0.5 1.6 3.8 6.0

double rows of eucalyptus

within a silvopastoral C content (g kg™")

system in the Brazilian 0-5 1.98 a* 1.82a 1.81a 1.94 a

Cerrado 5-10 2154 1.86 a 1.86 a 1.68 a
10-20 1.83 a 1.50 b 1.52b 1.51b
20-30 140 a 121 a 1.19 a 1.14 a
30-50 1.19 a 1.02 a 0.98 a 1.04 a
50-75 1.09 a 0.86 a 0.85a 0.86 a
75-100 0.78 a 0.82 a 0.66 a 0.76 a
0-100 1.49 a 1.30 b 1.27b 1.28b

N content (g kg")
0-5 0.13 a 0.13 a 0.13 a 0.14 a
5-10 0.15a 0.14 a 0.14 a 0.13 a
10-20 0.13 a 0.12 a 0.11 a 0.12 a
20-30 0.11 a 0.10 a 0.09 a 0.09 a
30-50 0.10 a 0.09 a 0.08 a 0.08 a
50-75 0.09 a 0.07 a 0.07 a 0.07 a
75-100 0.07 a 0.07 a 0.06 a 0.06 a
0-100 0.11 a 0.10 a 0.10 a 0.10 a
C/N ratio

0-5 14.94 a 13.66 a 13.78 a 14.14 a
5-10 14.54 a 13.56 a 13.40 a 12.66 a
10-20 13.89 a 12.73 a 13.77 a 12.85 a

“The values represent the 20-30 12.88 a 12.28 a 1278 a 12.69 a

mean (n = ). Means within 30-50 11.86 a 1204 a 1234 a 12.87 a

parameter followed by the 50-75 11.63 a 11.61 a 11.81 a 11.97 a

same letter are not 75-100 11.17 a 10.98 a 11.80 a 12.34 a

significantly different by the 0-100 12.99 a 1241 a 12.81 a 1279 a

Duncan test (p < 0.05)

The soil microbial attributes also showed variation
in relation to the soil sampling position within the
silvopastoral system (Table 4). In the rainy season, at
10-20 cm soil depth, Cmic values ranged from 146.6
(6.0 m distance) to 284.5 mg kg_1 (0.5 m distance),
showing an increase of 51.32% when soil sampling
was performed near the eucalyptus trees within the
silvopastoral system. Considering the 0-20 cm soil
depth, similar values for Cmic were found in both
evaluated seasons, but we can infer about a higher
microbial biomass in the rainy season.

Similar results were obtained for qMIC, since we
found higher values (p < 0.05) in the rainy season at
10-20 cm soil depth in the 0.5 m distance (Table 4).
We also found the highest gMIC values in February
2015, confirming an increase in soil microbial biomass

in the rainy season. On the other hand, we not found
differences in SBR and qCO, for all evaluated
distances, which showed a uniform microbial activity
within the silvopastoral system since the points near
the eucalyptus trees (0.5 m) until to the center of the
alleys cultivated with forage grasses (6.0 m).

The PCA (Fig. 3) showed the projection of soil
quality variables and soil sampling points (0.5, 1.6, 3.8
and 6.0 m). The first two axis explained 99.99% of the
variance. The PCA 1 correlated strongly D1 position
(0.5 m) with soil C and N content and stocks, Cmic in
the wet and dry seasons, qMIC and SBR in the wet
season. The PCA 2 correlated D2 (1.6 m) position
with SBR in dry season and D3 (3.8 m) with qCO, in
both evaluated seasons.
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Table 3 Soil C and N Soil depth (cm) Distance from the double rows of eucalyptus (m)

stocks at different distances

from the double rows of 0.5 1.6 3.8 6.0

eucalyptus within a

silvopastoral system in the Soil C stocks (Mg ha™")

Brazilian Cerrado 0-5 11.06 a* 10.12 a 10.14 a 10.85 a
5-10 12.37 a 10.71 a 10.68 a 9.59 a
10-20 1783 a 14.57 b 14.78 b 14.68 b
20-30 13.00 a 11.17 b 10.98 b 10.56 b
30-50 21.15a 17.98 a 1743 a 18.38 a
50-75 25.70 a 20.23 a 20.14 a 20.53 a
75-100 18.53 a 19.57 a 15.77 a 18.09 a
0-100 119.64 a 104.35 b 102.68 b 9991 b

Soil N stocks (Mg ha™h

0-5 0.74 a 0.74 a 0.74 a 0.77 a
5-10 0.85 a 0.79 a 0.80 a 0.76 a
10-20 1.28 a 1.15 a 1.07 a 1.15 a

“The values represent the 20-30 1.01 a 0.91 ab 0.86 b 0.83 b

mean (n = 4). Means within

. 30-50 1.77 a 152 a 142 a 143 a
each line of the same
parameter followed by the 50-75 221 a 1.75 a 1.71 a 1.76 a
same letter are not 75-100 1.67 a 1.78 a 1.35a 1.46 a
significantly different by the 0-100 952 a 8.65 ab 8.16 b 7.95b

Duncan test (p < 0.05)

Table 4 Soil microbial
attributes in the dry and wet
seasons at different 0-5 5-10 10-20 0-20
distances from the double
rows of eucalyptus within a
silvopastoral system in the
Brazilian Cerrado

Distance (m) Soil depth (cm)

Dry Wet Dry Wet Dry Wet Dry Wet

Cmic (mg kg™")

0.5 12722 2645a 1662a 1779a 1117a 2845a 1351a 2423 a
1.6 1025a 279.7a 1447a 1613a 929a 1543b 1134a 1984a
38 1148a 2009a 905a 1957a 1205a 151.1b 108.6a 18l.1a
6.0 135.0a 1738a 1033a 1545a 110.6a 1466b 1163a 159.8a
qMIC (%)
0.5 064a 136a 079a 083a 060a 158a 0.68a 1.26 a
1.6 058a 1.6la 078a 087a 063a 1.02b 0.66a 1.17 a
38 063a 1.10a 052a 1.09a 080a 098b 0.65a 1.06 a
6.0 071a 090a 0.63a 095a 075a 103b 0.69a 0.95 a
SBR (mg C-CO, kg~" soil h™")
0.5 051a 027b 043a 032a 035a 037a 042a 0.32 a
1.6 049a 038a 04la 022a 04la 022a 044a 0.27 a
38 046a 025b 040a 035a 039a 032a 042a 031 a
6.0 048a 028b 04la 022a 034a 022a 04la 0.24 a
*The values represent tI}e . qCO, (mg C—CO, g,, Cmic h™")
g;iinc((’)’l;m?'ol;df}f‘:zx?‘“ 0.5 417a 127a 291a 212a 327a 13la 345a 157 a
parameter followed by the 1.6 473 a 1.71a  290a 136a 460a 149a 408a 1.52 a
same letter are not 3.8 4.08 a 129a 4.67 a 1.79a 329a 233a 40la 1.81 a
significantly different by the 6.0 387a 162a 392a 145a 3.15a 145a 3.65a 1.51a

Duncan test (p < 0.05)
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Fig. 2 Soil C contents (%) considering different distances from the double rows of eucalyptus within a silvopastoral system in the
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Fig. 3 Projection of soil quality variables and soil sampling
points (D1: 0.5 m; D2: 1.6 m; D3: 3.8 m; and D4: 6 m) in the
factorial space (F1 and F2) of a principal component analysis
(PCA). Abbreviations: carbon and nitrogen contents (C (%) and
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Discussion

Our study showed results from a 4-years-old silvopas-
toral system introduced in an area previously culti-
vated with forage grasses. Thus, the tree component
was introduced during the conversion of forage
monoculture to integrated production system. The
highest levels of soil C content was obtained near the
eucalyptus planting lines (0.5 m) in relation to the
center of the alleys (6.0 m). Our results can be related
to the deposition of the aerial and subsoil residues (leaf
and root exudates, leaves, stems, flowers, seeds and
roots) from the forest component (double rows of
eucalyptus), contributing to the SOM accumulation.
Chen et al. (2017) reported that the constant inputs of
litter and the presence of extensive root systems
increase the levels of soil C and N contents. In
addition, Dhillon and Van Rees (2017) also high-
lighted that the age of the stand and characteristics
such as height and diameter of trees, canopy diameter
and inputs of litter showed a positive correlation with
increases in soil C contents. In this sense, the roots,
leaves and branches of the forest component are
gradually decomposed contributing to an increase in
SOM over time (Udawatta et al. 2014).

In agreement with our findings, Borges et al. (2019)
also found an increase in SOM in planting lines of
eucalyptus in relation to the different distances until to
the center of the alleys. Another study in an agro-
forestry system with 21-years old also showed that
exist spatial heterogeneity in soil C and N contents in
relation to the different distances from the trees
planting lines (Guillot et al. 2019). These authors
reported that the C and N contents were decreasing as
the soil sampling points moved away from the tree
component.

Pardon et al. (2017) pointed out about the potential
of tree components in increasing soil C and making
nutrients available to the intercropped cultures within
the agrosilvopastoral systems. The authors found
increases in soil C, N and nutrients contents near the
eucalyptus planting lines and gradual reduction when
increased the distance from the trees. These results
were attributed to the litter deposition composed
mainly by leaves, and exudates from the tree
component.

Our results about C/N ratio indicated similarity
among the different soil sampling points in the
evaluated transect within the silvopastoral system.
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Considering the soil depths (0—100 cm) and distances
from the double rows of eucalyptus, the values ranged
from 10.98 to 14.94, and indicated that the N
mineralization was more effective than immobiliza-
tion process. Similar results were found by Lu et al.
(2015) in a study evaluating changes in soil C and N
contents in croplands converted to walnut-based
agroforestry systems in China.

As observed for the C contents, the highest soil C
stocks were found near the double rows of eucalyptus.
Although there was no difference in soil N content
among the evaluated distances, we found the highest
soil N stocks at 0.5 m apart from the tree component.
These results demonstrated the soil spatial hetero-
geneity within the silvopastoral system and the
potential of eucalyptus cultivation in increasing soil
C and N stocks when it is intercropped with forage
grass. Pardon et al. (2017) reported that the insertion of
tree component in agroforestry systems has a potential
in increasing the soil C stocks and nutrients, and this
result that may favor the other components within the
production system. Another study performed by Lana
et al. (2018) reported that the integrated systems with
eucalyptus showed an increase in soil C stocks due the
higher litter production of this forest component.

Several studies also reported that the insertion of
the tree component contribute to increase the soil C
and N stocks, with significant increases in the canopy
area (Pardon et al. 2017; Beuschel et al. 2019; Borges
et al. 2019; Guillot et al. 2019; Chen et al. 2017) also
report that the accumulation of C and N can promote
improvements in soil aggregation and reduction of
erosion processes, resulting in a positive effect on the
soil physical and chemical properties.

The heterogeneity verified in Cmic values within
the silvopastoral system is also in accordance with
other studies carried out in integrated production
systems. Guillot et al. (2019) reported spatial hetero-
geneity in soil microbial biomass in an agroforestry
system, with higher microbial activity near the tree
lines. According to these authors, the forest compo-
nent can modify the soil microclimate contributing to
the maintenance of soil moisture and lower temper-
atures and increasing the soil microbial activity. Thus,
modifications in microclimate combined to the entry
of organic matter and can promote changes in the soil
microbiota behavior. According to Albuquerque et al.
(2015), a higher proportion of roots is found under the
stem base, which also contributes to a greater
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microbial development in this region, since the labile
C is made available via root exudation, which is used
as a food source by the soil microbiota (Pausch and
Kuzyakov 2018).

Li et al. (2019) highlighted that the soil C and N is
high correlated to the soil microbial biomass, which
corroborates with our findings, since the highest soil C
and N stocks and Cmic values were found at the same
sampled points. Beuschel et al. (2019) also demon-
strated that the insertion of tree lines into the
cultivation systems improved soil quality through
increases in soil C and microbial activity over a period
of 5-8 years. According to these authors, their results
are due to the higher quality of the residues deposited
on the soil surface and subsurface, and also due to the
absence of soil tillage after the introduction of the
forest component. According to Pardon et al. (2017),
factors such as the stage of plant development and the
distance between the tree planting lines have a
significant influence on soil attributes.

The Cmic values represent between 1 and 4% of the
soil organic C, and gMIC values below 1% may occur
due to the occurrence of any ecological or manage-
ment factor that limiting the activity of soil microbial
biomass (Anderson and Domsch 1989; Jakelaitis et al.
2008). On the other hand, higher qMIC values mean
that organic C is more easily accessible to the soil
microbiota (Almeida et al. 2016). Considering the soil
depths evaluated in this study (0-20 cm), the qMIC
values were less than 1% in the dry period at all
evaluated distances from the double rows of eucalyp-
tus within the silvopastoral system. However, in the
rainy season, the values were higher than 1%, except
for 6.0 m distance, allowing us to conclude that the
gMIC reduction probably occurred due to the decrease
on soil microbial activity during the dry season. In
addition, the double rows of eucalyptus planting lines
also had a positive impact to the soil microbiota.

Regarding to SBR, we found that the highest values
were resulted from a greater biological activity, in
response to the increase in local diversity (Azar et al.
2013; Santos et al. 2015). The greatest diversity was
due to the presence of the eucalyptus planting lines
intercropped with forage grass. However, the qCO,
values showed no variation along the evaluated
transect, only increase in the dry season. This result
is associated to the similar efficiency in the use of
organic compounds by microorganisms within the
silvopastoral system (Anderson and Domsch 1993).

Agreeing with our findings, several studies have
reported improvements in soil quality with the inclu-
sion of the forest component within the integrated
production systems. Weerasekara et al. (2016)
observed that the insertion of perennial species can
also increase the capacity to decomposition of organic
substances due to the higher microbial activity,
improving the nutrient cycling. According to Cardi-
nael et al. (2015), increases in soil C stocks may favor
the soil fertility and consequently, to reducing the need
for inorganic fertilizers and to decreasing the GHG
emissions to the atmosphere.

We emphasize, therefore, that others studies with
integrated production systems must be carried out to
understand and validate the influence of several forest
components in soil quality, addressing methodologies
that can to evaluate soil spatial variability. These
studies can be used to assist the making decisions
about the adoption of management strategies and
correct measurement of the soil attributes.

Conclusions

In this study, we found that the insertion of the
eucalyptus as a forest component into the silvopastoral
system contributes to increases in soil C and N stocks
and Cmic, since these parameters showed increases
near the double rows of eucalyptus (0.5 m). At this
sampled point, the soil C and N stocks showed a
difference of 19.73 and 1.57 Mgha™", respectively, in
relation to the furthest point from the trees (6.0 m). We
also found a 51.32% increase in Cmic values near to
the double rows of eucalyptus.

Thus, in order to correctly evaluate the dynamics of
soil organic matter in a silvopastoral system, soil
sampling and measurements must be performed
considering different points within all the transect
cultivated with forage grass and double rows of
eucalyptus.

Acknowledgements The authors are grateful for all the
logistical support provided by the owners of Buritis Farm
during this study.

Funding This study was funded by the Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES;
Finance Code 001), and the Funda¢do de Amparo a Pesquisa
do Estado de Minas Gerais (FAPEMIG; Grant Nos. APQ-
00953-14 and PPM-00133-15). The funding agencies had no

@ Springer



2352

Agroforest Syst (2020) 94:2343-2353

role in the design of the study and collection, analysis, and
interpretation of data and in.

Availability of data and materials The datasets used and/or
analysed during the current study are available from the
corresponding author on reasonable request..

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

References

Abbas F, Hammad HM, Fahad S, Cerda A, Rizwan M, Farhad
W, Ehsan S, Bakhat HF (2017) Agroforestry: a sustainable
environmental practice for carbon sequestration under the
climate change scenarios—a review. Environ Sci Pollut
Res 24:11177-11191. https://doi.org/10.1007/s11356-017-
8687-0

Albuquerque ER, Sampaio EV, Pareyn FG, Aradjo EL (2015)
Root biomass under stem bases and at different distances
from trees. J Arid Environ 116:82-88. https://doi.org/10.
1016/j.jaridenv.2015.02.003

Almeida LS, Ferreira VAS, Fernandes LA, Frazdo LA, Oliveira
ALG, Sampaio RA (2016) Indicadores de qualidade do
solo em cultivos irrigados de cana-de-agucar. Pesq Agro-
pec Bras 51:1539-1547. https://doi.org/10.1590/s0100-
204x2016000900053

Anderson TH, Domsch KH (1989) Rations of microbial biomass
carbon to total organic in arable soils. Soil Biol Biochem
21:474-479. https://doi.org/10.1016/0038-
0717(89)90117-X

Anderson TH, Domsch KH (1993) The metabolic quotient for
CO, (qCO,) as a specific activity parameter to assess the
effects of environmental conditions, such as pH, on the
microbial biomass of forest soils. Soil Biol Biochem
25:393-395. https://doi.org/10.1016/0038-
0717(93)90140-7

Aratjo FS, Leite LFC, Souza ZM, Torres JLR, Costa ASHB,
Ferreira AHC (2017) Fertility and total organic carbon in
oxisol under different management systems in Savannah of
Piaui, Brazil. Trop Subtrop Agroecosyst 20:165-172

Azar GS, Aradjo ASF, Oliveira ME, Azevédo DMMR (2013)
Soil microbial biomass and activity under pasture mono-
culture and silvopastoral systems. Semina Ciénc Agrar
34:2727-2736. https://doi.org/10.5433/1679-0359.
2013v34n6p2727

Beuschel R, Piepho HP, Joergensen RG, Wachendorf C (2019)
Similar spatial patterns of soil quality indicators in three
poplar-based silvo-arable alley cropping systems in Ger-
many. Biol Fertil Soils 55:1-14. https://doi.org/10.1007/
s00374-018-1324-3

Borges WLB, Calonego JC, Rosolen CA (2019) Impact of crop-
livestock-forest integration on soil quality. Agrofor Syst
93:2111-2119. https://doi.org/10.1007/s10457-018-0329-
0

@ Springer

Cabral Filho FR, Cunha FN, Silva NF, Teixeira MB, Santos
LNS, Vieira GS (2017) Water infiltration rate in distro-
ferric red latosol under different cropping systems. Rev
Bras Agric Irrig 11:1371-1381. https://doi.org/10.7127/
rbai.v11n300555

Cardinael R, Chevallier T, Barthés BG, Saby NP, Parent T,
Dupraz C, Bernoux M, Chenu C (2015) Impact of alley
cropping agroforestry on stocks, forms and spatial distri-
bution of soil organic carbon—a case study in a Mediter-
ranean context. Geoderma 259:288-299. https://doi.org/
10.1016/j.geoderma.2015.06.015

Cezar RM, Vezzani FM, Schwiderke DK, Gaiad S, Brown GG,
Seoane CES, Froufe LCM (2015) Soil biological properties
in multistrata successional agroforestry systems and in
natural regeneration. Agrofor Syst 89:1035-1047. https://
doi.org/10.1007/s10457-015-9833-7

Chen C, Liu W, Jiang X, Wu J (2017) Effects of rubber-based
agroforestry systems on soil aggregation and associated
soil organic carbon: implications for land use. Geoderma
299:13-24.  https://doi.org/10.1016/j.geoderma.2017.03.
021

Dhillon GS, Van Rees KC (2017) Soil organic carbon seques-
tration by shelterbelt agroforestry systems in Saskatch-
ewan. Can J Soil Sci 97:394-409. https://doi.org/10.1139/
cjss-2016-0094

Empresa Brasileira de Pesquisa Agropecuaria. Centro Nacional
de Pesquisa de Solos (1997) Manual de métodos de analise
de solo. Embrapa, Brasilia

Franzluebbers AJ, Chappell JC, Shi W, Cubbage FW (2017)
Greenhouse gas emissions in an agroforestry system of the
southeastern USA. Nutr Cycl Agroecosyst 108:85-100.
https://doi.org/10.1007/s10705-016-9809-7

Freitas IC, Ribeiro JM, Araujo NCA, Santos MV, Sampaio RA,
Fernandes LA, Azevedo AM, Feigl BJ, Cerri CE, Frazao
LA (2020) Agrosilvopastoral systems and well-managed
pastures increase soil carbon stocks in the Brazilian Cer-
rado. Rangel Ecol Manag. https://doi.org/10.1016/j.rama.
2020.08.001

Gelaw AM, Singh BR, Lal R (2014) Soil organic carbon and
total nitrogen stocks under different land uses in a semi-
arid watershed in Tigray, Northern Ethiopia. Agric Ecosyst
Environ  188:256-263.  https://doi.org/10.1016/j.agee.
2014.02.035

Guillot E, Hinsinger P, Dufour L, Roy J, Bertrand I (2019) With
or without trees: resistance and resilience of soil microbial
communities to drought and heat stress in a Mediterranean
agroforestry system. Soil Biol Biochem 129:122-135.
https://doi.org/10.1016/j.s0ilbio.2018.11.011

Instituto Nacional de Meteorologia (2016) BDMEP: banco de
dados meteoroldgicos para ensino e pesquisa. http://www.
inmet.gov.br/portal/index.php?r=bdmep/bdmep. Acessado
em 20 agosto de 2018

Jakelaitis A, Silva AA, Santos JB, Vivian R (2008) Qualidade da
camada superficial de solo sob mata, pastagens e areas
cultivadas. Pesq Agropec Trop 38:118-127

Jenkinson DS, Powlson DS (1976) The effects of biocidal
treatments on metabolism in soil—V: a method for mea-
suring soil biomass. Soil Biol Biochem 8:209-213. https://
doi.org/10.1016/0038-0717(76)90005-5

Lana AMQ, Lana RMQ, Lemes EM, Reis GL, Moreira GHFA
(2018) Influence of native or exotic trees on soil fertility in


https://doi.org/10.1007/s11356-017-8687-0
https://doi.org/10.1007/s11356-017-8687-0
https://doi.org/10.1016/j.jaridenv.2015.02.003
https://doi.org/10.1016/j.jaridenv.2015.02.003
https://doi.org/10.1590/s0100-204x2016000900053
https://doi.org/10.1590/s0100-204x2016000900053
https://doi.org/10.1016/0038-0717(89)90117-X
https://doi.org/10.1016/0038-0717(89)90117-X
https://doi.org/10.1016/0038-0717(93)90140-7
https://doi.org/10.1016/0038-0717(93)90140-7
https://doi.org/10.5433/1679-0359.2013v34n6p2727
https://doi.org/10.5433/1679-0359.2013v34n6p2727
https://doi.org/10.1007/s00374-018-1324-3
https://doi.org/10.1007/s00374-018-1324-3
https://doi.org/10.1007/s10457-018-0329-0
https://doi.org/10.1007/s10457-018-0329-0
https://doi.org/10.7127/rbai.v11n300555
https://doi.org/10.7127/rbai.v11n300555
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1007/s10457-015-9833-7
https://doi.org/10.1007/s10457-015-9833-7
https://doi.org/10.1016/j.geoderma.2017.03.021
https://doi.org/10.1016/j.geoderma.2017.03.021
https://doi.org/10.1139/cjss-2016-0094
https://doi.org/10.1139/cjss-2016-0094
https://doi.org/10.1007/s10705-016-9809-7
https://doi.org/10.1016/j.rama.2020.08.001
https://doi.org/10.1016/j.rama.2020.08.001
https://doi.org/10.1016/j.agee.2014.02.035
https://doi.org/10.1016/j.agee.2014.02.035
https://doi.org/10.1016/j.soilbio.2018.11.011
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep
https://doi.org/10.1016/0038-0717(76)90005-5
https://doi.org/10.1016/0038-0717(76)90005-5

Agroforest Syst (2020) 94:2343-2353

2353

decades of silvopastoral system at the Brazilian savannah
biome. Agrofor Syst 92:415-424. https://doi.org/10.1007/
s10457-016-9998-8

Li Q, Feng J, Wu J, Jia W, Zhang Q, Chen Q, Zhang D, Cheng X
(2019) Spatial variation in soil microbial community
structure and its relation to plant distribution and local
environments following afforestation in central China. Soil
Till Res 193:8-16. https://doi.org/10.1016/j.still.2019.05.
015

Lorenz K, Lal R (2014) Soil organic carbon sequestration in
agroforestry systems. A review. Agron Sustain Dev
34:443-454. https://doi.org/10.1007/s13593-014-0212-y

Lu S, Meng P, Zhang J, Yin C, Sun S (2015) Changes in soil
organic carbon and total nitrogen in croplands converted to
walnut-based agroforestry systems and orchards in south-
eastern Loess Plateau of China. Environ Monit Assess
187:1-9. https://doi.org/10.1007/s10661-014-4131-9

Moreira GM, Neves JCL, Rocha GC, Magalhdes CADS, Farias
Neto AL, Meneguci JLP, Fernandes R (2018) Physical
quality of soils under a crop-livestock-forest system in the
cerrado/amazon transition&nbsp;region. Rev Arvore
42:1-10. https://doi.org/10.1590/1806-
90882018000200013

Pardon P, Reubens B, Reheul D, Mertens J, Frenne P, Cousse-
ment T, Janssens P, Verheyen K (2017) Trees increase soil
organic carbon and nutrient availability in temperate
agroforestry systems. Agric Ecosyst Environ 247:98-111.
https://doi.org/10.1016/j.agee.2017.06.018

Pausch J, Kuzyakov Y (2018) Carbon input by roots into the
soil: quantification of rhizodeposition from root to
ecosystem scale. Glob Change Biol 24:1-12. https://doi.
org/10.1111/gcb.13850

Portilho IIR, Savin MC, Borges CD, Tsai SM, Mercante FM,
Roscoe R, Carvalho LA (2018) Maintenance of N cycling
gene communities with crop-livestock integration man-
agement in tropical agriculture systems. Agric Ecosyst
Environ 267:52-62. https://doi.org/10.1016/j.agee.2018.
08.005

Reis Junior FB, Mendes IC (2007) Biomassa microbiana do
solo. Embrapa Cerrados, Planaltina

Rodrigues RC, Aradjo RA, Costa CS, Lima AlJ, Oliveira ME,
Cutrim JA Jr, Santos FNS, Aratjo JS, Santos VM, Araiijo
ASF (2015) Soil microbial biomass in an agroforestry
system of Northeast Brazil. Trop Grassl-Forrajes Trop
3:41-48. https://doi.org/10.17138/TGFT(3)41-48

Santos FL, Paulino HB, Carneiro MAC, Caetano JO, Benites
VM, Souza ED (2015) Atributos bioquimicos do solo sob

diferentes sistemas de producdo no sudoeste goiano. Glob
Sci Technol 8:74-86. https://doi.org/10.14688/1984-3801/
gst.v8n2p74-86

Schwab N, Schickhoff U, Fischer E (2015) Transition to agro-
forestry significantly improves soil quality: a case study in
the central mid-hills of Nepal. Agric Ecosyst Environ
205:57-69. https://doi.org/10.1016/j.agee.2015.03.004

Silva MB, Kliemann HJ, Silveira PM, Lanna AC (2007)
Atributos bioldgicos do solo sob influéncia da cobertura
vegetal e do sistema de manejo. Pesq Agropec Bras
42:1755-1761

Srinivasarao C, Lal R, Kundu S, Babu MP, Venkateswarlu B,
Singh AK (2014) Soil carbon sequestration in rainfed
production systems in the semiarid tropics of India. Sci
Total Environ 487:587-603. https://doi.org/10.1016/j.
scitotenv.2013.10.006

Tonini H, Wink C, Ferreira e Silva AGM (2019) Sampling
alternatives for eucaliptus trees in integrated crop-live-
stock-forest systems. Floresta Ambient 26:¢20170893.
https://doi.org/10.1590/2179-8087.089317

Tumwebaze SB, Byakagaba P (2016) Soil organic carbon stocks
under coffee agroforestry systems and coffee monoculture
in Uganda. Agric Ecosyst Environ 216:188-193. https://
doi.org/10.1016/j.agee.2015.09.037

Udawatta RP, Kremer RJ, Nelson KA, Jose S, Bardhan S (2014)
Soil quality of a mature alley cropping agroforestry system
in temperate north America. Commun Soil Sci Plant Anal
45:2539-2551.  https://doi.org/10.1080/00103624.2014.
932376

Walkley A, Black IA (1934) An examination of the Degtjareff
method for determining soil organic matter, and a proposed
modification of the chromic acid titration method. Soil Sci
37:29-38. https://doi.org/10.1097/00010694-193401000-
00003

Weerasekara C, Udawatta RP, Jose S, Kremer RJ, Weerasekara
C (2016) Soil quality differences in a row-crop watershed
with agroforestry and grass buffers. Agrofor Syst
90:829-838. https://doi.org/10.1007/s10457-016-9903-5

Wezel A, Casagrande M, Celette F, Vian JF, Ferrer A, Peigné J
(2014) Agroecological practices for sustainable agricul-
ture. A review. Agron Sustain Dev 34:1-20. https://doi.org/
10.1007/s13593-013-0180-7

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1007/s10457-016-9998-8
https://doi.org/10.1007/s10457-016-9998-8
https://doi.org/10.1016/j.still.2019.05.015
https://doi.org/10.1016/j.still.2019.05.015
https://doi.org/10.1007/s13593-014-0212-y
https://doi.org/10.1007/s10661-014-4131-9
https://doi.org/10.1590/1806-90882018000200013
https://doi.org/10.1590/1806-90882018000200013
https://doi.org/10.1016/j.agee.2017.06.018
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1016/j.agee.2018.08.005
https://doi.org/10.1016/j.agee.2018.08.005
https://doi.org/10.17138/TGFT(3)41-48
https://doi.org/10.14688/1984-3801/gst.v8n2p74-86
https://doi.org/10.14688/1984-3801/gst.v8n2p74-86
https://doi.org/10.1016/j.agee.2015.03.004
https://doi.org/10.1016/j.scitotenv.2013.10.006
https://doi.org/10.1016/j.scitotenv.2013.10.006
https://doi.org/10.1590/2179-8087.089317
https://doi.org/10.1016/j.agee.2015.09.037
https://doi.org/10.1016/j.agee.2015.09.037
https://doi.org/10.1080/00103624.2014.932376
https://doi.org/10.1080/00103624.2014.932376
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1007/s10457-016-9903-5
https://doi.org/10.1007/s13593-013-0180-7
https://doi.org/10.1007/s13593-013-0180-7

	Variation in soil carbon, nitrogen and microbial attributes within a silvopastoral system in the Brazilian Cerrado
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Funding
	Availability of data and materials
	References




