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Abstract
The impact of agricultural land-use on soil microbial community composition and enzyme activity has not been extensively 
investigated in Ultisols. We investigated soil health parameters by analyzing phospholipid fatty acids (PLFAs), extracel-
lular enzyme activity, C and N stocks, and soil structure. Four land uses were established in a tropical climate region of 
Brazil: native Cerrado (savanna), monoculture pasture [Urochloa brizantha (Hochst. Ex A. Rich.) R. Webster ’Marandu’], 
an integrated crop-livestock system (ICLS), and maize (Zea mays)-fallow in a no-tillage system. Soil microbial biomass 
was 40% higher in the native Cerrado than in the monoculture pasture, ICLS, and no-tillage maize. Soil organic carbon was 
positively correlated with microbial community composition (MB; gram–; AC; AMF; Fungi; F: B ratio) and enzyme activity 
(bG, AP, NAG). Large macroaggregates were positively correlated with bG, AP, and AMF. In summary, the native Cerrado 
had a higher level of carbon at the soil surface and greater soil structure with increased microbial biomass, gram+ bacteria, 
AMF, fungi, and F:B ratio in a tropical region of Brazil. However, bG and AP enzyme activities were lower in the ICLS and 
no-till maize at the soil surface (0–5 cm) compared to the native Cerrado. The conversion of native Cerrado to agricultural 
systems shifted the soil microbial community composition, enzyme activity, C and N, and soil structure of this sandy soil 
of the Brazilian Cerrado.
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Introduction

Land-use change in the tropical regions has led to shifts in 
soil microbial community composition and enzyme activ-
ity affecting soil carbon (C) and the potential to mitigate 
atmospheric CO2 (Scott et al. 2017; Li et al. 2018; Yang 
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et al. 2019). Biological, chemical, and physical interactions 
resulting in C sequestration need to be evaluated (White and 
Rice 2009), and strategies that alter or enhance C sequestra-
tion must be identified (Sanz-Cobena et al. 2017; Leifeld 
and Menichetti 2018). Agricultural systems can affect the 
exchange of C between the soil and the atmosphere and rep-
resent an atmospheric C source or sink, depending on soil 
management (Powlson et al. 2016).

The dynamics and composition of microbial communi-
ties alter C sequestration and soil aggregation as arbuscular 
mycorrhizal fungi (AMF) and saprophytic fungi are posi-
tively associated with aggregation (Six et al. 2006). The soil 
microbial community and biomass are affected by land-use 
and soil depth (Lauber et al. 2008; Rousk et al. 2010), with 
intensification negatively affecting soil microbial community 
diversity (Culman et al. 2010). Crop diversification during 
changes in agricultural land use can affect microbial commu-
nity composition and biomass mainly by changes in organic 
C and N inputs into the soil (Hansel et al. 2008; Garcia-
Franco et al. 2015). Zhang et al. (2016) observed that all 
phospholipid fatty acids (PLFAs) decreased with soil depth 
for regardless of land use. Assessing the effects of land use 
on the soil microbial community composition can improve 
the understanding of human effects in the global C cycle 
(Zhang et al. 2016).

The activities of carbon-cycling enzymes, such as, 
β-glucosidase (bG), α-galactosidase, and β-glucosaminidase 
participate in the degradation of plant components (cello-
biose, meliobiose, and chitin) and can reveal cropping sys-
tem-induced differences in residue degradation and nutri-
ent incorporation into the soil (Acosta-Martínez et al. 2007; 
Sotomayor-Ramírez et al. 2009). Soil microbial diversity 
and enzyme activity in pastures are related to the contents 
of soil C, nitrogen (N), phosphorus (P), and other nutrients 
(Lisboa et al. 2014; Waring et al. 2014). Pastures tend to 
have lower levels of SOC, microbial biomass, enzyme activ-
ity, and mycorrhizal diversity than native forests (Öpik et al. 
2006; Eaton and Chassot 2012).

The Cerrado biome (the Brazilian savanna) covers 204 
million hectares of Brazilian territory, 24% of the land area 
of Brazil (Araujo et al. 2012; Mendes et al. 2012; Anache 
et al. 2018). As one of the world’s largest agricultural fron-
tiers, the Brazilian Cerrado has become the most important 
area for agricultural production in the country. The edapho-
climatic conditions of the Cerrado have some parallels with 
the African savannas, and soil health studies are limited for 
both. The soil chemical properties of the Cerrado are char-
acterized by high exchangeable aluminum (Al) concentra-
tion, low pH, and low available P concentration (Souza et al. 
2016).

The integrated systems of grasses and crops, the purpose 
of which is to increase soil C and thus reestablish soil fertil-
ity, is increasingly implemented in the Brazilian Cerrado 

(Tonucci et al. 2017). These cropping systems are mainly 
used in sandy soils and are affected by dry conditions. There 
is little information on the biologically sensitive soil qual-
ity parameters [i.e., bacteria, fungi, AMF, actinomycetes 
(AC), bG, acid phosphatase (AP), and N-acetyl glucosidase 
(NAG)] (Acosta-Martínez et al. 2011). In this study, we 
hypothesized that land-use change and soil depth affect the 
soil microbial community composition and enzyme activity 
due to changes in C and N availability and soil physico-
chemical properties. Therefore, the present study measured 
selected soil health parameters including soil microbial 
biomass, microbial community composition, enzyme activ-
ity, C and N stocks, and soil aggregation in a monoculture 
pasture, ICLS, and no-tillage maize at depths of 0–5, 5–10, 
and 10–20 cm. This study also compared the data generated 
from the agriculturally managed Cerrado plots with those of 
long-term undisturbed soils in native Cerrado that have been 
under forest for 50 years.

Materials and methods

Site description

The study was located Votuporanga County, São Paulo State, 
Brazil (Figs. 1, 2), 20°28′ S and 50°04′ W, at an altitude of 
450 m. The 15–ha area had been used as perennial mono-
culture pasture [Urochloa brizantha (Hochst. Ex A. Rich.) 
R. Webster ‘Marandu’] for ten years before the commence-
ment of the experiment. According to Köppen, the climate 
was Cwa with dry winters and hot, rainy summers (Alvares 
et al. 2013). The average annual temperature was 24 °C, with 
a monthly average maximum of 30 °C and an average mini-
mum of 18 °C. The annual average rainfall was 1300 mm. 
The mean temperatures and rainfall for the 8 years before 
sampling are provided in Fig. 3. The soil was a sandy Arenic 
Hapludult (Soil Survey Staff 2014) containing 81, 104, and 
815 g kg−1 of clay, silt, and sand, respectively. Selected soil 
chemical (van Raij et al. 2001) and physical (Embrapa 1997) 
characteristics were determined (0–20 cm) at the beginning 
of the experiment in 2009 (Table 1).

Experimental design and treatments

The experiment was a completely randomized in a split-plot 
design, with four replications. The treatments included four 
land-use types [monoculture pasture, ICLS of maize inte-
grated with Urochloa brizantha ‘Marandu’, maize grown 
under no-tillage, and native (Cerrado)] and three soil depths 
(0–5, 5–10, and 10–20 cm). Native (Cerrado) with the same 
soil type located 100 m from other land uses was used as a 
reference.
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Land uses

The experiment was initiated in the winter of 2009 in a 
degraded pasture of approximately 15 ha that had been 
planted for the previous 10 years. Initially, the land use treat-
ments were plowed and disked. Limestone was applied to all 
land uses except the native Cerrado, at 2000 kg ha–1 (90% of 
the effective calcium carbonate equivalent) to raise the soil 
base saturation to 60%.

The monoculture pasture was established in 2009 with 
palisade grass [Urochloa brizantha (Hochst. Ex A. Rich.) 
R. Webster ’Marandu’]. Nitrogen fertilization was applied 
annually on the pasture at a rate of 200 kg N ha–1 as urea at 
the beginning of the period with the highest precipitation 
(October). Beef cattle (mestizos) were introduced. The 
animals were 28-months old, weaned, and maintained in 

a continuous grazing system with a capacity of 2 animal 
units (AU) ha–1 until slaughter (Fig. 2a).

In the ICLS established in 2009, maize was sown at a 
depth of 8 cm below the soil surface using a no-till drill 
at a row spacing of 0.80 m, and a density of 60,000 seeds 
per ha. Fertilization in the sowing furrows consisted of 
116 kg N ha–1, 40 kg P ha–1, and 70 kg K ha–1. Simultane-
ous with the sowing of maize, palisade grass was sown 
at a density of 7 kg ha–1 (pure live seed = 76%) at a depth 
of 8 cm below soil surface using a no-till drill at a row 
spacing of 0.34 m. After maize harvest, the palisade grass 
was left to grow and become pasture. Beef cattle were 
introduced 30 days after the maize harvest and maintained 
until September of each year; in October, the area was des-
iccated, and in November, the maize was sown again. The 

Fig. 1   Experimental site in São 
Paulo state, Brazil
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animals were 28-months old and weaned, with a capacity 
of 2 AU ha–1 (Fig. 2b).

The no-till system included the following crop 
sequence: Pearl millet (Pennisetum glaucum) was sown 
in September 2009, and in October 2009, was broadcast 
20 kg P ha–1 using reactive rock phosphate. Sunn hemp 
(Crotalaria juncea) was grown in winter-spring of 2010 
with a row spacing was 0.45 m with approximately 18 
seeds m−1, and no fertilizer was applied. Maize was grown 
in association with palisade grass in the 2010/11 season. 
Maize (hybrid Pioneer P30F35) was sown (2011/2012 
until 2016–2017) in rows 0.90 m apart at a depth of 5 cm, 
using 60,000 seeds per hectare. Fertilization in the sow-
ing furrows consisted of 116 kg N ha–1, 40 kg P ha–1, and 

70 kg K ha–1. After harvest, the area remained under fal-
low until the next growing season (Fig. 2c).

The native Cerrado (perennial for > 50 years) belongs to 
the intermediate Brazilian Cerrado; dominant tree species 
include Dalbergia spp. and Machaerium scleroxylon and 
Vateria spp., as described by Tonucci et al. (2017) (Fig. 2d).

Soil sampling

For each land use, four areas of 500 m2 were delineated. 
Soil samples were collected in February 2017 (rainy season) 
using a 1.4-m high steel cylinder with an internal diameter 
of 60 mm; each composite sample was represented by four 
samples within the four management systems for the 0–5, 

Fig. 2   Monoculture pasture (a), 
integrated crop–livestock sys-
tem (b), maize-fallow in no-till 
system (c), and native Cerrado 
(d) in a Brazilian tropical region

Fig. 3   Precipitation, maximum 
and minimum temperature 
of the experimental area in 
2009–2017, in a Brazilian tropi-
cal region
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5–10, and 10–20 cm soil layers. Samples were refrigerated at 
4 °C and transported to the Soil Microbial Agroecology Lab 
in Manhattan, Kansas, USA. Each soil core was partitioned 
into three depth intervals, homogenized, and subsampled for 
each analysis. Subsamples for physical and chemical proper-
ties were air-dried, ground, and sieved through 2-mm mesh.

Soil SOC and TN

To determine SOC and TN, four soil cores per plot were 
taken at depths of 0–5, 5–10, and 10–15 cm to account for 
within-plot variability in February 2017. Samples were 
ground using a mortar and pestle and passed through a 
250 μm sieve. All plant material was removed during the 
process. Samples were analyzed for SOC and TN by dry 
combustion using a C/N Elemental Analyzer gas chromato-
graph with a thermal conductivity detector (Flash EA 1112 
Series Thermo Finnigan Italia S.p.A., MI, Italy).

Water‑stable aggregates

Soil samples were taken at 0–5, 5–10, and 10–15 cm in Feb-
ruary 2017 using a shovel to maintain soil structure. Water-
stable aggregate (WSA) size distribution was determined 
using the wet-sieve method described by (Yoder 1936)  with 
modifications by Mikha and Rice (2004). The soil was air-
dried, carefully separated along natural breaks into large 
aggregates, and sieved through 4.0–8.0, 2.0–4.0, 0.5–2.0, 
and 0.5–0.25 mm diameter sieves. Briefly, 50 g air-dried soil 
was placed on top of a 4.0- to 8.0-mm mesh sieve. Sieves 
were then submersed in water for 10 min (slaking phase) 
and subjected to 10 min of 4 cm length oscillations at a 

frequency of 0.5 Hz. The soil remaining on the sieves at the 
conclusion of the oscillation cycle was collected, allowed 
to settle, and dried at 60 °C for 72 h. The soil that passed 
through both sieves was filtered through the 0.5–2.0, and 
0.5–0.25 mm sieves. The dried soil was weighed and used 
to estimate % aggregate size fraction within the soil. A sub-
sample was used to quantify the sand content of each frac-
tion (Mikha and Rice 2004), and the aggregate weights were 
recorded to estimate the sand-free correction. Macroporos-
ity, microporosity, total porosity, and soil bulk density were 
evaluated as described in Danielson and Sutherland (1986). 
Aggregate content greater than 2 mm and the mean weight 
diameter (MWD) were determined according to Kemper and 
Chepil (1965).

Enzyme activity

Soil enzyme activities of hydrolases were analyzed by a fluo-
rometric method using the fluorometric substrate 4-methy-
lumbelliferone (MUB) (Zeglin et al. 2013). Bravely, 1 g of 
soil was homogenized in 100 mL of 50 mM pH 5 acetate 
buffer. The soil slurry was added to a 96-well microplate 
with 200 μM fluorometric substrate analog specific to each 
enzyme. Six replicates were analyzed for each soil sample. 
Additionally, a buffer blank, soil blank, negative control, 
4-methylumbelliferone reference standard, and quench con-
trol were measured for each sample to adjust the enzyme 
activity value. The specific incubation time was measured 
for each enzyme. The stop time was recorded as the time at 
which 0.5 N NaOH stop solution was added in hydrolase 
activity assays. Fluorescence/absorbance was determined by 
a Multi-Mode Microplate Reader (FilterMax F5, Molecular 

Table 1   Physical and chemical 
properties of Ultisol at 0–20 cm 
in the different land-use

CEC cation exchange capacity, Ds bulk density

Soil characteristics Land-use

Cerrado Pasture ICLS Maize

Soil pH 5.1 5.4 5.2 5.1
Clay (g kg–1) 68 73 69 66
Silt (g kg–1) 123 107 120 125
Sand (g kg–1) 809 820 813 803
Organic matter (g kg–1) 26.0 22.7 17.1 19.3
P Resin (mg dm–3) 4.1 3.78 18.0 15.0
H+ Al (mmolc kg–1) 26.6 18.3 27.0 31.0
Al3+ (mmolc kg–1) 0.8 0.6 0.0 0.0
K+ (mmolc kg–1) 2.40 2.13 3.10 1.33
Ca2+ (mmolc kg–1) 8.33 11.7 12.2 19.0
Mg2+ (mmolc kg–1) 5.0 10.0 6.0 11.33
CEC (mmolc kg–1) 42.3 42.1 48.0 62.3
Soil base saturation (%) 37.1 56.7 54.3 50.6
Ds (Mg m–3) 1.43 1.65 1.70 1.66
Texture Loamy sand Loamy sand Loamy sand Loamy sand
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Devices, USA) at 365/450 nm excitation/emission for fluo-
rescence for hydrolase activity. Potential enzyme activities 
were reported as nanomoles activity per gram of dry soil 
per hour.

Soil microbial community composition

Phospholipid fatty acid analysis (PLFA) was performed from 
the freeze-dried soil samples. Total lipids were extracted 
using a modification of the Bligh and Dyer (1959) extraction 
(White and Rice 2009). The PLFA were separated from the 
total lipid extract using silicic acid chromatography, the fatty 
acids were cleaved from the glycerol backbone using KOH 
saponification, and the harvested fatty acids were methyl-
ated to form fatty acid methyl esters (FAME). The result-
ing FAME was analyzed using a Thermo Scientific Trace 
GC-ISQ mass spectrometer (HP 6890, Agilent Incorporated, 
Palo Alto, CA, USA) equipped with a DB5-MS column 
(30 m × 250 μm i.d. × 0.25 μm film thickness; Agilent Tech-
nologies, Santa Clara, California, USA) was used with He as 
the carrier gas at 1 mL min–1. The FAME peaks were iden-
tified by comparison with the bacterial acid methyl esters 
mix (BAME; Matreya 1114; Matreya LLC, Pleasant Gap, 
Pennsylvania, USA). The PLFA were grouped into fungi 
(18:2ω6,9c and 18:1ω9c), AMF (16:1ω5), AC (10Me18:0 
and 10Me17:0), gram+ bacteria (i15:0, a15:0, 10Me16:0, 
i17:0, and a17:0), and gram– bacteria (18:1 × 7c and cyclic 
19:0) (Sarto et al. 2020b; Pires et al. 2020; Fabrizzi et al. 
2009; McKinley etal. 2005). The fungal:bacterial ratios 
were calculated by dividing the sum of the fungal and AMF 
biomarkers by the sum of the gram-positive bacterial, gram-
negative bacterial, and AC biomarkers. Total microbial bio-
mass was estimated by PLFA as the sum of all biomarkers.

Statistical analysis

The results were tested for the assumptions of analysis 
of variance (normality and independence of the residues, 
homogeneity of variance). When these requirements were 
met, the data were submitted to ANOVA using the statistical 
software Sisvar® (Ferreira 2011).

The statistical model applied was Yijk = µ + Li + eaij + Dk + 
LDik + eijk, where Yijk = value observed in land uses i, at depth 
k, µ = overall mean; Li = effect of land uses i; eaij = random 
error of plot (error A); Pk = effect of depth k; LDik = effect 
of land uses and depth interaction; ebijk = random error of 
split-plot.

When differences were found, the means were compared 
using Fisher’s t test (LSD, P < 0.05). Simple correlation 
(Pearson) analysis was performed to determine the degree 
of association between variables (P < 0.05).

Results

SOC and NT

Soil OC was affected by land use and soil depth (P < 0.05). 
Soil OC in the native Cerrado (0.99 g kg–1) was higher 
than that in the ICLS (0.78 g kg–1) and no-tillage maize 
(0.77 g kg–1) and similar to that in the pasture (0.82 g kg–1) 
(Fig. 4a). Soil OC was higher (0.98 g kg–1) at the 0–5 cm 
depth than at the 5–10 cm (0.78 g kg–1) and 10–20 cm 
(0.75 g kg–1) depths (Fig. 4b). Total N was not affected 
by land use (Fig. 4c). Positive correlation was observed 
between SOC (P < 0.05) and bG (r = 0.57), AP (r = 0.53), 
NAG (r = 0.60), bG:AP (r = 0.48), MB (r = 0.78), 

Fig. 4   Soil organic carbon 
(SOC) (a, b) and total nitrogen 
(TN) (c, d) effect by different 
land-use and soil depths. Means 
followed by different letters are 
significantly different by t test 
(P < 0.05)
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gram+ (r = 0.75), gram– (r = 0.56), AC (r = 0.73), AMF 
(r = 0.76), fungi (r = 0.65), and F:B (r = 0.63) (Table 4).

Higher soil TN content (0.082 g kg–1) was observed at 
the 0–5 cm depth compared with the 5–10 cm (0.058 g kg–1) 
and 10–20 cm (0.054 g kg–1) depths (Fig. 4d). Total N 
was negative correlated (P < 0.05) with bG (r = − 0.53), 
AP (r = − 0.49), NAG (r = − 0.37), MB (r = − 0.54), 
gram+ (r = − 0.50), gram– (r = − 0.43), AC (r = − 0.60), 
AMF (r = − 0.63), fungi (r = − 0.38), and F:B (r = − 0.57) 
(Table 4).

Soil structure

Soil macroporosity, microporosity, and total porosity were 
higher and bulk density was lower in the native Cerrado 
at the 0–5 cm depth. At 5–10 and 10–20 cm, the Cerrado, 
pasture, ICLS, and no-tillage maize were similar in macr-
oporosity, microporosity, total porosity, and soil bulk den-
sity (Table 2). The distribution of WSA and MWD were 
higher in the Cerrado than in the pasture, ICLS, and no-
tillage maize at the 0–5 cm depth (Table 3). Compared with 
the Cerrado and pasture, the no-tillage maize had lower 
WSA at 5–10 cm and the no-tillage maize and ICLS had 
lower WSA and MWD at 10–20 cm. The proportion of large 
macroaggregates (4.0–8.0 mm) was 85.7% in the Cerrado, 
65.4% in the pasture, 75.9% in the ICLS, and 62.9% in the 
no-tillage maize. The proportion of large macroaggregates 
(4.0–8.0 mm) was positive correlated (P < 0.05) with bG 
(r = 0.51), AP (r = 0.48), and AMF (r = 0.40) (Table 4).

Extracellular enzyme activity

The enzyme activities of bG, AP, and NAG and the bG:NAG 
ratio were significantly affected (P < 0.05) by the interaction 
of land use and soil depth. Activity of bG was higher at the 
0–5 cm depth in the ICLS (56.4 nmol h–1 g–1 soil) and no-
tillage maize (58.7 nmol h–1 g–1 soil) (Fig. 5a).

In the 0–5 cm layer, AP activity was higher in the no-
tillage maize system (374 nmol h–1 g–1 soil) than in the Cer-
rado (274 nmol h–1 g–1 soil) and pasture (200 nmol h–1 g–1 
soil). In the pasture, soil AP activity was higher in the 
10–20 cm layer (238 nmol h–1 g–1 soil) than the 5–10 cm 
layer (160 nmol h–1 g–1 soil). On the other hand, Cerrado 

Table 2   Soil physical characteristics as affected by land-use

M macroporosity, µ microporosity, TP total porosity, BD soil bulk 
density

Treatment M µ TP BD
m3 m−3 m3 m−3 m3 m−3 kg dm−3

0–5 cm
Cerrado 0.08 a 0.35 a 0.43 a 1.34 a
Pasture 0.02 b 0.26 b 0.27 b 1.63 b
ICLS 0.02 b 0.21 b 0.24 b 1.72 b
Maize 0.03 b 0.26 b 0.28 b 1.64 b

5–10 cm
Cerrado 0.04 0.40 0.44 1.47
Pasture 0.04 0.30 0.33 1.65
ICLS 0.03 0.38 0.40 1.70
Maize 0.03 0.23 0.26 1.60

10–20 cm
Cerrado 0.03 0.37 0.40 1.50
Pasture 0.03 0.27 0.30 1.67
ICLS 0.03 0.34 0.37 1.73
Maize 0.03 0.34 0.37 1.67

Table 3   Soil aggregate 
distribution and mean weighed 
diameter (MWD) in the native 
Cerrado, pasture, ICLS and 
maize at 0–20 cm

Treatments 4.0–8.0 mm 2.0–4.0 mm 0.5–2.0 mm 0.5–0.25 mm MWD
% % % % mm

0–5 cm
Cerrado 85.73 a 6.53 1.41 6.34 4.51 a
Pasture 65.42 b 15.35 1.47 17.77 3.78 b
ICLS 75.95 b 4.18 1.43 18.45 3.97 b
Maize 62.94 b 10.9 2.16 11.61 3.68 b

5–10 cm
Cerrado 86.78 a 4.95 0.52 7.75 b 4.50 a
Pasture 74.21 ab 5.79 1.25 18.75 ab 3.92 ab
ICLS 63.24 ab 4.93 3.35 28.49 ab 3.40 ab
Maize 37.56 b 10.22 5.11 44.11 b 3.04 b

10–20 cm
Cerrado 67.42 a 14.51 2.66 a 15.41 b 3.86 a
Pasture 62.38 a 7.24 3.87 a 26.52 b 3.42 a
ICLS 23.03 b 9.17 17.71 b 50.12 a 1.72 b
Maize 20.35 b 7.73 11.2 b 44.73 a 1.44 b
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and no-tillage maize AP activity was highest in the 0–5 cm 
layer (Fig. 5b).

In the Cerrado, NAG activity was higher in the 0–5 cm 
(81.7 nmol h–1 g–1 soil) and 5–10 cm (86.3 nmol h–1 g–1 soil) 
layers than in the 10–20 cm layer (58.5 nmol h–1 g–1 soil). In 
the pasture, ICLS and no-tillage maize system, NAG activ-
ity was higher in the 0–5 cm layer than in the 5–10 cm and 
10–20 cm layers (Fig. 5c).

The bG:NAG ratio was lowest in the Cerrado at depths of 
5–10 cm (0.93) and 10–20 cm (0.63) compared to all other 
layers and land uses. However, in the three layers of the 
Cerrado system, the ratios were less than one, indicating an 
N limited environment. In the ICLS, the bG:NAG enzyme 
ratio was not affected by depth and was higher than one, 
indicating C limitation in the soil (Fig. 5d).

The bG:AP ratio was less than one for all land uses and 
soil depths, indicating a P-limited environment. In addition, 
the bG:AP ratio was lower in the Cerrado (0.59) and in the 
pasture (0.57) than in the ICLS (0.70) and no-tillage maize 
(0.69) (Fig. 6a). With respect to depth, the bG:AP enzyme 
ratio was significantly higher in the 0–5 cm layer than in the 
other layers (Fig. 6b).

Microbial biomass

Microbial biomass was significantly affected by the interac-
tion of land use and soil depth (P < 0.05). Microbial biomass 
was similar at 0–5 cm in the Cerrado (32.3 nmol PLFA g–1 
soil) and in the pasture (28.6 nmol PLFA g–1 soil). Microbial 
biomass was higher in the Cerrado at 5–10 cm and 10–20 cm 
compared to all other layers and land uses (Fig. 7a).

The abundance of gram+ bacteria was higher in the Cer-
rado (66%) than in the other land-use types (Fig. 6c). The 
proportion of gram+ bacteria was higher at the 0–5 cm depth 
(50%) than at the 5–10 and 10–20 cm depths (Fig. 6d). 
The biomass of gram- bacteria and AC were significantly 
influenced (P < 0.05) by the interaction of land use and 
soil depth. In the ICLS, a greater concentration of gram- 
bacteria (5.1 nmol PLFA g–1 soil) occurred in the 0–5 cm 
layer. Gram- bacteria biomass was not affected by soil depth 
(Fig. 7b). The abundance of AC was higher in the Cerrado 
than in the no-tillage maize, regardless of depth. The abun-
dance of AC was higher at the 0–5 cm depth than at the 
10–20 cm depths for all land uses (Fig. 7c).

The abundance of AMF and fungi were higher (71%) in 
the Cerrado than in the other land-uses (Fig. 8a, c), and the 
biomasses of AMF and fungi were highest at the 0–5 cm 
depth (Fig. 8b, d). The F:B ratio in the Cerrado (0.097) was 
slightly higher than that in the ICLS (0.081 nmol PLFA 
g–1 soil) and no-tillage maize (0.080) and similar to that in 
the pasture (0.095) (Fig. 8e). At 0–5 cm soil depth, the F:B 
ratio was greater (0.106) than at the 5–10 cm (0.082) and 
10–20 cm (0.076) soil depth (Fig. 8f).
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Discussion

SOC and TN

Soil OC was highest in the Cerrado, as this area has never 
been tilled and features trees and shrubs with high rooting 
capacity (depth and mass). The accumulation of SOC was 
highest in the soil surface layer. Increased SOC in the soil 
surface layer has been reported as an important factor for 
soil quality biological activity (Ferreira et al. 2016), as veri-
fied in the present study with a positive correlation of the 
soil microbial community composition and enzyme activity 
and SOC (Table 4). The similar values of SOC at all soil 
layers in the Cerrado (Fig. 4b) can be explained in part by 
the deeper root systems of the plants (Jobbágy and Jackson 
2000; Assmann et al. 2014).

Our results confirmed higher SOC in the pasture after 
8 years as well as in the Cerrado at the 0–5 cm soil depth. 
The greater SOC observed under pasture in this study is 
attributable to a number of factors. Compared with forest 
biomass, grass biomass contains more labile compounds, 
which are associated with higher decomposition rates (Ecle-
sia et al. 2012). The resulting high SOC and high root densi-
ties in the upper soil layers favor aggregate formation and 
soil C stabilization (Six et al. 2002). The palisade grass used 
in the study is known to have a large root system, which 
contributes to C accrual in soils. Fisher et al. (1994) reported 
that C sequestration by Urochloa species in South America 
ranges from 3.0 to 14.0 Mg ha−1 year−1.

Negative correlations of the TN and microbial commu-
nity composition and enzyme activity were found in this 
study (Table 4). Adding nitrogen usually reduces soil micro-
bial biomass in field and laboratory studies (Treseder 2008; 

Liu and Greaver 2010; Cusack et al. 2011). A recent meta-
analysis showed that N additions decreased the F:B ratio 
in tropical/subtropical forests (Zhou et al. 2017). This may 
be directly related to increased N availability in the soil, 
possibly due to intense nitrogen applications. In addition, 
N deposition is increases rapidly in tropical regions (Gal-
loway et al. 2004). Adding N can inhibit enzymes involved 
in decomposing recalcitrant soil C, which can reduce micro-
bial activities (Gallo et al. 2004). Wang et al. (2018) found 
that changes in microbial abundance and composition after 
long-term soil N fertilization were accompanied by changes 
in extracellular enzyme activities, as observed in this study.

Soil structure

The MWD of WSA at the 0–5 cm depth was higher (18%) in 
the Cerrado than in the pasture, ICLS, and no-tillage maize 
(Table 2). MWD has been reported to be greater in forest 
sites (11–14%) than in cultivated land (Beheshti et al. 2012). 
MWD is related to many soil enzyme activities and the C 
and N fractions (Green et al. 2007). Previous studies have 
confirmed that soil microbial biomass is correlated with 
MWD (Kandeler and Murer 1993; Green et al. 2007). Soil 
disturbance by soil tillage increases the churning of aggre-
gates and leads to lower soil biological activity (Raiesi and 
Beheshti 2014).

The proportion of large macroaggregates (4.0–8.0 mm) 
was higher at the 0–5 cm layer in the Cerrado. These 
results confirm that macroaggregates are dynamic and 
that the size distribution of macroaggregates is affected 
by land-use change and management. The relatively higher 
proportions of macroaggregates in the native Cerrado 

Fig. 6   bG:AP: C-requiring to 
P-requiring enzyme activi-
ties (a, b); and gram+ : gram 
positive bacteria (c, d) effect 
by land-use and depths; Means 
followed by different letters are 
significantly different by t test 
(P < 0.05)
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also suggest that the soil aggregates under forest were 
not affected by hydration or were more stable than in the 
cropped soil (Ashagrie et al. 2007). Low soil aggrega-
tion in cropland results in lower microbial biomass than 
in forest soils and may be related to other factors in addi-
tion to the lower concentration of C (Raiesi and Beheshti 
2014). Macroaggregates provide a distinct and important 
microhabitat for soil microorganisms (Kandeler and Murer 
1993).

Extracellular enzyme activity

This study demonstrated that changes in land-use impact 
the microbial community composition and enzyme activity 
under tropical conditions. The enzyme activities observed in 
the present study support the hypothesis that the addition of 
residues at the soil surface can lead to favorable conditions 
for balanced soil functional diversity (Zhang et al. 2016). 
The increased bG activity in the ICLS and no-tillage maize 
(Fig. 5a) was correlated with the composition and quality of 
plant residues, because bG is more active with less-complex 
residues (Lopes et al. 2013, 2015). This enzyme is linked to 
the final stage of the cellulose decomposition process, since 
it is responsible for the hydrolysis of cellobiose residues to 
form the simple sugar β-d-glucose (Tabatabai 1994). Cel-
luloses are disaccharides that rapidly decompose in the soil, 
which explains the relationship between high bG activity and 
mineralizable C content in the ICLS and no-tillage maize in 
the present study (Fig. 5a). Numerous studies have reported 
beneficial impacts of conservation tillage on enzyme activi-
ties (Acosta-Martínez and Tabatabai 2001; Acosta-Martínez 
et al. 2003).

The lower amount of C that is readily mineralizable in 
the native Cerrado might be due to the greater diversity 
of crop species and to the complexity of plant residues 
(roots, branches, leaves, flowers, fruits, and seeds) (Sarto 
et al. 2020a). However, bG activity was higher in the no-
tillage maize and pasture. Increased bG activity is cor-
related to microbial function (Table 4). This can improve 
nutrient cycling, availability and root growth, in addition to 
plant–microbial interactions benefits, and increases the total 
soil C pool (Caldwell 2005; Sarto et al. 2020b).

The relatively high levels of AP activity observed in 
the ICLS and no-tillage maize might be due to plant and 
microbial responses to the severe P deficiency in these areas 
(Fig. 5b). P-deficient conditions stimulate phosphatase pro-
duction, and the phosphatases subsequently exuded by plant 
roots and soil microorganisms enhance the release of inor-
ganic P from organic P compounds (Sinsabaugh et al. 1993). 
However, high levels of inorganic P in the soil, inhibit the 
production of phosphatase, which demonstrates that this 
enzyme is important to mineralization of organic P in areas 
under native Cerrado, since organic carbon is the main 
source of nutrients for plant growth (Sarto et al. 2020b).

We also observed differences in NAG activity, which 
tended to be much higher in the Cerrado (Fig. 5c). This dif-
ference might be related to the higher accumulation of litter, 
which conserves soil moisture and creates a more favorable 
environment for microbial decomposition. Compared to soils 
from global surveys, ratios of enzyme activities in these soils 
indicated greater investment toward P acquisition relative 
to C acquisition (Fig. 6a), implying a primary microbial 
P limitation (Sinsabaugh et al. 2008). All land-uses were 
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P-limited throughout the soil depths (Fig. 6b). Ratios of 
ln(bG):ln(NAG) were greater than one in surface soils but 
decreased rapidly with depth, indicating a relatively N-rich 
condition in the surface soil but N-limiting conditions to soil 
microbes below 5 cm (Fig. 5d).

Microbial biomass

The native Cerrado represented an undisturbed system with 
the highest soil microbial properties and enzyme activi-
ties compared with the agricultural systems. The Cerrado 
had higher microbial biomass and abundances of AC, 
gram+ bacteria, fungi, and AMF compared to the ICLS, 
no-tillage maize, and pasture (Fig. 7a, 8). Higher micro-
bial community biomass in native forest soil has also been 
observed by McKinley et al. (2005). Several soil physico-
chemical properties that are affected by land management 
have been reported to affect soil microbial communities, 
including soil moisture, pH, C and N quality and quantity, 
bulk density, and porosity (Wakelin et al. 2008). In the pre-
sent study, soil bulk density was lower in the Cerrado, and 
organic carbon, macroporosity, microporosity, and total 
porosity were greater in this land-use (Table 2). The combi-
nation of these properties might have favored a greater soil 

microbial community compared with the ICLS, no-tillage 
maize and pasture. High soil compaction severely alters the 
abundance of microbial groups due to less favorable con-
ditions for their activities, including limited gas diffusion, 
nutrient availability, and water movement due to decreased 
porosity and macropore continuity (Pengthamkeerati et al. 
2011).

The higher abundances of AMF and fungi observed in 
the native Cerrado might be associated with the high SOC 
and TN in the forest (Table 3), as fungi incorporate more 
soil C into biomass than bacteria and C turnover is slower in 
fungal-dominated ecosystems. Greater fungal C pool size is 
related to larger presumed biochemical recalcitrance of fun-
gal versus bacterial byproducts (Six et al. 2006). The higher 
soil microbial populations and enzyme activities in the Cer-
rado compared with the agricultural systems were due to 
the higher SOC. It was found that the abundance of AMF 
increased macroaggregates (4–8 mm), which may contribute 
to the stabilization of the SOC (Six et al. 2002; Wilson et al. 
2009; McGowan et al. 2019).

All PLFAs decreased with soil depth, and this decrease 
was mainly attributable to the decreases in soil C and N 
availability with increasing soil depth. Soil properties, 
including changes in soil pH, moisture, and temperature 

Fig. 8   AMF: arbuscular mycor-
rhizal fungi (a, b); Fungi: 
another soil fungus except AMF 
(c, d); F:B: fungal and bacterial 
ratio (e, f) effect by land-use 
and depths. Means followed by 
different letters are significantly 
different by t test (P < 0.05)
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(Mueller et al. 2012; Araujo et al. 2012) can affect soil 
microbial community composition after land-use change. 
The microbial community (total PLFA and microbial types 
of PLFA) was positively correlated to soil moisture and 
negatively to soil pH (Zhang et al. 2016).

Higher abundances of gram + bacteria were found in the 
ICLS than in the pasture, no-tillage maize and Cerrado, 
especially in the 0–5 cm depth (Fig. 7b). Shifts in the com-
position of bacterial communities in response to manage-
ment changes have been reported previously in different sys-
tems (Peixoto et al. 2010), highlighting the sensitivity of the 
microbial community as a soil quality indicator. Individual 
PLFA signatures might be sensitive indicators of improved 
soil abiotic conditions (Six et al. 2006).

The F:B ratio has been proposed as an indicator of soil 
microbial community responses to soil C and N dynamics 
and environmental change. Bacteria are relatively unaffected 
by cultivation compared to fungi (Kihara et al. 2012), and 
F:B ratios may be higher in native forest areas (Zhang et al. 
2016). The increase in the F:B ratio in reforested lands 
compared to arable land may be due to poor quality litter 
input, as bacteria require more N per unit of biomass C 
accumulation than fungi (Fierer et al. 2009). Zhang et al. 
(2016) observed greater microbial biomass, greater abun-
dances of bacteria, fungi, gram+ bacteria, gram– bacteria, 
AC, and AMF, and higher basal microbial respiration under 
forest soil. The higher F:B ratios in the Cerrado are prob-
ably attributable to the low soil temperature and high soil 
moisture.

Conclusion

Land-use change (native Cerrado to agricultural systems) 
impacts the microbial community, decreasing soil microbial 
biomass; gram–; AC; AMF; Fungi; F:B ratio, macroporosity, 
microporosity, and total porosity and increasing soil bulk 
density. Soil microbial biomass was 40% higher in the native 
Cerrado compared with agricultural systems.

The soil microbial community distribution and extracel-
lular enzyme activity decreased with soil layers. Thus, depth 
plays an important role in the soil microbial community and 
enzyme activity in a sandy soil of the Brazilian Cerrado.

The native Cerrado had a higher levels of soil C on the 
surface and improved soil structure due to increases micro-
bial biomass, gram+ bacteria, AMF, fungi, and the F:B ratio 
in this tropical climate region of Brazil. Soil enzyme activity 
(bG and AP) were increased by the addition of less-complex 
residues on the soil surface (0–5 cm) in the ICLS system and 
maize no-tillage compared with the native Cerrado.

SOC was positively correlated with microbial community 
composition (MB; gram–; AC; AMF; Fungi; F:B ratio) and 

enzyme activity (bG, AP, NAG). Large macroaggregates 
were positively correlated with bG, AP, and AMF.

In summary, the conversion of native Cerrado to agricul-
tural systems shifted the soil microbial community composi-
tion, enzyme activity, C and N, and soil structure in a sandy 
soil of the Brazilian Cerrado.
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