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1. Introduction
Soils play an essential role in the ecosystem, influencing cli-

mate change, sustainability, and food production. They are the 
foundation of ecosystem services, promoting nutrient cycling 
and supporting biodiversity, as well as human survival. Howev-
er, this critical resource is increasingly threatened by deforesta-
tion, pollution, and unsustainable agricultural practices (Telo da 
Gama, 2023).

Large-scale human intervention in these ecosystems, espe-
cially in the Amazon, has significantly altered interactions be-
tween climate and ecosystems. Pasture expansion remains the 
main driver of native forest loss, with 44.53 million hectares con-
verted between 1985 and 2020 – 38.10 million hectares to pasture, 
and 6.06 million hectares to agriculture (Silveira et al., 2022).

Deforested areas in the Amazon are predominantly used 
for extensive cattle ranching, where pastures serve as the main 

feed source (Lange et al., 2019). Despite increasing livestock 
stocking rates, most pastures remain extensive and poorly man-
aged (Garret et al., 2017). Inadequate pasture management leads 
to soil degradation, reduced productivity, and continued defor-
estation, perpetuating a cycle of environmental degradation (Sil-
veira et al., 2022). The replacement of natural vegetation with 
pastures disrupts soil balance and reduces the structural stabil-
ity of soil organic matter (SOM) in these converted areas (Araújo 
et al., 2011), which can be exacerbated by the absence of proper 
management practices.

Soil degradation following forest-to-pasture conversion is 
often reflected in changes in soil biochemical properties, such 
as enzymatic activity, which is a sensitive indicator of soil qual-
ity and ecosystem health (Mendes et al., 2019). Enzymatic ac-
tivity represents the cumulative actions of enzymes produced 
by plants, macrofauna, and microorganisms, and is highly 

*

Soil enzymatic activity in Acrisols as affected by forest-pasture 
conversion in northern Amazonia

Ingridy do Nascimento Tavares1*, Sandra Cátia Pereira Uchôa2, José Maria Arcanjo Alves2, 

Carlos Henrique Lima de Matos3, Fernando Gil Sotres†4, Elmarie Kotze5

1  State University of Northern Fluminense Darcy Ribeiro, Av. Alberto Lamego, 2000, CEP: 28013-602, Parque Califórnia, Campos dos Goytacazes, 
Rio de Janeiro, Brazil

2 University of Roraima, Av. Ene Garcez, 2413, CEP: 69300-000, Campus Paricarana, Boa Vista, Roraima, Brazil
3 Federal Institute of Roraima, BR-174, Km 257, CEP: 69365-000, Vila Novo Paraíso, Caracaraí, Roraima, Brazil
4  University of Santiago de Compostela, Reitoría da USC, Colexio de San Xerome, Praza do Obradoiro, s/n – 15782, Santiago de Compostela, Galicia, 
Spain

† Retired
5 University of the Free State, 205 Nelson Mandela Drive, Park West, Bloemfontein, 9301, Free State, South Africa

Corresponding author: MSc. Ingridy do Nascimento Tavares, ingridyntavares@gmail.com, ORCID iD: https://orcid.org/0000-0002-2262-9710

Received: 2025-01-25
Accepted: 2025-12-12
Published online: 2025-12-12
Associated editor: Ewa Błońska

Abstract

The objective of this study was to investigate changes in soil enzymatic activities within the car-
bon (C), nitrogen (N), phosphorus (P), and sulfur (S) cycles following the conversion of forest to 
pasture. Soil samples classifi ed as Acrisols were collected from seven pasture paddocks and one 
native forest area (as a reference). The experimental design employed a randomized block ar-
rangement with eight land-use systems: fi ve with Brachiaria brizantha (BB), two with Brachiaria 
humidicola (BH), and one with Native Forest (FN), evaluated at two soil depths: 0–10 cm and 
10–20 cm. Soil chemical and biological variables were analyzed in conjunction with hydrolase 
enzyme activities associated with the C, N, P, and S cycles. Statistical analysis data were processed 
using R Studio (v. 4.2.2). The FN system exhibited the highest β-glucosidase and acid phosphatase 
activities. The BBQR system (BB on burned and mountainous areas) exhibited elevated activities 
of arylsulfatase, cellulase, urease, and protease. The BHQC system (BH on burned and limed areas) 
also showed high cellulase and invertase activities. Overall, conversion to pasture signifi cantly 
altered enzymatic activities, although BBQR maintained enzymatic activities comparable to those 
of FN in certain nutrient cycles. These fi ndings underscore the importance of management strate-
gies that preserve soil biological function and quality in savanna-forest transition regions.
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 responsive to environmental fluctuations (Sobucki et al., 2021). 
Poor management and excessive use of inputs, whether syn-
thetic or organic, can impair enzyme efficiency and reduce soil 
quality (Sobucki et al., 2021).

In soils, enzymes are proteins that catalyze biochemi-
cal reactions, accelerating processes essential for life (Cooper, 
2000; Balota et al., 2013). Enzymes such as β-glucosidases, phos-
phatases, and urease, produced by soil microbiota, are essential 
for maintaining soil fertility, carbon sequestration, and overall 
soil quality (Daunoras et al., 2024). They facilitate the decompo-
sition of SOM and the cycling of essential nutrients, including C, 
N, P, and S. Soil enzymatic activity is influenced by various fac-
tors such as soil texture, SOM content, and moisture availability 
(Kotzé et al., 2017).

Given the essential role of enzymes in ecosystem function-
ing, sustainability, and food security, understanding how agri-
cultural activities affect these biological processes is crucial. In 
the Amazon, the conversion of forests to pastures has signifi-
cantly impacted soil enzymatic activity – a key indicator of soil 
quality – reflecting management-induced changes in ecosystem 
functioning. Therefore, his study aimed to investigate changes 
in soil enzymatic activities in Acrisols following forest-to-pas-
ture conversion within the savanna-forest transition region of 
the Northern Amazon.

2. Materials and Methods

The study was conducted at Fazenda Novo Paraíso, located 
in the municipality of Alto Alegre, Roraima, Brazil. The site is 
situated near Vila Săo Silvestre, approximately 94 km from the 
capital, Boa Vista, at 2°55′47″ N and 61°21′46″ W (Fig. 1). Accord-
ing to the Köppen-Geiger classification, the regional climate is 
Am (tropical monsoon) with a short dry season. The mean an-
nual rainfall is about 1 762 mm, and the mean temperature is 
28.2°C, with the rainy season occurring from April to September 
(Araújo et al., 2024).

The soil in the study area is classified as an Acrisol, ac-
cording to the Brazilian Soil Classification System (Santos et al., 
2025) and the World Reference Base for Soil Resources (IUSS 
WRB, 2022). Seven pasture paddocks and one native forest area 
were evaluated (Table 1). The land-use systems were designated 
based on vegetation, management practices, and fertilization 
history: FN (Native Forest); BBAR (B. brizantha in sandier soil); 
BBC (B. brizantha with liming); BB (B. brizantha); BBQR (B. bri-
zantha burned on a sloped area); BBQM (B. brizantha burned 
and mechanized); BHQC (B. humidicola burned and limed); BHV 
(B. humidicola near a floodplain).

Reports of burning events were due to accidental fires rath-
er than intentional management. Grazing management in the 

Fig. 1. Location of the study area
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paddocks involved a 30-day grazing period followed by 60 days 
of rest, with an average stocking rate of 1.5 animal units per ha. 
Mineral supplementation was applied uniformly across all pad-
docks, and animal manure contributed to the nutrient cycling 
process. Some pasture systems experienced productivity de-
cline, prompting liming and fertilization to promote recovery.

Soil sampling took place during the dry season (February 
and March 2012). A representative 1-ha area was delineated 
within each system, subdivided into four quadrants. Within 
each quadrant, 12 mini-trenches (20 cm deep) were excavated, 
yielding samples from two soil layers: 0–10 and 10–20 cm. The 
experimental design employed a randomized block arrange-
ment with four replications, utilizing a split-plot scheme. The 
main plots consisted of the eight land-use systems, and the sub-
plots corresponded to soil depths.

Sampling points were selected using the free walking meth-
od along a representative diagonal within each quadrant. Each 
point corresponded to a 1 dm3 simple sample, which was com-
bined by depth to form a composite sample. The samples were 
air-dried for up to 72 hours, and then quartered, crushed, and 
sieved (< 2 mm). A 500 g subsample was retained for soil enzy-
matic activity determinations, and another 500 g for soil chemi-
cal analyses. Soil chemical analyses included pH (H2O), available 
P, exchangeable K+, Ca2+, Mg2+, Al3+, H+Al, sum of bases (SB), ef-
fective cation exchange capacity (t), cation exchange capacity at 
pH 7.0 (T), base saturation (V), aluminum saturation (m), and 
SOM, according to the soil analysis methods manual (Teixeira 
et al., 2017).

For enzymatic activity determination, air-dried and sieved 
soils (< 2 mm mesh) were moistened to 60% of field capacity 
and incubated at 25°C in the dark for eight days, then stored at 
4°C (Tabatabai, 1994). Moisture content was determined gravi-
metrically by oven-drying a subsample at 105°C for 24 hours. 
Activities of hydrolase enzymes from the C (cellulase, invertase, 
β-D-glucosidase), N (casein-protease, BAA-protease, urease), 

P (phosphomonoesterase, phosphodiesterase), and S (arylsulfa-
tase) cycles were analyzed according to methods described by 
Trasar-Cepeda et al. (2000).

The data were subjected to analysis of variance (ANOVA) 
at a 5% probability level. When significant differences were de-
tected, means were compared using the Scott-Knott test (< 0.05). 
Data normality and homogeneity were verified prior to ANOVA. 
Hierarchical cluster analysis was used to group systems with 
similar characteristics, employing the complete linkage method 
and Mojena’s threshold (k = 1.25). All analyses were performed 
in RStudio (v. 4.2.2) for Mac (R Core Team, 2022).

3. Results

Table 2 presents the soil chemical properties across differ-
ent land-use systems and soil depths, providing key insights into 
how management practices influence soil fertility and enzymat-
ic activity. The soil in the study area is classified as an Acrisol. 
The analysis of chemical parameters reveals that management 
practices have a direct impact on soil chemical quality, with 
notable differences observed among land-use systems. In man-
aged systems such as BBC and BHQC, soil pH values were higher, 
ranging from 4.9 to 5.5 and 5.3 to 5.8, respectively, compared to 
the Native Forest (FN), where pH values remained between 4.6 
and 4.7. This suggests that liming and fertilization practices in 
these systems effectively mitigated soil acidity.

Aluminum saturation (m) exceeded 80% in both layers of 
the FN and BB systems, indicating high potential Al toxicity. In 
contrast, managed systems such as BHQC and BBC showed sub-
stantially lower aluminum saturation, reaching 0% in the 010 cm 
layer and 32.46% and 46.8% in the 10–20 cm layer, respectively. 
This reduction reflects the effectiveness of liming in neutralizing 
exchangeable and improving soil chemical conditions for plant 
growth. 

Table 1
Land-use history of the different management systems in Alto Alegre, Roraima, Brazil

System Vegetation Characteristics Time Since 
Conversion to Pasture

Fertility Management

Years

FN FN1 Indication of fi re⁴ – –

BBAR BB2 Very sandy soil 25 –

BBC BB2 – 25 Fertilization and liming

BB BB2 – 22 –

BBQR BB2 Burned⁴, undulating terrain 15 –

BBQM BB2 Burned⁴, mechanized 14 –

BHQC BH3 Burned⁴ 26 Fertilization and liming

BHV BH3 Near the fl oodplain area 16 –

Vegetation (1Native forest; 2B. brizantha; 3B. humidicola); (⁴Indication of fi re/burned: report of accidental fi re); Systems (FN – Native Forest; BBAR – 
B. brizantha in sandier soil; BBC – B. brizantha with liming; BB – B. brizantha; BBQR – B. brizantha burned in a sloped area; BBQM – B. brizantha burned 
and mechanized; BHQC – B. humidicola burned and limed; BHV – B. humidicola near the fl oodplain area).
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Phosphorus (P) availability also varied among the systems. 
The highest P concentrations were found in BHQC and BBC (5.0 
to 9.3 mg dm–3), while FN recorded only 2.2 mg dm–3, a value 
considered low for tropical soils. Similarly, higher calcium (Ca2+) 
and magnesium (Mg2+), concentrations were observed in man-
aged systems – Ca2+ ranging from 0.63 to 0.96 cmolc kg–1 and Mg2+ 
around 0.24 cmolc kg–1 – reflecting liming and nutrient inputs.

Base saturation (V%) further distinguishes managed and 
unmanaged systems. In BHQC, V% reached 33.9%, whereas in 
FN it remained below 10%, reinforcing the improvement in soil 
fertility under corrective management.

Soil organic matter (SOM) also showed significant variation 
among land-use systems. FN and BBQR soils showed SOM levels 
above 2.5%, classified as medium (1.5–3%), followed closely by 
BB (around 2.5%). In contrast, BBAR displayed the lowest SOM 
levels (1.17%). The higher SOM levels in FN and BBQR may be 
associated with greater litter input and topographic effects fa-
voring SOM accumulation, whereas the moderate SOM in BB re-
flects limited but continuous organic replenishment under less 
intensive management.

3.1. Soil enzymes involved in the carbon cycle

The activity of enzymes involved in the carbon cycle exhib-
ited significant variation across different land-use systems and 
soil depths (Table 3). In general, enzymatic activities decreased 
with depth, reflecting reduced substrate availability and micro-
bial activity in subsurface layers. Specifically, cellulase activity 

was highest in the BB and BHQC systems within the 0–10 cm 
layer, reaching up to 0.082 μmol glucose g–1 h–1. Interestingly, 
in BHQC, cellulase activity remained stable between soil layers, 
suggesting favorable conditions for cellulose degradation even 
at depth. In contrast, FN showed the lowest cellulase activity in 
the surface layer (0.019 μmol glucose g–1 h–1). while in the 10–20 
cm layer, FN, BBAR, BBC, and BBQR systems showed similar low 
values (< 0.015 μmol glucose g–1 h–1).

Invertase activity was significantly higher in the FN system 
at the surface layer (0.415 μmol glucose g–1 h–1), followed by the 
BHQC, BBQM, and BBAR systems, which showed no statistical 
differences among themselves. These systems also maintained 
relatively higher invertase activity in the 10–20 cm layer. In con-
trast, the BBC, BB, and BHV systems exhibited lower invertase 
activity, with values below 0.269 μmol glucose g–1 h–1 across both 
depths.

The β-glucosidase activity followed a similar pattern, being 
highest in the FN system in both soil layers (0.164 and 0.105 μmol 
p-nitrophenol g–1 h–1 in 0–10 cm and 10–20 cm, resepctively). The 
BBC and BBQR systems also exhibited relatively high β-glucosi-
dase activity in the 0–10 cm layer, comparable to FN. Conversely, 
BHQC and BHV showed the lowest activities (0.058 and 0.060 
μmol p-nitrophenol g–1 h–1, respectively), indicating reduced mi-
crobial capacity to degrade in these managed systems.

Cluster analysis (Fig. 2) further shows the functional group-
ing of land-use systems based on the activities of the three 
C cycle enzymes (cellulase, invertase, and β-glucosidase). In 
the 0–10 cm layer (Fig. 2A), two main clusters were identified: 

Table 2
Soil chemical properties in different land-use systems and soil layers

1Systems Soil depths
(cm)

pH P K+ Ca2+ Mg2+ Al3+ H+Al SB t T V m SOM

H2O mg dm–3 cmolc kg–  % 

FN 0–10 4.68 2.2 11 0.01 0.05 1.07 6.1 0.09 1.16 6.19 1.5 92.2 2.61
10–20 4.63 1.7 7 0 0 1.07 5 0.02 1.09 5.02 0.4 98.2 2.09

BBAR 0–10 5.38 5.7 11 0.46 0.16 0.20 3.1 0.65 0.85 3.75 17.3 23.5 1.17
10–20 5.19 3.3 5 0.16 0 0.29 3.1 0.17 0.46 3.27 5.2 63 0.91

BBC 0–10 5.56 9.3 11 0.63 0.24 – 2.7 0.9 0.9 3.6 25 0 1.43
10–20 4.97 5 9 0.31 0 0.29 3.2 0.33 0.62 3.53 9.3 46.8 1.04

BB 0–10 4.97 2 20 0.05 0.06 0.68 5.8 0.16 0.84 5.96 2.7 81 2.48
10–20 5.06 1.5 9 0 0 1.17 5.2 0.02 1.19 5.22 0.4 98.3 1.83

BBQR 0–10 4.96 2.6 24 0.33 0.11 0.59 5 0.5 1.09 5.5 9.1 54.1 2.61
10–20 4.92 1.7 18 0.2 0 0.68 4.2 0.25 0.93 4.45 5.6 73.1 1.7

BBQM 0–10 5.18 3.9 11 0.28 0.16 0.39 3.7 0.47 0.86 4.17 11.3 45.3 1.3
10–20 4.69 2.9 26 0.09 0.02 0.49 4 0.18 0.67 4.18 4.3 73.1 1.04

BHQC 0–10 5.82 5.3 11 0.96 0.24 – 2.4 1.23 1.23 3.63 33.9 0 1.83
10–20 5.36 4 7 0.49 0.09 0.29 3.2 0.6 0.89 3.8 15.8 32.6 1.3

BHV 0–10 5.35 3.7 46 0.4 0.23 0.29 6.9 0.75 1.04 7.65 9.8 27.9 1.7
10–20 5.44 3.1 24 0.31 0.07 0.39 3.4 0.44 0.83 3.84 11.5 47 1.3

1Systems (FN – Native Forest; BBAR – B. brizantha in sandier soil; BBC – B. brizantha with liming; BB – B. brizantha; BBQR – B. brizantha burned in sloped 
area; BBQM – B. brizantha burned and mechanized; BHQC – B. humidicola burned and limed; BHV – B. humidicola near the fl oodplain area).
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 Cluster C1 comprised FN and BBQR, characterized by high inver-
tase (0.367 μmol glucose g–1 h–1) and β-glucosidase (0.157 μmol 
p-nitrophenol g–1 h–1), activities. Cluster C2 grouped BBAR, BBC, 
BB, BBQM, BHQC, and BHV, showing lower averaged enzymatic 
activities (0.269 and 0.095 μmol p-nitrophenol g–1 h–1 for inver-
tase and β-glucosidase, respectively).

In the 10–20 cm layer (Fig. 2B), two additional clusters  
(C3 and C4) were identified. Cluster C3 (BBC, BB, and BHV) 
showed moderate enzyme activities (0.129 μmol glucose g–1 h–1 
for invertase and 0.051 μmol p-nitrophenol g–1 h–1 for β-glucosi-
dase, respectively). In contrast, Cluster C4 (BBQR, BBAR, BBQM, 
FN, and BHQC) exhibited higher enzyme activities (0.270 μmol 

Table 3
Average values of hydrolytic enzyme activity involved in C cycling between the studied land-use systems and soil layers

Systems Cellulasea Invertasea β-Glucosidaseb

0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm

FN 0.019 dA 0.010 cA 0.415 aA 0.300 aB 0.164 aA 0.105 aB

BBAR 0.060 bA 0.015 cB 0.201 cA 0.251 aA 0.118 bA 0.054 cB

BBC 0.043 cA 0.005 cB 0.223 cA 0.112 bB 0.149 aA 0.081 bB

BB 0.069 aA 0.037 bB 0.269 cA 0.131 bB 0.091 cA 0.033 cB

BBQR 0.051 bA 0.005 cB 0.319 bA 0.200 bB 0.150 aA 0.063 cB

BBQM 0.061 bA 0.020 bB 0.306 bA 0.260 aA 0.094 cA 0.049 cB

BHQC 0.082 aA 0.071 aA 0.349 bA 0.333 aA 0.058 dA 0.049 cA

BHV 0.040 cA 0.025 bA 0.266 cA 0.143 bB 0.060 dA 0.039 cA

CV% 28.88 23.16 18.29

Fig. 2. Cluster analysis of land-use systems based on en-
zyme activity involved with C cycling in the 0–10 cm (A) 
and 10–20 cm (B) soil layers

a μmol glucose g–1h–1; b μmol p-nitrophenol g–1h–1; Systems 
(FN – Native Forest; BBAR – B. brizantha in sandier soil; 
BBC – B. brizantha with liming; BB – B. brizantha; BBQR – 
B. brizantha burned in sloped area; BBQM – B. brizantha 
burned and mechanized; BHQC – B. humidicola burned 
and limed; BHV – B. humidicola near the fl oodplain 
area). Lowercase letters indicate that values for the 
same depth across different land-use systems were not 
signifi cantly different; uppercase letters indicate that, 
within each land-use system, values between the two 
soil layers were not signifi cantly different (p ≤0.05).
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glucose g–1 h–1 for invertase and 0.061 μmol p-nitrophenol g–1 h–1 
for β-glucosidase, respectively), suggesting enhanced organic 
matter decomposition and nutrient availability in these sys-
tems.

The distinct behaviors of FN and BBQR systems in cluster 
C1 is associated with their acidic pH (ranging from 4.6 to 4.9) 
and high SOM content (2.61%), which supported microbial and 
enzymatic activities despite soil acidity. Conversely, systems in 
cluster C2 showed lower SOM levels and greater variability in 
chemical characteristics, explaining the reduced enzyme activ-
ity. In cluster C3, moderate activity levels can be attributed to the 
absence of aluminum saturation in BBC and moderate SOM con-
tent in BB (1.83%). However, the acidic pH and high Al satura-
tion in BB likely limited efficient organic matter decomposition.

3.2. Soil enzymes involved in the nitrogen cycle

The activity of soil enzymes involved in the nitrogen cycle 
(urease, BAA-protease, and casein-protease) varied significant-
ly among land-use systems and soil depths (Table 4). In general, 
urease activity was higher in the 0–10 cm layer compared to 
the 10–20 cm layer, consistent with greater organic substrate 
and microbial activity near the surface. The BB system showed 
the highest urease activity among all systems, reaching 8.328 
μmol NH3 g–1 h–1 in the surface layer and decreasing to 4.254 
μmol NH3 g

–1 h–1 in the 10–20 cm layer. Similarly, the BBQR sys-
tem showed elevated urease activity in the surface layer (5.828 
μmol NH3 g–1 h–1), with a marked decline in the deeper layer 
(2.611 μmol NH3 g

–1 h–1). Other systems, such as FN, BBAR, BBC, 
BHQC, and BHV, showed comparatively lower urease activities, 
ranging from 2.097 to 3.549 μmol NH3 g

–1 h–1 across depths
Unlike urease, proteolytic enzymes (BAA-protease and ca-

sein-protease) showed no significant variations between soil 

layers; thus, their activities were analyzed as depth averages 
(Table 4). BAA-protease activity was highest in FN (2.082 μmol 
tyrosine g–1 h–1) and BBQR systems (5.438 μmol tyrosine g–1 h–1), 
reflecting strong protein mineralization potential in these 
systems. The BHQC system exhibited the lowest average BAA-
protease activity (0.885 μmol tyrosine g–1 h–1), while BB, BBQM, 
and BHV showed intermediate values. Casein-protease activity 
followed a similar pattern, with BBQR and BHV displaying the 
highest mean activities (0.302 and 0.306 μmol tyrosine g–1 h–1, 
respectively), and BB, BBAR, and BBC showing the lowest mean 
activities.

The elevated urease activity in BB in both soil layers can 
be explained by the lack of intensive management in this sys-
tem, coupled with the high SOM content (2.48%) and moderate 
total cation exchange capacity (5.96 cmolc kg–1). In FN, although 
SOM and CEC values were even higher, the occurrence of fire 
events likely disrupted microbial dynamics, reducing enzymat-
ic activity.

Cluster analysis (Fig. 3) grouped the land-use systems ac-
cording to their N cycle enzyme activities (urease, BAA-protease, 
and casein-protease). In the 0–10 cm layer (Fig. 3A), two distinct 
clusters emerged: Cluster N1, included FN, BHV, BBAR, BBC, and 
BHQC, characterized by moderate to high urease activity and 
balanced protease activity. Cluster N2 comprised BB, BBQR, and 
BBQM, with very high urease activity – particularly in BB and 
BBQR – and high BAA-protease activity, indicating more active 
N mineralization processes.

In the 10–20 cm layer (Fig. 3B), cluster N3 exclusively con-
sisted of BBQR, which maintained high BAA-protease and urease 
activities, while group even at depth. The unique microtopogra-
phy of this system likely created microenvironments conducive 
to enzyme stability and function. Cluster N4 grouped the re-
maining systems such (BB, FN, BBQM, and others) and  exhibited 

Table 4
Average values of hydrolytic enzyme activity in the N cycle across the land-use systems and soil layers

Systems Ureasea BAA-proteasea Casein-proteaseb

0–10 cm 10–20 cm Mean /1 Mean /1

FN 3.549 dA 2.097 bB 2.082 cA 0.227 cA

BBAR 2.416 eA 1.154 bB 2.023 cA 0.155 dA

BBC 1.722 eA 1.656 bA 0.885 dA 0.168 dA

BB 8.328 aA 4.254 aB 1.658 dA 0.153 dA

BBQR 5.828 bA 2.611 bB 5.438 aA 0.302 aA

BBQM 4.724 cA 2.429 bB 2.926 bA 0.206 cA

BHQC 2.237 eA 2.148 bA 0.885 dA 0.248 bA

BHV 3.322 dA 1.736 bB 1.029 dA 0.306 aA

CV% 20.86 22.82 23.20

a μmol NH3 g
–1 h–1; b μmol tyrosine g–1 h–1; /1 Average enzyme activity between soil layers (0–10 and 10–20 cm), statistically equal. Systems: (FN – Native 

Forest; BBAR – B. brizantha in sandier soil; BBC – B. brizantha with liming; BB – B. brizantha; BBQR – B. brizantha burned in sloped area; BBQM 
– B. brizantha burned and mechanized; BHQC – B. humidicola burned and limed; BHV – B. humidicola near the fl oodplain area). Similar lowercase letters 
indicate that values for the same depth across different land-use systems were not signifi cantly different; similar uppercase letters indicate that, within 
each land-use system, values between the two soil layers were not signifi cantly different (p ≤0.05).
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 moderate and more stable enzymatic activity, reflecting a bal-
ance between soil management, chemical conditions, and mi-
crobial processes.

Overall, N cycle enzyme dynamics reflected both manage-
ment intensity and SOM status. Systems with minimal distur-
bance (e.g., BB and BBQR) or natural vegetation (FN) supported 
greater enzymatic potential for N mineralization, though fire 
and acidity may constrain activity in some cases. 

3.3.  Soil enzymes involved in the phosphorus 
and sulfur cycles

The activities of enzymes associated with the phosphorus 
(P) and sulfur (S) cycles varied among land-use systems, reflect-
ing diferences in soil fertility and management (Table 5). For 
phosphatases (phosphomonoesterase and phosphodiesterase), 
no significant differences were detected between soil depths, 
suggesting  a relatively uniform distribution of these enzymes 
within the soil profile.

The highest phosphomonoesterase activity occurred in 
the FN system (2.098 μmol p-nitrophenol g–1 h–1), while the 
lowest activities were observed in BBAR (0.477 μmol p-nitro-
phenol g–1 h–1) and BBC (0.406 μmol p-nitrophenol g–1 h–1). Sim-
ilarly, phosphodiesterase activity followed the same trend, 
with the FN system again showing the highest mean activity 

(0.179 μmol p-nitrophenol g–1 h–1), and the BHQC system the 
lowest (0.032 μmol p-nitrophenol g–1 h–1). These findings indi-
cate that natural forest conditions support greater potential for 
organic P mineralization than managed or disturbed systems.

In contrast, arylsulfatase activity, which is involved in the S 
cycle, varied significantly with soil depth. Enzyme activity was 
consistently higher in the surface layer (0–10 cm) compared 
with the subsurface layer (10–20 cm), consistent with greater 
microbial activity and SOM content near the surface. In the FN 
system, for instance, arylsulfatase activity reached 0.063 μmol 
p-nitrophenol g–1 h–1 at the surface and declined to 0.037 μmol 
p-nitrophenol g–1 h–1 at depth, indicating a strong surface stratifi-
cation pattern typical of undisturbed forest soils.

Cluster analysis (Fig. 4) grouped the land-use systems accord-
ing to their P (phosphomonoesterase and phosphodiesterase) 
and S (arylsulfatase) cycle enzymes activities at both depths. In 
the 0–10 cm (Fig. 4A), cluster PS1 ws composed solely of the FN 
system, characterized by the highest phosphomonoesterase ac-
tivity (2.098 μmol p-nitrophenol g–1 h–1) and phosphodiesterase 
(0.179 μmol p-nitrophenol g–1 h–1) activities. Cluster PS2, includ-
ed the remaining systems (BB, BBQR, BHV, BBAR, BBC, BBQM, 
and BHQC), displaying lower enzymatic activities overall, with 
phosphomonoesterase values ranging from 0.406 to 1.135 μmol 
p-nitrophenol g–1 h–1 and phosphodiesterase values from 0.032 to 
0.157 μmol p-nitrophenol g–1 h–1.

Fig. 3. Cluster analysis of land-use systems based on en-
zyme activities involved with the N cycle in the 0–10 cm (A) 
and 10–20 cm (B) soil layers
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Table 5
Average values of hydrolytic enzyme activity in the P and S cycles across the land-use systems and soil layers 

Systems Phosphomonoesterasea Phosphodiesterasea Arylsulfatasea

Mean /1 Mean /1 0–0.10 m 0.10–0.20 m

FN 2.098 aA 0.179 aA 0.063 bA 0.037 bB

BBAR 0.477 eA 0.068 dA 0.019 dA 0.011 cA

BBC 0.406 eA 0.061 dA 0.037 cA 0.032 bA

BB 1.135 bA 0.157 bA 0.021 dA 0.010 cA

BBQR 0.928 cA 0.057 dA 0.094 aA 0.057 aB

BBQM 0.712 dA 0.106 cA 0.030 cA 0.031 bA

BHQC 0.623 dA 0.032 eA 0.018 dA 0.019 cA

BHV 0.968 cA 0.066 dA 0.073 bA 0.027 bB

CV% 14.26 21.77 22.42

aμmol p-nitrophenol g–1 h–1; /1 Average enzyme activity between soil layers (0–10 and 10–20 cm), statistically equal. Systems (FN – Native Forest; BBAR 
– B. brizantha in sandier soil; BBC – B. brizantha with liming; BB – B. brizantha; BBQR – B. brizantha burned in sloped area; BBQM – B. brizantha burned 
and mechanized; BHQC – B. humidicola burned and limed; BHV – B. humidicola near the fl oodplain area). Lowercase letters indicate that values for the 
same depth across land-use systems were not signifi cantly different; uppercase letters indicate that, within each land-use system, values between the 
two soil layers were not signifi cantly different (p ≤0.05).

Fig. 4. Cluster analysis of land-use systems based on enzyme 
activity involved with P and S cycling in the 0–10 cm (A) and 
10–20 cm (B) soil layers
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A similar pattern was observed in the 10–20 cm layer 
(Fig. 4B), Where cluster PS3 (FN) remained distinct due to its 
high enzymatic activity, while cluster PS4 grouped the other sys-
tems with lower activities. 

The FN system’s, distinct behavior is closely associated 
with its acidic pH (average of 4.6), low P availability (2.2 to 1.7 
mg dm–3), and high SOM content (2.61 and 2.09%). These condi-
tions favor phosphatase synthesis as a biochemical response to 
P limitations, with SOM providing both substrate and habitat for 
microorganisms producing these enzymes. In contrast, managed 
systems in cluster PS2 displayed greater variability in chemical 
properties, partly due to liming and fertilization, which can sup-
press phosphatase activity by alleviating P limitation or altering 
microbial community composition.

Overall, the results indicate that phosphorus and sulfur re-
lated enzymatic activities are strongly influenced by land-use 
and management intensity. Undisturbed forest soils (FN) main-
tain the highest biological potential for P and S cycling, while 
managed systems exhibit lower and more variable activities, re-
flecting the combined effects of soil chemistry, disturbance, and 
nutrient inputs. 

4. Discussion

The results for soil chemical properties align with the gener-
al characteristics of Acrisols, as described by Feitosa et al. (2016) 
in a study on soil-landscape relationships in forest islands. These 
soils are typically oligotrophic, exhibiting low natural fertility. 
Indicators of soil acidity, such as pH (H2O), sum of bases (SB), 
and base saturation (V%), generally ranged from medium to 
low, while fertility parameters, including available P, exchange-
able K, and SOM, also presented low values. 

The relatively higher pH observed in managed systems 
such as BBC and BHQC suggests the application of soil acidity 
correctives, particularly lime. According to Sobral et al. (2015), 
liming reduces aluminum toxicity and creates more favorable 
conditions for root growth and nutrient uptake.

Conversely, the high aluminum saturation observed in FN 
and BB systems indicates levels that restrict root growth and nu-
trient uptake. Values above 50% are considered toxic for most 
crops, reflecting strong soil acidity and the need for manage-
ment interventions to improve soil fertility. 

The elevated P levels found in managed systems such as 
BHQC and BBC, as reported by Sobral et al. (2015), reflect the use 
of phosphate fertilization, which contrasts with the low P lev-
els recorded in the Native Forest (FN) system. Similarly, the in-
creased calcium (Ca2+) and magnesium (Mg2+) levels in managed 
systems such as BBC and BHQC result from liming practices that 
enhance base cation availability. Although these levels are still 
considered moderate, they are sufficient to meet the basic re-
quirements of pasture species and contribute to improved base 
saturation (V%) and the cation exchange capacity (CEC) (Sobral 
et al., 2015).

Base saturation values above 50% are generally desirable, 
as they indicate a higher proportion of exchange sites occu-
pied by essential nutrients such as Ca2+, Mg2+, and K+, thereby 

 supporting greater soil fertility and plant productivity. However, 
systems with low SOM content, such as BBAR, may exhibit lim-
ited capacity to retain these nutrients. Low SOM levels are often 
linked to management intensity and ground cover quality, as 
well-managed pastures tend to conserve higher levels of SOM 
through continuous litter input and root turnover (Sobral et al., 
2015; Santos et al., 2009).

Overall, these results emphasize that management prac-
tices such as liming and fertilization can partially mitigate the 
chemical limitations inherent to Acrisols, though maintaining 
adequate SOM remains critical for sustaining soil fertility and 
resilience in pasture systems.

4.1. Soil enzymes involved in the carbon cycle

The higher cellulase activity observed in the BHQC system 
can be attributed to its elevated pH (5.8), low levels of exchange-
able acidity, and adequate amounts of Ca2+ and Mg2+, highlighting 
the positive effect of liming on enzymatic activity. In contrast, 
systems with a pH below 5.5 may experience partial cellulase 
denaturation, which reduces enzyme stability and activity (Gow 
and Wood, 1988). Although FN has high SOM levels – ranging 
from 2.6% to 2.1% in the 0–10 and 10–20 cm layers, respectively 
– the recalcitrant composition of this SOM, rich in lignin and 
phenolic compounds, hinders degradation and consequently re-
duces cellulase activity (Tadini et al., 2018).

The history of burning in the BHQC system may also have 
contributed to higher enzymatic activity, as ash addition pro-
motes greater substrate availability (Wang et al., 2023). Vieira 
et al. (2021) reported that actinobacteria isolated from post-
burn soils exhibit increased cellulolytic activity, suggesting 
microbial adaptation to stress conditions. In the BBQR system, 
despite the occurrence of burning, the lower pH (4.9) and the 
presence of exchangeable H+ and Al3+ limited the positive ef-
fects of ash, resulting in lower cellulase activity compared to 
BHQC.

Invertase activity was highest in FN, likely due to its higher 
SOM content (2.61%) and a pH favorable to enzymatic action 
(Frankenberger and Johanson, 1983). Similar (Uchôa et al., 2024) 
reported up to an 83% decrease in invertase activity in pasture 
soils compared to native forests, associated with reduced sucrose 
availability and a decline in easily degradable SOM. Xiang et al. 
(2018) further showed that litter decomposition can increase in-
vertase activity by up to 33.2%, reinforcing the importance of 
SOM as a substrate source for this enzyme.

β-glucosidase, essential for cellulose decomposition, also 
exhibited higher activity in FN, supported by the abundant SOM 
and the presence of β-glycosides. Silva-Olaya et al. (2021) report-
ed that forest-to-pasture conversion can reduce β-glucosidase 
activity by approximately 20%, attributed to lower substrate 
availability. Native vegetation supports higher enzyme activity 
by providing protection against enzyme degradation (Balota et 
al., 2013).

The effect of fire in systems like FN and BBQR is complex. 
Although burning can increase soil pH and macronutrient lev-
els (Salomăo and Hirle 2019), it often suppresses β-glucosidase 
activity. Evangelista et al. (2012), as observed in the BBQM and 
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BHQC systems of cluster C2. However, the higher invertase and 
β-glucosidase activities recorded in cluster C4 appeared to be 
linked to animal manure deposition, which supplies additional 
C and essential nutrients that stimulate microbial activity (An-
tonious et al., 2020). This pattern aligns with the results from 
systems such as BBQR, BBAR, BBQM, and BHQC, where manure 
inputs likely enhanced substrate availability.

Conversely, in cluster C3, despite high SOM availability in 
BB, enzymatic activity was partially inhibited by aluminum sat-
uration. Although aluminum was absent, the acidic pH limited 
enzyme efficiency, indicating that both pH and aluminum toxic-
ity jointly constrain enzyme performance across systems.

4.2. Soil enzymes involved in the nitrogen cycle

The higher urease activity observed in the BB system 
aligns with studies, such as those by Barros et al. (2018), which 
have demonstrated that management practices involving soil 
cover with spontaneous vegetation or pastures can enhance 
enzymatic activity and overall soil quality. The elevated urease 
activity in the BB system can be attributed to the presence of 
natural vegetation cover and the absence of intensive manage-
ment, which preserves soil structure and promotes microbial 
biomass, especially in the surface layer, where urease activ-
ity is typically more pronounced. Similarly, Costa et al. (2024) 
reported that no-tillage systems exhibit higher urease activity 
due to the presence of surface straw and greater organic car-
bon inputs, reinforcing the role of vegetation cover in sustain-
ing this enzymatic process.

In contrast, Uchôa et al. (2024) reported lower urease activ-
ity in Brachiaria pastures compared to native forests, primarily 
due to reduced SOM and nutrient availability. This observation 
aligns with the reduced urease activity observed in several pas-
ture systems of this study, indicating that the quality of soil cover 
and management intensity significantly impact enzymatic per-
formance. According to Dias-Filho and Lopes (2010), appropriate 
pasture management practices – especially those that maintain 
SOM – are key to optimizing nutrient cycling and sustaining soil 
functionality.

Protease activity (BAA-protease and casein-protease) also 
varied among systems. Trasar-Cepeda et al. (2008) found that 
these enzymes tend to show higher activity in agricultural 
soils, where SOM and pH conditions create an environment 
favorable for enzyme expression. For instance, in the BHV sys-
tem, for instance, chemical characteristics such as a pH of 5.4 
and a Ca2+ content of 0.36 cmolc kg–1 create a balanced envi-
ronment conducive to casein-protease activity. These findings 
suggest that chemically balanced soils facilitate more efficient 
enzymatic activity, a phenomenon also observed in the BBQR 
system.

Greenfield et al. (2020) suggested that cultivation can inten-
sify nutrient decomposition and cycling, providing conditions 
favorable for proteases. Torres et al. (2020) also observed that 
urease is more active in the surface layers of soils under dense 
vegetation or fallow, due to organic matter accumulation – cor-
roborating the results obtained in systems with greater vegeta-
tion cover in this study.

The high urease activities in BB, BBQR, and BBQM systems 
appear to be associated with elevated SOM levels and moder-
ately acidic pH. Although such pH conditions are not optimal 
for urease, the high SOM likely compensates by providing sub-
strates that sustain enzyme activity. Cartes et al. (2009) demon-
strated that SOM content and temperature are primary drivers 
of urease activity, which may explain the observed efficiency in 
these systems.

Finally, Sieradzki et al. (2023) and Alvear et al. (2006) em-
phasized the importance of proteases for N availability. In the 
BBQR system (cluster N3), the high protease activity observed 
indicates a strong capacity for degrading organic N compounds. 
This effect is reinforced by the presence of roots and debris, 
which increase SOM availability and stimulate microbial bio-
mass growth – creating an environment highly conducive to 
protease activity.

4.3.  Soil enzymes involved in the phosphorus and sulfur 
cycles

The analysis of phosphatase activity (phosphomonoeste-
rase and phosphodiesterase) revealed significant differences 
among the evaluated land-use systems. In previous studies by 
Uchôa et al. (2024), higher activities of these enzymes were also 
reported in native forests compared to pastures, indicating a 
greater potential for organic P mineralization in forest soils, 
largely due to the higher SOM content (Conte et al., 2002). The 
contrasting enzymatic responses between forest and pasture 
systems suggest that management practices such as liming and 
fertilization alter SOM composition and availability, thereby 
influencing phosphatase dynamics. Barros et al. (2018) further 
noted that, while managed pastures can maintain considerable 
enzymatic activity, elevated inorganic P levels – such as those 
observed in the BBC system – may suppress phosphatase pro-
duction, since excess P reduces the need for enzymatic miner-
alization.

In the case of arylsulfatase, associated with the S cycle, ac-
tivity was generally higher in pasture systems such as BBQR and 
BHV, especially in the 0–10 cm soil layer. Mendes et al. (2021) 
observed that introducing Brachiaria into cropping systems sig-
nificantly enhanced arylsulfatase activity compared to monoc-
ultures, underscoring the role of Brachiaria in promoting a fa-
vorable microenvironment for soil microorganisms. Similarly, 
Chaves et al. (2024) reported increased arylsulfatase activity in 
intercropped systems such as soybean Brachiaria, linking this ef-
fect to higher SOM levels and improved conditions for microbial 
proliferation provided by Brachiaria. Its extensive root system 
and continuous exudate release help maintain soil temperature 
and moisture, supporting both microbial resilience and enzy-
matic function.

Despite the high SOM content in the FN system, its strong 
soil acidity (pH 4.6) may have restricted arylsulfatase activity. 
Chen et al. (2019) and Tabatabai and Bremner (1970) reported 
that arylsulfatase performs optimally near neutral pH (6.2). Fur-
thermore, Chaves et al. (2024) noted that high S concentrations 
could also inhibit this enzyme’s activity. Supporting this, Kunito 
et al. (2022) found that arylsulfatase tends to be more active in 
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forest soils with low sulfate availability, whereas in arable soils 
with higher sulfate levels, activity declines due to substrate in-
hibition effects.

Acid phosphatase activity was strongly influenced by both 
pH and SOM. Fernandes et al. (1998) identified a positive rela-
tionship between these factors and enzymatic performance, not-
ing that acidic soils, such as those in the FN system (with an aver-
age pH of 4.6), favor acid phosphatase catalysis. The high SOM 
content in such soils also provides abundant organic P, stimulat-
ing enzyme production to support P mineralization. Conversely, 
management practices that modify pH and reduce SOM – such 
as intensive liming and fertilization – may compromise phos-
phatase activity, especially in soils with high inorganic P levels, 
where plants decrease enzyme synthesis due to nutrient suffi-
ciency (Barros et al., 2018).

The structural stability and high SOM content of native 
forest soils sustain a more diverse bacterial community, which 
plays an essential role in nutrient cycling (Melo et al., 2021). In 
contrast, Barros et al. (2018) observed that intensive and long-
term management interventions – such as recurrent burning 
and mechanization – alter soil properties like pH and CEC, there-
by reducing enzyme activity, including that of acid phosphatase. 
These alterations ultimately decrease microbial biomass and di-
versity, limiting the enzymatic processes essential for maintain-
ing nutrient availability and soil fertility.

5. Conclusions

Pasture systems, especially BHQC, presented elevated cel-
lulase and invertase activities, indicating enhanced decomposi-
tion of SOM and more active nutrient cycling. In contrast, β-glu-
cosidase activity was highest in the native forest (FN), suggesting 
that maintaining natural soil conditions supports greater enzy-
matic functionality and C turnover.

Multivariate analyses showed that the FN and BBQR sys-
tems formed distinct clusters due to their similarly high inver-
tase and β-glucosidase activities. This finding suggests that, de-
spite land-use differs, specific management practices – such as 
maintaining organic residue cover or balanced soil conditions 
– can sustain enzymatic activity levels comparable to those in 
undisturbed forest soils.

Among the N cycle enzymes, urease exhibited he highest ac-
tivity in the BB system, reflecting the positive influence of natu-
ral vegetation cover and the absence of management on SOM 
preservation and N cycling. BAA-protease and casein-protease 
showed increased activities in systems affected by burning, indi-
cating that such interventions significantly modify N dynamics. 
The clustering of BB and BBQR systems, both characterized by 
elevated urease and protease activities, suggests that long-term 
management practices and soil chemical properties jointly en-
hance N availability and enzymatic responses.

Phosphatase activity was greatest in the native forest, asso-
ciated with high SOM content and low available P, demonstrat-
ing the forest soil’s inherent ability to mineralize organic P. Con-
versely, arylsulfatase activity was more pronounced in pasture 
systems such as BBQR, suggesting that Brachiaria management 

fosters favorable conditions for S cycling through root exuda-
tion and microbial stimulation.

Overall, the native forest system (FN) formed a distinct 
group due to its consistently high enzymatic activity, particu-
larly for phosphatase, reinforcing the ecological importance of 
conserving natural vegetation. These results highlight that while 
certain management practices can partially restore enzymatic 
functionality, the preservation of native forest remains crucial 
for maintaining the full spectrum of soil biochemical processes 
essential to ecosystem sustainability.
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