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ABSTRACT: Studies show that soil organic carbon (SOC) decreases between 3 % and 9 % in 
degraded grasslands in tropical regions, mainly due to the absence of techniques to enhance 
carbon contribution to soils. This study assessed SOC stock change factors for grassland 
management, specific to the semi-arid region of Brazil. These factors may contribute to a better 
understanding of SOC dynamics and could be used to improve inventories on GHG emissions. In 
addition, they could be used for updating default factors used by the Intergovernmental Panel on 
Climate Change. This study considers both soil sampling and a literature review, and comprises 
27 paired comparisons, where the dataset was analyzed using a mixed linear model. For the 
grassland in the Brazilian semi-arid region, the SOC stock is reduced by between 12 % and 27 % 
due to inadequate management, overgrazing, and edaphoclimatic conditions of the Brazilian 
semiarid. However, this depends on aspects, such as land use and soil layer, which represents 
substantially more severe losses than in other regions of the country. We also found that losses 
occur during the first five years after conversion of native vegetation. The results also indicated 
a trend for SOC stocks to recover over time, reaching 4 % after 30 years of use as grassland, 
probably related to the long period without soil tillage and the role of gramineas root system. 
Keywords: Caatinga, soil organic matter, management factors, degraded grasslands
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Introduction

The Brazilian cattle herd comprises roughly 
172 million of animals and occupies an area of 
approximately 150 million hectares of grassland (IBGE, 
2017). It is estimated that, overall, about 20 % of these 
grasslands show some degree of degradation (Santana et 
al., 2019), and the main causes are related to inadequate 
management, especially the burning of native vegetation, 
low biomass production, and overgrazing, which exceeds 
the soil recovery capacity (FAO, 2017). In Brazil, absence 
of regular fertilization, incidence of pests and diseases, 
and progressive increase of invasive plants are other 
causes of grassland degradation (Sousa et al., 2012).

In the Brazilian semi-arid region, roughly 23.1 
million hectares are used as grasslands (Santana et 
al., 2019), accounting for 26 % of the region and 
15 % of grasslands in Brazil (Ribeiro et al., 2016). In 
addition to management issues, high temperatures and 
evapotranspiration, low and irregular rainfall in the 
region limit plant biomass production, which, among 
other factors, hinders stocks of soil organic carbon (SOC) 
in the semi-arid region (Oliveira et al., 2015). 

Regarding changes in SOC stocks in grasslands, Ogle 
et al. (2004) estimated 3 % losses in degraded grasslands 
and 17 % increase in SOC stocks for improved grasslands 
in tropical regions using the meta-analysis with a global 
dataset. Similarly, Maia et al. (2009) found 9 % reduction 
in degraded grasslands and 19 % increase in improved 
grasslands in the Amazon and Cerrado regions of Brazil. 
These authors cite overgrazing and inadequate pasture 
management as the main factors for SOC losses.

The Intergovernmental Panel on Climate Change 
(IPCC) proposes the use of relative stock change 
factors for grassland management to assess soil CO2 

emissions, due to changes in land use, based on national 
emission inventories and national removal inventories 
of greenhouse gases (GHG) (Eggleston et al., 2006). 
However, Brazil still has no specific SOC management 
factors for the semi-arid region. Therefore, this study 
assessed SOC stock change factors for grassland 
management (native and planted) specific to the 
semi-arid region of Brazil, which can privde a better 
understanding of SOC dynamics and could be used to 
improve national inventories on GHG emission and 
update default factors used by the IPCC.

Materials and Methods

Study site
The Brazilian semi-arid region covers 

approximately 1 million km2 (Althoff et al., 2018), in 
the northeastern region of Brazil and northern Minas 
Gerais (Figure 1), corresponding to 12 % of the Brazilian 
territory (Lapola et al., 2014). The climate in the region 
is classified as hot and dry semi-arid. The average annual 
temperature ranges from 23 °C to 27 °C, with relative 
humidity of 50 % (Althoff et al., 2018). 

In this region, rainfall ranges from 250 to 1000 
mm, and approximately 54 % of the Brazilian semi-arid 
region has an average annual rainfall ranging from 500 
to 750 mm, while in 29 %, the range is from 750 to 1000 
mm, and only 17 % of the region has an annual rainfall 
between 250 and 500 mm (Sampaio and Costa, 2011). In 
addition, high evapotranspiration (2,000 mm yr–1) and 
high temporal and spatial variations in rainfall, generally 
restricted to 2-4 months of the year (Maia et al., 2007), 
result in a negative water balance druing 7-11 months of 
the year in the Brazilian semi-arid region (Sampaio and 
Costa, 2011). 
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The predominant soil types in the Brazilian semi-
arid region are Latosols (21 %), Litholic Neosols (19 
%), Argisols (15 %), Luvisols (13 %), Planosols (11 %), 
Quartzarenic Neosols (9 %), Regolithic Neosolos (4 %) 
and Cambisols (4 %), which altogether comprise 96 % 
of the region (Giongo et al., 2011). Soil classification 
was performed based on the Brazilian system (Embrapa, 
2006). 

Soil sampling
This study assessed SOC stock change factors 

for grassland management in the Brazilian semi-arid 
region, and it was based on the combination of new soil 
carbon data with data from seven studies available in 
the literature (Table 1). 

Soil samples were taken from areas of native 
vegetation known as “Caatinga” and native and planted 
(Digitaria decumbens) grassland in two municipalities 
in the semi-arid region of the states of Alagoas (09°55’ 
S, 37°03’ W, altitude of 133 m) and Paraíba (06°14’ S, 
37°41’ W, altitude of 219 m). Two farms were randomly 
selected in each municipality for soil collection in paired 
observations, comparing SOC stocks between areas of 
grassland and native vegetation. Two criteria were used 
in the farm-selection process: (i) the owner or manager 
needed to be aware of land use and management 
practices adopted on the farm since conversion of native 
vegetation, and (ii) grassland areas should be close to 
native vegetation, with similar relief and comparable 
soil type and texture. In the pasture areas sampled, 
management began with deforestation and burning 
of native vegetation, followed by conventional soil 

tillage using plows, and without the adoption of good 
management practices, such as irrigation, liming, 
fertilizing or intercropping. 

Soil samples were collected at three points for 
each site, which were selected randomly, however, 
always located in the same relief position for better 
spatial distribution within each chosen area, that is, 
native vegetation and grassland areas. Soil samples were 
collected up to 90 cm deep or until some limiting layer 
was found in the soils (Table 1) and in layers 0-10, 10-20, 
20-30, 30-50, 50-70 and 70-90 cm. 

Calculation of SOC stock
The samples were air dried and sieved through 

a 2-mm mesh to remove stones and fragments of 
branches and roots prior to analysis. The total soil 
carbon was measured by dry combustion in a Flash 
2000 elemental analyser. Bulk density (BD) was 
measured by the volumetric ring method for each 
soil layer. SOC stock was calculated for each layer by 
multiplying C concentration (g kg–1) by BD (kg cm–3) and 
the layer thickness (cm). To calculate total SOC stock 
, the equivalent soil mass method (ESM) was adopted, 
following the procedure proposed by Sisti et al. (2004). 
Soil under native vegetation was used as a reference for 
the ESM method. Table 1 shows a summary of all the 
data used in this analysis.

Literature review
We carried out a literature review using the 

principal databases available (Scientific Electronic 
Library Online (SciELO), ScienceDirect, CAPES 

Figure 1 – Study sites to derive management factors for grasslands in the Brazilian semi-arid region.
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Newspaper Portal, Academic Google, Thesis and 
Dissertation Catalog) to assess the impact of managed 
grasslands on SOC stocks in the semi-arid region of 
Brazil (Figure 1). All the selected studies contained data 
on SOC stocks, or information that allowed calculation 
of this variable (bulk density, C content and depth of 
sampled layer), as wellas time since conversion of 
native vegetation to grassland. Literature data were also 
adjusted by the ESM method (Sisti et al., 2004). 

We used seven studies of the literature (Table 1) in 
this research and added to the collected data, totaling 190 
soil trenches. In each of these studies, changes in land 
use in the Brazilian semi-arid region occurred through 
deforestation and the burning of native vegetation, with 
soil conventional preparation using ploughs.

Description of SOC stock change factors for 
grassland management and statistical analysis

To assess SOC stock change factors for management 
of grasslands, the dataset (collected data and literature 
review) was analyzed using a mixed effect linear model, a 
regression analysis that includes fixed and random effects 
to describe the relationship between a response variable 
and the effects (fixed and random) (Pinheiro and Bates, 
2000). The response variable for systems of managed 
grassland (Gs) corresponds to the average amount of SOC 
stored under management conditions modified by the 
average amount of SOC stored under native vegetation 
(NV) (i.e. SOC stock under Gs/SOC stock under NV).

We used fixed-effect variables to explain the 
influence of soil type, mineralogy, sample depth and 
time of land-use change. To include soil mineralogy, we 
used the classification proposed by the Eggleston et al. 
(2006) i) soils with high-activity clay (HAC), ii) soils with 
low-activity clay (LAC), and iii) soils with a content of 
less than 70 % of sand and more than 8 % of clay (sandy 
soils).

Random-effect variables were used to explain 
dependencies in multiple measurements within the 
same study (i.e. standard linear regression models 
assume that each observation is independent). 
Specifically, “municipalities” and “farms” were included 
as random variables. The variable “site” is common 
to all observations at the same farm (for different 
depth increments and sampling times); however, it is 
independent between different farms and, therefore, 
captures correlations between measurements from the 
same farm. Similarly, the variable “municipalities” is 
common to all observations from the same municipality, 
capturing correlations between observations from the 
same municipality (Pinheiro and Bates, 2000; Ogle et al., 
2004; Maia et al., 2009, 2013).

The inclusion of different depths into the dataset 
followed the procedure proposed by Ogle et al. (2004). 
Two regressors (X

1 and X2) were formed from the upper 
and lower values of a soil-layer increment based on a 
quadratic function (assuming that the impact is larger 
on surface and decreases at depth in the profile). The 

average SOC stock ratio for a single increment was 
an integral from the upper to the lower depth of the 
quadratic function divided by increment thickness. The 
quadratic function was integrated using Equations (1) 
and (2): 

X
L U

L U1

2 2

2
= −

× −( )
 (1)

X
L U

L U2

3 3

3
= −

× −( )
  (2)

where: L (cm) represents the lower depth and U (cm) 
the upper depth. This approach allows to address 
measurements at various depths and develop models 
from the data without losing information on increment 
aggregation or interpolation for a standard set of depths.

The analyses allowed to derive management 
factors for the semi-arid region of Brazil consistent with 
the IPCC method for soil C (Eggleston et al., 2006), 
which is based on the integrated effect of management 
for 0-30 cm layer 20 years after a change in land-use or 
management system (Eggleston et al., 2006). However, 
factors were also derived for 0-50 and 0-100 cm layers, 
and for 5, 10, 15 and 30 years after a change in land use 
to grassland. Uncertainty was estimated by predicting 
the standard deviation of the value for each management 
factor.

Results

This study included the data collected, and seven 
other studies from the literature with data on SOC stock 
in native and planted grasslands (Table 1) for different 
layers (to a depth of 100 cm), distributed over four 
states and 12 municipalities in the semi-arid region of 
northeastern Brazil (Figure 1), amounting to 27 paired 
comparisons. 

In total, 15 management factors (Figure 2) were 
derived for the conversion of native vegetation to 
grassland, covering different periods (5 to 30 years) and 
soil depths (0-30, 0-50 and 0-100 cm). In 0-30 cm layer 
and for 20 years of use (default recommended by the 
IPCC), the management factor was 0.75 ± 0.11, which 
means a reduction of 25 % in SOC stock. For the other 
periods (5, 10, 15 and 30 years), the derived factors were 
0.73 ± 0.17, 0.74 ± 0.14, 0.74 ± 0.12 and 0.77 ± 0.13, 
representing reductions in SOC stocks of 27 %, 26 %, 
26 % and 23 % respectively, when compared to SOC 
stocks of native vegetation. For 0-50 cm layer, factors of 
0.81 ± 0.19, 0.82 ± 0.16, 0.83 ± 0.14, 0.83 ± 0.13 and 
0.85 ± 0.15 were derived, which means losses of 19 %, 
18 %, 17 %, 17 % and 15 %; whereas for 0-100 cm layer, 
the derived factors were 0.84 ± 0.20, 0.85 ± 0.18, 0.86 
± 0.16, 0.86 ± 0.16 and 0.88 ± 0.17 (Figure 2), that is, 
conversion to grassland in the Brazilian semi-arid region 
reduced SOC stocks by 16 %, 15 %, 14 %, 14 % and 12 
%, when considering the soil layer down to 100 cm for 
periods of 5, 10, 15, 20 and 30 years respectively. 
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Figure 3 shows the results for response variables, 
which represent the average rate of SOC stock for the 
soil under grassland systems/SOC stock under native 
vegetation for each paired comparison. The dataset was 
grouped considering the periods of land use (≤ 20 and > 
20 years) and soil layers (≤ 0-30 and > 30 cm). A response 
variable with a value equal to, less than or greater than 
1, indicates no change, or losses or gains in SOC stocks in 
the grassland system in relation to the native vegetation, 
respectively. The results showed greater SOC losses (33 
%) in the areas with ≤ 20 years of land use, and response 
variables < 1 were found in 90 % of the dataset. In the 
areas with more than 20 years under grassland, all the 
data presented values < 1; however, the average loss 
of SOC was 15 %, that is, substantially lower than that 
found in studies on grassland of less than 20 years usage. 
Soil depth showed the greatest C losses (39 %) in the soil 
surface layers and response variables < 1 were found 
in 94 % of the dataset ≤ 30 cm of soil. However, at the 
deeper layers, SOC losses were also high, since for layers 
> 30 cm, the average SOC loss was 11 %, and response 
variables with values of lower than 1 were found in 
90 % of the data (Figure 3).

Discussion 

The results show that converting native vegetation 
(Caatinga) to native and planted grassland in the semi-
arid region of Brazil results in substantial SOC loss, 
which occurs during the first five years after land use 
change, since management factors showed a loss of 27 % 
in SOC stock over the first five years, and then showed 
a recovery of SOC stock that reached 4 % after 30 years 
of land use as grassland (Figure 2). Furthermore, average 
SOC loss (33 %) was significant in the dataset ≤ 20 years, 
when compared to data from periods greater than 20 
years (15 %). These results corroborate the recovery of 

SOC stocks over time, however, as observe in Figure 3, 
two observations from the dataset with up to 20 years of 
management showed response variables greater than 1, 
indicating that even during the first years of management 
in moderately degraded grasslands, gains in SOC may 
occur in some situations. 

This behavior is probably related to the 
way grassland is implemented and its subsequent 
management, in which deforestation and burning of the 
native vegetation is predominant, basically eliminating 
the litter entirely (Sampaio and Costa, 2011). The soil is 
then ploughed, consequently breaking soil aggregates, 
exposing SOM that was protected from the action of 
microorganisms. Even below-ground C stocks from 
native vegetation, which ranges from 3.43 to 8.50 Mg ha–1 
depending on the physiognomy of the Caatinga (Santana 
et al., 2019) and the establishment of grasslands, are 
insufficient to offset SOC losses during the early years 
of management. 

However, recovery of SOC stocks over time might 
be associated with lack of soil turning (Oliveira et al., 
2015; Conant et al., 2017), input of organic material, 
greater root-system development of grasses, constant 
rhizodeposition, and more uniform distribution of root 
exudates in the soil (Oliveira et al., 2016; Segnini et al., 
2019). The average C stock below ground in grasslands 
of the Brazilian semi-arid region is approximately 2 
Mg ha–1 (Sampaio and Costa, 2011). These factors are 
possibly responsible for the recovery of SOC stocks 
in grasslands of the Brazilian semi-arid region over 
time. Further studies are necessary, however, to assess 

Figure 2 – SOC stocks change factors (± 2 standard deviation in 
parentheses) for managed grasslands (Fg) and derived for 5, 10, 
15, 20 and 30 years after conversion of the native vegetation to 
grassland, in the 0-30, 0-50 and 0-100 cm layers of soil in the 
semi-arid region in Brazil. The dashed line represents the baseline 
condition, meaning no change in grassland stocks regarding 
native vegetation.

Figure 3 – Response variables between SOC stocks in grassland 
systems and native vegetation grouped by period of land use (≤ 
20 and > 20 years) and soil layer (≤ 0-30 and > 30 cm) in the 
semi-arid region of Brazil.
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grasslands over longer periods to confirm this trend for 
SOC stocks to recover in the semi-arid region of Brazil.

The grasslands evaluated in this study are 
classified as moderately degraded and are grasslands 
with low productivity, cultivated without irrigation, 
fertilizers, or intercropping with legumes (Eggleston 
et al., 2006). For this grassland type, Maia et al. (2009) 
found an average SOC loss of 9 % in the Amazon and 
Cerrado regions of Brazil, whereas Ogle et al. (2004), 
using a global dataset, pointed out losses of only 3 % in 
SOC stocks in dry tropical regions, all of these results 
referring to 0-30 cm layer after 20 years of grassland. 
The results of Ogle et al. (2004) are used in the IPCC 
Guidelines for national GHG estimates (Eggleston et 
al., 2006). Specific evaluation of the results obtained in 
0-30 cm layer after 20 years of grassland management in 
the Brazilian semi-arid region, 25 % loss in SOC stocks 
is considerably greater than that found by Ogle et al. 
(2004) and Maia et al. (2009). Possibly, all this difference 
should be related to the aspects that control SOM 
dynamics and organic material input, such as climate 
(temperature, precipitation), pasture management 
(grazing intensity and biomass input), and soil (depth, 
texture, mineralogy, humidity) (Ogle et al., 2004; Maia et 
al., 2009; Sousa et al., 2012; Conant et al., 2017; Santana 
et al., 2019). Therefore, the results show the importance 
of more specific information on changes in SOC stocks 
for grasslands in semi-arid regions, since the differences 
found are significant and the more general results tended 
to underestimate SOC losses in these regions. 

The greater SOC losses in grasslands of the Brazilian 
semi-arid region show that some aspects control this 
pattern, such as inadequate management practices and 
planting of grasslands in the region, which always takes 
place after deforestation and burning of native vegetation, 
followed by soil turning and management using low 
technological level, including failure to introduce more 
productive forage species to use irrigation and organic 
or inorganic fertilizers, and generally at stocking rates 
that exceed the support capacity of grasslands (Sousa et 
al., 2012; Schulz et al., 2016). According to Sousa et al. 
(2012), in northeastern Brazil, 74 % of grasslands have 
a stocking rate (animal units/hectare) of less than 0.4, 
which according to the authors, leads to the degradation 
of grasslands. According to Sampaio and Costa (2011), 
the prevailing management practice in grasslands of the 
Brazilian semi-arid region allows animals to consume 
as much plant biomass as possible due to a lack of 
forage and animal overcrowding, and leaving remaining 
biomass decompose during the dry season. In addition, 
plant biomass production in the semi-arid region is low 
(Althoff et al., 2018), due to poorly weathered soils, 
high temperatures, low and irregular rainfall, and high 
evapotranspiration (Giongo et al., 2011; Barros et al., 
2015; Oliveira et al., 2015). 

Xie and Wittig (2004) report that overgrazing leads 
to soil degradation and significant SOC loss, especially 
in regions with low precipitation and high evaporation, 

which impairs sustainability of grasslands in semi-arid 
regions (Fernandez et al., 2008; Abdalla et al., 2018). 
This is bescause overgrazing significantly reduces C 
uptake by grasses, including litter and roots (Wang et al., 
2017). Furthermore, pressure from trampling by animals 
compacts surface layers, increasing bulk density and 
reducing infiltration and soil aeration (Xie and Wittig, 
2004; Bernal et al., 2016). This limits development of the 
root system of the plants (Wu et al., 2014; Ribeiro et al., 
2016; Schulz et al., 2016), with consequent reduction in 
SOC stocks, since leachate and root death are important 
to regulate SOC cycle in grasslands (Zhang et al., 2018).

These results are worrysome, since for the semi-
arid region of Brazil, future scenarios indicate that by 
2100, temperature of the region may increase from 
0.6 °C to 5 °C, and precipitation may decline by 10 % 
to 20 % (Marengo et al., 2009; Ribeiro et al., 2016). This 
could result in the substantial and progressive loss of 
SOC stocks in this region. In addition, the Brazilian semi-
arid region has recently experienced six consecutive 
years (2012-2017) of below-average rainfall. 

Management factors also indicate that the impact 
of converting native vegetation to grassland in the 
Brazilian semi-arid region is not restricted to surface soil 
layers, since at 0-100 cm layer, SOC loss ranged between 
12 % and 16 %. Several physico-chemical processes 
provide high stability to SOC stored at deeper layers, 
which prevents its mineralization by microorganisms 
(Jobbágy and Jackson, 2000; Schmidt et al., 2011). 
However, the effects of environmental changes on SOC 
dynamics at depth have been little studied, since most 
research on SOC concentrates on the 0-50 cm layer of 
soil (Ogle et al., 2004; Numata et al., 2007; Corrêa et al., 
2009; Maia et al., 2009; Giongo et al., 2011; Sousa et al., 
2012; Oliveira et al., 2015; Maia et al., 2019). 

SOC losses at depth in the Brazilian semi-arid 
region are probably related to some management 
practices, such as (i) lower input of forage biomass 
(Sampaio and Costa, 2011), since the input of plant 
residue and vertical distribution of roots throughout the 
profile affects SOC stocks at depth (Jobbágy and Jackson, 
2000); (ii) increase in SOM mineralization rate (Carvalho 
et al., 2009), since the decomposition of organic residue 
determines C distribution at depth (Lim et al., 2018), and 
SOC is strongly associated to clay particles and minerals 
that act in stabilising and protecting SOM (Jobbágy and 
Jackson, 2000; Schmidt et al., 2011; Bertolin et al., 2016), 
(iii) a reduction in biomass input and compacting of 
layers through overgrazing (Ribeiro et al., 2016); and (iv) 
quality of organic residue, characterized by the lignin 
content, since organic residue from grassland has a 
lower lignin content in relation to native vegetation and 
is an important factor to control SOM decomposition 
rates, according to Jobbágy and Jackson (2000). These, 
therefore, are the main aspects that probably control 
SCO losses at deeper soil layers, when native vegetation 
is converted to grassland in the semi-arid region of 
Brazil.
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Conclusion

The results demonstrated that land use change 
from native vegetation to grassland (native and planted) 
in the semi-arid region of Brazil reduces SOC stocks 
from 12 % to 27 %, depending on length of use and 
soil layer, which generally represents more severe losses 
than in other regions of the country. We also found that 
losses occur during the first five years after conversion 
of the native vegetation. However, the results indicate a 
trend for SOC stocks to recover over time, reaching 4 % 
after 30 years under grassland. Studies are necessary in 
sites with longer periods of use as grassland to confirm 
these results. Furthermore, to avoid the SOC losses, it is 
recommended management techniques to increase the 
input of organic residue in grasslands of the semi-arid 
region of Brazil, during the first years after planting, for 
example, more productive forages, silvopastoral systems, 
irrigation, green fertilizer, and rotational grazing. 
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