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ABSTRACT: Soil respiration represents the largest flux of CO, emission from terrestrial
ecosystems, being affected by land-use changes and soil properties. There are few studies
investigating the response of soil respiration to land-use changes in the Caatinga biome.
This study aimed to measure soil respiration from Caatinga vegetation and degraded
pasture, to verify the effect of land-use changes on soil respiration. Measurements of soil
respiration were performed using the infrared gas analyzer method over nine months
(in rainy and dry seasons), in Caatinga and degraded pasture in the semi-arid region of
Pernambuco. The soil moisture, soil temperature, soil organic carbon (SOC), Normalized
Difference Vegetation Index (NDVI), and climatic variables were also measured. Soil
organic carbon and NDVI were higher in Caatinga than in degraded pasture, while the
inverse occurred with soil temperature. The soil respiration showed a clear seasonal
variation, with the highest values occurring in the wet season, being positively correlated
with soil moisture and negatively with soil temperature. Soil respiration was significantly
higher in the Caatinga (8.0 ton ha™ yr* of C) than in degraded pasture (3.7 ton ha™ yr* of
C). These higher values of soil respiration in Caatinga were due to lower soil temperature
and higher SOC, and can be seen as indicators of good environmental quality.

Keywords: Caatinga, degraded pasture, soil moisture, soil temperature, soil organic
carbon.
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INTRODUCTION

The CO, emission from the soil surface, commonly referred to as soil CO, efflux (ECO,) or
soil respiration (SR), is the sum of processes that include the production of CO, by roots,
micro-organisms, and soil fauna throughout the soil profile, and the subsequent diffusion
of CO, to the soil surface (Bond-Lamberty and Thomson, 2010; Ferreira et al., 2018). This
flux has great importance for the global carbon balance, returning from 80 to 98 Pg of C
to the atmosphere each year (Raich et al., 2002; Bond-Lamberty and Thomson, 2010),
which is more than 11 times that CO, emission from fossil fuel combustion (Peng et al.,
2009; Xu and Shang, 2016). Therefore, measuring the soil respiration is important to
establish sustainable land-use models and to estimate global fluxes of carbon, affecting
climatic change (Ferreira et al., 2018).

Small changes in the magnitude of SR could have a large influence on atmospheric
CO, concentration and accurate estimates of SR from different ecosystems can help to
quantify terrestrial carbon storage. Several studies have quantified the SR in various
ecosystems and climate zones (Davidson et al., 2006; Deng et al., 2012; Chen et al.,
2014; Huang et al., 2016; Liu et al., 2016; Figueiredo et al., 2017; Duan et al., 2019).
However, although the arid and semi-arid ecosystems cover a substantial fraction of the
earth surface (Wang et al., 2014) and significantly contribute to the carbon cycle (Tucker
and Reed, 2016), SR in these ecosystems has been less intensively investigated than in
others (Rey et al., 2011; Lai et al., 2012; Oyonarte et al., 2012; Zhang et al., 2015). Arid
and semiarid ecosystems may dominate the trajectory of biosphere-to-atmosphere carbon
(C) exchange, and understanding SR in these ecosystems is important for C cycling at
the global scale and to ensure the accurate representation in large-scale carbon models
(Wang et al., 2014; Tucker and Reed, 2016).

Land-use changes (LUC) are a large anthropogenic source of greenhouse gas emissions,
and for the period 1990-2005, the net LUC CO, emissions were 1.5+0.7 Pg yr' of C,
which corresponds to 8-12 % of the total fluxes of CO, to the atmosphere (Le Quéré et al.,
2009), mainly due to deforestation in the tropical and subtropical regions (Don et al.,
2011). Understanding the effects of different LUC on the variation of SR can provide
important information for ecosystem management practices (Liu et al., 2016). Several
studies found that SR was influenced by LUC (Liu et al., 2016; Wang et al., 2017), due
to changes occurred in the soil properties that control SR such as moisture content,
temperature, organic carbon and nitrogen content, etc. Soil respiration also is influenced
by other factors like substrate amount and quality and the pH-value of the soil (Reth et al.,
2005), whereas soil temperature and soil moisture are most important (Lloyd and Taylor,
1994; Raich et al., 2002; Gaumont-Guay et al., 2006; Lellei-Kovacs et al., 2011), as they
influence directly soil biological activity and decomposition of organic matter.

In the semi-arid region of Brazil, severe drought events thoroughly affect plant growth and
have a substantial social and economic impact on the population (Ribeiro et al., 2016). In
the Caatinga region of the semi-arid Brazil, rain is scarce and usually restricted to three
to four months rainy season, causing a negative water balance and high aridity index
(Giulietti et al., 2004; Souza et al., 2016). In this region, the most common LUC consists
in converting the seasonally dry forests, called Caatinga, to croplands and grasslands
(Ribeiro et al., 2016) and often leads to degradation of the soil (Leite et al., 2018), with
reduction of the soil organic carbon, carbon stocks, microbial biomass (Santos et al.,
2019) and enzymatic activities (Silva et al., 2019), increases of the air temperature and
decreases of the evapotranspiration (Silva et al., 2017).

The knowledge of the effects of the LUC on the SR and the drivers that control this flux in
the semi-arid ecosystems of Brazil are limited. To date, only one research (Ribeiro et al.,
2016) quantified the effect of LUC in SR in semi-arid of Brazil. These authors did not find
significant differences in annual soil CO, emission between Caatinga and grassland and
found that soil CO, emissions presented a negative correlation with soil temperature and
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a positive one with soil moisture. However, the study of these authors was performed
in the municipality of Sao Jodo, in the Agreste region of Pernambuco State, in sandy
soils, with low water retention, and with more rainfall than in the semiarid region of
Pernambuco. The Agreste is a transition region that presents a diverse climate, varying
from dry to humid tropical, with vegetation of Atlantic forest and Caatinga (Ribeiro et al.,
2016; Ferreira et al., 2018). In the semiarid region, the climate is hotter and dryer than in
the Agreste region, therefore land-use changes will promote an ecological disequilibrium
in the ecosystem.

Understanding the effects caused by land-use changes on soil properties, as organic
carbon, soil moisture, and soil temperature is essential for predicting changes in soil
respiration. Thus, we hypothesized that the Caatinga has higher SR than degraded
pasture, because forest soils generally have the best quality due to the development of
climax vegetation, with higher soil organic carbon contents.

We conducted an experiment in the Caatinga vegetation and in a degraded pasture in
the northeastern region of Brazil to improve the current understanding of SR in these two
ecosystems. The main objective of this study was to quantify and compare the seasonal
variations of SR over the Caatinga and degraded pasture. Another contribution is related
to the LUC (conversion of Caatinga to grassland areas) and its effect on the SR. We also
aimed to verify whether soil moisture or soil temperature controls mostly the seasonal
variations of SR, and which biome will be most affected. Our results can contribute to
a better understanding of the implication of replacing Caatinga with degraded pasture
on ecosystem carbon balance.

MATERIALS AND METHODS

Location, soil, and climate

The study was conducted in a dry tropical forest known as Caatinga, in an area within the
municipality of Serra Talhada (07° 56’ 50” S and 38° 23’ 29" W), state of Pernambuco,
Brazil (Figure 1). According to Képpen's classification system, the climate is BShw’ semi-
arid, hot and dry, with precipitation occurring between December and May, with the
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Figure 1. Location of experimental fields of Caatinga and degraded pasture in the semi-arid
region of Brazil.
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highest values occurring in March and an annual average of 642 mm (Souza et al., 2016).
The experiment was carried out between September 2016 and May 2017.

The predominant soils for both areas are Luvissolo Crémico (Santos et al., 2018),
which corresponds to Luvisol, according to World Reference Base (IUSS Working Group
WRB, 2015). The soil properties of the studied sites were determined according to
Donagemma et al. (2011), and are shown in table 1. The soil texture, particle density,
porosity, and soil organic matter content were measured in a laboratory, while soil bulk
density, saturated hydraulic conductivity, and infiltration capacity were measured in the
field. The soil texture of the studied sites is sandy loam (Souza et al., 2016) and according
to Leite et al. (2018), the two areas have different infiltration capacities and potential
runoff and erosion susceptibility. These differences are mainly due to the management
applied in the degraded pasture area.

The pasture area (7° 56’ 50.4"" S, 38° 23’ 29" W) was introduced in 1995 (Souza et al.,
2015) with two C4 types of grasses (via photosynthetic Hatch-Slack), buffel and urochloa
grasses (Cenchus cilicares L. and Urochloa mosambicensis Hack. Dandy), maintained
until nowadays. However, due to the recent drought events (five consecutive years), the
pasture was degraded, presenting exposed soil and invasive pasture type vegetation
(Senna obtusifolia L.).

The Caatinga area (7° 58’ 5.2” S, 38° 23’ 2.62” W) has a rich diversity of tree
species such as Parapiptadenia rigida, Cammiphora leptophloeos, Cordia oncocalyx,
Poincianella bracteosa, Mimosa tenuiflora Benth, among others (Leite et al., 2018).
These trees cover between 80 and 90 % of the ground surface and contribute with
approximately 1 kg m” to plant litter annually (Santos et al., 2019). These sites are
part of the National Observatory of Water and Carbon Dynamics in the Caatinga
Biome (NOWCDCB) network.

Soil respiration, temperature, and moisture measurements

The SR was measured with a portable infrared gas analyzer (LI-6400, LI-COR, Lincoln,
NE, USA) equipped with a soil respiration chamber (model LI- 6400-09, LI-COR, Lincoln,
NE, USA) with an internal volume of 991 ¢cm? and sampled area of 71.6 cm”. The CO,
concentration was read every five seconds during a 90 to 120 s time interval, and three
cycles of readings were taken in each ring. The field measurements were taken between
09:00 a.m. to 02:00 p.m.

Table 1. Soil surface properties of Caatinga and degraded pasture areas

) . Land use
Soil properties -
Degraded pasture Caatinga
Sand (g kg™) 666.4 + 25.2 716.5 = 30.3
Silt (g kg™) 166.3 + 24.7 172.4 £ 16.7
Clay (g kg™) 167.3 = 10.3 111.1 +20.8
pb (Mg m?) 1.44 + 0.04 1.39 + 0.05
pp (Mg m?) 2.64 + 0.02 2.59 + 0.02
f(m’>m?) 0.455 + 0.03 0.463 + 0.04
Ks (mm h) 36 + 26 214 + 146
Infiltration capacity Low High
SOC (g kg™) 8.44 £ 15 18.13 £ 2.3

pb: bulk density; pp: particle density; f: porosity; Ks: saturated hydraulic conductivity; SOC: organic carbon
content, data from Silva et al. (2019). Mean = standard deviation. Adapted from Leite et al. (2018). Soil texture
was determined by the hydrometer method; pb was determined by the core method; pp was determined by
the pycnometer method; f was determined by the relationship between pb and pp [f = 1-(pb/pp)]; Ks and
was measured by Beerkan method (Souza et al., 2008); SOC was determined by Walkley and Black method.
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For the SR measurements, the infrared gas analyzer (IRGA) was placed within PVC rings
(10.3 cm internal diameter x 4.4 cm high), and 4 rings per area were permanently
allocated to a depth of approximately 1.4 cm in the soil, separated of each other by
20 cm. The IRGA was placed 1 cm above the soil surface and the first reading started
13 days after the installation of the rings. Before each SR measurement, the IRGA was
calibrated to the reference CO, (ambient CO,) near the measurement site. As IRGA
was 1 cm above the soil surface, the total volume of the chamber was recalculated
automatically to 1,091 cm’.

The soil temperature (Ts) was measured with the sensor integrated to LI-COR 6400-09.
It consisted of a rod of 0.20 m, which was inserted into the ground, perpendicular to the
surface, next to the flow chamber at a depth of 0.10 m. After the SR and Ts readings, soil
samples were collected at a depth of 0.10 min four replicates at a distance of 0.2 m from
the PVC collars to determine soil moisture, by the gravimetric method. The samples were
stored in aluminum cans and then weighed to determine the wet mass. The samples were
then oven-dried at 105 °C for 24 h to determine the dry mass. Gravimetric soil water
content was calculated and transformed to volumetric soil moisture (6v), by multiplying
by the respective bulk soil densities of each experimental area (Table 1). Readings were
made on 13 dates, with four repetitions, totaling 52 measurements of each soil properties
(soil respiration, soil moisture, and soil temperature).

Soil respiration models

To evaluate the effects of soil moisture and soil temperature on soil respiration, we fitted
seven empirical models commonly used for this propose (LIloyd and Taylor, 1994; Li et al.,
2008; Lai et al., 2012), considering both soil moisture and soil temperature together
and separately, as well as, linear and non-linear models. The combination of the seven
models resulted in ten fittings for each area since the equations 1, 2, and 3 can be fitted
considering soil moisture or soil temperature.

Rs(X) = aXx® Eq. 1
Rs(X) = ae™ Eq. 2
Rs(X) = a + bX + cX? Eq. 3
Rs(X,Y) = aX® Y* Eq. 4
Rs(X,Y) = ae®™ e!” Eq.5
Rs(X,Y) = a + b(XY) Eq. 6
Rs(X,Y) =a + bX + cY Eq.7

in which: a, b, and c are the fitted constants; X in equations 1, 2, and 3 can be soil
moisture or soil temperature; X and Y in equations 4, 5, 6, and 7 are, respectively,
the soil moisture and soil temperature. Two statistical indicators, R? and AIC (Akaike
information criterion) were used to compare the performance of these models in
estimating soil respiration.

Climatological variables and NDVI

Precipitation and air temperature measurements were conducted from a 10 m tall tower
in the Caatinga and 2 m tall in the degraded pasture. Data were recorded every minute
and an average air temperature and total precipitation values were stored every 30 min

Rev Bras Cienc Solo 2020;44:€0200092 5



Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

’r-
‘
Y\

in a data logger (CR1000, Campbell Scientific Inc.) (Silva et al., 2017). The NDVI data
were obtained from moderate-resolution imaging spectroradiometer (MODIS) images,
with a spatial resolution of 250 m recorded at 16-day intervals. We used the Google
Earth Engine platform to download one-pixel for each area. For this study, we collected
18 images over time in the same coordinates for each area.

Data analysis

We first compute the average of the variables (soil moisture, temperature, and respiration)
for each measurement over time (dates) and in the wet and dry seasons. After that,
the confidence interval at 95 % (CI95%) level for the average was calculated using the
bootstrap technique. The averages were considered statistically different when there was
no overlap between the average and the bootstrapped CI95% (Zanella de Arruda et al.,
2016). The fitted model performance was compared using the Akaike information criterion
(AIC), and for the cases that there was no difference in AIC, the model was chosen based
on the shape of the curve. All statistical analysis, model fitting, and graphics were realized
with R (R Development Core Team, 2019).

RESULTS

Climatic and environmental factors

The precipitation presented a seasonal trend, clearly differentiating the dry season
(from September 2016 to January 2017) from the rainy season (February-May 2017).
The cumulative rainfall during the rainy season was 362.4 mm, and only 38.6 mm
during the dry season. The highest rainfall events were recorded in March (157.5 mm)
and April 2017 (122 mm). These two months accounted for 70 % of the total rainfall
in the studied period. During the 273-days monitoring, daily rainfall greater than
5.0 and 10 mm only occurred on 23 and 12 days, respectively. Daily rainfall higher than
20 mm occurred on 07 dates (2/20/2017; 3/9/2017; 3/17/2017; 3/31/2017; 4/2/2017,;
4/11/2017; and 5/31/2017) and accounted for 50 % of the total rainfall in the studied
period (Figure 2).

Air temperature in the Caatinga and the degraded pasture areas followed a seasonal
pattern, with higher values (above 25 °C) occurring in the dry season and the lowest in
the rainy season. The air temperature in the Caatinga area ranged from 22.8 to 32.3 °C,
while in the degraded pasture area ranged from 20.3 to 33.3 °C (Figure 2).

The seasonality of NDVI in both areas also followed precipitation variations. In the dry
season from September 2016 to January 2017, the NDVI was stable, around 0.2 in the
degraded pasture and 0.3 in the Caatinga. With the beginning of the rainy season,
in February 2017, an increase of NDVI began to occur, reaching maximum values, above
0.6 in the Caatinga and 0.4 in the pasture, in May 2017 (Figure 2). The NDVI of the
Caatinga was higher than in degraded pasture, whereas the averages for the degraded
pasture and Caatinga were 0.33 and 0.46, respectively.

Soil moisture, soil temperature, and soil respiration

Volumetric soil moisture, 8v, in the Caatinga area ranged from 0.01 to 0.16 cm® cm?,
with a mean of 0.06 cm® cm?; while in the degraded pasture area 6v ranged from
0.03 to 0.20 cm’ cm” with a mean of 0.09 cm® cm™. In both areas, 6v followed seasonal
variations (Figure 3).

Soil temperature (Ts) in both land-uses also followed seasonal variations, with higher
values (above 30 °C) occurring in the dry season and lower (below 25 °C) in the wet
season. In the Caatinga, Ts varied from 25.6 to 40.4 °C with a mean of 32.9 °C, while in
the degraded pasture these values varied from 31.4 to 47.3 °C and the mean was 39.2 °C
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Figure 2. Temporal variation of precipitation, air temperature, and NDVI in Caatinga and degraded pasture areas.

(Figure 3). Soil temperature and 8v presented a negative correlation in both land-uses
(r = -0.725 for Caatinga and r = -0.716 for degraded pasture; p<0.05) (Table 2), i.e.,
with increases of Bv occur decreases of soil temperature and vice versa.

Soil respiration (SR) showed a clear seasonal variation, with the highest values
(above 2.0 pmol m? s™) occurring in the wet season and the lowest in the dry season,
regardless of the land use type. The Rs ranged from 0.42 to 5.87 ymol m? s*, with a
mean of 2.10 ymol m? s™ in the Caatinga and from 0.18 to 3.10 umol m™ s*, mean of
0.97 pmol m? s™, in the degraded pasture (Figure 3).

Soil respiration showed significant differences (p<0.05) between seasons, with a
mean value of 0.46 and 5.01 umol m™ s™ in the Caatinga, in the dry and wet seasons,
respectively. In the degraded pasture, SR was 0.20 umol m? s™ in the dry season and
2.44 ymol m? s in the wet season. Soil respiration also had significant differences
(p<0.05) between land-uses, independently of season. The SR in Caatinga was higher
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Figure 3. Soil volumetric moisture (8v), soil temperature (Ts), and soil respiration (SR) of the Caatinga and degraded pasture areas
over experimental time. The shaded area represents the mean intervals at a confidence level of 95 % (C195%) calculated bootstrapping
the samples for each measurement over the time.

Table 2. Correlations between soil respiration (SR), soil moisture (6v), and soil temperature (Ts)
in Caatinga and degraded pasture areas

Land-use Property Rs ev Tsoil
Rs 1
Caatinga 6v 0.978 (p<0.05) 1
Tsoil -0.763 (p<0.05)  -0.725 (p<0.05) 1
Rs 1
b e bv 0.785 (p<0.05) 1
pasture
Tsoil -0.595 (p<0.05) -0.716 (p<0.05) 1
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(p<0.05) than that recorded for the degraded pasture regardless of the season (dry
or wet) (Figure 4).

During the wet season, the SR was higher (p<0.05) in Caatinga (5.01 umol m? s) than
degraded pasture (2.44 umol m? s), the 8v was similar (0.121 cm’ cm” in Caatinga and
0.148 cm® cm™ in degraded pasture), and Ts was lower (p<0.05) in Caatinga (27.7 °C)
than degraded pasture (35.9 °C); while in dry season the SR also was higher (p<0.05)
in Caatinga (0.46 umol m™ s™) than degraded pasture (0.20 umol m? s™), with 8v higher
(p<0.05) in degraded pasture (0.032 cm’ cm?) than Caatinga (0.012 cm’® cm™) and Ts
higher in degraded pasture (43.5 °C) than Caatinga (38.9 °C) (Figure 4).

The results of models used to estimate soil respiration in function of soil moisture and/or
soil temperature are shown in table 3. The Caatinga presented more variability in model
performance based on AIC and R*. When estimating SR in Caatinga using 8v or Ts, the best
performance was found using equations 1 (power function) and 3 (quadratic function)
for Bv and the models using only Ts showed the poorest performance. However, when
combining these two variables, the best performance was found by fitting equations
4 (power function) and 7 (linear function). On the other hand, the 10 fits performed for
the degraded pasture had similar performance with AIC around 34 and R? around 0.45.
Despite that, equations 1 (power function) and 3 (quadratic function) seem to be the best
options to estimate SR in the degraded pasture when using 8v. The models using only Ts
showed the poorest performance. In addition, combining 6v with Ts did not increase the
model performance to estimate SR in the degraded pasture, differently from Caatinga.

There was a negative relationship between Ts and SR and a positive relationship between
Bv and SR (Table 2 and Figure 5) for both land-uses. The correlation (Table 2) between
SR and Ts in Caatinga (-0.763) was higher than in degraded pasture (-0.595), the same
occurring with the correlation between SR and 6v in Caatinga (0.978) and degraded pasture
(0.785). In both land-uses the soil moisture was a better predictor of soil respiration than
soil temperature (Table 3 and Figure 5).

DISCUSSION

Environmental factors

The precipitation distribution recorded from September 2016 to May 2017 followed the
general pattern of this semi-arid region, showing high variability in terms of timing and
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Table 3. Akaike criterion information (AIC) and coefficient of determination (R?) for the models
fitted to estimate soil respiration in Caatinga and degraded pasture. Bold values show the
best-fitting performance

. Caatinga Degraded pasture
Fit Model 5 5
AIC R AIC R

1 Eqg. 1 (Bv) 18.49 0.957 31.53 0.520
2 Eq. 2 (Bv) 34.24 0.862 33.71 0.436
3 Eqg. 3 (Bv) 19.60 0.960 32.59 0.550
4 Eq. 1 (Ts) 50.92 0.492 37.75 0.229
5 Eq. 2 (Ts) 50.07 0.523 37.28 0.257
6 Eqg. 3 (Ts) 50.04 0.583 35.40 0.441
7 Eq. 4 14.82 0.972 33.49 0.521
8 Eq. 5 23.82 0.946 34.83 0.472
9 Eq. 6 24.14 0.934 31.92 0.501
10 Eq. 7 18.80 0.962 33.14 0.530
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Figure 5. Relationship between soil respiration and soil moisture (a) and soil temperature (b) in
Caatinga and degraded pasture.

volume (Souza et al., 2016; Silva et al., 2017). The mean air temperature in Caatinga
(28.4 °C) and degraded pasture (29.3 °C) was higher in the dry season than in the wet
season (26.8 °C in Caatinga and 26.0 °C in degraded pasture), due to higher solar
radiation in the dry season and also due to the low water availability, most of the energy
is converted into sensible heat flux. The higher mean value of the air temperature in the
degraded pasture area is due, probably to the higher sensible heat flux. Silva et al. (2017)
found that the sensible heat flux was higher in a degraded pasture (5.2 M) m* day™) than
in the Caatinga vegetation (4.5 M} m? day™), corroborating our results. The sensible heat
flux is the main consumer of the net radiation in semi-arid areas (Teixeira et al., 2008;
Silva et al., 2017; Campos et al., 2019) and this occurs because, during the dry season,
the air above the vegetation receives more heat than water vapor, resulting in warmer
air layers (Teixeira et al., 2008).

The degraded pasture canopy is lower than the Caatinga vegetation, as inferred by NDVI.
The NDVI is an often applied vegetation index related to the leaf area index (Miranda et al.,
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2020), and primary production (Wang et al., 2005). Besides that, NDVI can be also used
to correlate changes in phenology and activity of vegetation with the ecosystem energy
and carbon fluxes (Nagler et al., 2007; Qun and Huizhi, 2013). The NDVI in both areas
ranged between the minimum during the dry season and reached its peak during or
after the peak of the rain season (Souza et al., 2015; Silva et al., 2017). The higher NDVI
in Caatinga is due to the buffering capacity of the ecosystem that accumulates enough
reserves and biomass and the litterfall is slower in Caatinga (Souza et al., 2016) than in
degraded pasture. In Caatinga, Silva et al. (2017) and Campos et al. (2019) also found
higher NDVI in the wet season and lower in the dry season, with values varying from
0.3 (dry season) to 0.8 (wet season).

After the wet season, there is a soil moisture deficit and both Caatinga and degraded
pasture enter in dormancy, and NDVI represents the bare soil and tree branches. This
behavior has been reported for several seasonal ecosystems (natural or planted), such
as temperate semi-arid grasslands in Semi-arid Arizona, USA (Krishnan et al., 2012). All
of the above-mentioned environmental variables (rainfall, air temperature, and NDVI)
followed a marked seasonal cycle. This seasonal variation was also reported by other
authors (Meirelles et al., 2011; Gondim et al., 2015; Silva et al., 2017; Campos et al.,
2019) who measured these environmental variables in pastures and Caatinga areas
in Brazil.

Soil moisture, soil temperature, and soil respiration in the Caatinga biome

Overall, the Bv was higher in the degraded pasture area (Figures 3 and 4), probably
due to lower soil cover, since the pasture was degraded, causing more rain to reach
the soil directly. The Caatinga area also has a larger canopy and therefore greater
interception of precipitation, decreasing the water infiltration into the soil. Although
there are few publications about water partition measuring most components, canopy
interception in Caatinga can account for about from 10.3 to 13 % of the rainfall
(Medeiros et al., 2009; Queiroz et al., 2020), and most of this water does not contribute
to the soil moisture since it returns to the atmosphere as evaporation in a few hours
after rain events.

On the other hand, as the hydraulic conductivity (Ks) for the degraded pasture was
lower than for the Caatinga (Table 1), it may increase runoff, reduce infiltration rate and,
thereby, decrease 6v. However, 6v was higher in degraded pasture than in Caatinga.
As the soil bulk density and total porosity were similar in both land uses (Table 1), the
highest infiltration capacity in Caatinga can be due to root-induced macropore flow,
which is higher in a forest than in open areas (Tobella et al., 2014). Kellner and Hubbart
(2016) measured Bv in a forest and an agriculture field and found that 6v was higher in
the agriculture field and it was attributed to plant water use and preferential flow paths
in the forest.

In addition, the lower Bv in Caatinga can be associated with a higher water uptake due the
its structure and demand, and also with a deeper root system compared with grassland.
According to Pinheiro et al. (2013), the effective root depth of Caatinga ranged from
0.60 to 0.78 m. Similar results were found by Silva et al. (2017), who measured 6v in
Caatinga and pasture areas and found lower soil moisture in the Caatinga area. The values
of Bv found in our study are within the range reported by other authors in Caatinga and
pastures areas in the Brazilian semi-arid region (Silva et al., 2014; Souza et al., 2015;
Silva et al., 2017; Brito et al., 2020).

The Ts was higher in degraded pasture than in Caatinga vegetation, because of lower
soil cover in the degraded pasture, causing more incoming solar radiation to reach the
soil directly, which contributes to soil heat flux (G) increasing and, consequently, Ts.
Soil heat flux is the amount of thermal energy that moves through an area of soil in a
unit of time, indicating the ability of a soil to conduct heat and determines how fast its
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temperature changes and, generally, represents 5 % of net radiation in the forest and
between 20 and 40 % in partially covered surface (Kustas et al., 2000). Silva et al. (2017)
measured energy balance in pasture and Caatinga in the same area of our study and
found higher G in the pasture (0.47 M) m? day™), than in Caatinga (0.34 M) m”* day™),
corroborating our results.

The different land-uses caused changes in 8v, Ts (Figures 3 and 4), and SOC (Table 1),
consequently affected SR, with Caatinga emitting more CO, to the atmosphere than
degraded pasture. However, converting SOC into soil C stocks using soil bulk density,
we found that the relation between SR and C stocks was similar in both areas (31.6 % in
Caatinga and 30.5 % in degraded pasture). The lower SR in degraded pasture was due
probably to lower SOC; while the higher values of SR in Caatinga were associated with
higher SOC, besides of Bv is at the adequate level.

Concerning SOC, Santos et al. (2019) assessed the effect of land-use changes in SOC
stocks (TCS) and microbial biomass carbon (MBC) in semi-arid Brazilian, and found that
the conversion of forest (Caatinga) into successional areas can decrease by up to 44 %
TCS and 68 % MBC, affecting, thus, the SR and corroborating with our results. The SOC
values in both land-uses (8.44 and 18.13 g kg™ in degraded pasture and Caatinga,
respectively) are within the range reported by other authors (Medeiros et al., 2017,
Santana et al., 2019) in the semi-arid region of Brazil.

Concerning soil moisture, the marked seasonality of rainfall (Figure 2) explains the higher
values in the wet season, in both land-uses (Figure 4). In semi-arid areas, soil moisture
is largely conditioned by rainfall, which can cause a positive relationship between
rainfall and soil respiration. For example, on 12/12/2016 soil respiration was 0.46 and
0.20 umol m? s in Caatinga and degraded pasture respectively, and increased to
1.5 umol m? s in Caatinga and to 0.8 pmol m? s™ in the degraded pasture on 12/19/2016,
after of a precipitation pulse of 8.5 mm occurred on 12/16/2016 (Figure 3). The pulse
of soil respiration following wetting of dry soils is called “Birch effect” and can be due
to the infiltration of rainwater, which may displace CO, that accumulated in soil pore
spaces during dry periods (Liu et al., 2019).

Soil respiration was high in the rainy season when the soil held the highest soil moisture
and lowest soil temperature (Figure 4). According to Souto et al. (2005), in the Caatinga,
the soil wetting/drying cycle is quite fast, which may imply greater or lower activity
and proliferation of organisms. In addition, the higher Ts in dry season also contributes
to the lower microbial population and reduction in the intensity of organic matter
decomposition. In this sense, several authors (Correia et al., 2015; Holanda et al.,
2015; Ferreira et al., 2018) report that high Ts limits microbial activity in Caatinga soils
because they reduce microbial populations and, consequently, reduce the intensity of
organic residue decomposition and SR.

The lowest values of SR, in both land-uses, in the dry season are probably associated with
the lowest Bv in this season, as well as due to the higher values of Ts. As Bv decreased
(90 and 78 % for Caatinga and degraded pasture, respectively), in the dry season,
the dependence of microbial and enzymatic activities on moisture in the soil became
obvious (Han et al., 2019), because the low 6v can inhibit soil microbial respiration (Curiel
Yuste et al., 2003). Oyonarte et al. (2012), in semi-arid ecosystems of Spain, found that
Bv <5 % (0.05 cm?® cm?) did not exert any control over SR. However, in our study, values
of soil moisture above 0.03 cm’ cm™ exerted control over soil respiration.

In ecosystems where water is not limiting, the soil organic matter amount and quality
(Reth et al., 2005), as well as the Ts are typically the dominant factors controlling the
rate of SR, often explaining most of its variability (Lloyd and Taylor, 1994; Bond-Lamberty
and Thomson, 2010; Lellei-Kovacs et al., 2011). According to these authors, SR generally
increases exponentially with Ts over a wide range of Bv but becomes a function of soil
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water content as the soil dries out to the point that microbial activity is reduced. In the
semi-arid region of Spain, Rey et al. (2011) developed a model in which, under the same
environmental conditions, the effect of soil temperature on SR disappears above 20 °C.
As our area is located in a semi-arid climate, there was a negative relationship between
SR and Ts, i.e., an increase of Ts decreases SR. Ribeiro et al. (2016) obtained similar
results and found a negative relationship between Ts and SR in Caatinga and grassland
in the Northeast of Brazil.

The higher emission of CO, during the wet season is due to the positive relationship
between SR and 6v, which illustrated the key role of both rainfall and soil moisture as forcing
conditions on SR (Davidson et al., 2006). The variation in 6v can also affect the diffusion
of soluble substrates and diffusion of oxygen, which can affect soil microbial respiration
(Ribeiro et al., 2016). In addition, soil moisture and temperature may act independently
or together, interdependent factors controlling soil respiration (Davidson et al., 2006).
In the wet season, as the soil moisture increased, a decrease in the soil temperature
occurred, with the inverse occurred in the dry season. On the semi-arid Loess Plateau of
China, in the grassland area, Niu et al. (2019) found that soil temperature was negatively
correlated with SR in the dry period and conversely, soil moisture was positively related to
SR in both periods (wet and dry). The higher soil respiration in Caatinga than in degraded
pasture may also be due to the higher diversity of plants in Caatinga area that have
more diversity of inputs and quality of residues that affect the microbial diversity and
density, resulting in variations in SR (Santos et al., 2019). In addition, the highest SR in
Caatinga area has been associated with higher levels of SOC that influence microbial
activity as observed by Notaro et al. (2014) in soils from the Brazilian semi-arid region.

Overall, the highest values of SR in Caatinga can be seen as indicators of good environmental
quality due to the higher levels of SOC and ecological equilibrium of the ecosystem.
On the other hand, the lower CO, emissions in pasture can be indicative of a degraded
ecosystem with low levels of SOC. Oyonarte et al. (2012), assessing the use of SR as
an indicator of ecosystem functioning of the SE of Spain, found that the higher soil CO,
efflux is interpreted as an improvement in the ecosystem state. The root biomass of
Caatinga can reach 19.6 ton ha™ (Costa et al., 2014), while in pasture the root biomass is
around 5.0 ton ha™ (Silva et al., 2014). Thus, the root respiration in Caatinga is probably
higher than in pasture, mainly, degraded pasture. This also can explain the highest soil
respiration in Caatinga.

As seen previously there are only a few studies on soil respiration in the semi-arid
ecosystems of Brazil (Ribeiro et al., 2016; Ferreira et al., 2018), so a comparison with these
and other semi-arid ecosystems of the world are shown in table 4. The soil respiration
in pastures and grasslands varied from 3.0 to 6.8 ton ha™ yr' of C and was lower than in
forests, savannas, and shrubland, which varied from 4.2 to 10.1 ton ha™ yr* of C. It was
seen also that degraded ecosystems (pasture or grassland) showed the annual lowest
values of soil respiration (3.0-3.7 ton ha™ yr* of C). Hence, soil CO, emissions in the
semi-arid region of Brazil are similar to other semi-arid areas of the world and vary in
function of soil organic carbon contents, soil temperature, and soil moisture.

CONCLUSIONS

We analyzed the effects of land-use change on soil respiration and how soil moisture and
temperature affect soil respiration in a preserved Caatinga vegetation and a degraded
pasture in the semi-arid region of Brazil. The preserved Caatinga presented higher soil
respiration compared with the degraded pasture. Consequences of land-use changes
from the woody Caatinga biome towards degraded pasture were observed not only to
affect physical properties like soil moisture or soil temperature. Due to the shift from
a multi-specific environment towards a degraded pasture, organic matter quality, and
microbial activity, probably also were affected.
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Table 4. Overview of annual soil respiration (SR) in grassland, pasture, shrubland, and forest
ecosystems in semiarid regions

Cover SR Country Reference

ton ha™ yr*
Grassland 4.9 China Liu et al. (2016)
Grassland 4.0 Spain Rey et al. (2011)
Degraded grassland 3.0 Spain Rey et al. (2011)
Pasture 6.1 Brazil Ribeiro et al. (2016)
Pasture 6.8 Brazil Ferreira et al. (2018)
Degraded pasture 3.7 Brazil This study
Forest 8.4 Spain Asensio et al. (2007)
Shrubland 10.1 China Shi et al. (2014)
Forest 4.2 USA Barron-Gafford et al. (2011)
Forest 6.1 Brazil Ribeiro et al. (2016)
Forest 8.6 Brazil Ferreira et al. (2018)
Forest 8.0 Brazil This study

The soil respiration was strongly affected by the rainfall seasonality and both areas
reach their emission peaks during the wet season. In this semi-arid region, soil moisture
alone was a better predictor of the soil respiration in Caatinga, but the performance
of the models can increase when they are combined with soil temperature. In the
degraded pasture, the evaluated models did not perform well, but soil moisture was
better than soil temperature to estimate the soil respiration under this condition. In
both areas, the main driver triggering and controlling the soil respiration was the
water availability.

ACKNOWLEDGMENTS

This study was performed in areas of the National Observatory of Water and Carbon
Dynamics in the Caatinga Biome (INCT:NOWCBCB) and was financed by the National Council
for Scientific and Technological Development (CNPq) [grants numbers 312984/2017-0,
435508/2018-0, 465764/2014-2, 448504/2014-6, 441305/2017-2, 409990/2018-3,
438596/2018-8, 307335/2017-8, 310537/2017-7]; the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) [Finance Code 001; 88881.318207/2019-01/
Print, 88887.136369/2017-00]; the Fundacao de Amparo a Ciéncia e Tecnologia do Estado
de Pernambuco (FACEPE) (grant numbers APQ-0532-5.01/14; APQ-0498-3.07/17). In
particular, we thank Homem Bom de Magalhdes and José Silva for the assignment of
this experimental field. We would like to thank the three anonymous reviewers whose
suggestions helped improve and clarify this manuscript.

AUTHOR CONTRIBUTIONS

Conceptualization: José Romualdo de Sousa Lima (equal), Rodolfo Marcondes
Silva Souza (equal), Eduardo Silva dos Santos (equal), and Eduardo Soares de
Souza (equal).

Methodology: Eduardo Silva dos Santos (equal), Eduardo Soares de Souza
(equal), and (2 Jéssica Emanuella da Silva Oliveira (equal).

Software: José Romualdo de Sousa Lima (supporting) and Rodolfo Marcondes
Silva Souza (lead).

Rev Bras Cienc Solo 2020;44:20200092 14


https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0003-3401-6062
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-3401-6062
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-4374-0263
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505

’r-
‘
Y\

Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

Validation: José Romualdo de Sousa Lima (equal), Rodolfo Marcondes Silva
Souza (equal), and Eduardo Soares de Souza (equal).

Formal analysis: José Romualdo de Sousa Lima (equal), Rodolfo Marcondes
Silva Souza (equal), and Eduardo Soares de Souza (equal).

Investigation: Eduardo Silva dos Santos (lead), Jéssica Emanuella da Silva
Oliveira (supporting), and Luiz Guilherme Medeiros Pessoa (supporting).

Resources: Antonio Celso Dantas Antonino (lead), () José Romualdo de Sousa Lima
(lead), and Eduardo Soares de Souza (lead).

Data curation: José Romualdo de Sousa Lima (lead), Rodolfo Marcondes Silva
Souza (lead), Eduardo Silva dos Santos (lead), Eduardo Soares de Souza (lead),

Jéssica Emanuella da Silva Oliveira (supporting), and Luiz Guilherme Medeiros
Pessoa (supporting).

Writing - original draft: () José Romualdo de Sousa Lima (lead), (2 Rodolfo Marcondes
Silva Souza (lead), Eduardo Silva dos Santos (supporting), Eduardo Soares de
Souza (lead), Jéssica Emanuella da Silva Oliveira (supporting), Erika Valente de
Medeiros (supporting), Luiz Guilherme Medeiros Pessoa (supporting), Antonio
Celso Dantas Antonino (supporting), and Claude Hammecker (supporting).

Writing - review and editing: José Romualdo de Sousa Lima (lead), Rodolfo
Marcondes Silva Souza (lead), Eduardo Soares de Souza (lead), Erika Valente de
Medeiros (supporting), Antonio Celso Dantas Antonino (supporting), and Claude
Hammecker (supporting).

Visualization: José Romualdo de Sousa Lima (equal) and Rodolfo Marcondes
Silva Souza (equal).

Supervision: José Romualdo de Sousa Lima (equal), Rodolfo Marcondes Silva
de Souza (equal), Eduardo Soares de Souza (equal), (2 Antonio Celso Dantas Antonino
(equal), and Claude Hammecker (equal).

Project administration: Eduardo Soares de Souza (lead), José Romualdo de
Sousa Lima (lead), and Antonio Celso Dantas Antonino (lead).

Funding acquisition: Antonio Celso Dantas Antonino (lead), Eduardo Soares
de Souza (lead), and José Romualdo de Sousa Lima (lead).

REFERENCES

Asensio D, Pefiuelas J, Llusia ], Ogaya R, Filella I. Interannual and interseasonal soil CO, efflux
and VOC exchange rates in a Mediterranean holm oak forest in response to experimental
drought. Soil Biol Biochem. 2007;39:2471-84. https://doi.org/10.1016/j.s0ilbio.2007.04.019

Barron-Gafford GA, Scott RL, Jenerette GD, Huxman TE. The relative controls of temperature,
soil moisture, and plant functional group on soil CO, efflux at diel, seasonal, and annual scales.
) Geophys Res. 2011;116:G01023. https://doi.org/10.1029/2010)G001442

Bond-Lamberty B, Thomson A. A global database of soil respiration data. Biogeosciences.
2010;7:1915-26. https://doi.org/10.5194/bg-7-1915-2010

Brito TRC, Lima JRS, Oliveira CL, Souza RMS, Antonino ACD, Medeiros EV, Souza ES, Alves
EM. Mudancas no uso da terra e efeito nos componentes do balanco hidrico no Agreste
Pernambucano. Rev Bras Geogr Fis. 2020;13:870-86. https://doi.org/10.26848/rbgf.v13.2.p870-886

Campos S, Mendes KR, Silva LL, Mutti PR, Medeiros SS, Amorim LB, Santos CAC,

Perez-Marin A, Ramos TM, Marques TV, Lucio PS, Costa GB, Solva CMS, Bezerra GB. Closure
and partitioning of the energy balance in a preserved area of a Brazilian seasonally dry tropical
forest. Agr Forest Meteorol. 2019;271:398-412. https://doi.org/10.1016/j.agrformet.2019.03.018

Rev Bras Cienc Solo 2020;44:20200092 15


https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-3401-6062
https://orcid.org/0000-0003-4374-0263
https://orcid.org/0000-0003-1937-526X
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0003-3401-6062
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-4374-0263
https://orcid.org/0000-0003-1937-526X
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0003-3401-6062
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-4374-0263
https://orcid.org/0000-0001-5543-9414
https://orcid.org/0000-0003-1937-526X
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0001-5594-4891
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0001-5543-9414
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0001-5594-4891
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0001-7551-0505
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0001-5594-4891
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-2983-4650
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0002-4120-9404
https://orcid.org/0000-0002-5488-5284
https://orcid.org/0000-0003-2983-4650
https://doi.org/10.1016/j.soilbio.2007.04.019
https://doi.org/10.1029/2010JG001442
https://doi.org/10.5194/bg-7-1915-2010
https://doi.org/10.26848/rbgf.v13.2.p870-886
https://doi.org/10.1016/j.agrformet.2019.03.018

’r-
‘
Y\

Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

Chen S, Zou J, Hu Z, Chen H, Lu Y. Global annual soil respiration in relation to climate, soil
properties and vegetation characteristics: Summary of available data. Agr Forest Meteorol.
2014;198-199:335-46. https://doi.org/10.1016/j.agrformet.2014.08.020

Correia KG, Araujo Filho RN, Menezes RSC, Souto JS, Fernandes PD. Atividade microbiana e
matéria organica leve em areas de diferentes estdgios sucessionais no semiarido Paraibano.
Rev Caatinga. 2015;28:196-202.

Costa TL, Sampaio EVSB, Sales MF, Accioly LJO, Althoff TD, Pareyn FGC, Albuquerque ERGM,
Menezes RSC. Root and shoot biomasses in the tropical dry forest of semi-arid Northeast Brazil.
Plant Soil. 2014;378:113-23. https://doi.org/10.1007/s11104-013-2009-1

Curiel Yuste ], Janssens IA, Carrara A, Meiresonne L, Ceulemans R. Interactive effects of
temperature and precipitation on soil respiration in a temperate maritime pine forest. Tree
Physiol. 2003;23:1263-70. https://doi.org/10.1093/treephys/23.18.1263

Davidson EA, Janssens IA, Luo Y. On the variability of respiration in terrestrial
ecosystems: moving beyond Q10. Glob Change Biol. 2006;12:154-64.
https://doi.org/10.1111/j.1365-2486.2005.01065.x

Deng Q, Hui D, Zhang D, Zhou G, Liu J, Liu S, Chu G, Li ]. Effects of precipitation increase
on soil respiration: a three-year field experiment in subtropical forests in China. PLoS ONE.
2012;7:e41493. https://doi.org/10.1371/journal.pone.0041493

Don A, Schumacher ], Freibauer A. Impact of tropical land-use change on soil
organic carbon stocks - a meta-analysis. Glob Change Biol. 2011;17:1658-70.
https://doi.org/10.1111/j.1365-2486.2010.02336.x

Donagemma GK, Campos DVB, Calderano SB, Teixeira WG, Viana JHM. Manual de métodos de
analise do solo. 2. ed. rev. Rio de Janeiro: Embrapa Solos; 2011.

Duan M, Li A, Wu Y, Zhao Z, Peng C, Deluca TH, Sun S. Differences of soil CO, flux in two
contrasting subalpine ecosystems on the eastern edge of the Qinghai-Tibetan Plateau: A four-
year study. Atmos Environ. 2019;198:166-74. https://doi.org/10.1016/j.atmosenv.2018.10.067

Ferreira CRPC, Antonino ACD, Sampaio EVSB, Correia KG, Lima JRS, Soares WA,
Menezes RSC. Soil CO, efflux measurements by alkali absorption and infrared gas
analyzer in the Brazilian semiarid region. Rev Bras Cienc Solo. 2018;42:e0160563.
https://doi.org/10.1590/18069657rbcs20160563

Figueiredo EB, Panosso AR, Bordonal RO, Teixeira DDB, Berchielli TT, La Scala Jr N. Soil CO,-C
emissions and correlations with soil properties in degraded and managed pastures in southern
Brazil. Land Degrad Dev. 2017;28:1263-73. https://doi.org/10.1002/Idr.2524

Gaumont-Guay D, Black TA, Griffis TJ, Barr AG, Jassal RS, Nesic Z. Interpreting the dependence
of soil respiration on soil temperature and water content in a boreal aspen stand. Agr Forest
Meteorol. 2006;140:220-35. https://doi.org/10.1016/j.agrformet.2006.08.003

Giulietti AM, Bocage Neta A, Castro A, Gamarra-Rojas C, Sampaio EVSB, Virginio J,
Queiroz LP, Figueiredo MA, Rodal MJN, Barbosa MRV, Harley RM. Diagnéstico

da vegetacao Nativa do Bioma Caatinga. In: Silva JMC, Tabarelli M, Lins MT, editores.
Biodiversidade da caatinga: areas e acdes prioritarias para a conservacao. Brasilia,
DF: MMA/UFPE; 2004. p. 48-90.

Gondim PSS, Lima JRS, Antonino ACD, Hammecker C, Silva RAB, Gomes CA. Environmental
control on water vapour and energy exchanges over grasslands in semiarid region of Brazil. Rev
Bras Eng Agr Amb. 2015;19:3-8. https://doi.org/10.1590/1807-1929/agriambi.v19n1p3-8

Han C, Yu R, Lu X, Duan L, Singh VP, Liu T. Interactive effects of hydrological conditions on soil
respiration in China’s Horgin sandy land: An example of dune-meadow cascade ecosystem.
Sci Total Environ. 2019;651:3053-63. https://doi.org/10.1016/j.scitotenv.2018.10.198

Holanda AC, Feliciano ALP, Marangon LC, Freire FJ, Holanda EM. Decomposicao da serapilheira
foliar e respiracdo edafica em um remanescente de Caatinga na Paraiba. Rev Arvore.
2015;39:245-54 . https://doi.org/10.1590/0100-67622015000200004

Rev Bras Cienc Solo 2020;44:20200092 16


https://doi.org/10.1016/j.agrformet.2014.08.020
https://doi.org/10.1007/s11104-013-2009-1
https://doi.org/10.1111/j.1365-2486.2005.01065.x
https://doi.org/10.1371/journal.pone.0041493
https://doi.org/10.1111/j.1365-2486.2010.02336.x
https://doi.org/10.1016/j.atmosenv.2018.10.067
https://doi.org/10.1590/18069657rbcs20160563
https://doi.org/10.1002/ldr.2524
https://doi.org/10.1016/j.agrformet.2006.08.003
https://doi.org/10.1590/1807-1929/agriambi.v19n1p3-8
https://doi.org/10.1016/j.scitotenv.2018.10.198
https://doi.org/10.1590/0100-67622015000200004

’r-
‘
Y\

Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

Huang J, Gao Z, Chen ], Zhang H, Xu B. Diurnal and seasonal variations of soil respiration rate
under different row-spacing in a Panicum virgatum L. field on semi-arid Loess Plateau of China.
J Arid Land. 2016;8:341-9. https://doi.org/10.1007/s40333-016-0081-0

IUSS Working Group WRB. World reference base for soil resources 2014, update 2015: International
soil classification system for naming soils and creating legends for soil maps. Rome: Food and
Agriculture Organization of the United Nations; 2015. (World Soil Resources Reports, 106).

Kellner E, Hubbart JA. A comparison of the spatial distribution of vadose zone water in forested
and agricultural floodplains a century after harvest. Sci Total Environ. 2016;542:153-61.
https://doi.org/10.1016/j.scitotenv.2015.10.080

Krishnan P, Meyers TP, Scott RL, Kennedy L, Heuer M. Energy exchange and
evapotranspiration over two temperate semi-arid grasslands in North America. Agr Forest
Meteorol. 2012;153:31-44. https://doi.org/10.1016/j.agrformet.2011.09.017

Kustas WP, Prueger JH, Hatfield JL, Ramalingam H, Hipps LE. Variability in soil
heat flux from a mesquite dune site. Agr Forest Meteorol. 2000;103:249-64.
https://doi.org/10.1016/50168-1923(00)00131-3

Lai L, Zhao X, Jiang L, Wang Y, Luo L, Zheng Y, Chen X, Rimmington GH. Soil respiration in
different agricultural and natural ecosystems in an arid region. PLoS ONE. 2012;7:e48011.
https://doi.org/10.1371/journal.pone.0048011

Le Quéré C, Raupach MR, Canadell JG, Marland G, Bopp L, Ciais P, et al. Trends in the sources
and sinks of carbon dioxide. Nature Geosci. 2009;2:831-6. https://doi.org/10.1038/nge0689

Leite PAM, Souza ES, Santos ES, Gomes RJ, Cantalice JRB, Wilcox BP. The influence of forest
regrowth on soil hydraulic properties and erosion in a semi-arid region of Brazil. Ecohydrology.
2018;11:€1910. https://doi.org/10.1002/ec0.1910

Lellei-Kovacs E, Kovdacs-Lang E, Botta-Dukat Z, Kalapos T, Emmett B, Beier C. Thresholds and
interactive effects of soil moisture on the temperature response of soil respiration. Eur J Soil
Biol. 2011;47:247-55. https://doi.org/10.1016/j.ejsobi.2011.05.004

Li H-J, Yan J-X, Yue X-F, Wang M-B. Significance of soil temperature and moisture for
soil respiration in a Chinese mountain area. Agr Forest Meteorol. 2008;148:490-503.
https://doi.org/10.1016/j.agrformet.2007.10.009

Liu X, Zhang W, Zhang B, Yang Q, Chang J, Hou K. Diurnal variation in soil respiration under
different land uses on Taihang Mountain, North China. Atmos Environ. 2016;125:283-92.
https://doi.org/10.1016/j.atmosenv.2015.11.034

Liu Y, Liu S, Miao R, Liu Y, Wang D, Zhao C. Seasonal variations in the response of soil CO, efflux
to precipitation pulse under mild drought in a temperate oak (Quercus variabilis) forest. Agr
Forest Meteorol. 2019;271:240-50. https://doi.org/10.1016/j.agrformet.2019.03.009

Lloyd J, Taylor JA. On the temperature dependence of soil respiration. Funct Ecol. 1994,8:315-23.
https://www.jstor.org/stable/2389824

Medeiros EV, Duda GP, Santos LAR, Lima JRS, Aimeida-Cortéz JS, Hammecker C, Lardy

L, Cournac L. Soil organic carbon, microbial biomass and enzyme activities responses to
natural regeneration in a tropical dry region in Northeast Brazil. Catena. 2017;151:137-46.
https://doi.org/10.1016/j.catena.2016.12.012

Medeiros PHA, Araujo JC, Bronstert A. Interception measurements and assessment of Gash
model performance for a tropical semi-arid region. Rev Cienc Agron. 2009;40:165-74.

Meirelles ML, Franco AC, Farias SEM, Bracho R. Evapotranspiration and plant-atmospheric
coupling in a Brachiaria brizantha pasture in the Brazilian savannah region. Grass Forage Sci.
2011;66:206-13. https://doi.org/10.1111/j.1365-2494.2010.00777.x

Miranda RQ, Nébrega RLB, Moura MSB, Raghavan S, Galvincio JD. Realistic and simplified
models of plant and leaf area indices for a seasonally dry tropical forest. Int ] Appl Earth Obs.
2020;85:101992. https://doi.org/10.1016/j.jag.2019.101992

Nagler PL, Glenn EP, Kim H, Emmerich W, Scott RL, Huxman TE, Huete AR. Relationship
between evapotranspiration and precipitation pulses in a semiarid rangeland estimated

Rev Bras Cienc Solo 2020;44:20200092 17



https://doi.org/10.1007/s40333-016-0081-0
http://dx.doi.org/10.1016/j.scitotenv.2015.10.080
https://doi.org/10.1016/j.agrformet.2011.09.017
https://doi.org/10.1016/S0168-1923(00)00131-3
https://doi.org/10.1371/journal.pone.0048011
https://doi.org/10.1002/eco.1910
https://doi.org/10.1016/j.ejsobi.2011.05.004
https://doi.org/10.1016/j.agrformet.2007.10.009
https://doi.org/10.1016/j.atmosenv.2015.11.034
https://doi.org/10.1016/j.agrformet.2019.03.009
https://www.jstor.org/stable/2389824
https://doi.org/10.1016/j.catena.2016.12.012
https://doi.org/10.1111/j.1365-2494.2010.00777.x
https://doi.org/10.1016/j.jag.2019.101992

’r-
‘
Y\

Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

by moisture flux towers and MODIS vegetation indices. ] Arid Environ. 2007;70:443-62.
https://doi.org/10.1016/j.jaridenv.2006.12.026

Niu F, Chena J, Xiong P, Wang Z, Zhang H, Xu B. Responses of soil respiration to rainfall
pulses in a natural grassland community on the semi-arid Loess Plateau of China. Catena.
2019;178:199-208. https://doi.org/10.1016/j.catena.2019.03.020

Notaro KA, Medeiros EV, Duda GP, Silva AO, Moura PMD. Agroforestry systems, nutrients in litter
and microbial activity in soils cultivated with coffee at high altitude. Sci Agric. 2014;71:87-95.
https://doi.org/10.1590/50103-90162014000200001

Oyonarte C, Rey A, Raimundo J, Miralles |, Escribano P. The use of soil respiration as an
ecological indicator in arid ecosystems of the SE of Spain: Spatial variability and controlling
factors. Ecol Indic. 2012;14:40-9. https://doi.org/10.1016/j.ecolind.2011.08.013

Peng S, Piao S, Wang T, Sun J, Shen Z. Temperature sensitivity of soil respiration
in different ecosystems in China. Soil Biol Biochem. 2009;41:1008-14.
https://doi.org/10.1016/j.s0ilbi0.2008.10.023

Pinheiro EAR, Costa CAG, Araljo JC. Effective root depth of the Caatinga biome. ) Arid Environ.
2013;89:1-4. https://doi.org/10.1016/j.jaridenv.2012.10.003

Queiroz MG, Silva TGF, Zolnier S, Souza CAA, Souza LSB, Araljo GN, Jardim AMRF, Moura MSB.
Partitioning of rainfall in a seasonal dry tropical forest. Ecohydrol Hydrobiol. 2020;20:230-42.
https://doi.org/10.1016/j.ecohyd.2020.02.001

Qun D, Huizhi L. Seven years of carbon dioxide exchange over a degraded grassland and a
cropland with maize ecosystems in a semiarid area of China. Agr Ecosyst Environ. 2013;173:1-
12. https://doi.org/10.1016/j.agee.2013.04.009

R Development Core Team. R: A language and environment for statistical computing. R Foundation
for Statistical Computing. Vienna, Austria; 2019. Available from: http://www.R-project.org/.

Raich JW, Potter CS, Bhagawati D. Interannual variability in global soil respiration, 1980-94.
Glob Change Biol. 2002;8:800-12. https://doi.org/10.1046/j.1365-2486.2002.00511.x

Reth S, Gockede M, Falge E. CO, efflux from agricultural soils in Eastern Germany - comparison
of a closed chamber system with eddy covariance measurements. Theor Appl Climatol.
2005;80:105-20. https://doi.org/10.1007/s00704-004-0094-z

Rey A, Pegoraro E, Oyonarte C, Were A, Escribano P, Raimundo J. Impact of land degradation on
soil respiration in a steppe (Stipa tenacissima L.) semi-arid ecosystem in the SE of Spain. Soil
Biol Biochem. 2011;43:393-403. https://doi.org/10.1016/j.s0ilbio.2010.11.007

Ribeiro K, Sousa-Neto ER, Carvalho JA, Lima JRS, Menezes RSC, Duarte-Neto PJ,
Guerra GS, Ometto JPHB. Land cover changes and greenhouse gas emissions in two
different soil covers in the Brazilian Caatinga. Sci Total Environ. 2016;571:1048-57.
https://doi.org/10.1016/j.scitotenv.2016.07.095

Santana MS, Sampaio EVSB, Giongo V, Menezes RSC, Jesus KN, Albuquerque ERGM,
Nascimento DM, Pareyn FGC, Cunha TJF, Sampaio RMB, Primo DC. Carbon and nitrogen
stocks of soils under different land uses in Pernambuco State, Brazil. Geoderma Reg.
2019;15:e00205. https://doi.org/10.1016/j.geodrs.2019.e00205

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras JF, Coelho MR, Almeida JA, Araujo
Filho JC, Oliveira JB, Cunha TJF. Sistema brasileiro de classificacdo de solos. 5. ed. rev. ampl.
Brasilia, DF: Embrapa; 2018.

Santos UJ, Medeiros EV, Duda GP, Marques MC, Souza ES, Brossard M, Hammecker
C. Land use changes the soil carbon stocks, microbial biomass and fatty acid
methyl ester (FAME) in Brazilian semiarid area. Arch Agron Soil Sci. 2019;65:755-69.
https://doi.org/10.1080/03650340.2018.1523544

Shi W-Y, Yan M-J, Zhang J-G, Jin-Hong Guan J-H, Du S. Soil CO, emissions from five
different types of land use on the semiarid Loess Plateau of China, with emphasis
on the contribution of winter soil respiration. Atmos Environ. 2014,;88:74-82.
https://doi.org/10.1016/j.atmosenv.2014.01.066

Rev Bras Cienc Solo 2020;44:20200092 18


http://dx.doi.org/10.1016/j.jaridenv.2006.12.026
https://doi.org/10.1016/j.catena.2019.03.020
https://doi.org/10.1590/S0103-90162014000200001
https://doi.org/10.1016/j.ecolind.2011.08.013
https://doi.org/10.1016/j.soilbio.2008.10.023
https://doi.org/10.1016/j.jaridenv.2012.10.003
https://doi.org/10.1016/j.ecohyd.2020.02.001
http://dx.doi.org/10.1016/j.agee.2013.04.009
https://doi.org/10.1046/j.1365-2486.2002.00511.x
https://doi.org/10.1007/s00704-004-0094-z
https://doi.org/10.1016/j.scitotenv.2016.07.095
https://doi.org/10.1016/j.geodrs.2019.e00205
https://doi.org/10.1080/03650340.2018.1523544
http://dx.doi.org/10.1016/j.atmosenv.2014.01.066

’r-
‘
Y\

Lima et al. Impacts of land use changes on soil respiration in the semi-arid region...

Silva EO, Medeiros EV, Duda GP, Lira Junior MA, Brossard M, Oliveira JB, Santos UJ, Hammecker
C. Seasonal effect of land use type on soil absolute and specific enzyme activities in a Brazilian
semi-arid region. Catena. 2019;172:397-407. https://doi.org/10.1016/j.catena.2018.09.007

Silva PF, Lima JRS, Antonino ACD, Souza R, Souza ES, Silva JRI, Alves EM. Seasonal patterns
of carbon dioxide, water and energy fluxes over the Caatinga and grassland in the semi-arid
region of Brazil. ] Arid Environ. 2017;147:71-82. https://doi.org/10.1016/j.jaridenv.2017.09.003

Silva RAB, Lima JRS, Antonino ACD, Gondim PSS, Souza ES, Barros Junior G. Balanco hidrico em
Neossolo Regolitico cultivado com braquiaria (Brachiaria decumbens Stapf). Rev Bras Cienc
Solo. 2014;38:147-57. https://doi.org/10.1590/S0100-06832014000100014

Souto PC, Souto JS, Santos RV, Araujo GT, Souto LS. Decomposicdo de estercos dispostos em
diferentes profundidades em &rea degradada no semi-arido da Paraiba. Rev Bras Cienc Solo.
2005;29:125-30. https://doi.org/10.1590/S0100-06832005000100014

Souza ES, Antonino ACD, Angulo-Jaramillo R, Netto AM. Hydrodynamic characterization
of soils: application of the Beerkan method. Rev Bras Eng Agr Amb. 2008;12:128-135.
https://doi.org/10.1590/51415-43662008000200004

Souza R, Feng X, Antonino A, Montenegro S, Souza E, Porporato A. Vegetation response
to rainfall seasonality and interannual variability in tropical dry forests. Hydrol Process.
2016;30:3583-95. https://doi.org/10.1002/hyp.10953

Souza RMS, Souza ES, Antonino ACD, Lima JRS. Balanco hidrico em area de
pastagem no semidrido pernambucano. Rev Bras Eng Agr Amb. 2015;19:449-55.
https://doi.org/10.1590/1807-1929/agriambi.v19n5p449-455

Teixeira AHC, Bastiaanssen WGM, Ahmad MD, Moura MSB, Bos MG. Analysis of energy fluxes
and vegetation-atmosphere parameters in irrigated and natural ecosystems of semi-arid Brazil.
J Hydrol. 2008;362:110-27. https://doi.org/10.1016/j.jhydrol.2008.08.011

Tobella AB, Reese H, Almaw A, Bayala J, Malmer A, Laudon H, llstedt U. The effect of trees on
preferential flow and soil infiltrability in an agroforestry parkland in semiarid Burkina Faso.
Water Resour Res. 2014;50:3342-54. https://doi.org/10.1002/2013WR015197

Tucker CL, Reed SC. Low soil moisture during hot periods drives apparent negative
temperature sensitivity of soil respiration in a dryland ecosystem: a multi-model comparison.
Biogeochemistry. 2016;128:155-69. https://doi.org/10.1007/s10533-016-0200-1

Wang B, Zha TS, Jia X, Wu B, Zhang YQ, Qin SG. Soil moisture modifies the response of soil
respiration to temperature in a desert shrub ecosystem. Biogeosciences. 2014;11:259-68.
https://doi.org/10.5194/bg-11-259-2014

Wang Q, Adiku S, Tenhunen J, Granier A. On the relationship of NDVI with leaf
area index in a deciduous forest site. Remote Sens Environ. 2005;94:244-55.
https://doi.org/10.1016/j.rse.2004.10.006

Wang X, Zhou M, Li T, Ke Y, Zhu B. Land use change effects on ecosystem carbon budget in
the Sichuan Basin of Southwest China: Conversion of cropland to forest ecosystem. Sci Total
Environ. 2017;609:556-62. https://doi.org/10.1016/j.scitotenv.2017.07.167

Xu M, Shang H. Contribution of soil respiration to the global carbon equation. ] Plant Physiol.
2016;203:16-28. https://doi.org/10.1016/j.jplph.2016.08.007

Zanella de Arruda PH, Vourlitis GL, Santanna FB, Pinto Jr OB, Lobo FA, Nogueira JS.

Large net CO, loss from a grass-dominated tropical savanna in south-central Brazil in
response to seasonal and interannual drought. ] Geophys Res-Biogeo. 2016;121:2110-24.
https://doi.org/10.1002/2016)G003404

Zhang Y, Guo S, Liu Q, Jiang J, Wang R, Li N. Responses of soil respiration to land use
conversions in degraded ecosystem of the semi-arid Loess Plateau. Ecol Eng. 2015;74:196-205.
https://doi.org/10.1016/j.ecoleng.2014.10.003

Rev Bras Cienc Solo 2020;44:20200092 19


https://doi.org/10.1016/j.catena.2018.09.007
https://doi.org/10.1016/j.jaridenv.2017.09.003
https://doi.org/10.1590/S0100-06832014000100014
http://dx.doi.org/10.1590/S0100-06832005000100014
https://doi.org/10.1590/1807-1929/agriambi.v19n5p449-455
https://doi.org/10.1002/2013WR015197
https://doi.org/10.1007/s10533-016-0200-1
https://doi.org/10.5194/bg-11-259-2014
https://doi.org/10.1016/j.scitotenv.2017.07.167
https://doi.org/10.1016/j.jplph.2016.08.007
https://doi.org/10.1002/2016JG003404
https://doi.org/10.1016/j.ecoleng.2014.10.003

