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sociated with water availability in the
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• Degraded areas tend to absorb less car-
bon.

• The evapotranspiration rate remains
high in degraded areas due to increased
soil water evaporation.

• Water-use efficiency is higher in dense
Caatinga than in sparse Caatinga.
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The Brazilian semiarid region presents a physical water scarcity and high seasonal and interannual irregularities
of precipitation, known as a region with periodic droughts. This region is mainly covered by the Caatinga biome,
recognized as a Seasonally Dry Tropical Forest (SDTF). Soil water availability directly impacts the ecosystem's
functioning, characterized by low fertility and sparse vegetation cover during the dry season, making it a fragile
ecosystemvulnerable to climatic variations. Additionally, this region has been suffering fromseveral issues due to
human activities over the centuries, which has resulted in extensive areas being severely degraded, which aggra-
vates the impacts from climatic variations and the susceptibility to desertification. Thus, studying the soil-plant-
atmosphere continuum in this region can help better understand the seasonal and annual behavior of the water
and carbon fluxes. This study investigated the dynamics of water and carbon fluxes during four years
(2013–2016) by using eddy covariance (EC) measurements within two areas of Caatinga (dense Caatinga (DC)
and sparse Caatinga (SC)) that suffered anthropic pressures. The two study areas showed similar behavior in re-
lation to physical parameters (air temperature, incoming radiation, vapor pressure deficit, and relative humidity),
except for soil temperature. The SC area presented a surface temperature of 3 °C higher than the DC, related to
their vegetation cover differences. The SC area had higher annual evapotranspiration, representing 74% of the
precipitation for theDC area and 90% for the SC area. The two areas acted as a carbon sinkduring the study period,
with the SCarea showing a lower CO2 absorption capacity. On average, theDCarea absorbs 2.5 timesmore carbon
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than the SC area, indicating that Caatinga deforestation affects evaporative fluxes, reducing atmospheric carbon
fixation and influencing the ability to mitigate the effects of increased greenhouse gas concentrations in the
atmosphere.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The semiarid region of Brazil is evidenced by the scarcity of natural
water reserves and seasonal and interannual irregularities of precipita-
tion, known as a region with periodic droughts (Brasil Neto et al., 2021).
Water availability in the region directly affects ecosystem functioning.
This semiarid region has low fertility and scarce vegetation cover in the
dry season, characterizing it as a fragile ecosystem sensitive to climatic
variations (Mariano et al., 2018; Yang et al., 2019). This region has been
suffering from several issues due to human activities over the centuries,
resulting in extensive areas severely degraded (Antongiovanni et al.,
2020), which aggravates the impacts of climatic variations and the
susceptibility to desertification (Crispim et al., 2013; IPCC, 2019). In gen-
eral, it has been shown that the degradation processes might begin with
deforestation and the replacement of native vegetation by cultivated
areas with different species sizes and/or life cycles (Antongiovanni et al.,
2020). Thus, Caatinga's bush and tree vegetation is replaced byherbaceous
pastures or short-cycle crops. Continued land cover transitions in this re-
gion, especially related to agriculture, lead to soil fertility loss,which affects
the soil-plant-atmosphere exchanges (Perez-Marin et al., 2006).

The Caatinga biome is mainly composed of a Seasonally Dry Tropical
Forest (SDTF), ranging from northwest Mexico to northern Argentina
(Borges et al., 2020). A characteristic of this biome is that water avail-
ability regulates the growing season length and the phenological syn-
chronicity, e.g., in the dry season, almost all individuals lose leaves in
synchronous deciduous behavior (Silva et al., 2017; Alberton et al.,
2019). Even though the Caatinga is the only biome specifically
Brazilian, it is the least studied among Brazilian ecosystems and even
among other tropical regions of South America (Casteletti et al., 2004;
Santos et al., 2011; Koch et al., 2016). The Caatinga covers ~11% of the
Brazilian territory, occupying 844,453 km2, almost all the 980,000 km2

of the Brazilian semiarid region, which corresponds to about 13% of
the Brazilian territory (Gusmão et al., 2016). The monitoring of such a
biome is quite complex due to its biotic diversity and sensitivity to cli-
matic variations. The study of biosphere-atmosphere exchanges in this
region can help better understand the energy, water, and carbon fluxes,
offering support for themanagement and elaboration of adaptation pol-
icies related to the ecosystem responses to future climate changes.

The Caatinga has a high potential for carbon sequestration due to veg-
etation's high photosynthetic activity whenwater is available (Silva et al.,
2017;Mendes et al., 2020). Gross primaryproduction (GPP) occurs during
photosynthesis and is strongly connected to the evapotranspiration pro-
cesses (Marques et al., 2020). Quantifying the fluxes involving carbon
andwater exchanges allows for a better understanding of plants' survival
and ecosystem's carbon cycle (Lu and Zhuang, 2010; Ito and Inatomi,
2012). It is possible to offer subsidies for assessing water scarcity and
land degradation in a given area (Xie et al., 2020). These exchanges are
controlled by different environmental factors, such as air temperature,
vapor pressure deficit, solar radiation, and soil moisture, in addition to
vegetation biological processes (e.g., leaf development and stomatal con-
ductance) (Zha et al., 2013). Understanding the influence of these factors
is crucial for assessing the effects of ecological projects and water re-
sources management (Xie et al., 2020).

The largest source of interannual variability in the global carbon sink
is drylands, covering 41% of the Earth's surface (Yao et al., 2020). These
regions are expected to expand rapidly over the next century; however,
the implications for variability in GPP remain unknown (Zheng et al.,
2020; Yao et al., 2020). Thus, understanding the global carbon cycle
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and predicting future climate change requires accurate estimation of
theGPP of terrestrial vegetation (Zhang et al., 2017). Therefore, accurate
GPP estimates are needed to understand changes in the regional and
global carbon cycle, assess ecosystem health, and evaluate vegetation's
response to climate change in recent years (Pei et al., 2020; You et al.,
2020; Yao et al., 2020). Nevertheless, accurately reproducing interan-
nual GPP variations of different biomes, including the Caatinga, remains
a significant challenge, and long-term GPP changes are highly uncertain
(Zheng et al., 2020; Mendes et al., 2020). According to Zheng et al.
(2020), most GPP models reproduce the spatial changes but fail to rep-
resent the temporal variations. As a result, understanding themeasured
GPP interannual variations for model validation is critical because cli-
mate change and intensive human activities significantly impact vege-
tation productivity, causing widespread degradation in several
ecosystems, particularly in drylands (You et al., 2020; Yao et al., 2020).

Few studies have been conducted on biosphere-atmosphere ex-
changes in Caatinga (Silva et al., 2017; Campos et al., 2019; Mendes
et al., 2020; Borges et al., 2020). Additionally, there is no study about
the effects of human-induced land degradation on water and carbon
fluxes in contrasting soil covers on this biome. Measurements using
the eddy covariance (EC) system allow to quantify thewater and carbon
exchanges between the biosphere and the atmosphere (Baldocchi,
2014; Chien et al., 2018; Kang et al., 2018; Coffer and Hestir, 2019;
Tarin et al., 2019; Anappali et al., 2019). It is known that the study of
the carbon balance in different ecosystems plays a crucial role in provid-
ing input data to large-scale models (Zhou et al., 2020). Twomain stud-
ies were carried out using CO2 flux measurements in the Caatinga. Silva
et al. (2017) investigated areas of preserved Caatinga and pasture in
Pernambuco, while Mendes et al. (2020) studied the seasonal variation
of CO2 exchanges in preserved Caatinga in the state of Rio Grande do
Norte. Therefore, no studies have compared water and carbon fluxes
in Caatinga at different land degradation stages in the same region
under similar atmospheric conditions.

Vegetation restoration is an effective method for controlling desert-
ification (Le Houérou, 2000) and an essential tool to semiarid regions'
carbon cycle recovery (Zhou et al., 2020). The study of degraded areas
and the vegetation's recovery process is essential for understanding
their role in exchanging heat and mass at different land cover stages.
Additionally, to understand how a region affected by climatic and an-
thropic factors (land degradation) may impact the microclimate and
the desertification process (Gusmão et al., 2016). The effectiveness
and accuracy of GPP estimates are critically important for determining
the contribution of human activity and climate change (You et al.,
2020). Thus, this study aimed to analyze the seasonal and annual
dynamics of water and carbon fluxes in two areas of Caatinga that pres-
ent varying degrees of human-induced degradation in four years
(2013–2016), based on two micrometeorological towers.

The dense Caatinga (DC) area is currently defined as an area of
environmental preservation and has been in the process of recovery for
approximately 80 years. The sparse Caatinga (SC) area is still heavily de-
graded, with sparse and low vegetation. Comparing these fluxes in two
nearby areas under similar meteorological conditions but with different
stages of human-induced land degradation seeks precise quantification
and analysis of the response of these two areas to varying degrees of
anthropization and how this can impact the local microclimate.

In order to achieve the objectives, this study has been carried out
based on the materials and methods described in Section 2. The results
are found in Section 3, followed by the analysis and discussion
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(Section 4). The article ends with the conclusions emphasizing the im-
portance of restoring land degraded areas (Section 5).

2. Material and methods

2.1. Study area

The study was carried out in two areas of the Caatinga biome, with
contrasting vegetation cover densities. The first site is a well-preserved
area of the recovering Caatinga, with dense vegetation (DC). The second
is a recently degraded area with sparse vegetation (SC), both located in
Campina Grande, State of Paraíba, in the semiarid region of the Brazilian
northeast. The two sites belong to the National Institute for Semiarid
Research (INSA), where two micrometeorological towers are installed.
The spatial locations of the towers can be seen in Fig. 1. The land cover
map for the municipality of Campina Grande was extracted from the
Brazilian Institute of Geography and Statistics (IBGE, 2020).

The DC study area has 675 ha, of which approximately 300 ha are
preserved Caatinga at various stages of regeneration. The predominant
vegetation is formed by sub-deciduous and deciduous forests, which
lose their leaves in the drier months, composed primarily of arboreal
and shrubby species. The SC area is an anthropized area, located approx-
imately 1 km from Campina Grande city's urban area, presenting sparse
vegetation with ~2 m height and a predominance of Mimosa hostilis
trees, bare soil, and rocky outcrops (Borges et al., 2020).

The origins of degradation processes in this region are linked to cli-
matic and edaphic conditions and land-use changes. The causes of deg-
radation are the inappropriate use of natural resources, improper
agricultural practices, and short-termmacro andmicroeconomic devel-
opment models. The removal of native cover by anthropic activities
causes reduced soil fertility and an increase in soil erosion (Perez-
Marin et al., 2006), suffering a gradual reduction in resilience, hindering
Fig. 1. Location of the study area in relation to Brazil and Paraíba (left side), land cover map f
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the recovery of these areas. The DC area has been restored for approxi-
mately 80 years, whereas the SC area is still degraded, with a slow re-
generation process since 2000 (Vendruscolo et al., 2020). In both
areas, the dominant soil type is litolic neosoil, characterized as shallow,
reaching a maximum depth of 10 cm, moderate to imperfect drainage,
excessive stony, and flat to gently undulating relief (Costa, 2019).

Based on the Köppen classification, the region's climate is semiarid,
Bsh type, low latitude, and altitude (Alvares et al., 2014). The rainy sea-
son starts in February/March and lasts until July/August. According to
the National Meteorology Institute (INMET, 2020), the mean annual
rainfall is ~783 mm year−1 (1935 to 2014). The methodological flow-
chart of this study is shown in Fig. 2.

2.2. Data

In the DC area, the tower was installed in January 2013 at approxi-
mately 7 m from the ground and 2 m above the vegetation's canopy.
In the SC area, the tower was settled in March 2013 at the height of ap-
proximately 3m from the ground, both instrumentedwith an EC sensor
and micrometeorological sensors. The measurements were obtained
from January 2013 to December 2016.

EC instrumentation in the towers consists of a 3D sonic anemometer
(CSAT3A, Campbell Scientific, Inc., Logan, UT, USA) tomeasure the three
components of wind speed (ux, uy, uz) and a gas analyzer (EC, Campbell
Scientific, Inc., Logan, UT, USA) to obtain water vapor (H2O) and carbon
dioxide (CO2) concentrations. The measurements were performed at a
high frequency (10 Hz) and stored at 30-minute intervals in a CR3000
model datalogger (Campbell Scientific, Inc., Logan, UT, USA).

A net radiometer (CNR4, Kipp & Zonen, The Netherlands) was used to
obtain the shortwave radiation (downwelling and upwelling) and the
longwave radiation (downwelling and upwelling) components. Temper-
ature and relative humidity were obtained by HC2S3-L (Campbell
or the municipality of Campina Grande, and location of the micrometeorological towers.



Fig. 2.Methodological flowchart of the study.
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Scientific, Inc., Logan, UT, USA). Atmospheric pressure was measured by
an advanced barometer (PTB110, Vaisala Corporation, Helsinki, Finland).
The measurements also included two soil heat flux plates (HFP01,
Campbell Scientific, Inc., Logan, UT, USA) and two soil temperature sen-
sors (108-L, Campbell Scientific, Inc., Logan, UT, USA) installed at 2 and
10 cm depth. The measurements were performed at a low frequency
(5 Hz) and stored on averages every 30 min in a datalogger model
CR3000 (Campbell Scientific, Inc., Logan, UT, USA). Precipitation data
was obtained from INMET. All the sensors were installed above the tree
canopy, according to the manual instructions.

The enhanced vegetation index (EVI) data was obtained by remote
sensing, using the productMOD13Q1 from theModerate Resolution Im-
aging Spectroradiometer (MODIS) onboard the Terra satellite, providing
a vegetation index value per pixel with a spatial resolution of 250 m in
16-day image compositions.

2.3. Data processing and analysis

In order to define the rainy season, it was analyzed themonthly rain-
fall over 25 years (1994–2019), as recorded by the INMET network. The
LoggerNet software (Campbell Scientific, Inc., Logan, UT, USA)was used
to obtain the latent heat flux (λE), transforming 10 Hz data into 30-
4

minute binary data (TOB1). The EdiRe software was used to process
the high-frequency data, averaging every 30 min. Detailed information
on data processing, quality control, and post-processing can be found
in Campos et al. (2019).

According to the following equations, the latent heat and CO2 fluxes
were computed as a function of the covariance between the vertical
wind speed (w) (m s−1) and the specific humidity (q) (in kg kg−1)
and the CO2 concentration (c) (μmol m−2 s−1), respectively.

λE ¼ ρw0q0 ð1Þ

FCO2 ¼ ρw0c0 ð2Þ

where ρ corresponds to the air density (kgm−3) andw0q0 represents the
covariance between the fluctuations of q and w, and w0c0 is the covari-
ance between w and c. The upper bars represent the product averages
for the half-hour sampling interval.

In order to calculate the daily evapotranspiration (ET), the mean of
the daytimemeasurements of the latent heatflux (λE)was used and ap-
plied in the following equation:

ET ¼ 86400
λE24h
λρ

ð3Þ
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where 86,400 is the conversion from seconds to daily, ρ is the water
density (1000 kg m−3), and λ is the latent heat of vaporization
(J kg−1). For the calculation of λ (Eq. (4)), the daily average of the air
temperature (Ta) (K) was used.

λ ¼ 2:501−0:00236 Ta−273:15ð Þ � 106 ð4Þ

CO2 fluxes were partitioned to separate net ecosystem exchange
(NEE) in ecosystem respiration (Reco) and gross primary production
(GPP). The fluxes partitioning method was based on Reichstein et al.
(2005). For night periods, the null GPP is considered and, therefore,
the NEEwas estimated as follows:

NEE ¼ Reco, for night periods ð5Þ

NEE ¼ Reco−GPP, for daytime periods ð6Þ

NEE is positive, indicating a carbon source when CO2 is transferred
from the surface to the atmosphere (GPP < Reco). NEE is negative, indi-
cating a carbon sink when CO2 is removed from the atmosphere (GPP
> Reco).

The meteorological conditions were assessed based on incoming ra-
diation (Rs), air temperature (Ta), soil temperature at 2 cm depth (Ts),
relative humidity (RH), precipitation (PPT), and vapor pressure deficit
(VPD), which is the difference between the saturation vapor pressure
(es) and the actual vapor pressure (ea). The method used to calculate
the VPD is described in Allen et al. (1998).

In order to obtain the EVI data,MOD13Q1 product pixels referring to
the coordinates of the two areaswere extractedwith the free software R
version 3.6.1 (R Core Team, 2019) through the MODISTools package,
using the RStudio version 1.2.1335 interface (RStudio Team, 2019).

First, the averages for the different micrometeorological variables
(daily, 24 h or daytime, 5:30–17:30 local time) were calculated. Then,
to better understand the behavior of these fluxes, an analysis of daily
carbon and water fluxes was performed alongside the explanatory var-
iables. Subsequently, the annual cumulative fluxes were evaluated
based on de Oliveira et al. (2018). To better understand the relationship
between PPT and ET in the study area, the cumulative annual water
fluxeswere assessed to quantify howmuch PPTwas used for ET. The car-
bon fluxes (NEE, Reco, and GPP) were also evaluated annually to deter-
mine if the two areas of the Caatinga (DC and SC) act as a carbon sink
or source during the studied period.

Finally, water-use efficiency (WUE) (g C kg−1 H2O)was calculated as
the proportion of carbon assimilation or productivity towater loss.WUE
was calculated using the Beer et al. (2009) equation and is commonly
used to investigate the connection between terrestrial carbon and
water cycles (de Oliveira et al., 2018):

WUE ¼ GPP
ET

ð7Þ

where GPP is gross primary productivity (g C m−2), and ET is evapo-
transpiration (kg m−2).

3. Results

3.1. Meteorological conditions

Fig. 3 shows the time series of the monthly averages of Rs, Ta and Ts,
PPT, EVI, VPD, RH, and ET, for the two study areas (DC and SC) during
four years (2013–2016). The variables showed gaps due to measure-
ment problems. The rainy season (shaded area in the graphs) was de-
fined from March to July, responding to ~70% of the total annual
rainfall, according to the historical time series (1994–2019) recorded
by the INMET network.

The incoming solar radiation (Rs) (Fig. 3a) presents low values dur-
ing the rainy season (shaded area) and high values during the dry
5

season for both areas. During the studied period for the DC area, the
minimum, maximum, and average monthly Rs were 245 W m−2 in
June 2015 (rainy season), 413 Wm−2 in November 2015 (dry season),
and 355 W m−2, respectively. The SC area showed higher values than
the DC area, with the minimum, maximum, and average monthly Rs
were 275Wm−2 in July 2015 (rainy season), 471Wm−2 in November
2015 (dry season), and 382 W m−2, respectively.

The monthly mean Ta for the two areas was approximately 24 °C
(Table 1), ranging from 26.2 °C in March 2013 to 21.5 °C in July 2015
for the DC area, and between 26.6 °C in December 2016 and 21.8 °C in
July 2015 for the SC area. The two regions presented the minimum
monthly average of Ta in July 2015 (Fig. 3b). The seasonal behavior of
Ts (Fig. 3c) follows the same pattern as Ta, with an annual average
value of 27.2 °C for DC and 30 °C for SC (Table 1), a difference of approx-
imately 3 °C for the SC area. Ts values varied between 22.4 °C in July 2014
to 31.1 °C in March 2013 for DC and between 24.3 °C in July 2015 to
34.4 °C in November 2015 for SC (Fig. 3c). Themaximumandminimum
mean values of the DC area showed similarmonths for the two variables
(Ta and Ts), with March and July showing the maximum and minimum
averages, respectively. The SC area presented a minimum value in July
for both variables (Ta and Ts).

The distribution of daily rainfall is shown in Fig. 3d. The year 2013
presented a more homogeneous distribution during the rainy season.
2013 also showed the highest accumulated precipitation (754.9 mm)
(Table 1). The second year with the highest precipitation was 2014
(713.3mm),which also had themajority ofwet days (99 dayswith pre-
cipitation greater than 1.0mm). 2015 and 2017 presented extreme pre-
cipitation events with values greater than 60 mm d−1 during the rainy
season. Fig. 3d depicts the enhanced vegetation index (EVI) behavior
to understand better how vegetation responds to precipitation events.
It is possible to observe that the EVI variability follows the region's
water availability, presenting maximum monthly average values (0.59
and 0.37) in the rainy season and minimum monthly values (0.11 and
0.10) in the dry season for theDCand SC areas, respectively. The average
EVI (Table 1) for the DC and SC areas was 0.32 and 0.20, respectively,
showing a difference of 37.5%.

The average monthly VPD values (Fig. 3e) ranged from 0.24 to
1.32 kPa for the DC area, with an average of 0.85 kPa (Table 1). The SC
area varied from 0.42 to 1.31 kPa, with an average of 0.86 kPa, present-
ing an average similar to the DC area. The maximum values of VPD are
observed during the dry season, showing an opposite behavior to rela-
tive humidity (RH) (Fig. 3f). Since VPD is a parameter that identifies
the degree of dryness of the atmosphere, it helps to better comprehend
ET's behavior. The monthly average values of RH (Fig. 3f) were higher
than 64% for both areas, presenting greater values in the rainy season,
with 76% and 75% averages for DC and SC, respectively.

The actual monthly ET (Fig. 3g) showed an average of 38.5 mm for
DC and 48.2 mm for SC. The DC and SC areas showed maximum
monthly values in the rainy season, reaching 125.2 mm in July 2014 in
the DC area and 113.2mm in July 2013 in the SC area. ET showed similar
behavior to PPT (Fig. 3d), evidencing its strongdependence on soilmois-
ture availability. Because of an instrumental limitation, no soil moisture
data is available in the study areas.

Table 1 shows the averages for each variable during the dry and
rainy periods, respectively. The variables Rs, Ta, Ts and VPD are higher
in the dry season for both areas, and the opposite occurs for the vari-
ables PPT, RH and EVI, which are higher in the rainy season. 70% of PPT
occurs in the rainy season. The EVI values in the rainy season had an av-
erage of 0.41 in the DC area, whereas the SC area showed an average of
0.25. The VPD values were around 0.90 in the dry period and 0.75 in the
rainy period for both areas (Table 1).

3.2. Total annual evapotranspiration

The relationship between the annual cumulative PPT and ET for the
DC and SC areas is shown in Fig. 4. For 2013, 2014, 2015 and 2016, the



Fig. 3. Temporal distribution of environmental parameters: (a) Averagemonthly incident radiation (Rs) (Wm−2), (b) Averagemonthly air temperature (Ta) (°C), (c) Averagemonthly soil
temperature (Ts) (°C), (d) Monthly precipitation (PPT) (mm) and monthly EVI, (e) Average monthly vapor pressure deficit (VPD) (kPa), (f) Average monthly relative humidity (RH),
(g) Monthly evapotranspiration (ET) (mm), for the period from January 2013 to August 2016 in the two Caatinga areas (DC and SC). The shaded area indicates the rainy season.
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annual ET represented an average of approximately 74% of the PPT for
the DC and 90% of the PPT for the SC area, especially in 2014, when
the annual ET represented 90% of the annual precipitation in both
areas. 2016 was the year with the lowest annual PPT (440.1 mm), con-
siderably inferior to the region's average (~783 mm year−1). The same
year also presented the lowest annual ET, 281.3 mm for DC and
468.9 mm for SC, representing an ET/PPT ratio of approximately 64%
for DC. Although 2016 had the lowest annual ET, it was still higher
than the annual PPT. It is worth noting that the entire study period pre-
sented annual PPT below the historical average as one of the most ex-
tensive and intense droughts that have occurred in northeastern Brazil
(Marengo et al., 2017a,b).

The cumulative ET in the dry and wet periods for both areas can be
seen in Table 1. The ET did not show significant differences between
the periods, being slightly greater in the rainy season, presenting
254.8 mm for the DC area and 297.1 mm for the SC area in the rainy
season. The values were 207.1 mm and 244.6 mm for the DC and SC
areas during the dry period, respectively.
6

3.3. Carbon fluxes

Fig. 5 illustrates themonthly carbon fluxes (GPP, Reco and NEE) over
the study period for the DC and SC areas. In the DC area (Fig. 5a, b and c),
it is possible to note higher values of the GPP during the rainy season
(shaded area of the graph), except for 2016, which presented the
highest GPP in February (376.5 g C m−2). This is likely related to the
high precipitation amount in the previous month (January), reaching
127.5 mm. The monthly average of the GPP for the studied period was
approximately 137 g C m−2, with August presenting the highest
monthly average. The monthly average Reco was 64.6 g C m−2, with a
maximum of 152.9 g C m−2 in August 2013, with August also having
the highest monthly average. The average monthly NEEwas−72.4 g C
m−2, with August showing greater CO2 absorption.

Fig. 5 also shows the monthly carbon fluxes (GPP, Reco and NEE) for
the SC area (Fig. 5d, e and f). Higher values of GPP also occurred in the
rainy season, showing a monthly average of 103 g C m−2, with July re-
cording the greatest monthly average (136 g C m−2). The highest



Table 1
Annual and cumulative averages of different micrometeorological and biophysical variables for the two Caatinga areas (DC and SC) (Average daily incoming solar radiation (Rs) (Wm−2),
Averagedaily air temperature (Ta) (°C), Averagedaily soil temperature (Ts) (°C), Cumulative annual precipitation (PPT) (mm), Averagedaily EVI, Average daily vapor pressuredeficit (VPD)
(kPa), Average daily relative humidity (RH), Annual cumulative evapotranspiration (ET) (mm), Annual cumulative gross primary productivity (GPP) (g C m−2), annual cumulative eco-
system respiration (Reco) (g C m−2) and net annual cumulative ecosystem exchange (NEE) (g C m−2)). Annual analysis, dry and rainy seasons (2013–2016).

Variable Annual

2013 2014 2015 2016 Average

DC SC DC SC DC SC DC SC DC SC

Rs (W m−2) 334 368 327 377 339 392 345 393 336 382
Ta (°C) 24.1 23.6 23.6 23.9 24.0 24.2 24.2 24.9 24.0 24.1
Ts (°C) 27.4 28.7 26.3 29.8 27.5 30.8 27.5 30.8 27.2 30.0
PPT (mm) 754.9 713.3 558.1 440.1 616.6
EVI (−) 0.31 0.22 0.36 0.22 0.30 0.19 0.30 0.19 0.32 0.20
VPD (kPa) 0.87 0.70 0.83 0.84 0.93 0.97 0.77 0.85 0.85 0.84
RH (%) 75.7 78.9 76.1 74.8 73.9 72.1 79.6 75.2 76.3 75.3
ET (mm) 470.4 598.4 642.9 642.6 451.7 475.9 281.3 468.9 461.6 546.5
GPP (g C m−2) 1130.6 1030.7 1902.6 1387.4 1499.5 1170.3 2039.1 784.3 1643.0 1093.2
Reco (g C m−2) 737.2 770.8 893.6 797.5 722.9 769.8 744.9 589.2 774.7 731.8
NEE (g C m−2) −393.4 −259.8 −1008.7 −590 −777 −400.5 −1294.2 −195.6 −868.3 −361.5

Variable Dry season

2013 2014 2015 2016 Average

DC SC DC SC DC SC DC SC DC SC

Rs (W m−2) 349 391 339 395 365 421 364 414 354 405
Ta (°C) 24.1 23.5 23.7 23.9 24.2 24.4 24.4 25.3 24.1 24.3
Ts (°C) 27.6 29.6 26.7 30.5 28.2 32.1 28.6 31.1 27.8 30.8
PPT (mm) 243.5 275.4 86.4 185.9 197.8
EVI (−) 0.22 0.18 0.30 0.18 0.23 0.17 0.24 0.16 0.24 0.17
VPD (kPa) 0.92 0.72 0.90 0.92 1.07 1.09 0.73 0.93 0.91 0.92
RH (%) 74.0 77.4 74.0 72.6 69.9 69.0 79.9 72.7 74.5 72.9
ET (mm) 187.03 240.56 308.73 303.66 180.19 209.03 152.24 225 207.1 244.6
GPP (g C m−2) 670.09 433.78 940.9 751.86 979.68 717.73 1336.5 412.67 981.79 579.01
Reco (g C m−2) 398.1 446.0 540.0 443.7 447.4 456.0 450.0 300.6 458.9 411.6
NEE (g C m−2) −272.0 12.2 −400.9 −308.2 −532.3 −261.7 −886.5 −112.1 −522.9 −167.4

Variable Rainy season

2013 2014 2015 2016 Average

DC SC DC SC DC SC DC SC DC SC

Rs (W m−2) 309 336 310 353 303 352 316 358 309 350
Ta (°C) 23.9 23.4 23.6 23.6 23.8 24.0 23.7 24.1 23.8 23.8
Ts (°C) 26.4 27.5 25.8 28.8 26.5 29.0 25.6 30.0 26.1 28.8
PPT (mm) 511.4 437.9 471.7 254.2 418.8
EVI (−) 0.43 0.28 0.45 0.29 0.39 0.21 0.37 0.22 0.41 0.25
VPD (kPa) 0.73 0.64 0.73 0.79 0.75 0.82 0.80 0.79 0.75 0.76
RH (%) 79.6 80.7 79.1 76.7 79.2 76.3 79.4 76.7 79.4 77.6
ET (mm) 283.4 340.4 334.3 338.9 271.5 265.4 130.0 243.9 254.8 297.1
GPP (g C m−2) 460.5 550.6 961.5 635.6 520.3 450.5 704.5 372.2 661.7 502.2
Reco (g C m−2) 339.1 308.3 353.6 353.8 275.5 310.5 296.9 288.7 316.3 315.3
NEE (g C m−2) −121.4 −242.4 −607.9 −281.8 −244.8 −140.0 −407.6 −83.5 −345.4 −186.9
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monthly value occurred in July 2014, reaching approximately 184 g C
m−2. Reco monthly average was 69.2 g Cm−2, with the highest monthly
average in August. The average NEE was −33.7 g C m−2, with May
showing higher CO2 absorption (−96 g C m−2).

It was noted that the DC area absorbed an additional 34 g C m−2

monthly in relation to the SC area, which is equivalent to 33%more car-
bon absorbed. Regarding Reco, the two areas showed approximate
values, with a slight difference of 2 g C m−2 more for the DC area.
Consequently, the NEE of the DC area was greater than the SC area,
with a difference of approximately −39 g C m−2 monthly. This differ-
ence exceeds the monthly average of NEE in the SC area, which is only
−33.7 g C m−2.

Fig. 6 presents the annual cumulative carbon fluxes (GPP, Reco and
NEE) in the DC area for 2013, 2014, 2015, and 2016, showing that
2016 had the highest cumulative GPP (2039.1 g C m−2). As expected,
it also showed the highest NEE (−1294.2 g C m−2), with the total car-
bon being fixed approximately two times greater than the carbon re-
leased by respiration (744.9 g C m−2). In 2014 and 2015, total fixed
carbon values also were higher than carbon released via respiration.
7

2013 presented the lowest cumulative GPP (1130.6 g C m−2). Even
then, the total fixed carbon was 53% higher than the carbon released.
The DC area absorbedmore carbon than it emitted for the entire period,
with an average fixed total carbon (NEE) 1.1 times greater than the lost
carbon (Reco).

Fig. 7 shows the annual carbon fluxes (GPP, Reco and NEE) in the SC
area for the studied period (2013–2016). 2016 presents the cumulative
values for eight months, from January to August, due to instrument re-
cord issues. The total cumulative carbon fluxes in Fig. 7 show that
2014 had the highest cumulative GPP (1387.4 g C m−2). Consequently,
the highestNEE (−590 g Cm−2), with the total carbon fixed 74% higher
than the carbon released by respiration. 2014 and 2015 showed total
fixed carbon values 51% higher than the carbon released. In 2013 and
2016, the total carbon fixedwas 33% higher than the carbon lost via res-
piration. Thus, for the entire period, the area absorbedmore carbon than
it emitted.

Only the complete two-year dataset of the SC area (2014 and 2015)
and four years of the DC area (2013–2016) were used to compare the
annual totals for the two areas. The annual average difference of the



Fig. 4. Cumulative precipitation (PPT) (mm) and cumulative evapotranspiration (ET) (mm) for the studied period (2013, 2014, 2015, and 2016) for the DC and SC areas.
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GPP was 364.2 g C m−2 more for the DC area. Reco presented similar
values of close to 780 g C m−2 for both areas. Consequently, the DC
area absorbed more carbon, showing a NEE annual average of about
−868 g C m−2. In contrast, the SC area absorbed about−495 g C m−2,
corresponding to 56% of the DC area's total carbon absorption.

In addition, it was evaluated the seasonal (dry and rainy) carbon
fluxes (Table 1). It was observed that GPP and Reco presented greater
cumulative values in the dry period than in the rainy period for the
two areas. Consequently, showing lower NEE does not necessarily
mean that higher carbon absorption values are found in the dry period.
8

Higher values occur in the rainy period when analyzing the monthly
carbon fluxes (Fig. 4). However, as the rainy period (five months) is
smaller than the dry period (seven months), the total values may be
higher in the dry period.

3.4. Water-use efficiency (WUE)

TheWUE annual mean was 5.2 and 2.7 g C kg−1 H2O for the DC and
SC areas, respectively. Both areas had low WUE values in the rainy sea-
son (Fig. 8) due to the higher water consumption. The SC area showed



Fig. 5.Monthly values of gross primary productivity (GPP), ecosystem respiration (Reco), and net ecosystem exchange (NEE), all fluxes in g Cm−2, and standard deviation (SD) for the DC
area (a, b and c) and the SC area (d, e and f).
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lower values ofWUE in relation to the DC area. This likely occurs due to
the rapid growth of grasses in this area, indicating a highwater loss rate.
Another factor contributing to the lowWUE in the SC area is related to
high soil water loss. This occurs because the SC area has a higher per-
centage of bare soil, which favors water loss through evaporation.
Fig. 8c shows the annual WUE, evidencing that the SC WUE was lower
than DC in all years, with 2016 being significantly higher for the DC
area. The averages WUE for the rainy season were 3.3 and 1.9 g C kg−1
9

H2O for the DC and SC areas, whereas the dry season's averages were
6.6 and 3.3 g C kg−1 H2O, respectively.

The Caatinga'sWUE values proved to be high in relation to studies in
other areas (de Oliveira et al., 2018) due to the plants' photorespiration
mechanism present in the Caatinga biome (C4 and CAM). C4 and CAM
plants are common in arid and semiarid regions. These plants have ad-
aptations for carbon fixation and water loss due to water stress, which
leads them to lose less water through transpiration (via stomatal



Fig. 6. Cumulative gross primary productivity (GPP), ecosystem respiration (Reco), and net ecosystem exchange (NEE) for the studied period (2013, 2014, 2015, and 2016) for the dense
Caatinga (DC) area.
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closure) (Hatfiel and Dold, 2019), therefore presenting higher water-
use efficiency.

4. Discussion

The meteorological conditions observed during the experiment
showed that the region was under drought conditions during most of
the study period, with an annual rainfall below the region's historical
average. The causes of the drought were due to the positive anomalies
influence on the sea surface temperatures (SST) of the Equatorial Pacific
and Tropical North Atlantic Oceans, with the development of an El Niño
event, particularly in 2015, and contributing to the displacement of the
Intertropical Convergence Zone (ITCZ) to the north of the equator, caus-
ing a reduction in rainfall (Marengo et al., 2017a,b).

It is observed in Fig. 3a that themaximum values of Rs are identified
in the dry season,when the lowest cloud cover is notorious, causing less
interference in the incoming solar radiation. The highest values of Rs
were found in the SC area. The Ta data was similar for both sites, pre-
senting average values of approximately 24 °C. From Fig. 3b, it is ob-
served that after the rainy season in 2016, the Ta values for the SC area
differ from the values of the DC area, presenting an average increase
of approximately 1.2 °C, with a slight variation in its behavior at the
10
end of the studied period. This variation can be explained by the in-
crease of Rs in the same period. The high temperatures during 2016
are likely an effect of the drought that occurred in that year. As it can
be seen in Table 1, 2016 presented the lowest annual precipitation in re-
lation to the other studied years. The seasonal variation of the daily av-
erage Ta was approximately 10 °C, with maximum values observed in
the dry season, in which the clear sky provides a greater surface absorp-
tion of Rs, as clouds reduce the amount of incoming solar energy at the
Earth's surface due to its high reflectivity (Querino et al., 2011).

Ts in the SC area is, on average 3 °C higher than in the DC area. This is
explained because SC is under severe land degradation and has a higher
percentage of bare soil, absorbing more energy, thereby increasing Ts.
Colaizzi et al. (2016) explain that in soils under this condition, the soil
heat flux (G) can correspond to up to 50% of the net radiation (Rn) due
to the considerable variation in the Rs incoming into the soil.

The temporal distribution of rainfall had a significant impact on the
EVI (Fig. 3d). It is evidenced by the high seasonality of the vegetation
cover during the studied period, with a greater variation for the DC
area, as it is an area with more vegetation cover. The DC area reached
themaximum daily value (0.74) during the rainy season and the lowest
(0.06) during the dry season, showing Caatinga's high seasonality. The
phenology of vegetation tends to respond quickly to rainfall events.



Fig. 7. Cumulative primary gross productivity (GPP), ecosystem respiration (Reco), and net ecosystem exchange (NEE) for the studied period (2013, 2014, 2015, and 2016) for the sparse
Caatinga (SC) area.
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Thus, during the rainy season, it is expected that vegetation, especially
deciduous species, strengthens its metabolic activities, as noted by
Barbosa and Kumar (2016) and da Silva et al. (2017).

Differences in vegetation coverage were observed between the two
studied areas for the rainy season, with an average variation of 0.16, cor-
responding to approximately 39%. In thedry period,when the senescence
process occurs, the DC area still presents higher values than the SC area
due to the presence of some semideciduous species (Marques et al.,
2020). The VPD and RH values showed opposite behaviors for the two
areas, as shown in Fig. 3e and f. It is evidenced that, as the VPD increases,
the RH decreases and, consequently, decreases the ET (Fig. 3g). This
behavior is because the VPD indicates the degree of dryness of the
atmosphere; thus, there is a direct relationship between these three pa-
rameters. Therefore, since it is dependent on the vapor pressure gradient
between the evaporating surface and the air in the rainy periods, it is
usual for the atmosphere to be frequently with high moisture content,
significantly reducing the VPD (Rodrigues et al., 2011).
11
As expected, ET reached its maximum in the rainy season for both
areas. In the dry season, the leaf senescence response to water stress re-
duces the ET rates (Marques et al., 2020). The behavior of ET in the
Caatinga was consistent with previous studies in the Brazilian semiarid
region, such as Silva et al. (2017) and Marques et al. (2020).

The SC area presented the highest annual cumulative ET values, as
shown in Table 1 and Fig. 4. One of the hypotheses for this behavior
would be greater soil evaporation, as it is an area with a large percent-
age of bare soil (Graf et al., 2020), in addition to the fast growth of
grasses, favoring transpiration. Also, the plants are younger, tending to
have a higher ET than the older plants in the DC area. Therefore, adding
the twomechanisms (evaporation+ transpiration) ofwater loss, the SC
area becomes responsible for the greatest water transfer to the atmo-
sphere. As the DC area has more covered soil (higher EVI), ET may be
lower in relation to water loss reduction through evaporation. Also,
DC plants havemechanisms for reducingwater loss by the transpiration
process (Freitas et al., 2006; Menezes et al., 2013).



Fig. 8. Monthly water-use efficiency (WUE) (g C kg−1 H2O) for DC (a) and SC (b) and
annual for both areas (c) from 2013 to 2016. The shaded area represents the rainy season.
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A strong relationship between GPP (Fig. 5) and EVI (Fig. 3d) was ob-
served during the study period. Xu and Baldocchi (2004), Gitelson et al.
(2014), and de Oliveira et al. (2018) found similar results, considering
different vegetation types. It is important to note that Mendes et al.
(2020) also observed a strong relationship between EVI and GPP in
the Caatinga area. The relationship between GPP and EVI is observed
with greater intensity in the DC area (the area with the highest GPP).

In both areas, it was observed that GPP rates exceeded Reco, acting as
a carbon sink. A similar result was found by Rotenberg and Yakir (2010)
when studying the contribution of semiarid forests to the climate sys-
tem. In theDC area, 2016was the year that showedGPP2.7 times higher
than Reco. The highest Reco values were also recorded in the same year,
maybe related to the EVI increase. The average GPP/Reco ratio for the
DC region was 2.2. In the SC area, the average is approximately 1.5,
and the highest GPP/Reco ratio (i.e., 1.7) was verified in 2014. These re-
sults agree with those found in several semiarid regions worldwide
and described by Baldocchi et al. (2018), presenting a full review of
the inter-annual variability of the net and gross ecosystem carbon fluxes
from different ecosystems.

In the dry season, the values of carbon fluxes tend to decrease con-
siderably (Fig. 5). This is due to the occurrence of leaf senescence and
12
the fact that photosynthetic activities are restricted to a few
semideciduous plant species, as previously stated. Mendes et al.
(2020) explain that trees are likely to suffer from the decrease in soil
water content during the dry season, leading to reduced stomatal con-
ductance and leaf transpiration, limiting the assimilation of CO2, further
reducing the net photosynthesis. Reco values for Caatinga are considered
below average compared to other studies in different ecosystems
(Baldocchi et al., 2018). This is because the Caatinga biome (shorter
trees and grass predominance) has lower carbon stocks than humid re-
gions (taller trees and vigorous understory canopies) (Plaza et al., 2018,
Baldocchi et al., 2018). In addition, plants tend tomaintain respiration at
baseline levels duringwater scarcity events, presenting low autotrophic
respiration rates (Santos et al., 2014).

Table 1 shows that 2016, despite having the highest NEE, also had
the lowest PPT and ET for the DC area. Baldocchi (2019) explains that
57% of NEE's interannual variability is responsible for biological effects,
and the residual (43%) due to climatic conditions. In this regard, it is hy-
pothesized that these unexpected increases in NEE in 2016 may be
highly related to vegetation's phenology, with minor influences of the
physical parameters.

From Fig. 5, it is observed high respiration rates, mainly in the SC
area. These maximum values are likely related to the “Birch effect”
(Birch, 1958; Jarvis et al., 2007), where rainfall in semiarid ecosystems
can induce many pulses of CO2, with the size of the pulse depending
on the degree of previous photodegradation and decreasing with time,
after successive rain events (Huxman et al., 2004; Ma et al., 2012).
Higher rates of Reco in the DC area might be related to the roots produc-
tion and the proportional contributions of younger soil respiration, in
addition to the decomposition of organic matter.

Table 1 shows that the DC area had the highest CO2 assimilation rate
than the SC area (up to 2.5 times). The Reco/GPP ratio is 46% for DC and
66% for SC, i.e., the SC area returns 20%more carbon than was absorbed
by the GPP to the atmosphere than the DC area. Baldocchi (2019) ex-
plains that the growing season's duration substantially impacts the cu-
mulative sum of assimilated carbon. As a result, a degraded area with
low vegetation cover and a shorter growing season tends to absorb
less CO2, as observed by Rotenberg and Yakir (2010). However, during
the study period, it was observed a high interannual variability. Several
studies have shown that the ecosystem-atmosphere carbon fluxes suf-
fer varying degrees of interannual variability due to climatic, ecological,
and physiological factors, as Baldocchi et al. (2018) stated. Thus, longer
datasets are necessary to detect and better explain the causes of this
variability.

One of the aspirations of this studywas to assess the interannual var-
iability of the water and carbon fluxes in the Caatinga biome under dif-
ferent human-induced land degradation stages. It is worth highlighting
a severe drought event in the area during the study period, showing
precipitation below the historical average. Similar analyses in wetter
periods, including evaluations of soil water content and vegetation's
stomatal conductance, would be interesting to understand these inter-
actions better.

Even considering that only four yearswere used in this study, the re-
sults obtained here can support management policies and sustainable
practices that minimize the effects of climate variations, contributing
to adaptation strategies for this particular and important biome in
South America. Recent studies indicate a trend in reducing native vege-
tation areas, resulting in increased land degradation, triggered by
replacing natural land cover with pasture and agricultural lands
(Antongiovanni et al., 2020). Thus, according to Strassburg et al.
(2020), the effects of ecosystem degradation and climate change have
resulted in significant interest in ecosystem restoration at the national,
regional, and global levels. The conservation of the remaining natural
ecosystems is the most critical focus for preserving biodiversity.

Understanding how different types of degradation in such a unique
environment, given the fact that the Caatinga is the only biome that ex-
ists solely within the Brazilian territory, and the consequent impact in
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the fluxes of water and carbon has international relevance, for example,
to establish comparisons on how different biomes are affected by re-
gimes of disturbance, as it can be seen, e.g., in Miao et al. (2009), da
Silva et al. (2018), McNicol et al. (2018), Sagar et al. (2019), Brando
et al. (2019), Yao et al. (2020) andAntongiovanni et al. (2020). These re-
sults are also important to understand how different soil-vegetation-
atmosphere feedbacks may exacerbate the future expected warmer
and drier conditions in this region.

The findings of this study have a significant impact on our under-
standing of soil-plant-atmosphere continuum exchanges in the
Caatinga biome and the environmental consequences of land degrada-
tion in drylands. As a result, emphasize the urgency of conservation ac-
tions by providing general guidelines for planning, management, and
monitoring efforts that may mitigate the effects of disturbance.

5. Conclusions

This study investigated the effect of the Caatinga biome degradation
on water and carbon exchanges in the Brazilian semiarid region. This is
the first study examining and relating carbon fluxes in areaswith differ-
ent human-induced land degradation stages in this biome. It was ob-
served that the sparse Caatinga had annual evapotranspiration higher
than the dense Caatinga, corresponding to an average of 90% of the
total annual precipitation, while the dense Caatinga used about 74%.
Consequently, the Caatinga deforestation contributes to the evapotrans-
piration intensification (by soil water loss) and the reduction of the po-
tential for fixing atmospheric carbon, reducing the capability of this
STDF to mitigate the effects of the increasing concentration of green-
house gases in the atmosphere. Additionally, the two areas acted as a
carbon sink, absorbing an average of 50% and 34% of the total fixed car-
bon for the dense and sparse Caatinga areas, respectively. As expected,
deforestation of the Caatinga biome reduces the ecosystem's capacity
to absorb CO2 and modifies the microclimate, impacting the local and
regional carbon budget. These findings provide a better understanding
of how different types of degradation in this unique region may affect
the expected warmer and drier conditions of the Caatinga in the years
to come.
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