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ABSTRACT 58 

Seasonally Dry Tropical Forests (SDTFs) may act as considerable carbon sinks, regulating the 59 

atmospheric and terrestrial carbon storage and fluxes with implications for local, regional and 60 

global climates. In the Caatinga, an endemic Brazilian SDTF, the research on the magnitude of 61 

the CO2 sink is still incipient. To address this gap, we conducted a comprehensive analysis of 62 

observed CO2 fluxes using the Eddy Covariance technique across the Caatinga, quantifying and 63 

assessing the seasonal and interannual variations in CO2 exchange under contrasting soil and 64 

climatic conditions. In our study we estimated whether the Caatinga functioned as a net source 65 

or sink of carbon at five sites during years with varying rates of rainfall. Results showed that 66 

the dynamics of CO2 flux components varied based on the spatio-temporal distribution and 67 

magnitude of rainfall and the corresponding variations in vegetation cover. Average annual 68 

accumulated Gross Primary Productivity ranged from 1,167 g C m-2 in the Crystalline area to 69 

2,018 g C m-2 in the Agreste ecotone. Average annual Net Ecosystem Exchange was -775 g C 70 

m-2 (-7.7 t C ha-1). The Caatinga exhibited higher carbon use efficiency (CUE) compared to 71 

other dry forests in arid and semi-arid regions worldwide and to South American ecosystems, 72 

including the Amazon, as documented by FLUXNET2015 eddy covariance datasets. CUE 73 

values ranged from 0.31 in the Crystalline area to 0.58 in the Agreste ecotone. These findings 74 

provide robust, measurement-based evidence that the Caatinga is a highly efficient carbon sink, 75 

substantially contributing to atmospheric CO2 absorption and mitigating the growth rate of 76 

atmospheric CO2 concentration.   77 

 78 

KEYWORDS: Ecosystem respiration, Eddy Covariance, FLUXNET, gross primary 79 

productivity, partitioning of CO2 fluxes, turbulent CO2 flux.  80 

 81 

 82 

1. Introduction 83 
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The increase in atmospheric CO2 concentration has been shown to severely impact the 84 

structure and function of both natural (Baldrian et al., 2023) and managed (Yan et al., 2021; 85 

Yan et al., 2022) terrestrial ecosystems. In turn, terrestrial ecosystems are crucial in mitigating 86 

these impacts by absorbing more atmospheric CO2 via photosynthesis than they release via 87 

respiration, thereby effectively acting as carbon sinks (net uptake of CO2) (Ahlström et al., 88 

2015; Harris et al., 2021). The Carbon Use Efficiency (CUE) of an ecosystem is commonly 89 

employed to assess it’s efficiency and capacity to act as an atmospheric carbon sink. CUE is  90 

defined as the ratio of net ecosystem productivity (NEP) to gross primary productivity (GPP) 91 

(Chen et al., 2021; Fernández-Martínez et al., 2014). Negative CUE values indicate that an 92 

ecosystem releases more carbon via respiration (Reco) than it absorbs through photosynthesis 93 

(Fernández-Martínez et al., 2014; Mendes et al., 2020). Therefore, to determine whether 94 

ecosystems function as carbon sinks or sources, it is essential to directly assess NEP. 95 

Additionally, CUE provides valuable insights into the efficiency of ecosystems in converting 96 

fixed carbon into biomass, complementing NEP assessments and helping to better understand 97 

the role of ecosystems in mitigating rising CO2 concentrations (Wang et al., 2020). 98 

Terrestrial carbon sinks absorb approximately 30% of anthropogenic CO2 emissions, 99 

yet this uptake exhibits significant interannual variability, influenced by both climatic factors 100 

and vegetation types (Luo and Keenan, 2022; Kumar et al., 2016). Understanding the 101 

mechanisms driving this variability is essential for improving the reliability of climate 102 

predictions (Yue et al., 2020). While highly productive ecosystems, such as tropical forests, 103 

dominate the mean global carbon sink, semi-arid ecosystems play a pivotal role in shaping both 104 

the trend and interannual variability of the terrestrial carbon sink (Poulter et al., 2014; Ahlström 105 

et al., 2015; Flores-Rentería et al., 2023). The carbon balance of these semi-arid ecosystems is 106 

strongly associated with circulation-driven variations in precipitation and temperature 107 

(Ahlström et al., 2015; Alves et al., 2024; Baldocchi, 2020; O’Sullivan et al., 2022; Santos e 108 

Silva et al., 2024). 109 

Global carbon dynamics in Seasonally Dry Tropical Forests (SDTFs) are primarily 110 

driven by temperature, rainfall distribution, and the occurrence of rainfall pulse events 111 

(Ahlström et al., 2015; Biederman et al., 2016; Santos e Silva et al., 2024; Schlesinger, 2017; 112 

Zhang et al., 2020). It is also recognized that water availability plays a crucial role in the 113 

phenological behavior of these ecosystems. In the Caatinga Biome, the only SDTF recognized 114 

as a functional ecosystem (Campos et al., 2019) in the Neotropics [the tropical New World 115 

biogeographic region comprising Central America, the Caribbean, and South America] 116 
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(Fernandes et al., 2020), the seasonality of vegetation cover is strongly influenced by 117 

precipitation (Ramos et al., 2023). For instance, Leaf Area Index (LAI) values varied annually, 118 

ranging from nearly 0.0 m² m-² during the dry season to 5.0 m² m-² during the rainy season 119 

(Almeida et al., 2019;  Ferreira et al., 2021; Marques et al., 2020; Miranda et al., 2020). LAI is 120 

an effective environmental parameter for representing vegetation cover, as it influences 121 

ecohydrological processes such as rainfall interception, sunlight penetration, gas exchange, and 122 

photosynthesis (Almeida et al., 2019; Hardwick et al., 2015; Tang et al., 2016; Zeng et al. 2020). 123 

The marked seasonality of the Caatinga modulates the annual carbon balance by 124 

promoting plant growth and influencing net ecosystem productivity (Campos et al., 2019; 125 

Mendes et al., 2020; Stan et al., 2021). In the Caatinga Biome, factors such as canopy height, 126 

vegetation density, the abundance or scarcity of certain species, and the predominance of tree 127 

or shrub species—which directly affect vegetation cover—are not solely determined by water 128 

availability. Instead, they result from a combination of soil type and water availability, a 129 

relationship often described as soil-vegetation associations (Almeida et al., 2019; Pinheiro et 130 

al., 2016; Ramos et al., 2023). 131 

In this context, recent studies have shown that areas within the Caatinga Biome with 132 

similar water availability can exhibit different soil-vegetation covers, i.e., different LAI 133 

(Almeida et al., 2019; Medeiros et al., 2022). Evapotranspiration (ET) is the main driver of the 134 

energy balance partitioning and influences hydrological and carbon cycles at global, regional 135 

and local scales (da Silva et al., 2024). Given the variability of ET across different areas within 136 

the same biome, further research is essential to better characterize these areas and their roles in 137 

the carbon cycle.  138 

This susceptibility to precipitation intensity and frequency renders arid ecosystems 139 

particularly sensitive to changes in water availability (Biederman et al., 2018;2016; Verduzco 140 

et al., 2015). Thus, these dry ecosystems serve as sentinels of climate change (Castro et al., 141 

2018; Scott et al., 2010; Wang et al., 2022). Improving our understanding of their functioning 142 

is essential to reveal the intricate mechanisms and feedback processes that govern their CO2 143 

fluxes and carbon storage. 144 

The Caatinga Biome is the largest SDTF in South America (Santos et al., 2014). Its 145 

floristic diversity is remarkable, with a species-to-area ratio that makes the Caatinga twice as 146 

rich as the Amazon rainforest (Fernandes et al., 2020). Moreover, the Caatinga hosts 3,347 plant 147 

species, of which 526 are endemic, making it the most biodiverse SDTF in the Neotropics 148 

(Fernandes et al., 2020). Thus, Caatinga is recognized as one of the most important wildlife 149 

areas on the planet (Mittermeier et al., 2003; Ribeiro et al., 2016). Despite its ecological 150 
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significance, the Caatinga faces severe environmental degradation due to its distinct soil and 151 

climate characteristics, coupled with  the economic dependence of local populations on its 152 

natural resources. It is also notably understudied compared to humid tropical forests and 153 

savannas, particularly concerning CO2 exchanges and their ecological implications (Campos et 154 

al., 2019; Koch et al., 2017).  155 

Studies on CO2 dynamics in the Caatinga are relatively recent (Borges et al., 2020; 156 

Marques et al., 2020; Mendes et al., 2020; Mendes et al., 2023; Oliveira et al., 2023;  Santos e 157 

Silva et al., 2024; Silva et al., 2017; Silva et al., 2021; Souza et al., 2017). These studies aimed 158 

to provide compelling evidence that Caatinga acts as a CO2 sink, even under drought conditions 159 

(Costa et al., 2022; Mendes et al., 2020; Pereira et al., 2020; Silva et al., 2017). Notably, Mendes 160 

et al. (2020) demonstrated that a preserved fragment of Caatinga exhibits high CUE compared 161 

to other terrestrial ecosystems. Similarly, Silva et al. (2017) compared CO2, water, and energy 162 

flux variations between Caatinga and pastures in the semi-arid region of Brazil. However, these 163 

studies analyzed ground-based eddy covariance data from one single Caatinga site. 164 

Furthermore, they did not analyze the magnitude of CUE during years with varying 165 

precipitation levels. 166 

The geographical distribution of the Caatinga is the result of intricate interactions 167 

between soil and climatic conditions, leading to different phytogeographic domains (Moro et 168 

al., 2016; Table 1, Fig. 1). These domains differ in floristic composition: in the Agreste ecotone, 169 

the Caatinga is composed of species adapted to the wetter conditions interspersed with 170 

transitional species from the Atlantic Forest, exhibiting high floristic density; the Crystalline 171 

area consists of a sparse Caatinga, with xerophyte species with lower stature and adapted to 172 

drier conditions (Fernandes and Queiroz, 2018; Moro et al., 2016). These observations are 173 

fundamental for understanding how the distinct vegetation formations of the Caatinga respond 174 

to environmental variations, especially under scenarios of climate change, fluctuating 175 

precipitation patterns, and the resilience of this biome. In this context, climate projections 176 

indicate a decrease in total rainfall for the semi-arid region of Brazil (where the Caatinga is 177 

located), a reduction in the duration of the rainy season, an increased frequency of extreme 178 

temperature events, and a rise in minimum temperatures (Ávila-Diaz et al., 2023; Medeiros et 179 

al., 2022).  180 

Mapping carbon flux patterns across the Caatinga requires monitoring at diverse spatio-181 

temporal scales due to the region's vastness and ecological variability. In this context, a multi-182 

site analysis in the Caatinga, examining land-atmosphere CO2 exchanges, will contribute to a 183 

better understanding of the factors influencing the high CUE of this biome compared to 184 
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different ecosystems in South America and in arid and semi-arid regions around the world 185 

(FLUXNET2015 Eddy covariance sites). This study aims to quantify and evaluate the patterns 186 

of annual carbon fluxes and CUE under different soil and climatic conditions at five micro-187 

meteorological field observatories in the Caatinga. Additionally, it aims to determine the 188 

biome’s status as a CO2 source or sink during years with differing precipitation levels, 189 

advancing our understanding of its carbon sequestration potential. 190 

 191 

2. Material and methods 192 

2.1. Caatinga dataset  193 

In our study, the Caatinga Biome was depicted according to the geographical locations 194 

of micrometeorological towers and based on the phytogeographic domains defined by Moro et 195 

al. (2016). Net ecosystem exchange (NEE) was measured using five Eddy-Covariance (EC) 196 

flux-towers located across different regions of the Caatinga, while  GPP and Reco were derived 197 

from the partitioning of NEE data. These regions include the Agreste ecotone transitioning to 198 

the Atlantic Forest (Caatinga Campina Grande, CCG; Caatinga São João, CSJO) and the 199 

Caatinga of the Crystalline area (Caatinga Embrapa - Semi-arid Reserve, CES; Caatinga Seridó 200 

Ecological Station, CSES; and Caatinga Serra Talhada, ST). These EC flux-towers are part of 201 

the National Observatory of Water and Carbon Dynamics in the Caatinga Biome (NOWCDCB) 202 

network (www.ondacbc.com.br). General information about each site is provided in Table 1. 203 

The vegetation of the Caatinga features a phytosociological structure composed mainly 204 

of woody plants (trees and shrubs) and herbaceous plants (grasses and other herbaceous 205 

species). These plants are well-adapted to the semi-arid climate and include a considerable 206 

number of endemic species and genera (Brazil Flora Group 2015, Queiroz et. al. 2017).   207 

 208 

 Site Caatinga Campina Grande, CCG 209 

Caatinga Campina Grande is located in the municipality of Campina Grande, in the state 210 

of Paraíba, Brazil. It is a protected area managed by the National Institute of the Semi-arid 211 

(INSA). This Caatinga area features dense vegetation with a well-structured canopy, primarily 212 

characterized by a shrub layer interspersed with scattered trees and a high concentration of cacti. 213 

The vegetation consists of trees with an average height of 6 meters and a density of 214 

approximately 675 individuals per hectare with diameter at breast height (DBH) ≥ 3 cm. 215 

Dominant tree species include Cenostigma pyramidale, Combretum monetaria, Aspidosperma 216 

pyrifolium, Manihot sp., and Poincianella flava. Collectively, these species represent 71% of 217 
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the total relative abundance of trees in the area (Ramos et al., 2023). The average annual rainfall 218 

in this area is approximately 775 mm, with air temperatures averaging around 22.7 °C and 219 

relative humidity at approximately 75%. The rainy season typically spans from March to 220 

August (between austral autumn and winter), while the dry season lasts 5 to 6 months, from 221 

September to February (Borges et al., 2020). 222 

 223 

Site Caatinga Embrapa - Semi-arid Reserve, CES 224 

The Caatinga Station, managed by Embrapa Tropical Semi-arid, is located in Petrolina, 225 

Pernambuco state, Brazil. It encompasses a preserved area of 600 hectares of Caatinga 226 

vegetation, which has been free from human interference for over 44 years, since the early 227 

1980s, when Embrapa took over the management of the area. The area is characterized by 228 

hyperxerophilic shrub-tree growth. A floristic and phytosociological survey of the shrub-tree 229 

component identified 109 species distributed across 88 genera and 43 families (Kiill, 2017). 230 

Species with the highest importance value (IV) include  Mimosa tenuiflora, Poincianella 231 

microphylla, Sapium glandulosum, Schinopsis brasiliensis, Croton conduplicatus, Bauhinia 232 

cheilantha, Manihot pseudoglaziovii, Commiphora leptophloeos (Nascimento et al., 2003,     233 

Kiill and Kill, 2017; Souza et al., 2018. The CES density is estimated at 1,350 individuals ha-1 234 

with a DBH ≥ 3 cm. Most plants are small, with heights below five meters (Calixto Júnior and 235 

Drumond, 2011). The regional climate is semi-arid, with an average annual temperature of 25.9 236 

°C, an average relative humidity of approximately 56%, and annual precipitation of 419 mm 237 

(INMET, 2022).  238 

 239 

Site Caatinga São João, CSJO 240 

Caatinga São João (CSJO) is located on the Riacho do Papagaio Farm in the 241 

municipality of São João, Pernambuco state, Brazil. The vegetation primarily consists of low-242 

stature deciduous trees, shrubs, and a herbaceous layer that emerges only during the rainy 243 

season. The area is considered a remnant of mature Caatinga vegetation, having remained 244 

undisturbed by human activities for over 50 years (da Silva et al. 2017; Oliveira et al., 2023). 245 

Common species include Croton blanchetianus, Aspidosperma pyrifolium, Poincianella 246 

pyramidalis, Mimosa tenuiflora (Oliveira et al., 2023). The  tree density is approximately 670 247 

individuals ha-1 with a DBH ≥ 3 cm (Ramos et al., 2023). The regional climate is classified as 248 

tropical rainy with a dry summer (Oliveira and Soares, 2018). The average annual air 249 

temperature and relative humidity are approximately 20.2 °C and 76%, respectively. Annual 250 
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rainfall is approximately 772 mm, with 4 rainiest months typically occurring from May to 251 

August (INMET, 2022).  252 

 253 

Site Caatinga Seridó Ecological Station, CSES 254 

The Ecological Station of Seridó (ESEC-Seridó) is a conservation unit within the 255 

Caatinga Biome, situated between the municipalities of Caicó and Serra Negra do Norte, in the 256 

state of Rio Grande do Norte, Brazil, within the Brazilian semi-arid region. ESEC-Seridó is 257 

managed by the Chico Mendes Institute for Biodiversity Conservation (ICMBio) and covers an 258 

area of 1,163 hectares of preserved Caatinga. The area is characterized by a dry, xerophytic 259 

forest with scattered shrubs and small trees (less than 7 meters in height), along with herbaceous 260 

patches that turn into plant litter during the dry season. The CSES is considered a mature 261 

remnant of native vegetation within a 42-year-old conservation unit. The area hosts 2,448 262 

individuals with a DBH ≥ 3 cm, distributed across 22 species, 20 genera, and 12 families with 263 

an estimated density of 4,080 individuals ha-1. The Leguminosae and Euphorbiaceae families 264 

account for the highest number of individuals. Poincianella pyramidalis, Aspidosperma 265 

pyrifolium, and Croton blanchetianus were identified as the most ecologically important species 266 

(Mendes et al., 2020; Marques et al., 2020). While there is a balance between the number of 267 

tree and shrub species, trees are dominant, with a relative frequency (RtF) exceeding 50%, 268 

whereas shrubs exhibit an RtF of approximately 23% (Marques et al., 2020). The rainy season 269 

occurs between January and May, with an average annual precipitation of 758 mm (INMET, 270 

2022), an average annual temperature of 26.8 °C, and an average annual relative humidity of 271 

approximately 61% (Campos et al., 2019; Marques et al., 2020).  272 

 273 

Site Caatinga Serra Talhada, CST 274 

The Caatinga in Serra Talhada is located in the municipality of Serra Talhada, 275 

Pernambuco, Brazil, and hosts an AmeriFlux site (BR-CST). This area of Caatinga has been 276 

preserved for over 50 years and is composed of shrub species (Mimosa hostilis, Mimosa 277 

verrucosa, and Croton sonderianus) as well as tree species (Anadenanthera macrocarpa, 278 

Spondias tuberosa, Caesalpinia pyramidalis, and Ziziphus joazeiro). Most tree species have an 279 

average height of approximately 8 meters. The dominant tree species include Aspidosperma 280 

pyrifolium, Cenostigma nordestinum, Senegalia polyphylla, and Anadenanthera colubrina. 281 

Together, these species represent 79% of the total relative abundance of trees in the area. The 282 

tree density is estimated at 780 individuals per hectare with a DBH ≥ 3 cm (Ramos et al., 2023). 283 

The average annual precipitation at the experimental site is around 642 mm, with a rainy period 284 
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occurring from December to March. The average annual air temperature is 25.2 °C and annual 285 

relative humidity is approximately 63% (Silva et al., 2017). 286 

 287 

2.2.Eddy covariance measurement 288 

A summary of the instruments and their respective measurements at each site is 289 

presented in Table 2. The instrument setup consists of five Eddy Covariance (EC) systems 290 

installed on micrometeorological towers with heights ranging from 6 m in Caatinga São João 291 

(CSJO), 7 m in Caatinga Campina Grande (CCG), 11 m in Caatinga Seridó Ecological Station 292 

(CSES) and Caatinga Serra Talhada (CST), to 16 m in Caatinga Embrapa - Semi-arid Reserve 293 

(CES). 294 

 295 

2.3.Flux data quality control, gap-filling, and partitioning 296 

Net Ecosystem Exchange (NEE) is the sum of the turbulent CO2 flux (𝐹𝐶𝑂2
), calculated 297 

from the covariance between fluctuations in vertical wind velocity (𝑤′
′
) and the density of CO2 298 

(𝑐′′)  and the rate of change of CO2 stored in the air column below the height of EC 299 

measurements (𝑆𝑐), i.e.: 300 

𝑁𝐸𝐸 = 𝐹𝐶𝑂2
+ 𝑆𝑐 → (𝜇𝑚𝑜𝑙𝑚−2𝑠−1) 01 

 301 

where: 302 

𝐹𝐶𝑂2
= 𝜌. 𝑤′𝑐′´ →  (𝜇𝑚𝑜𝑙𝑚−2𝑠−1)  02 

 303 

Where 𝜌 is the density of air, and  𝑤′𝑐′´ is the covariance between fluctuations in the 304 

vertical wind velocity and CO2 density.  305 

In order to standardize the CO2 flux values from the five study sites, all data were 306 

processed to obtain the averages at 30-minute time intervals using EddyPro 7.0.9 software (LI-307 

COR Inc., USA). The processing included spectral corrections (Moncrieff et al., 1997), 308 

frequency response corrections (Moore, 1986), Webb-Pearman-Leuning (WPL) correction for 309 

fluctuations in air density (Webb et al., 1980), and sonic temperature correction (Schotanus et 310 

al., 1983). The quality of the calculated flux was assessed through the quality control index, 311 

which ranges from 0 to 2. Data flagged with an index of 2 were excluded, while data with an 312 

index of 1 or 0 were retained (Mauder and Foken, 2006). 313 

  The moving point method proposed by Papale et al. (2006) was used to calculate the 314 
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threshold value of frictional wind speed, u*. Data corresponding to u* < 0.17 ms⁻¹ were 315 

excluded. The percentages of excluded data ranged from 20 % to 29 %. Finally, the REddyProc 316 

R package of the Max Planck Institute for Biogeochemistry -http://www.bgc-317 

jena.mpg.de/~MDIwork/eddyproc/ (Wutzler et al., 2018) was used for the gap-filling 318 

procedure. Closure of energy balance was > 75 % for the whole period.  319 

The flux footprint of each site was calculated using the two-dimensional parameterization 320 

model Flux Footprint Prediction, as described by Kljun et al. (2015). This model requires the 321 

following data: flux measurement height (zm), zero-plane displacement (d), surface friction 322 

velocity (𝑢∗), vertical wind velocity deviation (σw) and roughness length (z0). For the sites 323 

studied here we used 𝑑 =  (2/3). ℎ and 𝑧0  =  0.123 ∙ ℎ, where h is the canopy height of each 324 

site (Table 1), as previously adopted by Campos et al. (2019) and Marques et al. (2020). 325 

The footprint calculated from the location of each eddy covariance tower ranged from 326 

150 meters during the wet season to 250 meters during the dry season. At all studied sites, the 327 

footprint did not exceed the boundaries of the areas of interest, as the distances from the 328 

micrometeorological tower to the respective boundaries were greater than 300 meters. 329 

The CO2 fluxes were partitioned in order to separate NEE into GPP and Reco. We used a 330 

flux partitioning method described by Reichstein et al. (2005), and nighttime fluxes were 331 

adjusted in relation to Ta (Lloyd and Taylor, 1994). For nighttime periods, we considered GPP 332 

to be zero and therefore, NEE was estimated as follows:  333 

NEE = Reco, for nighttime periods 03 

NEE = Reco − GPP, for daytime periods 04 

Both Reco and GPP were calculated using the online tool by the Max Planck Institute (Max 334 

Planck Institute for Biogeochemistry - http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/). 335 

To assess the capacity of the Caatinga biome to uptake carbon, we calculate the CUE, 336 

which is defined as the ratio between the mean accumulated annual net ecosystem productivity 337 

(NEP = −NEE) and the mean accumulated annual GPP (Bezerra et al., 2022; Fernández-338 

Martı́nez et al., 2014; Saliendra et al., 2018 ). CUE analysis is frequently used as an indicator 339 

of the ecosystem’s capacity to transfer carbon from atmosphere to potential carbon sinks, i.e., 340 

store carbon from the atmosphere (Chen et al., 2018; Fernández-Martı́nez et al., 2014;  Liu et 341 

al., 2022; Quan et al., 2023). 342 

 343 

2.4.  FLUXNET Network Data 344 

http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
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To evaluate CO2 exchanges in the Caatinga Biome at a global level, EC-flux data from 345 

FLUXNET2015 were used (Pastorello et al., 2020). The compiled dataset used in this study 346 

represents different ecosystems in South America and in arid and semi-arid regions around the 347 

world, as shown in Fig. 1 and 10. A summary of the annual mean accumulated CO2 flux data 348 

(GPP, Reco, and NEE), as well as the observation period for each site, is presented in Table S1. 349 

More details regarding the descriptions of the FLUXNET and the data processing can be 350 

accessed at https://fluxnet.fluxdata.org/. Subsequently, the CUE for each FLUXNET site was 351 

calculated. 352 

 353 

2.5.  Vegetation condition 354 

 The seasonality of the Caatinga vegetation was evaluated using the LAI from the 355 

MCD15A3H (v006) – Terra + Aqua LAI product, which consists of a 4-day composite dataset 356 

with 500-meter pixel size. The algorithm generates a 4-day composite by selecting the best 357 

pixels from both satellites, i.e., cloud-free pixel or with physically inconsistent values (Myneni 358 

et al., 2015). The MCD15A3H (v006) product has been used for this purpose in previous studies 359 

in the Caatinga Biome (Almeida et al., 2019; Marques et al., 2020; Miranda et al., 2020). 360 

Additionally, its performance has been validated through comparisons with in situ observed 361 

data, showing satisfactory results (Ferreira et al., 2020; Miranda et al., 2020). 362 

 363 

2.6.  Statistical analysis 364 

Statistical analysis and data processing were carried out using the R software, version 365 

4.2.3 (R Core Team, 2023). We calculated average daily carbon balance components, 366 

bootstrapped over seasonal intervals to estimate random variance (confidence interval – CI of 367 

± 95%). Statistically significant differences (p-value < 0.05) between the daily seasonal means 368 

of the dry and rainy seasons, as well as comparisons of the mean accumulated annual carbon 369 

fluxes (g C m⁻² ± SD) [SD = Standard Deviation], including GPP, Reco, NEP, and CUE, were 370 

conducted across the phytogeographical domains of the Caatinga: Agreste ecotone transitioning 371 

to the Atlantic Forest (n = 6; CCG, SJO) and the Crystalline area (n = 6; CES, CSES, CST) and 372 

were determined based on the degree of overlap in the 95% bootstrapped CI. The differences 373 

among the fluxes were tested using a one-way analysis of variance (ANOVA) and compared 374 

through Tukey’s test. 375 

Logarithmic models were used to assess the relationship of GPP, Reco, NEE and CUE 376 

with annual rainfall, combining all the studied sites. The coefficients of the models were 377 

evaluated individually through Student’s t-test (p-value < 0.05), and the 95% confidence 378 

https://fluxnet.fluxdata.org/
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intervals were used to display the confidence limits of the fitted model. Additionally, the quality 379 

of the logarithmic model’s fit was evaluated through the proportion of the variance of the 380 

response variable explained by the model via a coefficient of determination (R2) and the 381 

significance (p-value < 0.05) of the model when compared to the fit containing only the 382 

intercept. Finally, Spearman correlation coefficient (r) was utilized to examine the association 383 

between GPP, Reco, NEE, rainfall, and LAI. The coefficients were assessed using Student's t-384 

test at the 5% significance level (p-value < 0.05). The correlation matrix was based on monthly 385 

data collected throughout the entire study period for each site. 386 

 387 

3. Results 388 

 389 

3.1. Weather conditions and variation in vegetation cover 390 

The accumulated annual precipitation (Prec), mean annual values of air temperature 391 

(Ta), and relative humidity (RH) observed during the experimental periods at all studied sites 392 

can be found in Table 3, along with their respective climatological values. Table 3 also shows 393 

that the observed precipitation during the experiment years was lower than the climatological 394 

mean (1991-2020; INMET, 2022). The highest annual precipitation (670 mm) occurred during 395 

2013 in CCG, while the lowest annual precipitation occurred in CES during 2012, 134 mm, a 396 

negative anomaly of nearly 70%. For the years 2012, 2014, and 2015, CST also had 397 

considerable negative precipitation anomalies of almost 60%. For the remaining sites, 398 

precipitation anomalies ranged from -13% to about -40%. Air temperature observed during the 399 

experimental period was higher than the climatological mean, and RH was equal to or greater 400 

than the climatological average at all studied sites. 401 

Fig. 2 presents the diurnal cycle, considering the seasonality of incoming solar radiation 402 

(Rg, W m-2), RH (%), Tair (ºC) and VPD (hPa). The maximum Rg values were recorded during 403 

the dry season (891 W m-2) for CES and CST, while during the rainy season, they were 852 W 404 

m-2 (CES) and 815 W m-2 (CST). The lowest air temperature values during the rainy season 405 

were 19°C (CSJ) and 20°C (CCG) at night, while the maximum temperatures ranged from 26°C 406 

(CSJ) to 33°C (CSES). In the dry season, all sites recorded minimum air temperature values 407 

near 20°C, except for CSES (22°C), with maximum temperatures between 29°C (CCG) and 408 

34°C (CSES). During most of the day in the rainy season, air relative humidity remained above 409 

38% at CES and CSES, 45% at CST, 57% at CCG, and 64% at CSJ. In contrast, in the dry 410 

season, relative humidity was lower, with minimum recorded values of 25% at CSES, 30% at 411 

CES, 35% at CST, and 44% at CSJ and CCG, showing differences between the seasons (Figure 412 
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2). The Caatinga vegetation response to precipitation is analyzed through LAI curves (Fig. 3 e 413 

4), which reflect the spatial distribution of precipitation and highlight the well-marked seasonal 414 

variability in the Caatinga subregions. A strong correlation between LAI and precipitation can 415 

be observed across all Caatinga sites (Fig. 3 and 4; R = 0.68; p < 0.01), with increases in LAI 416 

observed during periods of higher rainfall and decreases during the dry seasons. In sites with 417 

greater water availability, such as CCG and CSJO, LAI reached values close to 4 m² m-², while 418 

in sites with lower precipitation, such as CES and CST, LAI peaks were lower, around 2-3 m² 419 

m-² (Fig. 3). 420 

 421 

3.2. Diurnal, seasonal, and annual variability of CO2 fluxes  422 

The mean daily cycles of GPP and NEE for each site are presented in Fig. 5. It is important 423 

to note that the averages were determined for different periods (Table 1). However, consistent 424 

diurnal cycles, with maximum values delayed by 1 to 2 hours relative to the Rg maximum (Fig. 425 

2a), are observed at the sites and for both seasons. The intensities between the seasons show 426 

statistically significant differences (p-value < 0.05) for both GPP and NEE. The diurnal cycle 427 

of GPP and NEE shows a sharp increase shortly after sunrise, reaching maximum values before 428 

14:00, followed by a decline in the afternoon, approaching values close to zero by sunset. 429 

Positive CO2 flux values during the night indicate the prevalence of ecosystem respiration 430 

during this period. Nighttime Reco was significantly higher in the rainy season compared to the 431 

dry season (p < 0.01) for all studied sites. 432 

The highest hourly averages of GPP were 19 μmol m-² s-¹ (12:00) at the CCG site, followed 433 

by CSJ (16 μmol m-² s-¹; 11:00), CSES (14 μmol m-² s-¹; 11:00), CST (14 μmol m-² s-¹; 10:00), 434 

and CES (11 μmol m-² s-¹; 10:00). In the dry season, the CCG site showed a maximum GPP of 435 

16 μmol m-² s-¹ and NEE of -15 μmol m-² s-¹ (12:00). The maximum hourly GPP and NEE 436 

values for the CSJ, CST, and CSES sites were observed at 11:00, ranging between 5 and 7 μmol 437 

m-² s-¹. At the CES site, the largest seasonal differences were observed, with a reduction of 88% 438 

in the maximum GPP value, reaching 1.5 μmol m-² s-¹ at 9:00, while in the rainy season it was 439 

13 μmol m-² s-¹ at 11:00. 440 

The time series of daily accumulated GPP, Reco, and NEE (Fig. 6) show marked seasonality 441 

across all the studied sites. The dynamics of the CO2 flux components (GPP, Reco, and NEE) 442 

varied in response to the intensity and distribution of precipitation (Fig. 6), as well as  vegetation 443 

cover, as inferred by the LAI (Fig. 3). Photosynthetic activity increased with the onset of the 444 

rainy season, resulting in higher GPP across the analyzed ecosystems. The highest Reco rates 445 

were observed at the beginning of the rainy season, with daily cumulative values exceeding 8 446 
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g C m-². Reco intensity gradually declined across all sites as rainfall decreased. NEE exhibited a 447 

similar seasonal pattern to GPP, with sharp reductions observed during the dry season, likely 448 

associated with soil water storage deficits, as indicated by the decrease in precipitation. 449 

NEE values vary according to the intensity of carbon exchange. They are generally negative 450 

(indicating carbon uptake) during periods of higher precipitation; however, they can 451 

occasionally be positive (CO2 sources) on certain days during the monitored dry seasons. The 452 

occurrence of the Caatinga acting as a CO2 source is restricted to the dry period and is more 453 

frequent at sites with lower rainfall, such as CES and CST (Fig. 6). Conversely, at sites with 454 

higher precipitation (e.g., CCG and CSJO), more pronounced daily cumulative NEE values 455 

were observed, reaching -5 g C m-² (Fig. 6). 456 

The annual whisker plot diagrams (Fig. 7) for GPP, Reco, and NEE based on daily 457 

accumulated values reveal the interannual variability at all sites. We excluded the CSJO site 458 

from the interannual variation analysis as it has only one year of local data. Table 4 presents the 459 

annual accumulated averages of each flux variable at the studied sites. Significant variation was 460 

observed in the carbon exchange parameters (p < 0.01; Table 4) and in the annual 461 

meteorological variables (Table 3), reflecting the influence of precipitation on the vegetation 462 

dynamics of the Caatinga.  463 

At CCG, NEE ranged from -1,494 g C m-² (2013) to -896 g C m-² (2017), associated with 464 

higher accumulated precipitation. In 2013, precipitation was 670 mm, while in 2017 it was 560 465 

mm. GPP and Reco intensities were also higher in years with greater precipitation, reaching 466 

2,769 g C m-² and 1,292 g C m-² in 2014, respectively. At the CES site, the variation between 467 

2011 and 2012 was drastic, with NEE reaching positive values of 193 g C m-² in 2012 which 468 

was considered an extremely dry year for the region. The annual accumulated precipitation was 469 

134.2 mm, and CES acted as  a carbon source to the atmosphere. In contrast, in 2011, CES acted 470 

as a sink with an annual accumulated value of -157 g C m-², and a precipitation of 282.6 mm. 471 

At this site, GPP (127 g C m-²) and Reco (321 g C m-²) were also lower in 2012 compared to 472 

2011, highlighting the influence of low water availability and reduced vegetation cover during 473 

dry years. In 2014, a wetter year compared to 2015, NEE values at the CSES and CST sites 474 

were -625 g C m-² and -630 g C m-², respectively. Similarly, GPP at these two locations was 475 

higher compared to 2015, when decreases to -537 g C m-² (CSES) and -355 g C m-² (CST) were 476 

recorded. Annually, the Caatinga acted as a carbon sink at all sites during the years 2013, 2014, 477 

2015, 2016, 2019, and 2020, except in 2012 at the CES site (Fig. 7, Table 4). Additionally, CUE 478 

ranged from 0.15 (2011) at CES to 0.74 at CCG (2015), with an average of 0.42 across the 479 

entire dataset analyzed.  480 
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The results of the analysis of the mean annual accumulated carbon fluxes across the 481 

phytogeographic domains show that the Agreste ecotone (Fig. 8) has a more negative NEE (-482 

979.91 g C m-2) and higher average GPP (2,018 g C m-2) compared to the Crystalline area, 483 

which has a NEE of -352.07 g C m-2 and GPP of 1,167 C m-2. In terms of respiration, the Reco 484 

values in Agrest ecotone were 78% higher (1,038 g C m-2) than the Crystalline area (815.58 g 485 

C m-2). 486 

The relationships between annual GPP, Reco, NEE, and CUE with annual precipitation are 487 

presented in Fig. 9. The logarithmic fits for these relationships are given by: GPP = 1348.5ln(x) 488 

- 6544.3, Reco = 454.84ln(x) - 1937.4, NEE = -979.9ln(x) + 5107.9, and CUE = 0.28ln(x) - 1.23. 489 

The coefficients of determination (R²) for GPP, Reco, NEE, and CUE in relation to precipitation 490 

were 0.83, 0.50, 0.74, and 0.44, respectively (Fig. 9).  491 

To evaluate the magnitude of the carbon sink and assess the efficiency of the Caatinga  in 492 

carbon-use, we compared the average GPP (1,642 g C m-2), Reco (866 g C m-2), and NEE (-775 493 

g C m-2) over seven years from this study with data from different ecosystems in other semi-494 

arid regions worldwide (Fig. 10b, Table S1). We compared the CUE of the Caatinga with other 495 

types of dry forests and evergreen broadleaf forests like the Amazon. The Caatinga can be 496 

considered an important and efficient carbon sink, with an average CUE of 0.42 for all sites and 497 

studied years (Fig. 11, Table 4, Table S1). 498 

 499 

4. Discussion 500 

4.1 Weather conditions and vegetation cover 501 

The data analysis period occurred predominantly within the context of extreme drought 502 

in Northeastern Brazil, driven by the combined influence of the warm phase of the El-Niño 503 

Southern Oscillation (ENSO) and positive anomalies in the North Atlantic Sea Surface 504 

Temperature (Marengo et al., 2017a, b). These effects caused a northward shift of the 505 

Intertropical Convergence Zone (ITCZ) relative to its climatological position, reducing the 506 

occurrence of precipitation in the region during the period from 2012 to 2017, as reported in 507 

previous studies (de Medeiros et al., 2020; Mutti et al., 2022). This period had a significant 508 

impact on different meteorological variables, including solar radiation, wind speed, maximum 509 

and minimum temperature, and atmospheric humidity (Campos et al., 2019), as well as 510 

vegetation health indices in the Caatinga (Brito et al., 2018). 511 

An important aspect of the 2012-2017 drought for the analyses presented here is its 512 

effect on precipitation across the entire Northeast region of Brazil (Marengo et al., 2017a; de 513 

Medeiros et al., 2020). This allowed for a comparative analysis between regions (even in 514 
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different years), as all sites experienced rainfall below the climatological average (Table 3), 515 

with the exception of CSJO in 2019 and 2020. Therefore, the results allow for a discussion of 516 

the dynamics of the carbon and water balance components in the Caatinga during one of the 517 

longest and most intense droughts recorded in the region. This condition affected the sites 518 

differently, with the CES site acting as a CO2 source in 2012 (Table 4) due to low precipitation 519 

values (134.2 mm) recorded that year. These findings support previous analyses indicating the 520 

strong influence of precipitation on the CO2 balance in the Caatinga (Costa et al., 2022; Ferreira 521 

et al., 2021; Mendes et al., 2020; Santos e Silva et al., 2024). 522 

LAI data has frequently been used to assess the effects of vegetation conditions on 523 

the closure of the energy balance and CO2 exchanges in the Caatinga (Almeida et al., 2019; 524 

Marques et al., 2020; Miranda et al., 2020). We observed that rainfall seasonality strongly 525 

influences vegetation, as indicated by the variability of LAI (Fig. 3, 4), and consequently, the 526 

CO2 fluxes (GPP, Reco and NEE), which corroborates previous results (Costa et al., 2022b; 527 

Mendes et al., 2020; Oliveira et al., 2023;  Silva et al., 2017; ). In the Caatinga, the seasonality 528 

of LAI in response to rainfall is a predominant factor affecting leaf development. A greater leaf 529 

area provides a higher capacity for light absorption and hence increased rates of photosynthesis, 530 

resulting in enhanced vegetation productivity. This finding is consistent with previous analyses 531 

that have observed the seasonality of Caatinga plants through remote sensing (Medeiros et al., 532 

2022; Mendes et al., 2020; Paloschi et al., 2020, Ramos et al., 2023). The spatial variability 533 

among the different sites also highlights the regional and microclimatic characteristics affecting 534 

the vegetation's response to the meteorological and climatic conditions. Spatial and temporal 535 

variation in precipitation directly influences leaf dynamics (Alberton et al., 2023), highlighting 536 

the dependence of Caatinga vegetation on water availability to maintain its productivity. These 537 

patterns suggest that the vegetation's response to climatic variations is strongly modulated by 538 

water availability, emphasizing the vulnerability of the Caatinga ecosystem to changes in the 539 

rainfall regime. 540 

      541 

      542 

 543 

4.2 Diurnal, seasonal, and annual variability of CO2 fluxes  544 

In the early morning, as Rg increases (Fig. 2), an intensification of photosynthesis in the 545 

plant communities is observed, resulting in net uptake of CO2 that exceeds the amount released 546 

by the soil, as indicated by an increase in GPP (Fig. 5). During this period, the dynamics of CO2 547 

at the soil surface shift from a release state to an absorption state, causing the NEE to transition 548 
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from positive to negative. Both GPP and NEE show a linear increase in relation to Rg (Fig. 2 549 

and 5), suggesting that in these ecosystems, GPP is modulated by the diurnal cycle of Rg, RH, 550 

Tair, and VPD (Fig. 2). These findings are consistent with ecophysiological studies that 551 

demonstrate the influence of diurnal variations in Tair, RH, and VPD on stomatal functioning 552 

and photosynthesis in species of the Caatinga biome (Mendes et al., 2017). Additionally, 553 

Caatinga species demonstrate high physiological plasticity and the ability to modulate their 554 

drought tolerance mechanisms by employing photoprotective strategies and maximizing water 555 

use efficiency, as documented by Mendes et al. (2017) and Santos e Silva et al. (2024). A similar 556 

pattern was documented by Santos e Silva et al. (2024), who emphasized the fundamental role 557 

of the coupling between the physiological mechanisms of Caatinga plants’s and the diurnal 558 

cycle of environmental factors in regulating CO2 fluxes in this biome. 559 

The daily maxima of GPP and net carbon exchanges in the ecosystem occurred between 560 

26 and 30 °C during the rainy season, and between 28 and 32 °C during the dry season, from 561 

09:00 to 13:00 (Fig. 2, 3). These maxima occurred before the peak air temperatures, which were 562 

recorded between 13:00 and 15:00 (from 32 to 35 °C), coinciding with maximum VPD and 563 

lower RH values (Fig. 2). The decrease in CO2 assimilation after 13:00 may be attributed to 564 

reduced stomatal opening, leading to decreased stomatal conductance as a strategy to minimize 565 

water loss through leaf transpiration and to protect the plant's hydraulic architecture (Rosa-566 

Anderson et al., 2014; Mendes et al., 2017; Marques et al., 2020). While this physiological 567 

mechanism constrains CO₂ uptake, the reduction in photosynthesis and, consequently, in GPP 568 

and NEE observed after 17:00 h is likely driven primarily by the decline in solar radiation 569 

availability. Mendes et al. (2020) reported that the lag between NEE peaks and air temperature 570 

may represent a mechanism employed by Caatinga plants to prevent leaf overheating, which 571 

diminishes the efficiency of carboxylation by Rubisco and promotes photorespiration. In terms 572 

of diurnal averages, the Caatinga absorbed more carbon than it emitted, except at the CES site, 573 

which experienced prolonged droughts in 2011 and 2012, showing an 87% reduction in carbon 574 

absorption from the rainy season (-10 μmol m⁻² s⁻¹) to the dry season (-1.3 μmol m⁻² s⁻¹), acting 575 

as a source of CO2 in the afternoon. During the night (18:00 to 6:00 local time), CO₂ efflux 576 

predominates because photosynthesis has ceased, and emissions are driven by autotrophic 577 

respiration (from leaves, stems, and roots) and heterotrophic respiration from the soil. During 578 

the night (18:00 to 6:00 local time), CO₂ efflux predominates because photosynthesis has 579 

ceased, and emissions are driven by autotrophic respiration (from leaves, stems, and roots) and 580 

heterotrophic respiration from the soil. According to Oresca et al. (2024) the root respiration at 581 

Caatinga accounts for 33% of the total respiration, whose seasonal variations follow those of 582 
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the soil moisture content and where higher values were observed in the rainy than in the dry 583 

season.  584 

The lower nighttime Reco values observed during the dry season may reflect a reduction 585 

in plant metabolic processes, as plants engage only in maintenance respiration. Additionally, 586 

under water stress conditions, decreased photosynthesis leads to reduced availability of 587 

exudates for heterotrophic microorganisms in the soil (Baldocchi et al., 2006; Kuzyakov, 2010). 588 

This can cause dehydration of these microbes, reducing their metabolic activity and growth, 589 

thereby contributing to the reduction in soil respiration (Baldocchi, 2020). 590 

We also observed that CO2 fluxes (GPP, Reco, and NEE) were significantly influenced 591 

by the seasonality of rainfall and leaf area index (LAI) (Fig. 3, 4, 5). GPP and NEE showed a 592 

marked increase following leaf expansion (higher LAI) at the onset of the rainy season, 593 

coinciding with the replenishment of soil water availability. Consequently, during the rainy 594 

season, GPP rates exceeded Reco, causing the Caatinga sites to function as carbon sinks.  595 

The observed decline in GPP and NEE values (approaching zero) with decreasing 596 

precipitation is closely linked to the reduction in LAI. We infer that the decrease in LAI reflects 597 

leaf senescence in the Caatinga, a drought tolerance mechanism that reduces plant leaf area to 598 

minimize transpiration demand. This limitation on photosynthetic activity predominantly 599 

affects the few semi-deciduous species capable of retaining their leaves year-round, as reported 600 

by Santos et al. (2014) and Mendes et al. (2017; 2022) in ecophysiological studies of Caatinga 601 

species. These studies aimed to elucidate the mechanisms controlling leaf function across dry 602 

and rainy seasons, demonstrating that morphophysiological responses are primarily driven by 603 

water limitations. The production of new leaves with morphophysiological traits adapted to 604 

environmental changes appears to be the most significant acclimation strategy for endemic 605 

species in response to seasonal variations in precipitation. This was also demonstrated by 606 

Alberton et al. (2023), where the fast leafing response of Caatinga vegetation to the first rains 607 

results in GPP peaking early in the wet season, with GPP being controlled by water availability 608 

in the Caatinga dry forest. The authors emphasize that precipitation triggers and synchronizes 609 

leaf onset, which in turns drives GPP.  610 

Reco also exhibited a clear seasonal pattern (Fig. 6), similar to the variation observed in 611 

NEE during the experimental period. The rapid response of Reco to rainfall can be attributed not 612 

only to physiological processes related to the development of new leaves but also to the physical 613 

conditions of Caatinga soils. During the rainy season, increased decomposition of organic 614 

matter and microbial activity contribute to higher Reco, reflecting both autotrophic and 615 

heterotrophic respiration (Campo and Merino, 2016; de Souza et al., 2018; Menezes et al., 616 
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2012), which may be enhanced by increased relative humidity (Fig. S1) and greater soil water 617 

availability (Mendes et al., 2020; Santos and Silva et al., 2024). In a study by Lima et al. (2023), 618 

it was observed that in Brazil's semi-arid region, soil respiration is positively correlated with 619 

moisture and carbon content in the surface layer (0–10 cm) and negatively correlated with soil 620 

temperature. During dry seasons and in areas with lower annual precipitation (400 mm y-1), this 621 

respiration is typically lower, as autotrophic root respiration is suppressed by vegetation 622 

inactivity and heterotrophic respiration is limited by dry conditions and excessive soil heat. 623 

Studies indicate that net CO2 loss to the atmosphere results from a sharp reduction in GPP and 624 

the persistence of minimal but continuous ecosystem respiration (Ma et al., 2012; Scott et al., 625 

2010; Zhao et al., 2006), alongside sudden increases in soil respiration following low to 626 

moderate rainfall events (López-Ballesteros et al., 2017; Santos e Silva et al., 2024). 627 

In addition to low organic carbon stocks, reduced plant respiration rates also play a 628 

significant role, especially during periods of water scarcity. While we did not perform direct 629 

chamber measurements to partition autotrophic and heterotrophic respiration, this separation 630 

was inferred based on the observed seasonal dynamics of CO₂ fluxes and the well-documented 631 

physiological adaptations of Caatinga plants under water-restricted conditions. These plants are 632 

known to maintain respiration at basal levels during drought periods, resulting in low 633 

autotrophic respiration rates (Oresca et al., 2024) and, consequently, a decrease in overall 634 

ecosystem respiration. However, as rainfall and LAI (˂1.8 m² m-²; Fig. 3) declined during 635 

certain days of the dry season, Reco equaled or exceeded GPP, causing the system to function 636 

as either a neutral carbon balance or a source of CO2 to the atmosphere. This scenario was most 637 

pronounced at the CES site, beginning in the dry season of 2011 and extending through 2012, 638 

which was considered an extremely dry year for the Brazilian Northeast region. During this 639 

time, annual precipitation was only 134.2 mm, approximately 70% below the climatological 640 

average, with LAI values ranging between 0.3 and 0.6 m² m-². 641 

The phytogeographic domain of the Agreste ecotone exhibited significantly higher 642 

annual accumulated carbon fluxes and CUE compared to the Crystalline regions (p<0.01, Fig. 643 

7, 8), due to a combination of higher GPP and edaphoclimatic conditions that favor more 644 

negative NEE values. Additionally, the Agreste region experiences higher precipitation totals 645 

and more evenly distributed rainfall throughout the year (Moro et al., 2016). Another likely 646 

factor contributing to the higher CUE in the Agreste is the greater soil depth, which enhances 647 

water retention and supports denser, taller vegetation (as indicated by LAI values, Fig. 3). This 648 

vegetation shows greater resilience during dry periods. In contrast, the Crystalline areas 649 

displayed lower GPP and Reco, likely related to their geology and edaphic limitations. This 650 
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aligns with the findings of Moro et al. (2016), which showed that these regions experience 651 

relatively low annual precipitation and extended dry periods. Moreover, these areas are 652 

characterized by shallow, rocky, and less fertile soils, which limit water retention and plant 653 

productivity (Campos et al., 2019; Marques et al., 2020; Mendes et al., 2020). 654 

Our results show that precipitation plays a key role in regulating spatial variations in 655 

carbon fluxes (GPP, Reco, and NEE) and CUE in the Caatinga biome (Fig. 9). We observed that 656 

approximately 700 mm of annual precipitation represents the point of stabilization in the 657 

saturation curve for these carbon fluxes. This suggests that when precipitation approaches or 658 

exceeds the climatological average, CO2 fluxes reach an optimal saturation level. In contrast, 659 

Chen et al. (2019), in their study of various types of natural forests in China, including temperate 660 

and subtropical forests, reported a positive linear relationship between GPP and Reco with 661 

precipitation, while NEE showed no significant correlation. This difference likely reflects the 662 

unique dynamics of the Caatinga, where carbon fluxes are strongly influenced by local 663 

precipitation patterns and the adaptive traits of xerophytic vegetation. CUE stabilized with an 664 

annual precipitation range of 400–600 mm, indicating that carbon use efficiency remains 665 

relatively consistent within this interval, likely due to the adaptive capacity of Caatinga plants 666 

to thrive under low precipitation conditions. However, the limited range of precipitation 667 

observed in this study may not fully capture the stabilization or potential decline in the NEE 668 

curve under higher rainfall scenarios. These findings are crucial for understanding how the 669 

Caatinga, with its semi-arid climate and drought-adapted vegetation, responds to changes in 670 

precipitation. The ability of Caatinga plants to optimize carbon use based on rainfall 671 

demonstrates their resilience to climatic variability. Additionally, it is important to consider the 672 

influence of rainfall pulses, as well as the distribution and amount of total annual precipitation 673 

on GPP, NEE, Reco, and surface conductance, as highlighted by Santos e Silva et al. (2024) and 674 

Costa et al. (2022).  675 

 676 

4.3. Comparison of CO2 Fluxes in the Caatinga with South American Ecosystems 677 

and Arid and Semi-Arid Regions Worldwide 678 

The comparison of Reco data across various vegetation types in South American 679 

ecosystems and in arid and semi-arid regions worldwide, reveals significant differences when 680 

contrasted with Dry Tropical Forests such as the Caatinga. Analysis of data from Eddy 681 

covariance sites in the FLUXNET2015 collection shows that Reco values in the Caatinga Dry 682 

Tropical Forests (CCG, CES, CST, CSJO, CSES) vary considerably, reflecting ecotonal 683 

vegetation types and annual precipitation totals. For example, the Agreste ecotone (CCG and 684 
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CSJO) recorded mean accumulated annual Reco values of 1,038 g C m-² (Fig. 7), whereas the 685 

Crystalline region (CES, CSES, and CST), characterized by lower precipitation, showed a lower 686 

Reco of 815 g C m-². In comparison, savanna and shrubland ecosystems, such as AU-DaS and 687 

AU-Ade, exhibited varied mean annual accumulated Reco, with AU-DaS at 1,446 g C m-², AU-688 

Ade at 1,075 g C m-², and SD-Dem at 669 g C m-², reflecting different CO2 uptake and release 689 

patterns. On the other hand, tropical rainforests such as BR-Sa1 and BR-Sa3 displayed much 690 

higher Reco values, reaching up to 3,902 g C m-², indicating a high level of respiration driven by 691 

abundant aboveground biomass, soil organic carbon, and organic matter decomposition 692 

(Chambers et al., 2004; Fanin et al., 2012). This contrast is particularly striking when compared 693 

to the lower Reco values in arid and semi-arid ecosystems (e.g., AU-Cpr 285 g C m-², ES-Amo 694 

123 g C m-², US-SRC 363 g C m-²), which tend to have lower respiration rates due to water 695 

limitations and reduced soil organic carbon stocks compared to humid regions (Plaza et al., 696 

2018). 697 

The Caatinga stands out as one of the most efficient carbon sinks among dry ecosystems 698 

worldwide, with an average annual carbon sequestration rate of -527 g C m-2 (-5.2 t C ha-¹). 699 

This value is close to the upper limit of the rates reported for other dry ecosystems, such as 700 

woody savannas (AU-How site, -576 g C m-2; -5.8 t C ha-¹) and closed shrublands (US-KS2 701 

site, -512 g C m-2; -5.1 t C ha-¹) (Fig. 10, Table S1), even surpassing evergreen broadleaf forests 702 

in the Amazon, where NEE was only -50 g C m-2 at the BR-Sa1 site and -185 g C m-2 at the 703 

BR-Sa3 site (Fig. 8, Table S1). This carbon sink behavior of the Caatinga is explained by its 704 

high CUE, with values ranging from 0.31 (Crystalline area) to 0.58 (Agreste ecotone), and an 705 

average value of 0.42. Even under semi-arid conditions and during the dry season, Caatinga 706 

vegetation has demonstrated remarkable adaptability, maintaining growth and carbon 707 

absorption, further highlighting its resilience to climatic variability. In contrast, the Amazon, 708 

despite presenting high GPP values, also records high ecosystem respiration rates, resulting in 709 

NEE values close to neutrality. As reported by Chambers et al. (2004) in forest ecosystems of 710 

the Central Amazon, only approximately 30% of the carbon assimilated through photosynthesis 711 

is used to form new tissues, with the remaining 70% being respired back into the atmosphere 712 

as autotrophic respiration, resulting in low carbon use efficiency. Furthermore, Kunert and 713 

Aparecido (2024) reported that, under drought conditions, increased evaporative demand—714 

driven by a combination of high solar radiation, low relative humidity, and elevated 715 

temperatures—can enhance forest productivity in the Central Amazon in the short term, 716 

provided soil water remains available. However, prolonged droughts can negate this effect by 717 
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intensifying competition for water resources among trees, leading to carbon deprivation due to 718 

stomatal closure. 719 

It is important to note that the Caatinga still acts as a highly efficient carbon sink (CUE 720 

= 0.58), as shown in the Agreste ecotone, even under drought conditions. This region exhibited 721 

relatively higher water availability throughout the study period, including during years of 722 

extreme drought. The CUE values, ranging from 0.38 to 0.74 (Table 4, Fig. 8) indicate that the 723 

Caatinga efficiently utilized carbon, even under severe water stress. In comparison,  the average 724 

CUE across  all studied sites was 0.42, which is relatively high compared to various ecosystems 725 

in arid and semi-arid regions around the world and South American ecosystems (Fig. 11, Table 726 

S1). For instance, the South American FLUXNET network, encompassing ecosystems from 727 

evergreen needleleaf forests to evergreen broadleaf forests, reported an average CUE ratio of 728 

0.07 (Kumar et al., 2016). Old-growth tropical forests, in contrast, are characterized by low 729 

carbon use efficiency (Anderson-Teixeira et al., 2016; Chambers et al., 2004; Malhi, 2012), 730 

driven by the low CUE of canopy trees, which allocate only a small fraction of assimilated 731 

carbon to tree growth (Kunert and Aparecido, 2024). Understanding the controls of changes in 732 

carbon sinks is crucial, as future climate scenarios predict changes in precipitation patterns. The 733 

Caatinga’s role as an efficient carbon sink, even during extreme drought conditions, highlights 734 

its importance in mitigating climate change. Moreover, it serves as a valuable model for 735 

understanding carbon dynamics in other arid and semi-arid ecosystems globally. 736 

 737 

5. Summary and conclusions 738 

This study provides updated evidence on how seasonal and interannual variations in 739 

precipitation alter carbon uptake in the study region. It is an important contribution to the 740 

quantification of the carbon balance in the Caatinga, a seasonally dry tropical forest in the 741 

Brazilian semi-arid region. From 2013 to 2019, including years of extreme drought, the 742 

Caatinga acted as an atmospheric CO2 sink with high carbon use efficiency. The findings 743 

highlight the critical role of meteorological factors in regulating the Caatinga’s carbon cycle, 744 

particularly the amount, intensity, and spatio-temporal distribution of rainfall. Changes in 745 

ground cover and vegetation vigor will directly impact the carbon balance components (GPP, 746 

NEE, and Reco) with significant implications for both regional and global carbon budgets.  These 747 

results also highlight the interactions of carbon, water, and energy balances, emphasizing the 748 

broader relevance of the Caatinga's carbon dynamics to global environmental systems.  749 

This pioneering study analyzes CO2 fluxes and carbon use efficiency across multiple 750 

sites within the Caatinga biome, encompassing different phytogeographical domains under 751 
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varying annual rainfall conditions. The findings reveal significant differences in annual carbon 752 

fluxes and carbon use efficiency among these domains. In the Agreste ecotone (CCG and 753 

CSJO), characterized by higher annual rainfall values (average annual total of 658 mm), carbon 754 

uptake was 57% greater than in the Crystalline area. Meanwhile, in sites within the Crystalline 755 

area (CES, CSES, and CST), characterized by lower annual rainfall values (average annual total 756 

of 332 mm), annual carbon uptake peaks were smaller. However, this was compensated by a 757 

reduction in Reco. Despite these variations, NEE fluctuated around neutral values over certain 758 

time intervals but remained negative on an annual scale, indicating that the Caatinga 759 

consistently acted as a net atmospheric CO₂ sink, even during years of extreme drought. 760 

The CUE of the Caatinga is notably high, with net ecosystem CO2 exchange comparable 761 

to or exceeding that of other ecosystems in arid and semi-arid regions around the world, as well 762 

as South American ecosystems. This significant finding highlights the need to integrate the 763 

Caatinga into public policy frameworks that promote mechanisms for compensating 764 

environmental services. Within the global context of conserving standing forests, such 765 

mechanisms could play a crucial role in strengthening the bioeconomy for communities that 766 

rely on the forest. Furthermore, they could contribute to mitigating climate change, fostering 767 

favorable conditions for adaptation, and preventing desertification processes. 768 

Future studies should consider measuring soil moisture and investigating the effects of 769 

mineral nutrients in the soil and leaves at flux tower sites in the Caatinga. This would enhance 770 

discussions on the relationships between soil moisture, nutrient availability, carbon fluxes, and 771 

ecosystem dynamics.  772 
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 1202 

 1203 
Table 1. Sites characteristics: canopy height, tower height, soil type, phytogeographical domains and collection period. 1204 

Sites (Acronym) Coordinates and 

elevation 

Canopy 

average 

height (m) 

Tower 

height 

(m) 

Soil type Phytogeographical 

domains 

Observation 

period 

Sources 

Caatinga Campina 

Grande (CCG)  

7°16’47” S, 

35°58’29”W, 490 m 

~5 ~7 Litholic 

Neosol 

Agreste ecotone to the 

Atlantic Forest 

2013–2017 Borges et al. (2019), Moro et al. (2016) 

Caatinga Embrapa - 

Semi-arid Reserve (CES) 

08°18’31” S, 

38°31’37”W, 378 m 

~6 ~16 Litholic 

Neosol 

Crystalline area 2011–2012 Moro et al. (2016), Souza et al. (2018) 

Caatinga São João 

(CSJO) 

8º48’33”S, 36º24’24” 

W, 705 m 

~6 ~7 Entisol Agreste ecotone to the 

Atlantic Forest 

2019–2020* Oliveira e Soares (2018), Moro et al. 

(2016), Oliveira et al. (2023) 

Caatinga Seridó 

Ecological Station 

(CSES) 

6°34’42”S, 

37°15’05” W, 205 m 

~6 ~11 Litholic 

Neosol 

Crystalline area 2014–2015 Campos et al. (2019), Marques  

Moro et al. (2016) 

Caatinga Serra Talhada 

(CST) 

7º58’5”S, 38º23’02.” 

W, 467 m 

~8 ~11 Luvisol Crystalline area 2014–2015 Silva et al. (2017), Moro et al. (2016) 

*The Eddy Covariance studies cover the period from April 2019 to March 2020. 1205 
 1206 
 1207 
 1208 

 1209 
 1210 
 1211 

 1212 

 1213 

 1214 
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 1215 

Table 2. Instruments and measured variables in the flux tower and their sampling and storage frequencies. 1216 

Variables Instruments - Manufacturer Sampling Storage Site 

CO2 (mg m
−3

) and H2O (g m
−3

) concentrations CO2/H2O Open-Path Gas Analyzer EC150 - 

Campbell Scientific, Inc., Logan, UT, USA. 

10 Hz 10 Hz CSES, CST, CCG 

Same as above LI-7500DS Open Path CO2/H2O Analyzer - LI-COR 

Corporate, Lincoln, NE, USA 

10 Hz 10 Hz CES, CSJO 

Three-dimensional scalar components of wind 

speed (m s
−1

) and sonic temperature (ºC) 

3D Sonic Anemometer model CSAT3 - Campbell 

Scientific, Inc., Logan, UT, USA. 

10 Hz 10 Hz CSES, CST, CCG, CES 

Same as above 3-axis ultrasonic anemometer model WindMaster - 

Gill Instruments Limited, Hampshire, UK 

10 Hz 10 Hz CSJO 

Atmospheric pressure (hPa) Enhanced Barometer model PTB110 / Vaisala 

Corporation, Helsink, Finland. 

10 Hz 10 Hz CSES, CST, CCG, CES, CSJO 

High-frequency temperature (°C) HMP155A probe - Vaisala Corporation, Helsinki, 

Finland. 

10 Hz 10 Hz CSES, CST, CCG, CES, CSJO 

Net radiation (W m
−2

) CNR4 net radiometer - Kipp and Zonen BV, Delft, 

The Netherlands. 

5s Half-hour CSES, CST, CCG, CES, CSJO 

Soil heat flux (W m
−2

) Soil heat Flux Plates model HFP01SC - Hukseflux 

Thermal Sensors, Delft, The Netherlands. 

5s Half-hour CSES, CST, CCG, CES, CSJO 

Air temperature (°C) and relative humidity (%) Temperature and Relative Humidity Probe model 

HMP45C - Vaisala Corporation, Helsinki, Finland. 

5s Half-hour 

                                                                                 

CSES, CST, CCG, CES, CSJO 

 1217 
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 1218 

 1219 
Table 3. Weather variables observed at the study sites during the experimental period (and their 1220 
standard deviation), compared to the climatological means (based on 30 years between 1991-2020, 1221 

INMET, 2022) for these variables. Total annual rainfall (Prec, mm), mean annual temperature (Ta, 1222 
ºC), annual relative humidity (RH, %).  Caatinga Campina Grande (CCG), Caatinga Embrapa - 1223 
Semi-arid Reserve (CES), Caatinga São João (CSJO), Caatinga Seridó Ecological Station (CSES), 1224 
Caatinga Serra Talhada (CST).  1225 
 1226 

 1227 

Site Year Prec (mm) Ta (ºC) RH (%) 

CCG 2013 670.6 ± 47 23.6 ± 1.4 77 ± 5.4 

2014 656.2 ± 41 23.4 ± 1.2 77 ± 3.4 

2015 550.2 ± 54 23.8 ± 1.3 75 ± 5.4 

2016 507.2 ± 39 23.9 ± 0.9 76 ± 4.8 

2017 550.6 ± 50 23.6 ± 1.5 77 ± 5.1 

Climatology 775.0 ± 39 22.7 ± 1.1 75 ± 5.5 

CES 2011 282.6 ± 27 26.8 ± 1.3 55 ± 6.1 

2012 134.2 ± 24 27.5 ± 1.7 48 ± 4.4 

Climatology 419.0 ± 39 25.9 ± 1.3 56 ± 5.9 

CSJO 2019 545.0 ± 54 21.7 ± 1.7 81 ± 6.6 

January - 

March 2020* 
360.8 ± 130 23.6 ± 0.2 78 ± 4.9  

Climatology 772.0 ± 46 20.2 ± 1.4 76 ± 7.2 

CSES 2014 513.0 ± 52 28.9 ± 0.9 61 ± 11.1 

2015 466.0 ± 57 29.5 ± 1.0 57 ± 6.9 

Climatology 758.0 ± 53 26.8 ± 1.1 61 ± 6.8 

CST 2014 297.8 ± 39 25.6 ± 1.3 58 ± 7.8 

2015 301.4 ± 37 26.6 ± 1.7 52 ± 9.0 

Climatology 642.0 ± 36 25.2 ± 1.2 63 ± 5.4 

                            *The Eddy Covariance studies cover the period from April 2019 to March 2020. 1228 
 1229 

 1230 
 1231 

 1232 
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 1233 

 1234 
Table 4. Accumulated (g C m-2) annual net ecosystem exchange (NEE), gross primary production 1235 
(GPP), ecosystem respiration (Reco) and carbon-use ecosystem efficiency (CUE).  Means followed 1236 

by the same letters within columns do not differ according to Tukey test at 5% probability. 1237 
 1238 

Site Year NEE GPP Reco CUE 

CCG 2013 -1,494 a 2,609 a 1,115 a 0.57 

 2014 -1,476 a 2,769 a 1,292 a  0.53 

 2015 -1,240 b  1,669 c 429 c 0.74 

 2016 -1,436 a 2,341 b  904 b 0.61 

 2017 -896 c 1,441 c 544 c 0.62 

CES 2011 -157 a 1,077 a 920 a 0.15 

 2012 193 b 127 b 321 b - 

CSJO April 2019-March 2020* -650 1,869 1,219 0.38 

CSES 2014 -625 a 1,592 a 966 a 0.39 

 2015 -537 b 1,354 b 817 b 0.40 

CST 2014 -630 a  1,739 a 1109 a  0.36 

 2015 -355 b 1,113 b 758 b 0.31 

Mean  -775 1,642 866 0.42 

 1239 
*The Eddy Covariance studies cover the period from April 2019 to March 2020. 1240 
 1241 
 1242 
 1243 
 1244 

 1245 

 1246 

 1247 

 1248 

 1249 

 1250 
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 1251 

 1252 

Fig. 1. (a) Location of flux tower sites in different ecosystems in arid and semi-arid regions around 1253 

the world and South American ecosystems (Eddy covariance sites in the FLUXNET2015 1254 

collection). (b) Location of the Caatinga Biome within the Brazilian domain (left figure), 1255 

elevation of the Caatinga Biome (right figure), and location of the flux towers. The 1256 

phytogeographical domains are: Agreste ecotone to the Atlantic Forest (CCG and CSJO), 1257 

Crystalline area (CES, CSES and CST). 1258 

 1259 

 1260 

 1261 

 1262 
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 1263 

Fig. 2. Average diurnal cycle of global radiation (Rg), relative humidity (RH), air temperature, 1264 

and vapor pressure deficit (VPD) for the rainy season (left panel) and dry season (right panel) for 1265 

each site and study period.  1266 

 1267 

 1268 

 1269 

 1270 
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 1271 

Fig. 3. Leaf Area Index (LAI; green triangles) and daily rainfall (blue bars) for the sites and study 1272 

period: Caatinga Campina Grande (CCG, 2013-2017), Caatinga Embrapa - Semi-arid Reserve 1273 

(CES, 2011-2012), Caatinga São João (CSJO, April 2019 to March de 2020), Caatinga Seridó 1274 

Ecological Station (CSES, 2014-2015), Caatinga Serra Talhada (CST, 2014-2015). 1275 

 1276 

 1277 

 1278 

 1279 

 1280 

 1281 

 1282 

 1283 
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 1284 

 1285 

Fig. 4.  Heat map based on correlation matrix between gross primary production (GPP), 1286 

ecosystem respiration (Reco), net ecosystem CO2 exchange (NEE), carbon use efficiency (CUE), 1287 

rainfall, and leaf area index (LAI) for all sites and studied period. Warm colors represent a 1288 

positive correlation, and cool colors represent a negative correlation based on Spearman’s 1289 

correlation test. The asterisk indicates statistical significance (p < 0.01). The correlation matrix 1290 

was based on monthly data collected throughout the entire study period for each site. 1291 

 1292 

 1293 

 1294 

 1295 

 1296 
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 1297 

Fig. 5. Annual average diurnal cycle of gross primary production (GPP) and net ecosystem CO2 1298 

exchange (NEE) for the rainy season (left panel) and dry season (right panel) for each site and 1299 

period studied.  1300 

 1301 

 1302 

 1303 

 1304 

 1305 

 1306 

 1307 

 1308 

 1309 
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 1310 

Fig. 6. Daily cumulative gross primary production (GPP), ecosystem respiration (Reco), net 1311 

ecosystem CO2 exchange (NEE), and daily rainfall (blue bars) for each site and study period. a) 1312 

Caatinga Campina Grande (CCG, 2013-2017), b) Caatinga Embrapa - Semi-arid Reserve (CES, 1313 

2011-2012), c) Caatinga São João (CSJO, April 2019 to March de 2020), d) Caatinga Seridó 1314 

Ecological Station (CSES, 2014-2015), e) Caatinga Serra Talhada (CST, 2014-2015). 1315 

 1316 

 1317 

 1318 

 1319 

 1320 

 1321 
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 1322 

Fig. 7.  Boxplots of annually accumulated daily (± SD) gross primary production (GPP), net 1323 

ecosystem CO2 exchange (NEE) and ecosystem respiration (Reco) for each site and study period. 1324 

a) Caatinga Campina Grande (CCG, 2013-2017), b) Caatinga Embrapa - Semi arid Reserve (CES, 1325 

2011-2012), c) Caatinga São João (CSJO, April 2019 to March de 2020), d) Caatinga Seridó 1326 

Ecological Station (CSES, 2014-2015), e) Caatinga Serra Talhada (CST, 2014-2015). Red circle 1327 

represents the yearly accumulated daily values.  1328 
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 1329 

Fig. 8. Comparisons of the mean annual accumulated carbon fluxes (g C m-2 ± SD): gross primary 1330 

production (GPP), ecosystem respiration (Reco), net ecosystem production (NEP = -NEE) and 1331 

carbon use efficiency (CUE) among the phytogeographical domains: Agreste ecotone to the 1332 

Atlantic Forest (n = 6; CCG, SJO) and Crystalline area (n = 6; CES, CSES, CST). The differences 1333 

are tested for each flux with a one-way analysis of variance (ANOVA). The results demonstrate a 1334 

significant difference between phytogeographical domains (p ˂ 0.05). 1335 
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 1337 
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 1339 

 1340 
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 1342 

 1343 
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 1350 

Fig. 9. Relationship between accumulated annual (a) gross primary production (GPP), ecosystem 1351 

respiration (Reco), (b) net ecosystem CO2 exchange (NEE), ecosystem carbon-use efficiency 1352 

(NEP:GPP ratio), and year annual rainfall for each site and studied period. *Significant at p < 1353 

0.05, **significant at p < 0.01. GPP = 1348.5ln(x) - 6544.3; Reco = 454.84ln(x) - 1937.4, NEE = -1354 

979.9ln(x) + 5107.9; CUE = 0.28ln(x) - 1.23. 1355 

 1356 

 1357 

 1358 

 1359 
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 1363 
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 1366 

Fig. 10. (a) Location of flux tower sites in different ecosystems in arid and semi-arid regions 1367 

around the world and South American ecosystems (Eddy covariance sites in the FLUXNET2015 1368 

collection). (b) Comparison of the mean annual accumulated CO2 flux components (gross primary 1369 

production – GPP, ecosystem respiration – Reco, and net ecosystem exchange – NEE) for different 1370 

ecosystems in arid and semi-arid regions around the world and South American ecosystems (Eddy 1371 

covariance sites in the FLUXNET2015 collection). The negative and positive NEE values indicate 1372 

net uptake and release of CO2, respectively. 1373 

 1374 
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 1375 

Fig. 11. (a) Location of flux tower sites. The size of the circles quantifies carbon use efficiency 1376 

(CUE = NEP:GPP ratio values) for different ecosystems in arid and semi-arid regions around the 1377 

world and South American ecosystems (Eddy covariance sites in the FLUXNET2015 collection). 1378 

(b) Comparison of carbon use efficiency (CUE = NEP:GPP ratio values) for different ecosystems.1379 
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Supplementary materials 1380 

Table S1. Summary of the reported mean annual accumulated CO2 flux components (gross primary production – GPP, ecosystem respiration – 1381 
Reco, and net ecosystem exchange – NEE) for different ecosystems in arid and semi-arid regions around the world and South American ecosystems 1382 

(Eddy covariance sites in the FLUXNET2015 collection). The negative and positive NEE values indicate net uptake and release of CO2. 1383 
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*The Eddy Covariance studies cover the period from April 2019 to March 2020.1384 

SITE_ID Ecosystems          Coordinates Prec (mm) 
Observation 

period 
Ta (ºC) 

     GPP 

(g C m-²) 

         Reco  

  (g C m-²) 

NEE  

(g C m-²) 

CUE 

 
Source 

CCG  Dry Tropical Forests 07°16’47”S, 35°58’29”W 586 2013–2017 23.6 2,166 857 -1,309 0.62 In this study 

CES Dry Tropical Forests 08°18’31”S,38°31’37”W 208 2011–2012 27.2 634 611 -23 0.04 In this study 

CSJO Dry Tropical Forests 08º48’33”S, 36º24’24”W 891 2019–2020* 25.5 1,869 1,219 -650 0.38 In this study 

CSES Dry Tropical Forests 06°34’42”S, 37°15’05”W 489 2014–2015 26.3 1,473 891 -581 0.40 In this study 

CST Dry Tropical Forests 07º58’5”S, 38º23’02”W 299   2014–2015 25.2 1,426 934 -492 0.34 In this study 

AR-TF1 Permanent Wetlands  54°58'23”S, 66°44'06”W 890 2016–2018 6.3 420 419 0.61 - Fluxnet 

AR-Vir Evergreen Needleleaf Forests 28°14'22”S, 56°11'18”W 885 2009–2012 21.6 3,032 3,015 17 - Fluxnet 

BR-Npw Permanent Wetlands 16°29'52”S, 56°24'43”W 1,486 2015–2016 25.2 1,202 1,115 -87 0.07 Costa et al. 2022a 

BR-Sa1 Evergreen Broadleaf Forests 02°51’24”S, 54°57'32”W 2,074 2012–2011 25.8 3,952 3,902 -50 0.01 Fluxnet 

BR-Sa3 Evergreen Broadleaf Forests 03°01'04”S, 54°58'17”W 2,043 2000–2004 25.7 3,810 3,625 -185 0.05 Fluxnet 

GF-Guy Evergreen Broadleaf Forests 05°16'43”N, 52°55'29”W 3,041 2004–2014 25.6 3,845 3,702 -143 0.04 Fluxnet 

BR-BI Permanent Wetlands  09°49'27”S, 50°07'00”W 1,668 2004–2006 17.2 1,302 1,085 -215 0.16 Costa et al. 2022a 

PE-QFR Evergreen Broadleaf Forests 03°50'03”S, 73°19'08”W 2,877 2018–2019 25.6 3,926 3,378 -548 0.14 Fluxnet 

AU-Ade Woody Savannas 13°04'36"S, 131°07'04"E  2007–2009 26.9 1,276 1,075 -359 0.28 Fluxnet 

AU-ASM Savannas 22°16'58”S, 133°14'56”E  2010–2014 22.4 498 431 -65 0.13 Fluxnet 

AU-Cpr Savannas 34°00'07”S, 140°35'20”E  2010–2014 17.8 588 285 -111 0.18 Fluxnet 

AU-DaS Savannas 14°09'33”S, 131°23'17”E 975 2008–2014 26.6 1,680 1,446 -285 0.17 Fluxnet 

AU-Dry Savannas 15°15'31”S, 132°22'14”E  2008–2014 26.8 1,273 960 -325 0.26 Fluxnet 

AU-Gin Woody Savannas 31°22'35”S, 115°42'49”E  2011–2014 19.2 1,285 808 -348 0.27 Fluxnet 

AU-How Woody Savannas 12°29'39”S, 131°09'08”E 1,449 2001–2014 26.7 1,941 1,311 -576 0.30 Fluxnet 

AU-RDF Woody Savannas 14°33'48”S, 132°28'39”E  2011–2013 26.2 828 833 -65 0.07 Fluxnet 

CA-NS6 Open Shrublands 55°55'00”N, 98°57'51”W 495 2001–2005 -0.4 394 433 197 - Fluxnet 

CA-NS7 Open Shrublands 56°38'08”N, 99°56'53”W 483 2002–2005 -1.6 473 584 111 - Fluxnet 

CA-SF3 Open Shrublands 54°05'29”N, 106°00'19”W 470 2001–2006 1.17 540 580 92 - Fluxnet 

CG-Tch Savannas 04°17'21”S, 11°39'23”E 1,150 2006–2009 24.3 817 787 -281 0.34 Fluxnet 

ES-Amo Open Shrublands 36°50'00”N, 02°15'08”W 0 2007–2012 18.1 222 123 -99 0.43 Fluxnet 

ES-LgS Open Shrublands 37°05'52”N, 02°57'56”W  2007–2009 6.2 479 243 -79 0.16 Fluxnet 

ES-LJu Open Shrublands 36°55'35”N, 02°45'07”W 400 2004–2013 11.6 132 227 -19 0.14 Fluxnet 

IT-Noe Closed Shrublands 40°36'22”N, 08°09'06”E 588 2004–2014 16.4 1,148 965 -301 0.26 Fluxnet 

RU-Cok Open Shrublands 70°49'44”N, 147°29'39”E 232 2003–2014 -12.6 440 276 -164 0.37 Fluxnet 

SD-Dem Savannas 13°16'58”N, 30°28'41”E 320 2005–2009 27.3 566 669 -208 0.37 Fluxnet 

SN-Dhr Savannas 15°24'10”N, 15°25'55”W 404 2010–2013 28.3 1,300 1,160 -193 0.15 Fluxnet 

US-KS2 Closed Shrublands 28°36'30”N, 80°40'17”W 1,294 2003–2006 21.7 1,853 1,561 -512 0.27 Fluxnet 

US-SRC Open Shrublands 31°54'29”N, 110°50'22”W 330 2008–2014 19.6 360 363 -41 0.11 Fluxnet 

US-Ton Woody Savannas 38°25'51”N, 120°57'57”W 559 2001–2014 16.4 842 773 -209 0.25 Fluxnet 
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 1385 

Fig. S1. Meteorological conditions during the studied period: air temperature (Ta) and relative 1386 

humidity (RH%) during the studied period. a) Caatinga Campina Grande (CCG, 2013-2017), b) 1387 

Caatinga Embrapa - semi-arid Reserve (CES, 2011-2012), c) Caatinga São João (CSJO, April 1388 

2019 to March de 2020), d) Caatinga Seridó Ecological Station (CSES, 2014-2015), e) Caatinga 1389 

Serra Talhada (CST, 2014-2015).  1390 
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