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Abstract: The analysis of gross primary production (GPP) is crucial to better understand CO2

exchanges between terrestrial ecosystems and the atmosphere, while the quantification of water-use
efficiency (WUE) allows for the estimation of the compensation between carbon gained and water lost
by the ecosystem. Understanding these dynamics is essential to better comprehend the responses of
environments to ongoing climatic changes. The objective of the present study was to analyze, through
AMERIFLUX and LBA network measurements, the variability of GPP and WUE in four distinct
tropical biomes in Brazil: Pantanal, Amazonia, Caatinga and Cerrado (savanna). Furthermore, data
measured by eddy covariance systems were used to assess remotely sensed GPP products (MOD17).
We found a distinct seasonality of meteorological variables and energy fluxes with different latent
heat controls regarding available energy in each site. Remotely sensed GPP was satisfactorily related
with observed data, despite weak correlations in interannual estimates and consistent overestimations
and underestimations during certain months. WUE was strongly dependent on water availability,
with values of 0.95 gC kg−1 H2O (5.79 gC kg−1 H2O) in the wetter (drier) sites. These values reveal
new thresholds that had not been previously reported in the literature. Our findings have crucial
implications for ecosystem management and the design of climate policies regarding the conservation
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of tropical biomes, since WUE is expected to change in the ongoing climate change scenario that
indicates an increase in frequency and severity of dry periods.

Keywords: gross primary production; evapotranspiration; water use efficiency

1. Introduction

Discussions on climate change have become increasingly more relevant in the general
scientific community, particularly since the creation of the Intergovernmental Panel on
Climate Change (IPCC), which is composed of a diverse group of worldwide researchers,
focusing on climate change studies and its impacts on society. Since the industrial revo-
lution, the concentration of carbon dioxide (CO2) in the atmosphere has increased with
the use of fossil fuels, deforestation, the use of nitrogen in agriculture and livestock farm-
ing, which are reported to be the main uses responsible for the anthropic greenhouse
effect. Studies have already shown the relevance of biosphere–atmosphere interactions in
Brazilian biomes regarding planetary climate regulation due, for example, to water, energy,
and carbon exchanges with the atmosphere [1–6]. However, there are still uncertainties
regarding these processes due to the remarkable diversity of physiognomies, landscapes
and other biophysical aspects that might play a role in differentiating atmospheric patterns
from one place to another within each biome.

To reduce these uncertainties, in situ measurements are needed to better understand
the particularities of each environment. Furthermore, these observed data can also be
used to assess soil–vegetation–atmosphere models [7–10] and to analyze satellite-derived
estimates of water and/or CO2 balance components [11–16]. Both these models and remote
sensing data are extremely important in providing reliable information on CO2 exchanges
over tropical forests where flux tower coverage is scarce or non-existent, such as in many
parts of Brazil.

Additionally, certain forest physiognomies are not endemic to Brazil, but occur in
several other regions of the globe, and therefore, their particularities regarding biophysical
patterns need to be understood in detail. Wetlands in tropical rainforests such as the
Amazon are environments where organic production rates are high and anoxic conditions
are frequent, and therefore, they represent crucial zones for the global balance of greenhouse
gases in the atmosphere. Cerrado ecosystems (savannas), however, are located at the
tropics and subtropics and are characterized by marked wet and dry seasons. They cover
approximately 60%, 50% and 45% of the total area of Africa, Australia and South America,
respectively [17]. These ecosystems play an important role in the cycle of several greenhouse
gasses, as reported by the studies [18–20] among others, and on energy fluxes (latent
and sensible heat) in the context of climate change, since they cover approximately 20%
(2.7 billion ha) of the global surface [17].

Carbon dynamics and biophysical evapotranspiration controls over tropical Brazilian
ecosystems and in other regions of the world have also been studied because of the need to
better understand the effects of land use change on regional and global biogeochemical
cycles [13,15,21]. Evidently, it also allows us to estimate the contribution of tropical biomes
to the regional and global climate controls, also comprising the relationship between
precipitation, evapotranspiration, plant productivity and greenhouse gas exchanges within
the atmosphere [22]. These changes motivated the development of various research fields
within climate sciences focusing on the debate over greenhouse gases cycles and anthropic
influence over these cycles. CO2 concentration in the atmosphere surpassed 405 ppm [23]
and continues increasing each decade, as well as that of other greenhouse gases. Therefore,
it is necessary to develop methods and techniques to quantify these emissions and the
fluxes of these gases, improving the understanding on how different environments function
and respond to land-use changes.
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The eddy covariance method (EC) directly and non-intrusively estimates the vertical
transport of CO2 and other greenhouse gases. Information measured through EC allows for
the better comprehension of biogeochemical cycles, energy fluxes and other atmospheric
controls. It also provides clues to other pivotal questions regarding ecosystem (in this
study, tropical ecosystems) controls over climate. However, due to the lack of an extensive
EC measurement network throughout Brazil, other data sources are required, such as
satellite-derived data. Our hypothesis is that both gross primary production (GPP) and
water-use efficiency (WUE) data respond differently to varied water availability conditions
on the main tropical ecosystems in Brazil. Thus, our objective is to analyze the dynamics of
GPP and WUE in the Amazon, Cerrado (savanna), Pantanal and Caatinga biomes through
data collected through EC systems and to assess the performance of data derived from the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor for the quantification of
CO2 balance components over these environments.

2. Materials and Methods
2.1. Data Policy and Use License

The Ameriflux platform compiles data monitored in three Brazilian biomes: BR-Sa1
(Amazon), BR-CST (Caatinga) and BR-Npw (Pantanal). Data from the Cerrado site (BR-BI,
Bananal Island—Javaés) are available at https://daac.ornl.gov (accessed on 25 April 2022).
Data provided by the ORNL DAAC can be accessed for free, without restrictions and
in accordance with NASA’s Earth Science Program. Ameriflux data are shared under
CC-BY-4.0 data usage license (Creative Commons by Attribution 4.0 International). This
license states that the use of data is free to share (copy and redistribute the material in any
medium or format) and/or adapt (remix, transform, and build upon the material). The
scientific literature references describing each of the data sites are: BR-Sa1 [24], BR-CST [25]
and BR-Npw [26].

2.2. Description of Study Area
2.2.1. Cerrado Site

Measurements were conducted on an experimental site located on an inundation plain
at Cantão State Park, 260 km west of the city of Palmas (Tocantins state, Figure 1) as a part
of the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA). A micrometeoro-
logical tower equipped with an eddy covariance system and instruments for meteorological
variable measurements were used. The tower was located 2 km east of the Araguaia River
(9◦49′27.9”S, 50◦08′92.8”W, 120 m in altitude), 1 km east of the Javaézinho River, at the
northern border of the Bananal Island, and south of Cantão State Park. The Araguaia plains,
where the Bananal Island is located, is characterized by an exuberant landscape comprising
Cerrado and Amazon biomes extending throughout three conservation units: Araguaia
National Park, Cantão State Park and the Cantão Environmental Protection Area. The
Bananal Island encompasses a total area of 21,000 km2 (approximately 80 km × 260 km)
and is the largest fluvial island in the world, covered mainly by savannas and pastures
with seasonal inundations occurring from February to June [3]. The instrumental fetch area
covers different types of physiognomies: cerradão, semi deciduous forests (trees with an
average height of 20 m), cerrado s.s. and bare field areas with isolated lagoons. The climate
in the region is warm and wet, with mean annual precipitation of approximately 1466 mm
year−1 and 90% of the total precipitation occurring in the wet season between October and
April [3]. Measurements comprise the period from January 2004 to December 2006.

https://daac.ornl.gov
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Figure 1. Location of the study sites with the native extension of each biome.

2.2.2. Caatinga Site

Measurements were carried out on a site managed by the Chico Mendes Institute
for Biodiversity Conservation (ICMBio), and the micrometeorological tower is part of the
NOWCDCB (National Observatory of Water and Carbon Dynamics in the Caatinga Biome,
Figure 1) monitoring network. The campaign comprised the period from 1 January 2014 to
31 July 2015. The tower is located in a preserved Caatinga segment (BR-CST) within the
Pajeú river watershed (7◦58′05.20”S, 38◦23′02.62”W, 430 m in altitude) in Serra Talhada city,
Pernambuco state, Northeast Brazil. According to Köppen’s classification, the climate is
semiarid (BSwh), with summer rainfalls occurring between December and May (85% of
total precipitation) as reported by [27]. Mean annual precipitation is approximately 640 mm,
and average air temperatures range from 23.1 to 26.7 ◦C [27]. Native species at the site are
Mimosa hostilis, Mimosa verrucosa and Croton sonderianus, while Anadenanthera macrocarpa,
Spondias tuberosa, Caesalpinia pyramidalis, and Ziziphus joazeiro can also be found, with a mean
height of 8.0 m [27]. Rainfall was provided by a “Instituto Nacional de Meteorologia”
(INMET) station near of site.

2.2.3. Pantanal Site

The study was conducted at the Brazilian Northern Pantanal Wetland (BR-Npw)
flux tower (Figure 1) located approximately 35 km SE of Pocone, Mato Grosso, Brazil
(16◦29′53.71”S: 56◦24′45.91”W; 120 m altitude). The site is part of a research station managed
by the Federal University of Mato Grosso (UFMT) within a national reserve managed by
the Brazilian Social Service of Commerce (SESC Pantanal) [28,29]. According to Köppen
classification, the regional climate is Aw, which is defined as a hot and wet climate with
rainfall in the summer and dry in the winter [30]. The accumulated precipitation varies
from 800 to 1500 mm/year [31,32]. The air temperature ranges between 29 and 32 ◦C
(maximum) and between 17 and 20 ◦C (minimum) [33,34]. The soil type in the region
is classified as Dystric Gleysol [35] with an average concentration of 429 g/kg of sand,
254 g/kg of silt, and 317 g/kg of clay, mean soil organic matter (SOM) (0–0.10 m depth) of
17 g/kg and a soil pH of 4.7 [36]. The vegetation of the site is typical of “scrub” forests in
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the region, with a mean leaf area of 7.4 m2 m−2 and a mean height of 6 m [37], dominated
by Combretum lanceolatum, Phol (Combretaceae), a common species found on the riverbanks
of the Pantanal region [38]. Vascular or semi-aquatic plants such as Thalia geniculata and
Nymphaea sp. occur in more open areas [39]. These are dense forests that are referred to as
“hyperseasonal” because they are subjected to both seasonal flooding and drought [40].

Our data were collected from 1 January 2015 to 31 December 2016. Micrometeorologi-
cal variables were measured 20 m aboveground, close to the eddy covariance sensors. Air
temperature (Ta, ◦C) and relative humidity (RH, %) were measured using a thermohygrom-
eter (HMP45AC, Vaisala Inc., Woburn, MA, USA). Precipitation (Ppt, mm) was measured
2 m above the ground using a micrometeorological station (WXT520, Vaisala Inc., Helsinki,
Finland) installed in an open area to avoid interception by the tower or tree canopy. The
flood stage was determined by measuring water levels (WL) above the ground at the study
site. These inundation levels (±1%) were measured along with water temperature (±0.3 ◦C)
using a CTD-10 (Decagon Devices Inc., Pullman, WA, USA, ± 0.05% full scale at 20 ◦C)
in 2015 and 2016. Due to instrument malfunction in 2014, the data for this year are not
available. The start of each flood cycle began with the first reading of standing water at the
site and ended when sensors indicated the absence of standing water. These flood cycles
were then compared to the stage of the Cuiaba River collected by the RPPN-SESC Pantanal
park rangers (pers. comm.) approximately 1 km away.

2.2.4. Amazon Site

Measurements were conducted on a site located at Tapajós National Forest (TNF,
2◦51′S, 54◦58′W, Figure 1), near the Santarém-Cuiabá highway (BR-163). The TNF is limited
by the Tapajós River in the west and by the BR-163 highway in the east, extending 150 km
to the south of Santarém city, Pará state. At the eastern side of the BR-163, the landscape
is dominated by agriculture. The tower was installed approximately 6 km west of the
highway. The canopy has a significant number of large emergent trees (to 55 m height),
Manilkara huberi (Ducke) Chev., Hymenaea courbaril L., Betholletia excelsa Humb. and Bonpl.,
and Tachigalia spp., and a closed canopy at ~40 m [41]; this forest can be considered primary,
or “oldgrowth” [42]. Analyzed data comprise CO2 and energy fluxes and meteorological
data. Measurements comprise daily and monthly means of hourly data in the period from
January 2009 to December 2011. CO2 fluxes were measured at 58 m in height through
a closed-path analyzer (LICOR-6262) while a Campbell CSAT3 anemometer was used for
tridimensional wind measurements. The 65 m micrometeorological tower is located at
an area emerging from within the primary forest with a dense canopy of approximately
40 m in height, reaching up to 55 m for some emerging trees [43]. Rainfall was provided by
a INMET station near of site (Belterra).

Figure 1 shows the location of the four studied sites and their respective biomes.

2.3. Instrumentation and Data Processing

Instrumentation in each of the sites is described in previous publications [3,27,44,45].
Gaps formed due to the exclusion of spurious data during the rigorous data screening
process were filled using a marginal distribution sampling method (MDS) described by [46],
which accounts for the covariance between fluxes and meteorological variables as well
as the autocorrelation of fluxes. In this algorithm, three conditions are identified, and
a procedure is adopted accordingly: (1) when flux data are missing, but meteorological
data are available (Rg, Ta and VPD), missing data are replaced by the mean value in
similar meteorological conditions over a seven-day window; (2) when only radiation data
are available, the missing data are replaced by the mean value in similar meteorological
conditions over a seven-day window; (3) when there are no meteorological data available,
the missing data are replaced by the mean value in the last hour, thus accounting for
the daily variability of each variable. If after these steps, data were still not filled, the
procedure was repeated with larger window sizes until the gap could be filled. For the
gap filling procedure, an automated online tool developed by the Max Planck Institute
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for Biogeochemistry (http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/, accessed on
2 February 2022) was used.

2.4. Flux Partitioning

Through CO2 flux (NEE) partitioning, we obtained: gross primary production (GPP)
and ecosystem respiration (Reco). For the Cerrado and Pantanal sites, NEE is given as
a proxy of the turbulent flow. At the other sites, NEE was composed of turbulent flow
and storage. We used the flux partitioning method based on nighttime hours [46]. Since
GPP = 0 at the nighttime period, NEE is given as:

NEE = Reco, for nighttime hours (1)

NEE = Reco − GPP, for daytime hours (2)

where Reco (µmol m−2s−2) is the sum of autotrophic and heterotrophic respiration. Reco
and GPP were calculated using the online tool provided by the Max Planck Institute
for Biogeochemistry (http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/, accessed on
2 February 2022).

Diurnal corrections of missing NEE data were modeled based on daytime data using
the common rectangular hyperbolic light-response curve model [47,48]:

NEE =
α·β·Rg

α·Rg + β
+ γ (3)

where α (µmol C J−1) is light-use efficiency and represents the initial slope of the light-
response curve; β (µmol C m−2s−1) is the maximum CO2 absorption rate of the canopy
at light saturation; γ (µmol C m−2s−1) is ecosystem respiration and Rg (W m−2) is global
radiation. GPP was calculated as:

GPP = NEE + Reco (4)

To provide a better comparison with literature data (more in situ studies), we calculated
Ecosystem WUE, calculated as:

WUE = GPP/ET (5)

where ET (mm) is evapotranspiration.

2.5. MODIS Data

Remotely sensed GPP data obtained from the MODIS sensor onboard the Terra satellite
were used. These data were calculated based on the concept of light use efficiency [47],
through the relation between incident photosynthetically active radiation (PAR), the fraction
of photosynthetically active radiation absorbed by plants (FPAR) and the actual light use
efficiency (ε) of vegetation [49]:

GPP = ε ∗ APAR (6)

where APAR is the absorbed photosynthetically active radiation, which is calculated as
the product between the FPAR—derived from the MOD15A2H product [50]—and the
PAR. PAR values are obtained from the Global Modeling Assimilation Office (GMAO)
reanalysis [51] set and correspond to 45% of the total incident solar energy in the visible
spectrum (0.4 to 0.7 µm). In the MOD17A2 product, the values of ε are derived from the
attenuation of its maximum value (εmax) due to two environmental stresses: (1) minimum
temperature (Tmin), which can inhibit photosynthesis, reducing enzymatic activity, and
(2) vapor pressure deficit (VPD), because high VPD can reduce stomatal conductance [52].
The GPP data for the Caatinga biome were derived from the MOD17A2 version 6.0 prod-
uct [53] from the MODIS sensor on board the Terra satellite. This algorithm provides 8-day
composite data in a 500 m spatial resolution.

http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
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Reanalysis data from the GMAO dataset (https://gmao.gsfc.nasa.gov/GMAO_products/
reanalysis_products.php, accessed on 25 February 2022) used as input parameters for the
MOD17A2 product were Tmin and VPD. Therefore, we carried out an overall assessment
to check for inconsistencies in this dataset in relation to the same parameters measured at
the Cerrado, Caatinga, Pantanal and Amazon biomes. FPAR and leaf area index (LAI) data
from the MOD15A2H product were also verified. Furthermore, the MOD12 product [54]
for land cover was also discussed regarding the years 2014 and 2015 in the region.

The MOD12 [54] product for land cover was also discussed regarding the Cerrado and
Caatinga site for the period from 1 January 2014 to 31 July 2015, the Pantanal site for the
period from 1 January 2015 to 31 December 2016, and the Amazon site from 1 January 2009
to 31 December 2011.

3. Results
3.1. Meteorological Conditions

Precipitation and air temperature data in all study sites (Figure 2), as well as daily
observations of solar radiation, air temperature and relative humidity (Figure 3), presented
a seasonality that was consistent with the local climatology. Highest radiation incidence
was registered in the Caatinga and Pantanal sites, which makes them the warmest sites
since air temperature is strongly correlated with solar radiation. The highest monthly
temperature was found in the Pantanal site (Figure 2A), with 31.6 ◦C being registered in
October, while the Amazon site presented the lowest temperatures (25.4 ◦C in April), which
is also probably associated with the fact that radiation is lower (Figure 3A). The Caatinga
and Pantanal sites are in phase regarding solar radiation (Figure 3A) and air temperature
(Figure 3B) patterns, despite VPD values being three-fold higher in the Caatinga (Figure 3C),
while VPD in the Pantanal is similar to that observed in the Amazon. VPD in the Amazon
practically doubles until September, along with lower observed accumulated rainfall and
higher air temperatures.

Figure 2. Monthly variation of mean air temperature (lines) and accumulated rainfall (bars) for each
site and period: (A)—Amazonia: 2009–2011 (rainfall from INMET station); (B) Caatinga: January
2014−July 2015 (rainfall from INMET station); (C) Cerrado: 2004−2006; (D) Pantanal: 2015−2016).

https://gmao.gsfc.nasa.gov/GMAO_products/reanalysis_products.php
https://gmao.gsfc.nasa.gov/GMAO_products/reanalysis_products.php
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Figure 3. Seasonal variation of the daily mean of meteorological variables: (A) global incident
radiation (W m−2), (B) air temperature (◦C) and (C) vapor pressure deficit (kPa). The shaded colored
areas indicate data standard deviation.

Mean annual precipitation in the Amazon site was approximately 2221 mm, 38%
higher than in the Pantanal site (1381 mm) and 25% higher than in the Cerrado site
(1668 mm). Caatinga presented an annual accumulated rainfall value of 698.9 mm in
2014 and 376.3 mm until July 2015. The number of months with monthly precipitation
<10% of total annual precipitation in each site (Figure 2) varied locally. In the Amazon,
seven months met this criterion, while in the Cerrado and Pantanal, six months did as well.
In the Caatinga, a total of nine months presented less than 10% of total annual rainfall.
Besides the highest precipitation totals, the Amazon also presents the greatest monthly
variability of precipitation, particularly in March (Figure 4). September is the month where
precipitation in all four sites is the most similar, with the Caatinga site registering null
precipitation and the other sites registering precipitation below 50 mm. In March, the
difference between the wettest and the driest sites accounts for over 300 mm. Only in
the months of June and July did the Caatinga site feature monthly accumulated rainfall
higher than the Cerrado and Pantanal sites. Only the Amazon site surpassed 300 mm of
precipitation in the months from February to April.
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Figure 4. Monthly accumulated rainfall boxplots for each site and studied period (Amazonia:
2009–2011; Caatinga: January 2014−July 2015; Cerrado: 2004−2006; Pantanal: 2015−2016).

3.2. Water and Energy Fluxes

The annual cycle of observed daily ET (Figure 5) showed different patterns in the
biomes: (1) Cerrado and Pantanal with maximum water vapor flux in October, decreasing
toward March and April as the wet season ends; (2) a well-defined ET cycle in the Amazonia
site, peaking in September during the dry season. ET cycles in the Cerrado and Pantanal are
similar, with maximum daily ET of approximately 7.0 mm day−1. In July, daily ET values
are similar in the Cerrado, Pantanal and Amazon sites, with a similar pattern to what was
previously observed for solar radiation and air temperature (Figure 3A,B). The Caatinga
site stood out, with values down to three-fold lower if compared to the other sites, despite
the similar seasonal pattern (higher daily ET between October and April, lower daily ET
between May and September). Maximum ET coincides with higher energy availability
(radiation) and higher temperatures in the sites, between October and November.

Figure 5. Monthly daily evapotranspiration (mm day−1) boxplots for each site and studied pe-
riod (Amazonia: 2009−2011; Caatinga: January 2014−July 2015; Cerrado: 2004−2006; Pantanal:
2015−2016).

The monthly seasonal patterns of net radiation and sensible and latent heat fluxes
differ strongly from site to site. In the Pantanal, Caatinga and Cerrado, net radiation (Rn)
presents values higher than 120 W m−2 (Figure 6A) in January and May, with a decreasing
pattern the following months. The Amazon site, located further north than the other sites
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and therefore more influenced by the Intertropical Convergence Zone during these months,
presented lower values, of approximately 100 W m−2, with increasing values from May
until the peak of the dry season in September. Hourly Rn patterns are similar, with the
Amazon site featuring approximately 50 W m−2 less than the other sites. However, latent
heat flux (LE) (Figure 6B) and sensible heat flux (H) (Figure 6C) have distinct hourly and
monthly patterns. Maximum LE in the Pantanal is three-fold higher than in the Caatinga,
while the H pattern is the inverse. Rn, H and LE patterns are in phase regarding Pantanal
and Amazonia sites, particularly because LE and H sharply increase in the dry season,
following the increase in available energy. An opposite relationship is found between Rn
and LE in the Cerrado and Caatinga sites, which increase in September and October while
LE reduces in the same period.

Figure 6. Hourly and monthly variation of energy fluxes: (A) net radiation (Rn, W m−2), (B) latent
heat flux (LE, W m−2) and (C) sensible heat flux (H, W m−2).

3.3. Carbon Fluxes and WUE

According to the daily GPP analysis shown in Figure 7, seasonal changes in GPP are
more intense in the Caatinga and Pantanal sites if compared to the Amazonia and Cerrado
sites. The coefficient of determination (R2) between observed GPP and evapotranspiration
(Figure 8) was also higher in the Caatinga and Pantanal. Maximum values reach up to 9.0 gC
m−2 d−1 in the Cerrado and Amazonia, while the lowest GPP values reach approximately
0.5 gC m−2 d−1 in the Caatinga. The seasonality and intensity of GPP values in the Amazon
and Cerrado are similar, while in the Caatinga and Pantanal, they are similar only between
June and July. Regarding maximum values, GPP peaks in April in the Cerrado, coinciding
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with the period of least radiation availability after the site inundation, while in the Amazon,
GPP peaks in October, characterized by high radiation, air temperature and an increase in
precipitation after an annual minimum in September.

Figure 7. Monthly GPP (gC m−2 day−1) boxplot for each site and study period (Amazonia:
2009−2011; Caatinga: January 2014−July 2015; Cerrado: 2004−2006; Pantanal: 2015−2016).

Figure 8. Correlation between daily GPP averages and evapotranspiration for each site. The size
of the circles indicates the intensity of water-use efficiency (WUE) estimated at each day (gC kg
H2O day−1).

We also assessed observed GPP data by comparing them with MODIS satellite data
on a monthly scale (Figure 9). Results show a high overestimation of satellite data in
drier periods, especially in the Amazonia site (Figure 9A). In the Caatinga site (Figure 9B),
measurements are more similar from September to November if we consider the median
values and monthly variability. In the Cerrado site (Figure 9C), MODIS GPP underestimates
observed data in the dry season (August and September), while in the Pantanal (Figure 9D),
daily variability of MODIS data is much more prominent than observed data, despite the
coherence in representing the seasonal cycle. Given these patterns, the best correlations
were found in the Pantanal (R2 = 0.31) and Caatinga (R2 = 0.27) sites (Figure 10), with
values similar to what is found in the general literature regarding MODIS GPP assessment
(Table 1). Due to the importance of investigating specific local water cycles and the effect of
drought on the water balance and carbon uptake, we calculated WUE (Figure 11), showing
interesting variability aspects depending on the studied biome. WUE is lower in the site
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with the highest evapotranspiration (Pantanal), while a remarkable variability and the
highest WUE values are found in the Caatinga site. WUE in the other sites did not present
great seasonal differences, with values reaching approximately 4.0 gC kg H2O day−1 in the
driest months (between September and October). WUE surpassed 15 gC kg H2O day−1 in
the driest month (September) of the driest site (Caatinga), sharply decreasing in October
with the occurrence of rainfall. Mean annual WUE values estimated in this study delineate
new thresholds if compared to previously reported values in the literature (Table 2), with
the Pantanal site featuring WUE lower than 1.0 gC kg H2O year−1 and the Caatinga site
featuring values near 5.8 gC kg H2O year−1, which is much higher than in other dry forests
studied in the literature.

Figure 9. Monthly GPP boxplot (gC m−2 day−1) for eddy covariance observed data (Tower) and
MODIS—derived data (Satellite) for the: (A) Amazonia; (B) Caatinga; (C) Cerrado; (D) Pantanal sites.

Figure 10. Correlation between daily tower GPP ×MODIS GPP for each site. The size of the circles
indicates the intensity of daily accumulated rainfall (mm).
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Table 1. Statistical summary of studies comparing MODIS GPP and eddy covariance estimations for
different land covers using linear regression models.

Forest Type Slope R2 Reference

Alpine grassland 1.30 0.50 Zhu et al. [55]
Alpine grassland 0.58 0.17 Zhu et al.

Dry tropical forest 0.24 0.27 This study
Floodplain forest 5.39 0.01 This study

Primary forest 5.34 0.02 This study
Semi-deciduous forest 0.49 0.32 Danelichen et al. [56]
Temperate grassland 1.59 0.70 Zhu et al., 2018
Temperate grassland 0.50 0.40 Zhu et al., 2018

Tropical grassland 0.89 0.53 Zhu et al., 2018
Tropical peatland 0.23 0.16 Wang et al. [57]
Tropical grassland 0.91 0.63 Zhu et al., 2018
Tropical grassland 0.89 0.53 Zhu et al., 2018

Wetland 2.40 0.31 This study

Figure 11. Monthly WUE (gC kg H2O day−1) boxplot for each site and studied period: (Amazonia:
2009−2011; Caatinga: 01/2014−07/2015; Cerrado: 2004−2006; Pantanal: 2015−2016).

Table 2. Comparison between mean annual WUE retrieved in the present study with values for
different types of forests found in the literature.

Forest Types WUE (g C kg−1H2O) References
Wetland 0.95 This study

Boreal treeless wetland 1.2 Kuglitsch et al. [58]
Floodplain forest 1.61 This study

Maritime pine 1.69 Berbigier et al. [59]
Primary forest 1.82 This study

Deciduous broadleaf forest 1.87 Wang et al.
Old-growth forest 1.83 Liu et al. [60]

Evergreen broadleaf forest 2.35 Tang et al. [61]
Conifer plantation forest 2.53 Yu et al. [62]

Deciduous broadleaf forest 2.57 Yu et al.
Eucalypt plantation 2.87 Rodrigues et al. [63]

Ponderosa pine 2.97 Law et al. [64]
Evergreen broadleaf forest 3.13 Tang et al.

Boreal aspen 3.70 Krishnan et al. [65]
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Table 2. Cont.

Forest Types WUE (g C kg−1H2O) References
Temperate broad-leaved

deciduous 5.0 Kuglitsch et al.

Douglas-fir 5.40 Ponton et al. [66]
Dry tropical forest 5.79 This study

4. Discussion

Evapotranspiration showed well-defined seasonality in all sites, varying at the annual
scale with local precipitation, radiation availability and increasing temperatures. Highest
evapotranspiration values were registered in the warmer months and/or in months with
more radiation or precipitation. Evapotranspiration reached maximum values in the
Cerrado and Pantanal sites in wetter months, reaching up to 7 mm day−1 in November,
with a mean value slightly above 3 mm day−1. In the Caatinga site, even in the month
with the highest evapotranspiration rates (October), overall values did not reach the same
intensity of the other sites, showing the particularity of this site regarding its arid climate
(BSh) according to Köppen’s classification (Liang et al., 2020) [67]. Crucial studies have
already been conducted to estimate the magnitude, seasonality and controls of ET at the
local scale using eddy covariance measurements in Brazil (Da Rocha et al., 2009; Costa
et al., 2010) [6,68]. These studies usually show that dry season evapotranspiration is
higher than in the wet season, and Rn is the main ET control in tropical rainforests (such
as the Amazon), while it is not true for the Caatinga, Cerrado and Pantanal sites. Our
results showed that in these sites, evapotranspiration decreases throughout the dry season,
reaching the lowest rates between August and September, when the Amazon features its
highest values. Even during the dry season, high evapotranspiration rates can be explained
by the predominance of pioneer tree species (Combretum lanceolatum and Vochysia divergens)
with high photosynthesis rates and stomatal conductance (gs) (Dalmagro et al., 2013;
2016) [69,70], associated with the ability of these species to extract water from deep storages
containing similar water content to that of inundation areas and wet periods (Sanches et al.,
2011; Vourlitis et al., 2011; Dalmagro et al., 2013; da Silva et al., 2021) [29,69,71,72].

In the dry season of the Cerrado site, an inverse relationship was found between LE
and Rn, which is typical of savanna ecosystems, where the root system does not reach deep
water storages, but part of the vegetation is adapted and relies on senescence mechanisms
of tree leaves and dormancy of grasses (3). A pulse in productivity (increased GPP) that is
directly related to the increase in water availability (rainfall) can be observed, particularly
from October on, which marks the beginning of the transition from the dry to the wet season.
As expected, all sites reduced productivity in response to increased rainfall variability, with
the most productive ecosystems being those with the highest precipitation rates (Amazon
and Cerrado). The low rainfall rates observed in the Caatinga in October were sufficient to
drive a sharp increase in productivity, which indicates that more frequent rainfall events
in this environment could lead to more nutrient availability and the mitigation of water
stress through leaf absorption mechanisms. A further indicator of these aspects can be
observed through the remarkable variability in evapotranspiration during this month
in the Caatinga. Furthermore, this biome presented the best correlations between GPP
and evapotranspiration. The comparison between observed and remotely sensed data
showed that both datasets represent the same seasonality, despite their weak correlation.
Satellite data accurately represents the strong response of the Pantanal and Caatinga sites
to local precipitation, while the results are not satisfactory regarding the dry period in the
Amazon and Cerrado. The weak correlation between GPP data in tropical forests is well
documented (Zhu et al., 2018) [55] and is generally attributed to light-use efficiency, which
is underestimated by the MODIS GPP algorithm (Sjöström et al., 2013) [73]. Additionally,
potential uncertainties regarding the FPAR might also affect MODIS GPP estimates, which
have also been discussed in the literature (Liu et al., 2017) [60]. Despite its wide use, our
results corroborate previous studies reporting the need to use MODIS GPP data with
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caution for interannual and intra-annual studies, as suggested by Zhu et al. [55]. Our study
revealed that humid biomes present lower WUE, and drier biomes present higher WUE,
with decreasing values with the onset of the wet season and maximum values in the dry
season. This result is consistent with previous studies in other environments (Liu et al., 2017;
Singh et al., 2014; Yu et al., 2008) [60,62,74]. Ito and Inatomi [75] claim that forest ecosystems
presented WUE values comparable or superior to arid (such as caatinga) and shrub biomes
(such as Cerrado and Pantanal), with an intermediate value of 0.6–1.2 g C kg−1 H2O for
humid forest biomes. The average WUE for the Pantanal is within this range.

WUE responds differently to seasonal water availability in each biome. Overall,
more productive biomes present high WUE (Xue et al., 2015) [76]. In sparsely vegetated
areas, such as the Cerrado (savannas) and the Pantanal wetlands, WUE varies greatly
throughout the year, despite presenting lower values than the Caatinga. From January to
April, when precipitation is high in all sites (except Caatinga), the Amazon site featured
an increase in WUE daily values, while the Cerrado WUE decreased, and the Pantanal
WUE remained unaltered. From May, rainfall triggers a sharp decrease in WUE over these
regions until September. Our results reveal important implications for the understanding
of climate change effects on carbon and water exchange processes in tropical biomes,
because the projected reduction in water availability over these sites due to the increasing
number of dry days [77] may lead to an increase in WUE at the ecosystem level. However,
increasing temperatures may further increase or reduce ecosystem WUE at the monthly
scale. Consequently, changes in ecosystem WUE due to climate change will depend on the
relative impact of these changes in precipitation and temperature. Caatinga WUE is highly
dependent on water availability, with lower values and variability in the wetter months
and higher values and variability in the drier months. The results found here corroborate
other studies in other parts of the Caatinga biome [78–82], and it is important to report
that owing to measurement difficulties, few studies have systematically compared global
patterns of WUE of terrestrial ecosystems across different biomes or have analyzed the
seasonal variability of WUE in relation to weather conditions, because ecosystem WUE
is slightly different from plant WUE [61]. Plant physiologists consider WUE at leaf or
stand scales and are mainly interested in relations between total or above-ground biomass,
stem biomass or net CO2 uptake to transpiration or evapotranspiration (ET), and although
uncertainties associated with site-to-site variation in site quality criteria, flux measurement
methods, calculations and data quality control still exist, ongoing standardization and
quality assurance efforts enable global integration with other tools [61].

5. Conclusions

In this study, we presented data on the seasonal variations of energy fluxes, climatic
variables, GPP, ET and WUE for different tropical biomes in Brazil. Furthermore, correla-
tions between observed carbon exchange data and remotely sensed data were also assessed.
Results showed that GPP and ET responses to meteorological variables (solar radiation,
air temperature, precipitation and VPD) are in phase, suggesting that this meteorological
variability controls photosynthesis and ET in a similar fashion on a monthly scale, despite
both direct and inverse relationships having been found depending on the type of environ-
ment. Based on our results, our study concludes that inconsistent MODIS GPP estimates
for some months and sites indicate that the parametrizations used in the MOD17A2H GPP
algorithm (such as FPAR) may need to be enhanced over certain land covers in order to
improve estimates. WUE in the studied sites varied annually from 0.95 to 5.79 gC kg−1

H2O, with minimum and maximum values differing from usually found values for other
environments worldwide. This study will aid future studies regarding the influence of
global warming and water stress on carbon and water fluxes in similar tropical forests.
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