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A B S T R A C T   

Land-use and land-cover change (LULCC) can dramatically affect the magnitude, seasonality and main drivers of 
evaporation (E) and transpiration (T), together as evapotranspiration (ET), with effects on overall ecosystem 
function, as well as both the hydrological cycle and climate system at multiple scales. Our understanding of 
tropical ecosystem responses to LULCC and global change processes is still limited, mainly due to a lack of 
ground-based observations that cover a variety of ecosystems, land-uses and land-covers. In this study, we used a 
network of nine eddy covariance flux towers installed in natural (forest, savanna, wetland) and managed systems 
(rainfed and irrigated cropland, pastureland) to explore how LULCC affects ET and its components in the 
Amazon, Cerrado and Pantanal biomes. At each site, tower-based ET measurements were partitioned into T and E 
to investigate how these fluxes varied between different land-uses and seasons. We found that ET, T and E 
decreased significantly during the dry season, except in Amazon forest ecosystems where T rates were main
tained throughout the year. In contrast to Amazon forests, Cerrado and Pantanal ecosystems showed stronger 
stomatal control during the dry season. Cropland and pasture sites had lower ET and T compared to native 
vegetation in all biomes, but E was greater in Pantanal pasture when compared to Pantanal forest. The T fraction 
of ET was correlated with LAI and EVI, but relationships were weaker in Amazon forests. Our results highlight 
the importance of understanding the effects of LULCC on water fluxes in tropical ecosystems, and the implica
tions for climate change mitigation policies and land management.   

1. Introduction 

Tropical ecosystems play a key role in regulating local, regional, and 
global climate by fixing carbon from the atmosphere, receiving and 
emitting energy, and returning water to the atmosphere via evapo
transpiration (ET) (Lathuillière et al., 2012; Schlesinger and Jasechko, 
2014). ET is an important component of the water cycle and surface 
energy budget, and serves as a key driver for moisture inputs into 

precipitationsheds through rainfall recycling, especially in South 
America (Baker et al., 2021; Baker and Spracklen, 2019; Marengo et al., 
2016). For instance, Zemp et al. (2014) showed that 18–25 % of the total 
precipitation over the La Plata basin comes directly from the Amazon 
basin. Moreover, 9–10 % of the total precipitation over South America is 
generated through cascading moisture recycling in the region (Zemp 
et al., 2014). 

Land-use and land-cover change (LULCC) can have a significant 
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impact on ET and affect the hydrological cycle and the availability of 
water resources. At field and regional scales, conversion of natural 
vegetation to other land covers typically increases runoff (Miralles et al., 
2011; Schlesinger and Jasechko, 2014), alters precipitation regimes (e. 
g., onset of the wet season, reduction in precipitation) (Fearnside, 2004; 
Longo et al., 2020), reduces groundwater recharge (Kundzewicz et al., 
2008; Montenegro and Ragab, 2012), and increases land surface tem
perature (Caballero et al., 2022; de Oliveira et al., 2021). Thus, under
standing how ET changes across landscapes and management practices 
is critical to predict the effects of LULCC and mitigate its impacts. Par
titioning of ET into evaporation (E) and transpiration (T) and examining 
their controlling factors and variability across landscapes provides 
useful information about plant physiological processes, the mechanisms 
by which they contribute to the global water cycle (Jasechko et al., 
2013; Wei et al., 2017), and how these fluxes might be affected by 
environmental change or anthropogenic disturbances (i.e. LULCC, 
drought, increases in atmospheric CO2 concentrations, etc.) (Uribe et al., 
2021; Maeda et al., 2017; Xu et al., 2019). In addition, studying T and its 
contribution to ET can provide important information about land 
management impacts on water resources. For example, increasing T/ET 
(i.e., increasing “productive” water flow) has been proposed as a strat
egy to increase crop yields in agricultural systems, as T is directly 
coupled to crop growth and yield (Rockström, 2003). 

Despite significant efforts towards measuring ET in South America 
using ground-based observations, such as through the Large-Scale 
Biosphere-Atmosphere experiment in Amazonia (LBA) (Keller et al., 
2004; Restrepo-Coupe et al., 2013), or through remote sensing (Wu 
et al., 2020; Paca et al., 2019; Baker et al., 2021), seasonal and landscape 
management effects remain poorly understood in the region primarily 
due to a lack of ground-based observations that cover a variety of eco
systems, land-uses and land-covers (Caballero et al., 2022; Melo et al., 
2012). This lack of field data also leads to uncertain parameterization of 
hydrological and land surface models, which currently poorly represent 
the temporal variations of carbon and water fluxes (Maeda et al., 2017; 
Restrepo-Coupe et al., 2017). This can result in predicting a single trend 
or driver that might not be representative of the complex mosaic of 
ecosystems and climates that are found within a regional context 
(Maeda et al., 2017; Wu et al., 2020). Likewise, getting accurate and 
disaggregated estimates of T and E remains a challenge due to the large 
number of factors that influence these fluxes (e.g., climate, soil moisture 
variability, soil pore size, plant species, photosynthetic capacity, etc.) 
(Fisher et al., 2017; Mallick et al., 2016), as well as the costs of running a 
tower network over multiple ecosystems and years. Crucially, land use 
change impacts on streamflow may mask climate change effects on the 
water balance (Chagas et al., 2022). For example, deforestation in
creases streamflow via a reduction in T, which counteracts the reduction 
in streamflow caused by climate change (Cavalcante et al., 2019; Cha
gas et al., 2022; Levy et al., 2018). This indicates the importance of 
detailed inspection of T and E in natural and managed ecosystems. 

In this study, we used data from nine eddy covariance towers located 
across the state of Mato Grosso, Brazil, to investigate how E and T vary 
within three primary biomes (Amazon, Cerrado, Pantanal) for natural 
(forest, savanna, wetland) and managed (rainfed and irrigated cropland, 
pastureland) land uses and land covers. The Amazon, Cerrado, Pantanal 
biomes have each experienced extensive deforestation and land-use 
change for cattle grazing and crop production in recent decades to 
satisfy the increasing global demand for food, fuel and other commod
ities. Here, we specifically focus on (i) how land-use and land-cover 
change affects ET, T, E and T/ET within and between biomes, and for 
natural vs. managed land covers within each biome, (ii) seasonal dif
ferences (dry vs. wet seasons) in ET and its components, and (iii) the 
main drivers of these fluxes at site and regional scales. This study pro
vides additional understanding of tropical ecosystems and expected re
sponses to LULCC through the development of a harmonized dataset that 
is complementary to previously published multi-site studies focused 
primarily on the Amazon biome (e.g., Restrepo-Coupe et al., 2013). The 

achieved expansion of observations into the Cerrado and Pantanal bi
omes, including both natural and managed ecosystems in each biome, 
has a great potential to inform hydrological and land surface models, 
and further improve our understanding of how these systems are likely 
to respond to ongoing global change processes. 

2. Methods 

2.1. Study sites 

Eddy covariance (EC) and ancillary micrometeorological data 
(Table S1) were obtained for nine research sites located across the nearly 
1 × 106 km2 Brazilian state of Mato Grosso (Fig. 1, Table 1). The 
hydroclimates of Mato Grosso present a unimodal rainfall regime with a 
well-defined dry season and distinct north-south gradients in mean 
annual precipitation (greater in the north) and dry season length (longer 
in the south). In Mato Grosso, humid tropical rainforest vegetation is 
present only in the extreme north of the state. Much of the dense tropical 
Amazonian forest in Mato Grosso consists of “transitional forest” across 
a diffuse ecotone between Cerrado savanna forests in the central part of 
the state and humid tropical forests in the north. The northern portion of 
the Pantanal is located in the southern portion of Mato Grosso state. The 
northern Pantanal experiences seasonal flooding each year from over
banking of the river systems and local precipitation (Dalmagro et al., 
2018). 

We used the following naming conventions for the EC tower sites: the 
first letter refers to the biome (A = Amazon, C = Cerrado, P = Pantanal), 
the second letter refers to the land cover (P = pasture, F = forest, A =
agriculture, C = campo sujo type savanna). For sites with the same biome 
and land cover, we used a third letter that refers to the location (S =
Sinop, T = Tanguro, J = Jaciara, L = Lucas do Rio Verde). 

AP (Amazon Pasture) is a cattle pasture located at the Fazenda São 
Nicolau near Cotriguaçú, converted from humid rainforest within the 
Amazon biome. AFS (Amazon forest Sinop) and AFT (Amazon forest 
Tanguro) are intact “transitional forest” sites located within the Amazon 
biome. AA (Amazon agriculture) is an agricultural site converted from 
native forest at Fazenda Tanguro. Soybean (Glycine max) was grown as a 
monoculture at AA in 2015 and 2016, planted in December and har
vested in March (2015) and April (2016). Millet (Panicum miliaceum) 
was established as a sparse cover crop in 2017 (from March – August). 
CC (Cerrado Campo sujo) is a natural savanna ecosystem located in the 
Cerrado. The vegetation at this site is locally known as ‘Campo sujo’, and 
consists of a woodland savanna dominated by C4 grasses, typical for the 
Cerrado biome in the region. CAL (Cerrado agriculture Lucas do Rio 
Verde) is an agricultural field located at Fazenda Capuaba in the Cerrado 
biome (Lathuillière et al., 2018). Fazenda Capuaba uses a double crop
ping system with soybean planted as the wet season (primary) crop and 
maize (Zea mays) as the dry season (secondary) crop in most years, but 
also produces other secondary crops (e.g., rice (Oryza sativa), and forage 
crops) based on the crop rotation. The same EC system was used to take 
simultaneous measurements at two fields in CAL: rainfed (CAL) and 
irrigated (CALirr). CALirr received 118 mm of irrigation during the dry 
season and until the onset of the rainy season (from June to September 
2016), and was rainfed for the rest of the study period. CAJ (Cerrado 
agriculture Jaciara) is located at Fazenda Nascente, and is also an 
agricultural site in the Cerrado biome. The farm double crops soybean 
and maize sequentially within a 12-month period, and follows a typical 
crop management system for farms in this region (double cropping of 
soybean (wet season) and maize (dry season) under no-till cultivation). 
PF (Pantanal forest) and PP (Pantanal pasture) are sites located in the 
Pantanal biome. PF is a natural forest located in a national reserve (SESC 
Pantanal) and is part of a research station managed by the Federal 
University of Mato Grosso (da Silva et al., 2021; Dalmagro et al., 2019). 
The site is considered a hyper-seasonal forest, as it experiences annual 
flooding during the rainy season (October - March) and strong droughts 
during the extended dry season. Finally, PP is a pasture site used 
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exclusively for cattle ranching. The pasture is in a state of degradation 
(Dalmagro et al., 2022). Further details on each site are available in 
Supplemental Information (Table S1). 

2.2. EC data processing 

Each EC tower was equipped to provide high frequency measure
ments of trace gas fluxes (CO2), latent (LE) and sensible heat fluxes (H), 
and micrometeorological variables (e.g., ground heat flux (G), net ra
diation (Rn), air and soil temperatures (Tair, Tsoil), etc.) (Table S2). We 
worked with half-hourly EC flux data that were provided by each site’s 
operator, and employed a consistent quality assurance and quality 
control and post-processing procedures for all sites to ensure that all 
data were treated similarly. Post-processing of EC data was conducted 
using EddyPro software (version 7.0.6, LI-COR Biosciences, Lincoln, NE, 
USA) (Fratini and Mauder, 2014). EC data were filtered (i.e., removed) 
when the analyzer signal strength was below 50 %, as well as for 30-min 
periods flagged as ‘low quality’ by EddyPro (QC > 1) after being tested 
for stationarity and turbulent conditions (Foken et al., 2006). For sites 
equipped with an open path infrared gas analyzer (i.e., LI-7500A, 
LI-COR, Lincoln, NE), we also removed fluxes recorded during precipi
tation events. Because the EC towers at CAL and CAJ were positioned 
between two adjacent fields, fluxes were assigned to each field based on 
wind direction. At CAL, fluxes with a wind direction between 0◦ - 150◦

were assigned to the rain-fed field (CAL), and fluxes with a wind di
rection between 150◦ - 320◦ were assigned to the irrigated field (CALirr) 

(Dalmagro et al., 2022; Lathuillière et al., 2018). At CAJ, fluxes with a 
wind direction from 35◦ to 220◦ were assigned to CAJ-1, and from 0 to 
30◦ and 225◦–360◦ were assigned to CAJ-2. As the gross primary pro
ductivity (GPP) is used for ET partitioning, the net ecosystem exchange 
(NEE, estimated as the sum between the CO2 fluxes and the one-point 
profile CO2 storage estimate provided by EddyPro) was also filtered 
out for periods with insufficient turbulence (low friction velocity, u*) 
(Papale et al., 2006). For this, we generated a u* threshold distribution 
for each site by bootstrapping the data (200 samples) and estimating the 
5 %, 50 % and 95 % percentiles (Pastorello et al., 2020; Wutzler et al., 
2018). Only the 50 % percentile was used for further processing and the 
values are shown in Table S3. The percentage of flux data retained for 
each site after filtering are shown in Table S3. 

After filtering, meteorological and flux (NEE, LE) data from each site 
were gap filled using the marginal distribution sampling procedure 
(MDS) (Reichstein et al., 2005), except of LE fluxes at CAL. Due to the 
multiple fields and crops produced during the study period at CAL, LE at 
rainfed (CAL) and irrigated (CALirr) fields were gap-filled using the 
Priestley-Taylor α method (Lathuillière et al., 2018; Vourlitis et al., 
2015, 2002). 

NEE was then partitioned into GPP and ecosystem respiration (Reco). 
We used the nighttime method (Reichstein et al., 2005) for all sites 
except AP where the relationship between Reco and temperature was not 
sufficiently robust. Instead, we partitioned NEE for AP using the light 
response curve approach (daytime method) (Lasslop et al., 2010). Both 
methods (daytime and nighttime) were compared using data from all 

Fig. 1. The figure shows the state of Mato Grosso, Brazil with the Amazon (green), Cerrado (yellow) and Pantanal (blue) biomes and the location of the eddy 
covariance towers used in this study. AP = Amazon pasture, AFS = Amazon forest (Sinop), AFT = Amazon forest (Tanguro), AA = Amazon agriculture, CAL =
Cerrado agriculture (Lucas do Rio Verde), CC = Cerrado campo sujo, CAJ = Cerrado agriculture (Jaciara), PP = Pantanal pasture, PF = Pantanal forest. For each site, 
monthly precipitation (P in mm month− 1, blue bars), net radiation (Rn in MJ m− 2 month− 1, yellow line) and potential evapotranspiration (PET in mm month− 1, blue 
line) are shown. 
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Table 1 
Information about the study sites. We used the following naming conventions for the EC tower sites: the first letter refers to the biome (A= Amazon, C = Cerrado, P =
Pantanal), the second letter refers to the land cover (P = pasture, F = forest, A = agriculture, C = campo sujo). For sites with the same biome and land cover, we used a 
third letter that refers to the location (S = Sinop, T = Tanguro, J = Jaciara, L = Lucas do Rio Verde).  

Site 
code 

Biome Land use Location Coordinates Study 
period 

Vegetation MAT 
( ◦C) 

MAP 
(mm) 

EC system Measurement 
height (m) 

References 

AA Amazon Agriculture 
(rainfed) 

Tanguro 
Ranch, 
Querencia, 
MT 

12◦57′58.4″ S 
52◦23′53.5″ 
W 

Mar 2015 - 
Dec 2017 

Soybean: 
2015–12–05 to 
2016–04–07 
Soybean: 
2016–12–20 to 
2017–03–23 
Millet: 
2017–03–27 to 
2017–08–05 

25 1770 CO2/H2O 
concentration: 
Li7200 (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
USA1 (METEK, 
Elmshorn, 
GER) 

6 Conte et al. 
(2019) 

AFT Amazon Forest 
(Amazon - 
Cerrado 
transition) 

Tanguro 
Ranch, 
Querencia, 
MT 

12◦51′26.1″ S 
52◦20′15.8″ 
W 

Jan 2015 
-Dec 2017 

Amaioua 
guianensis Aubl., 
Ocotea 
acutangula Mez., 
Aspidosperma 
excelsum Benth., 
Ocotea 
guianensis Aubl., 
Tapirira 
guianensis Aubl., 
Micropholis 
egensis (A. DC.) 
Pierre, 
Trattinnickia 
burserafolia 
Mart., Sloanea 
eichleri Schum., 
Trattinnickia 
rhoifolia Willd., 
Pouteria 
ramiflora 
(Mart.), Radlk, 
Trattinnickia 
glaziovii Swart. 

25 1770 CO2/H2O 
concentration: 
Li7200 (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
USA1 (METEK, 
Elmshorn, 
GER) 

36 Brando et al. 
(2019); Balch 
et al. (2008) 

AP Amazon Pasture Cotriguaçu, 
MT 

9◦52′06″ S 
58◦14′09″ W 

Mar 2002 - 
Jul 2003 

Brachiaria 
brizantha 

24.5 2000 CO2/H2O 
concentration: 
NOAA-ATDD 
(Oak Ridge, 
TN, USA) 
3D Sonic 
anemometer: 
SWS-211/3 K 
(Applied 
Technologies 
Inc., Boulder, 
CO, USA) 

8 Priante-Filho 
et al. (2004) 

AFS Amazon (Amazon - 
Cerrado 
transition) 

Sinop, MT 11◦24′44.28″ 
S 
55◦19′28.77″ 
W 

Jul 2005 - 
Jun 2008 

Tovomita cf. 
schomburgkii 
(Planch and 
Triana), Protium 
sagotianum 
(Marchand), 
Brosimum 
lactescens (S. 
Moore) and 
Dialium 
guianense 
(Aubl.) 

24 1940 CO2/H2O 
concentration: 
Li-7500 (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
CSAT-3 
(Campbell 
Scientific, Inc., 
Logan, UT, 
USA) 

42 Vourlitis 
et al. (2004, 
2005) 

PP Pantanal Pasture Poconé, MT 16◦22′24″ S 
56◦27′44″ W 

Feb 2018 
-Feb 2020 

Capim mimoso 
and Brachiaria 
brizantha 
(degraded 
pasture) 

25 1213 CO2/H2O 
concentration: 
Li-7500A (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
81,000 (R.M. 
Young 
Company 

5 Dalmagro 
et al. (2022) 

(continued on next page) 
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Table 1 (continued ) 

Site 
code 

Biome Land use Location Coordinates Study 
period 

Vegetation MAT 
( ◦C) 

MAP 
(mm) 

EC system Measurement 
height (m) 

References 

Traverse City, 
MI, USA) 

PF Pantanal Forest 
(seasonally 
flooded) 

Poconé, MT 16◦29′53.52″ 
S 
56◦24′46.23″ 
W 

Mar 2015 
-Jun 2017 

Combretum 
lanceolatum 
(Combretaceae), 
Thalia geniculate 
and Nymphaea 
sp. 

24.9 1213 CO2/H2O 
concentration: 
Li-7500A (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
81,000 (R.M. 
Young 
Company 
Traverse City, 
MI, USA) 

20 Dalmagro 
et al. (2019) 

CC Cerrado Campo sujo Cuiabá, MT 15◦43′53.66″ 
S 
56◦04′18.81″ 
W 

2011–2014 Brachiara 
humidicola, 
Curatella 
americana and 
Diospyros 
hispida A. DC 

26.5 1454 CO2/H2O 
concentration: 
Li-7500 (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
CSAT-3 
(Campbell 
Scientific, Inc., 
Logan, UT, 
USA) 

10 Zanella De 
Arruda et al. 
(2016) 

CAJ Cerrado Agriculture 
(rainfed) 

Jaciara, MT 16◦04′02″ S 
55◦05′47″ W 

Sep 2019 
-Jan 2022 

CAJ-1: 
Soybean: 
2019–10–12 to 
2020–02–15 
Brachiaria/ 
crotalaria: 
2020–03–04 to 
2020–07–15 
Soybean: 
2020–10–20 to 
2021–03–06 
CAJ-2: 
Soybean: 
2019–10–15 to 
2020–02–26 
Maize: 
2020–02–27 to 
2020–06–20 
Soybean: 
2020–10–17 to 
2021–01–20 

24.5 1301 CO2/H2O 
concentration: 
Li-7500A (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
81,000 (R.M. 
Young 
Company 
Traverse City, 
MI, USA) 

3.7 – 

CAL Cerrado Agriculture 
(rainfed) 

Lucas do 
Rio Verde, 
MT 

13◦17′15.03″ 
S 
56◦05′17.35″ 
W 

Sep 2015 
-Feb 2017 

Soybean: 
2015–10–28 to 
2016–02–11 
Maize: 
2016–02–13 to 
2016–07–13 
Brachiaria: 
2016–07–14 to 
2016–10–04  
Soybean: 
2016–10–05 to 
2017–02–04 

26.7 1940 CO2/H2O 
concentration: 
Li-7500A (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
81,000 (R.M. 
Young 
Company 
Traverse City, 
MI, USA) 

3.7 Lathuillière 
et al. (2018),  
Dalmagro 
et al. (2022) 

CALirr Cerrado Agriculture 
(irrigated) 

Lucas do 
Rio Verde, 
MT 

13◦17′15.03″ 
S 
56◦05′17.35″ 
W 

Sep 2015 
-Feb 2017 

Soybean: 
2015–09–29 to 
2016–01–13 
Rice: 
2016–02–01 to 
2016–04–30 
Beans: 
2016–06–14 to 
2016–09–22 
Soybean: 
2016–09–30 to 
2017–02–04 

26.7 1940 CO2/H2O 
concentration: 
Li-7500A (Li- 
COR Inc., 
Lincoln, NE, 
USA) 
3D Sonic 
anemometer: 
81,000 (R.M. 
Young 
Company 
Traverse City, 
MI, USA) 

3.7 Lathuillière 
et al. (2018),  
Dalmagro 
et al. (2022)  
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sites, and yielded similar results (GPPnighttime = 1.1 + 1.1GPPdaytime, R2 

= 0.65, p < 0.001) (Fig. S1). Therefore, only the results from the 
nighttime method are presented (except for AP). EC data were processed 
in R version 4.1.2 (R Core Team, 2021). Filtering, gap-filling, and NEE 
partitioning were performed using the REddyProc package (Wutzler 
et al., 2018). 

The energy balance of eddy covariance systems and its degree of 
closure is often used as an indicator of system performance and mea
surement quality (Culf et al., 2004; Foken, 2008). The energy balance 
closure at each site was determined using the ordinary least squares 
regression method (i.e., plot of turbulent fluxes (H + LE) against avail
able energy (Rn - G)), and the energy balance ratio (i.e., the ratio of LE +
H and Rn - G). Energy balance results are presented in Table S3. A dis
cussion of data quality and energy balance closure at these sites has been 
presented in other studies (da Silva et al., 2021; Dalmagro et al., 2019, 
2022; Lathuillière et al., 2018; Priante-Filho et al., 2004; Zanella De 
Arruda et al., 2016). Fluxes were not adjusted to account for the energy 
imbalance (i.e., energy balance closure was not forced) because of the 
importance of storage fluxes in some of these ecosystems (i.e., PP, PF), 
the absence of G measurements at some sites (e.g., PF), and the potential 
errors in measured G, which can be a large source of uncertainty, 
particularly in agricultural, grassland and chaparral ecosystems (Wilson 
et al., 2002; Zanella De Arruda et al., 2016). 

2.3. ET partitioning 

ET measurements from eddy covariance can be partitioned into T 
and E using several methods (Nelson et al., 2018; Perez-Priego et al., 
2018; Scanlon and Kustas, 2010; Scott and Biederman, 2017; Zhou et al., 
2016). However, some of these methods require long-term (Scott and 
Biederman, 2017) or high frequency data (Skaggs et al., 2018) that were 
not available at all of our sites. For this reason, we partitioned ET into T 
and E using two distinct approaches: the underlying water use efficiency 
(uWUE) method developed by Zhou et al. (2016), and the transpiration 
estimation algorithm (TEA) (Nelson et al., 2018). Code for both parti
tioning methods used in this study was obtained from the GitHub re
pository developed by Nelson (2020). 

The uWUE method is based on the estimation of the underlying water 
use efficiency (uWUE in g C hPa0.5 kg− 1 H2O), defined as: 

uWUE =
GPP ∗ VPD0.5

ET
(1) 

Where GPP is the gross primary productivity (g C m− 2 day− 1), VPD is 
vapor pressure deficit (hPa) and ET is evapotranspiration (kg m− 2 day− 1, 
equivalent to mm day− 1). 

To obtain the T/ET ratio, two variants of uWUE were estimated. The 
potential uWUE (uWUEp), is calculated as the slope of 95th percentile 
regression between GPP*VPD0.5 and ET, and represents the periods 
when plants attempt to maximize carbon uptake while minimizing 
water loss. To estimate uWUEp, data that were measured during and at 
least 2 days after rainfall were removed to ensure that only periods 
where T ≈ ET remain in the datasets. The apparent uWUE (uWUEa) is 
estimated using Eq. (1), and considers all the available data during the 
study period. The ratio of T/ET can then be calculated as in Eq. (2). 
Further description of the method can be found in Zhou et al. (2016). 

T
ET

=
uWUEa

uWUEp
(2) 

The TEA method uses a non-parametric model to estimate plant 
water use efficiency (WUE) where WUE = GPP/T. The model is first 
trained using ecosystem water use efficiency (WUEeco = GPP/ET) during 
periods in which plants are active and the contribution of surface 
evaporation should be minimal (i.e., growing season, dry periods), and 
then the trained model is used to predict the WUE for every time step, 
but this time as GPP/T. Similar to the uWUE method, TEA uses the 75th 
percentile of the modeled relationship between GPP and ET to estimate 

T. Further description about the TEA model can be found in Nelson et al. 
(2018). 

In this study, we report T and E as the mean of the values obtained 
from the two ET partitioning methods, TEA and uWUE. We used this 
mean as a model ensemble, to be able to compare between biomes and 
land-uses. The results for the individual partitioning methods are shown 
in the supplementary information. 

2.4. Ancillary data 

Environmental variables (net radiation (Rn), photosynthetically 
active radiation (PAR), soil volumetric water content (VWC) measured 
at the shallowest depth (0.05–0.10 m), vapor pressure deficit (VPD), 
precipitation (P), air and soil temperature (Tair, Tsoil), incoming short
wave radiation (SWin), and wind speed (WS)) were measured at each 
location together with EC data. We also collected data for leaf area index 
(LAI), enhanced vegetation index (EVI) and the fraction of photosyn
thetically active radiation absorbed by the vegetation (fAPAR) from 
remote sensing products described below to evaluate vegetation controls 
on water fluxes (Nelson et al., 2020; Wei et al., 2017). 

2.5. Canopy conductance 

To have a better understanding of stomatal control on water fluxes at 
each study site, we modelled the daytime (SWin > 10 W m− 2) surface 
conductance (gc, m s− 1) from the inverted Penman-Monteith equation 
using the ‘bigleaf’ package (Knauer et al., 2018). 

gc =
LEgaγ

Δ(Rn − G) + ρCpgaVPD − LE(Δ + γ)

where LE is the latent heat flux (W m− 2), Δ is the slope of the saturation 
vapor pressure curve (kPa K− 1), γ is the psychrometric constant (kPa 
K− 1), Cp is the heat capacity of dry air (J K− 1 kg− 1), ρ is the air density 
(kg m− 3), Rn is the net radiation (W m− 2), G is the ground heat flux (W 
m− 2), and ga is the aerodynamic conductance (m s− 1) obtained as: 

ga =

(
WS
u2
∗

+ 6.2u− 0.67
∗

)− 1  

where WS is the wind speed at measurement height (m s− 1) and u∗ is the 
friction velocity (m s− 1). 

2.6. Remote sensing data 

Remotely sensed data products corresponding to EC flux data were 
collected for each study site for locations centered on each EC tower. For 
LAI and fAPAR, we used the MODIS product MCD15A3H version 6, 
Level 4, which has a temporal resolution of 4 days and a spatial reso
lution of 500 m (Myneni et al., 2002). EVI was obtained at a temporal 
resolution of 16-days and a spatial resolution of 250 m from the MODIS 
product MOD13Q1, version 6, Level 4. All the data were downloaded 
from Google Earth Engine, using the R package ‘rgee’ (Aybar, 2022). 

2.7. Statistical analysis 

Monthly ET, T and E data were normalized across sites by dividing 
each water flux by the corresponding monthly Rn at each site to account 
for hydroclimatic variability within and between sites across Mato 
Grosso. To compare ET, T and E among biomes, land uses and seasons, 
we used a bootstrap analysis to estimate the 95 % confidence intervals 
(10,000 sets of random samples with substitution of the observed daily 
series). Statistical significance was then determined by the degree of 
overlap between 95 % confidence intervals of the mean value (Efron and 
Tibshirani, 1994). 

To evaluate the relationship between T/ET and different parameters 
(LAI, EVI, TA, P, VPD) a non-linear least square model was applied using 
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the ‘nls’ function from the ‘stats’ package version 4.3.0 in R. 

3. Results 

3.1. Climatic differences across sites 

The climate data for all sites showed a unimodal rainfall regime, 
which is representative of Mato Grosso; however, rainfall amounts, and 
onset and end of the dry season (P < 100 mm month− 1) varied across 
sites (Fig. 1, Table S1). AP (Amazon pasture) and CAL (Cerrado agri
culture Lucas do Rio Verde) were the sites with the highest precipitation 
during the study period (P ~ 2000 mm yr− 1), while the other sites 
received less than 1500 mm yr− 1. Rn seasonality was similar at all sites, 
with a decline in radiation during the dry season (corresponding to the 
austral winter). This decline in Rn was not observed at AP or AFS, where 
net radiation remained consistent throughout the year. Mean monthly 
air temperature was also similar at all sites (Fig. S2), with consistent 
values throughout the year. Mean monthly VPD, however, varied 
strongly across sites and seasons (Fig. S2). Mean monthly VPD increased 
at all sites during the dry season, with maximum daily values observed 
between July and September. CAJ (Cerrado agriculture Jaciara) had the 
highest VPD of all sites, reaching a maximum monthly value of 33 hPa 
during the dry season. AP, on the other hand, was the site with the 
lowest VPD, with a maximum monthly value of ~10 hPa during the dry 
season. Mean monthly VWC also differed across sites (Fig. S3); PF 
(Pantanal flooded forest) had the highest monthly mean VWC (VWC =
0.45 m3 m− 3), followed by AP (VWC = 0.35 m3 m− 3), while both AA 
(Amazon agriculture) and CC (Cerrado savanna) had the lowest monthly 
mean VWC (< 0.10 m3 m− 3). 

3.2. Seasonal patterns of water fluxes 

The seasonality of net radiation-normalized ET, T, E, from here on 
referred to as ETnorm, Tnorm and Enorm, are shown in Fig. 2. For Amazon 
forest sites (AFT and AFS), the magnitude of ETnorm was similar during 
wet and dry seasons, but there was a clear increase from February to 

June, and then a decrease from June to October, which coincided with 
most of the dry season period (Fig. 2A). Enorm followed a similar trend to 
ET, except that values were comparable from January to July, and then 
decreased from July to September (Fig. 2C). Tnorm, on the other hand, 
didn’t exhibit any seasonality throughout the year at the Amazon forest 
sites (Fig. 2B). Pasture and agricultural sites in the Amazon (AP and AA) 
showed a similar seasonality to the forest for ETnorm, Tnorm, and Enorm, 
but with overall lower values (Fig. 3). In addition, the AA agricultural 
site showed a significant decrease in each of ETnorm, Enorm and Tnorm 
during the dry season (Fig. 3, A to C). The AP pasture site had lower 
ETnorm during the dry season, but there were no significant seasonal 
differences at this site for Tnorm or Enorm (Fig. 3, A to C). 

For Cerrado ecosystems (Fig. 2, D to F), the natural and rainfed 
agriculture sites had similar seasonality for ETnorm and Tnorm, although 
the magnitude of these fluxes was greater at the natural CC site. ETnorm 
and Enorm were greater at the natural Cerrado savanna than rainfed 
agriculture in the dry season, but there was no difference when 
compared to the irrigated agriculture site, or in Tnorm. During the wet 
season, ETnorm was also greater at the natural savanna compared to the 
rainfed site, but not the irrigated site (Fig. 3D). Tnorm and Enorm were 
similar at all Cerrado sites during the wet season (Fig. 3E, F). 

In the Pantanal, the seasonal patterns of ETnorm, Tnorm, and Enorm 
were similar for the pasture (PP) and forest (PF) sites (Fig. 2, G to I), but 
the pasture site PP experienced a marked decrease in each of these fluxes 
from June to October. These declines were not observed at the natural 
PF site for which seasonal variations were less pronounced. ETnorm and 
Tnorm were greater for the natural site compared to the pasture during 
wet and dry seasons (Fig. 3, G to I). Pasture Enorm was greater than the 
natural forest during the wet season, but not in the dry season (Fig. 3I). 

3.3. Magnitude of ET, T, and E 

The magnitude of ET, T and E is shown in Table 2. In terms of ET, The 
natural sites in the Amazon and Pantanal biomes (AFT, AFS and PF) had 
the highest values, all above 1000 mm yr− 1. In contrast, the lowest ET 
values were observed at the Cerrado and Amazon agricultural sites (CAJ 

Fig. 2. Monthly means (lines) ± 1 standard deviations (shaded areas) of net radiation-normalized ET (ETnorm, mm MJ− 1), T (Tnorm, mm MJ− 1), and E (Enorm, mm 
MJ− 1) for each biome and land use (Amazon, A to C; Cerrado, D to F; Pantanal, G to I). Blue lines represent natural ecosystems (in the Amazon: the average of AFS 
and AFT, in the Cerrado: CC, and in the Pantanal: PF), yellow and gray lines represent rainfed (in the Amazon: AA, in the Cerrado: the average of CAJ and CAL) and 
irrigated agriculture (CAJ), respectively, and the red line represents the sites that are used for cattle pasture (in the Amazon: AP, in the Pantanal: PP). The vertical 
gray shaded area shows the dry season for each site, determined as P < 100 mm month− 1. Means ± 1 SD were computed on a monthly basis for sites with multiple 
years of monthly data. 
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and AA), with ET values of 455 mm yr− 1 for CAJ in the 2019–2020 study 
period, and ET = 437 mm yr− 1 and 473 mm yr− 1 for AA2015–2016 and 
AA2016–2017, respectively. Likewise, AA and CAJ had the lowest T values 
of all sites (T < 300 mm yr− 1). These values were less than half of the T 
values observed at the natural Amazon and Pantanal sites. CALirr had 
similar T and ET to the natural Cerrado site (CC) and the natural Amazon 
forest (AFS). In terms of E, AFT had the highest E (E = 834 mm yr− 1) and 
CAJ, AP and AA had the lowest E (182 mm yr− 1, 258 mm yr− 1 and 281 
mm yr− 1 for CAJ, AP and AA, respectively). 

3.4. Transpiration to evapotranspiration ratio (T/ET) 

For natural Amazon forest sites (AFT, AFS), we observed that T/ET 
(the ensemble of both methods) significantly increased from a mean T/ 
ET of 0.48 ± 0.08 (mean ± 1 SD) in the wet season to 0.54 ± 0.09 in the 
dry season (Fig. 4A, I), whereas the opposite was observed for the AA 
agriculture site decreasing from a mean T/ET of 0.37 ± 0.21 for the wet 
season (with soybean) to 0.23 ± 0.17 during the dry season (without 
soybean) (Fig. 4B, I). T/ET from Amazon agriculture (AA) was signifi
cantly lower than Amazon natural forest during wet and dry seasons. We 
found no significant differences at the pasture site (AP) between seasons 
(T/ET ~ 0.61 for both seasons), but T/ET at the pasture was significantly 

Fig. 3. Net radiation-normalized ET (ETnorm, mm MJ− 1), T (Tnorm, mm MJ− 1), E (Enorm, mm MJ− 1), and T/ET for each biome (Amazon, A to C; Cerrado, D to F; 
Pantanal, G to I) and land-use during wet (blue) and dry (yellow) seasons. The values consider the whole study period at each site (Table 1). Data for natural Amazon 
forest includes both AFT and AFS. Data for Cerrado Agriculture includes both rainfed CAJ and CAL sites. Dots indicate the mean values. The error bars show the 95 % 
confidence intervals (CI) estimated via bootstrap analysis. Asterisks indicate significant differences determined by the overlap between the 95 % CI of the 
mean values. 

Table 2 
Magnitude of ET, T and E (estimated via TEA and uWUE) for each location and year.  

Year Site ET (mm) TTEA 

(mm) 
TuWUE (mm) Tmean 

(mm) 
ETEA 

(mm) 
EuWUE (mm) Emean 

(mm) 

2015–2016 AA 437 192 134 163 245 303 274 
2016–2017 AA 473 240 131 185 234 342 288 
2005–2006 AFS 1067 597 493 545 470 574 522 
2006–2007 AFS 1067 630 445 537 437 623 530 
2015–2016 AFT 1522 817 594 705 705 928 816 
2016–2017 AFT 1570 805 633 719 766 938 852 
2002–2003 AP 688 465 396 430 224 292 258 
2019–2020 CAJ 455 284 262 273 171 193 182 
2015–2016 CAL 717 470 290 380 247 426 336 
2015–2016 CALirr 952 624 433 528 328 519 423 
2011–2012 CC 847 636 323 479 211 524 367 
2012–2013 CC 949 624 376 500 324 573 735 
2015–2016 PF 1134 745 547 646 389 587 488 
2016–2017 PF 1219 875 610 742 344 609 476 
2018–2019 PP 1119 782 374 578 337 745 541 
2019–2020 PP 832 487 202 344 344 630 487  
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higher than both the natural and agricultural sites in the Amazon 
(Fig. 4C, I). 

In the case of the Cerrado biome, we found that T/ET was higher 
during the wet season at the natural site compared to the dry season (T/ 
ET was 0.59 ± 0.06 for the wet season, and 0.47 ± 0.19 for the dry 
season), but there was no seasonal difference in T/ET at the agricultural 
sites (Fig. 4J). T/ET for the irrigated site was 0.59 ± 0.2 during the wet 
season, and 0.46 ± 0.16 during the dry season, and T/ET for the rainfed 
agriculture had lower, but not statistically significant T/ET values (0.50 
± 0.22 and 0.52 ± 0.21, for wet and dry seasons, respectively) (Fig. 4, D 
to F). Finally, in the Pantanal biome, we observed significantly higher T/ 
ET values at the PF natural site (0.61 ± 0.08) than in the PP pasture site 
during the wet season (0.45 ± 0.11) (Fig. 4G, H, K). 

At the annual scale, T/ET had a mean of 0.53 ± 0.07 considering all 
biomes and land uses (Table S4). The highest annual T/ET value was 
observed at the Amazon pasture (0.62), and the lowest value was 
observed at the Amazon agriculture site (0.40). 

3.5. Comparison of TEA and uWUE methods 

In general, the TEA method estimated higher T/ET values compared 
to the uWUE method (Fig. 4). Considering all the study sites, the daily 
mean T/ET using the TEA method was 0.63, whereas it was 0.42 for the 
uWUE method. The biggest overall differences between the methods 
were observed at PP (TTEA/ET = 0.64, TuWUE/ET = 0.32), followed by 
CC (TTEA/ET = 0.79, TuWUE/ET = 0.40), where the results from TEA 
were almost twice the values estimated using uWUE. The smallest dif
ferences in T/ET between the methods were observed at AFS (TTEA/ET 
= 0.56, TuWUE/ET = 0.47), AP (TTEA/ET = 0.68, TuWUE/ET = 0.56) and 
CAJ (TTEA/ET = 0.55, TuWUE/ET = 0.44), where daily mean TEA values 
were about 1.2 times higher than uWUE. 

In terms of seasonality, both methods followed a similar pattern for 

the agricultural sites in each biome, with higher values observed during 
the crop growing season. The biggest differences between the methods 
were observed during the dry season. For example, for both natural 
Amazon and Cerrado natural ecosystems (AFT, AFS, CC), T/ETuWUE 
decreased, whereas T/ETTEA increased slightly. The opposite was 
observed at PP, where the biggest differences between T/ETuWUE and T/ 
ETTEA occurred during the wet season, and similar values were observed 
during the dry season. 

3.6. Relationship between T/ET and micrometeorological variables 

We observed that sites that had lower LAI or EVI, generally had lower 
mean values of T/ET (Fig. 5). However, this was not always the case. 
Amazon forests had higher LAI than the other sites (Fig. S4), but T/ET 
for AFS and AFP was lower than the Pantanal forest (PF) site as well as 
for some of the agricultural sites. Moreover, there seems to be little to no 
correlation between T/ET from the Amazon forest sites and LAI values 
(Fig. 5). In addition, we found that the relationship between T/ET and 
other environmental drivers (TA, VPD, and P) was different depending 
on the method used to estimate T/ET (Figs. S6, S7), but some trends 
were consistent. For example, at agricultural sites, both T/ETuWUE and 
T/ETTEA significantly decreased with increasing air temperature. The 
same was observed at natural Cerrado ecosystems. For natural Amazon 
forests, neither method showed a significant relationship between T/ET 
and Tair. 

We also observed that T/ET tended to remain constant with VPD at 
low VPD values (< 10 hPa), and then decreased at higher levels of VPD 
(> 10 hPa) at most sites, with the exception of Amazon pastures (for 
both uWUE and TEA), natural Amazon forests (using uWUE), and nat
ural Cerrado and natural Pantanal ecosystems (using TEA). Finally, we 
found a significant relationship between T/ET and P at natural Cerrado 
and Pantanal pasture ecosystems (using uWUE) (increasing T/ET with 

Fig. 4. Left: Monthly means of T/ET for each land use within the Amazon (Natural: AFT, AFS; Agriculture: AA, Pasture: AP) (A to C), Cerrado (Natural: CC; 
Agriculture: CAL, CAJ) (D to F) and Pantanal (Natural: PF, Pasture: PP) (G, H) biomes. The blue line shows the T/ET estimated using the TEA method, the yellow line 
shows the T/ET estimated via the uWUE method and the black line shows the ensemble T/ET. The error bars show ± 1 standard deviation. Right: Wet (blue) -Dry 
(yellow) seasonal differences in T/ET for each biome and land use (I to K). Dots indicate the mean values. The error bars show the 95 % confidence intervals (CI) 
estimated via bootstrap analysis. Asterisks indicate significant differences determined by the overlap between the 95 % CI of the mean values. 
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increasing P) and between T/ET and P at natural Amazon forests (using 
TEA) (decreasing T/ET with increasing P) (Figs. S6, S7). 

3.7. Analysis of canopy conductance (gc) 

The canopy conductance (gc, m s− 1) varied in magnitude across 

biomes, land uses and seasons (Fig. 6, I to K). In the Amazon biome, we 
found significant differences between wet and dry seasons for all the 
sites (with higher gc in the wet season), the largest differences were 
observed in the Amazon forests, were gc was almost four times larger in 
the wet season compared to the dry season (Fig. 6H). 

In the Cerrado biome (Fig. 6J), the natural savanna had significantly 

Fig. 5. Relationship between monthly T/ET and VWC, LAI and EVI for each location in this study. The black line shows the best fit using a nonlinear least 
squares model. 

Fig. 6. Left: relationship between mean daytime canopy conductance (gc, m s− 1) and mean daytimeVPD (hPa) for Amazon (A to C), Cerrado (D to F) and Pantanal (G, 
H) biomes during wet (blue) and dry (yellow) seasons. The values were aggregated into daily timesteps. All the relationships had a p value < 0.001. Right: Wet (blue) 
and Dry (yellow) seasonal differences in gc for each biome and land-use. Dots indicate the mean values. The error bars show the 95 % confidence intervals (CI) 
estimated via bootstrap analysis. ns: not significant. 
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higher gc during the wet season compared to the dry season and to the 
managed sites. Canopy conductance was also higher during the wet 
season at the rainfed and irrigated agricultural sites, but the seasonal 
differences were smaller at the irrigated site compared to both the 
natural and rainfed sites. 

Finally, we observed seasonal differences in gc in the Pantanal forest 
site, with higher values during the wet season (Fig. 6K). We found no 
significant differences in gc at the pasture site, although values were 
lower than the forest site. In general, we found that gc was higher at the 
natural sites compared to the managed sites for both wet and dry 
seasons. 

We also found that the relationship between gc and VPD depended on 
season and land use. In general, we found that gc decreased with 
increasing VPD and that the relationship was stronger during the dry 
season (Fig. 6, B, C, D, E, G, and H). However, this was not the case for 
the natural sites. In the Amazon, we only found a weak relationship 
between gc and VPD during wet or dry seasons (Fig. 6A). In the Cerrado, 
the irrigated agricultural site had a stronger relationship between gc and 
VPD during the wet season compared to the dry season (R2 = 0.43 and 
R2 = 0.19 for wet and dry seasons, respectively) (Fig. 6F). Finally, in the 
Pantanal pasture, there was a strong significant relationship between gc 
and VPD during the dry season (R2 =0.39), but only a weak relationship 
during the wet season (R2 = 0.1) (Fig. 6H). 

4. Discussion 

4.1. Changes in seasonal patterns of ET, T, and E with landscapes 

Our analyses of ET and its components across natural and managed 
ecosystems in the Amazon, Cerrado and Pantanal biome confirm that 
LULCC modify the magnitude and seasonality of water fluxes, with 
managed agroecosystems exhibiting lower fluxes (Fig. 3), a more 
marked seasonality (i.e., steeper decline during the dry season) (Fig. 2) 
and a stronger correlation with plant phenology (e.g., LAI, EVI) (Fig. 5), 
compared to the natural ecosystems. Restrepo Coupe et al. (2013) pro
vide evidence of seasonality in the Amazon, either from photosynthesis 
(near Manaus) or soil water availability (Southern Amazonia) season
ality due to a more extended dry season. This study provides an exten
sion of the sites described in Restrepo Coupe et al. (2013) with an 
increasing dry season (Cerrado) and increased water availability in the 
Pantanal where soils can remain saturated for months into the dry 
season (Fig. S3). This additional soil water helped maintain higher E 
levels at the beginning of the dry season for Pantanal sites, compared to 
the Cerrado. 

Amazon forests sites experienced a decline in ET and E during the dry 
season, but T did not decrease during this period (Fig. 3). Unlike crop
land and pasture, Amazon forests have deep roots that can access deep 
soil water reserves during the dry season (Nepstad et al., 1994; Vourlitis 
et al., 2011), and therefore can maintain high transpiration rates 
throughout the year (Staal et al., 2020). Moreover, plant stomata could 
also play a biotic control in maintaining or suppressing T during the dry 
season. Across Amazonian sites, Costa et al. (2010) noted more monthly 
variability in stomatal conductance for Southern Amazonia (corre
sponding to the most northern region of sites used in the present study). 
In this study we found that wet season gc was significantly higher than 
dry season gc at the natural Amazonian sites. However, changes in VPD 
were only able to explain 10 % of the variation in gc (Fig. 6). This agrees 
with previous studies in the Amazon, that found that tropical forests can 
maintain high T rates during the dry season, even at elevated VPD levels 
(Choat et al., 2012; Green et al., 2020). Moreover, Vourlitis et al. (2008) 
found that canopy structural properties were more important than direct 
water limitations in controlling T during the wet-dry season transition in 
a Southern Amazonia forest. This was because the trees had access to 
stable water reserves during the dry season. We also observed similar 
variability in T for forested Cerrado and Pantanal ecosystems in the dry 
season with a more pronounced drop in T for forest sites in those biomes 

(compared to steadier E) as compared to the Amazon forest sites. 
Moreover, we note a substantial decrease in E in the dry season in the 
Amazon, which in turn is caused by less available soil moisture in the 
near surface (Fig. S3) (Baker et al., 2021; da Rocha et al., 2009). The 
decline in dry season E for Amazon forests is in contrast with the Cerrado 
forest which had a small decline in E over the dry season, and the 
Pantanal forest site which showed no dry season decline in E, likely due 
to remaining soil moisture from the annual flood cycle (Fig. 3). These 
differences in seasonality between T and E suggest stronger stomatal 
control in the Cerrado and Pantanal ecosystems due to elevated VPD, 
compared to the Amazon, where both T and E decrease with water 
availability. This can also be observed in Fig. 6, where VPD exerts a 
stronger control on gc in Cerrado and Pantanal natural sites, compared 
to the natural Amazonian sites. Moreover, all managed sites exhibited a 
correlation between gc and VPD during the dry season. 

Managed sites also showed a stronger correlations between water 
fluxes and EVI and LAI, as both remotely sensed data products are 
related to vegetation cover and crop cycle lengths (Daughtry et al., 1992; 
Kira et al., 2016). During the growing season (November - April), water 
fluxes remain similar to the ones observed at natural sites, but suddenly 
drop upon crop harvesting. Our results also show that management 
practices, like irrigation, can affect the magnitude and seasonality of 
water fluxes, with the highest ET and E observed during the dry season 
at the irrigated site, while both the natural and rainfed sites experienced 
the lowest values around the same time. The additional peaks in ET and 
T observed at the irrigated Cerrado site (but not at the natural nor 
rainfed Cerrado sites) coincided with the planting of irrigated bean 
(from June to September) (Lathuillière et al., 2018). For the irrigated 
agricultural site CALirr, 118 mm of irrigation was applied during the dry 
season, in addition to a mean annual precipitation of 1800 mm for the 
site. 

4.2. Expected changes in E and T with LULCC 

It has been widely reported that conversion of Amazon forests to 
pasture or agriculture significantly reduces the magnitude of ET (Baker 
et al., 2021; Baker and Spracklen, 2019; de Oliveira et al., 2018). The 
lower ET values we observed for the Amazon rainfed agricultural site 
(AA) (Table 2) are related to site management and corresponded to the 
period for which only one crop was planted per year with no additional 
management between harvest and the next cropping cycle (except for 
2017, when millet was sparsely planted as a cover crop after the soy
bean) (Table 1). The Amazon pasture site (AP) also had a single 
(perennial) crop during the study period (Brachiaria), so the soil 
remained covered throughout the study period, but ET, T and E were 
lower than the natural sites (Table 2). Adding a second crop after soy
bean (e.g., maize) for AA would likely result in higher levels of T and ET 
during parts of the dry season (maize crop cycle is usually 120 days, 
from February to June) and increase food production at the same time 
(Dalmagro et al., 2022). The viability of moving to a double cropping 
system in the Amazon’s cropland areas will depend on water availability 
throughout the dry season for the second crop. 

The effects of LULCC on ET and its components for the Cerrado are 
less well established, with studies showing contrasting results. Here, we 
found that LULCC decreased ET and E during the dry season, which 
agrees with previous studies that show that ET decreases with conver
sion of natural vegetation to agricultural land (Nóbrega et al., 2017; 
Salazar et al., 2015), especially dry season ET when crop growth is 
limited by the lack of water (Caballero et al., 2022). On the other hand, 
Uribe et al. (2021) found increasing T during the dry season, and Oli
veira et al. (2015) and Loarie et al. (2011) found that annual ET 
increased when converting natural vegetation to either agricultural or 
pasture areas. They hypothesized that this increase could be due to i) the 
conversion of pasture to crops that have similar ET to natural vegetation 
(e.g., sugarcane), ii) an increase in evaporative demand due to climate 
change (i.e., rising temperatures, CO2 concentrations), and iii) the 
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creation of reservoirs or use of irrigation (Sterling et al., 2012). Although 
irrigation is still not a widespread practice in the region, there is an 
increasing body of evidence that suggests that this practice may increase 
agricultural production in the region without further land use conver
sion by enabling a third crop cycle during the dry season, as well as 
increasing water recycling to the atmosphere (Jaramillo et al., 2020; 
Lathuillière et al., 2016, 2018). This was also observed in this study, 
where CALirr had similar ET and T ratios to the natural Amazon forest 
and Cerrado sites (Table 2). However, further studies are needed to 
understand how irrigation could affect groundwater or other water 
sources in the region that could be used for this practice to avoid 
affecting the quantity and quality of freshwater resources. 

Information about the effects of LULCC in the Pantanal is much more 
limited than in the Amazon or Cerrado biomes, even though recent 
studies indicate that the frequency of extreme events is increasing in the 
area and that climate change and LULCC will likely lead to hotter and 
drier conditions in the Pantanal, affecting its role in the global carbon 
budget, its hydrology and potentially reducing its biodiversity (da Silva 
et al., 2021; Dalmagro et al., 2018; Garcia et al., 2021; Marengo et al., 
2016). Our results suggest that conversion of natural Pantanal vegeta
tion to pasture can significantly decrease ET during the dry season, 
mostly through a significant reduction in T because of the dry conditions 
that the area experiences (Figs. 3, 6, Table 2). 

4.3. T/ET estimates 

Although the ratio of T to ET is a key parameter for understanding 
the role of vegetation in moisture recycling to the atmosphere, it remains 
largely unconstrained due to the difficulty in directly measuring T and 
ET (Fatichi and Pappas, 2017; Fisher et al., 2011). Using LAI to model 
T/ET, Wei et al. (2017) found that global T/ET is about 0.57 ± 0.07. A 
synthesis study by Wang et al. (2014) found that T contributes 0.38 – 
0.77 of ET, and isotopic data indicate T/ET values from 0.3 to 0.8 
(Coenders-Gerrits et al., 2014; Good et al., 2015). In this study, T/ET had 
a mean of 0.53 ± 0.07 considering all biomes and land uses, which 
agrees with the estimates presented in previous studies using different 
methodologies. However, our annual estimate of T/ET for tropical for
ests (0.50 ± 0.01) is much lower than what was estimated in previous 
studies (Leopoldo et al., 1995; Salati and Vose, 1984; Shuttleworth, 
1988), who found that Amazon forests in Manaus, Brazil had, on average 
a T/ET of 0.76. This difference could be due to methodological reasons, 
as the previous studies used different models coupled with site meteo
rological observations to determine both T and ET. Many of these studies 
also rely on the estimation of interception by measuring canopy 
throughfall and stemflow, which can be very challenging and may 
introduce large systematic errors (Shuttleworth, 1988). In addition, the 
difference in T/ET could be due to the longer dry season lengths at our 
study sites. Both Amazon forests in this study (AFS and AFT), located in 
south and southeast Amazonia and considered “transitional forests” 
along the Cerrado-Amazon ecotone, receive less precipitation, and 
experience a stronger seasonality than other forest sites located in 
northern Amazonia (e.g., near Manaus). For example both AFT and AFS 
experience, on average, 5 months per year with P < 100 mm month− 1, 
while a forest site near Manaus used in other research only experiences 1 
month of P < 100 mm month− 1 (Restrepo-Coupe et al., 2013; Signo
ri-Müller et al., 2021). The water limitation that our forest sites expe
rienced also leads to reduced ET via a reduction in T from biotic control 
(stomata). 

T/ET is generally higher in wetter climates, and lower in arid and 
semi-arid ecosystems, which could explain the lower T/ET observed at 
the Amazon forest sites (AFT and AFS) relative to values reported for 
central Amazonia (Schlesinger and Jasechko, 2014). However, we note 
that as higher VWC does not always lead to higher T/ET, such as in the 
Pantanal where a greater VWC can increase E, particularly if the vege
tation is not adapted to flooding conditions (e.g., the PP pasture site), 
resulting in lower T/ET due to vegetative constraints. These contrasting 

results highlight the importance of increasing the number of study sites 
that span across the multiple microclimates and vegetation types to have 
better understanding of the variability of T/ET in the region. Another 
possible explanation for differences in T/ET values between the present 
and prior studies could be related to the uncertainty in ET partitioning, 
which is discussed in the next section below. 

Comparing all the sites, our results indicate that T/ET didn’t vary 
substantially across biomes, but there were significant differences 
depending on LULCC. Previous studies have also shown that there is 
little global-scale variability across biomes in terms of T/ET (Fatichi and 
Pappas, 2017; Nelson et al., 2020; Paschalis et al., 2018). This could be 
explained by the lack of differentiation among controls on T and ET. As 
both T and ET are driven by similar climactic, edaphic and vegetative 
factors, the effect of these controls can cancel out when looking at T/ET. 
Another hypothesis is related to the compensation observed between 
soil evaporation and canopy interception. With higher vegetation cover 
(and higher LAI), the role of interception increases, and soil evaporation 
decreases as less water reaches the soil (Fatichi and Pappas, 2017). Thus, 
T/ET can remain constant even as the sources of E shift (e.g., canopy 
interception vs. soil evaporation). Another potential explanation refers 
to plant adaptation to local climate to maximize water use during dry 
conditions (Fatichi and Pappas, 2017; Nelson et al., 2020). A study by 
Ohkubo et al. (2023) in a tropical peat swamp forest found that drying 
conditions reduced T, but it subsequently recovered as the trees accli
mated to the dry environment. Managed sites, on the other hand, have 
vegetation that might not be adapted to local conditions, and that rely 
more on management practices, or that vary substantially in response to 
the crop that is being used; therefore T/ET may be directly linked to 
management factors including crop water use dynamics, cropping sea
son lengths (which vary by crop type), and irrigation (if any). 

The differences observed in the Pantanal for ET and its components 
could also be related to the amount of open water at the sites. Eichel
mann et al. (2022) found that T contributed to 70–75 % of ET in a 
densely vegetated wetland, but this percentage decreased considerably 
at other locations with more open water surfaces and lower vegetation 
density, reaching values lower than 15 % at some sites. Previous studies 
have reported a strong influence of vegetation cover over T/ET values at 
different timescales and for several vegetation types (Berkelhammer 
et al., 2016; Scott et al., 2021; Wang et al., 2014; Zhou et al., 2018). In 
our study, we found that T/ET was correlated with LAI at most sites, 
except for the Amazonian forests. This lack of relationship for some sites 
in our study could be related to the use of LAI from remote sensing 
products instead of field LAI measurements as there could be a spatial 
mismatch between what is captured by the satellite vs. what the eddy 
covariance tower measures (Nelson et al., 2020). However, other studies 
suggest that LAI is only a good predictor of T/ET below a specific LAI 
threshold. That is, T/ET increases rapidly as LAI increases until reaching 
this LAI threshold, and afterwards LAI no longer drives T/ET (Sun et al., 
2019). In addition, Paschalis et al. (2018) showed that at ecosystems 
with natural vegetation, and where LAI > 1, there is a negligible 
dependence of T/ET on LAI, and indicated that agricultural sites don’t 
follow this pattern because crops are not in equilibrium with local 
climate (i.e., not adapted to local conditions) and depend more on 
management practices (e.g., irrigation, fertilization, etc.). 

VWC could also be an important predictor of T/ET. Cui et al. (2020) 
found that surface soil water content was the most important control of 
T/ET at the seasonal scale in an alpine meadow ecosystem, with LAI only 
playing a secondary role. Likewise, Zhou et al. (2016) found that sea
sonal variation of T/ET in evergreen forests was mainly attributed to 
environmental factors, because intra-annual variation of vegetation 
cover is small for these forests. We also note the strong correlation in the 
present study between EVI and T/ET at all sites, which agrees with 
previous findings from Zhou et al. (2016) who found a R2 = 0.85 for the 
relationship between EVI and T/ET. 
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4.4. Uncertainty in T, E and T/ET estimates and study limitations 

The uncertainty in our measurements derives mainly from four 
sources: (i) NEE filtering, gap-filling, and partitioning into GPP and Re, 
(ii) energy balance closure, and (iii) the methods used for ET parti
tioning into T and E. Both ET partitioning models used in this study (ie., 
uWUE and TEA) rely on GPP estimates to obtain T, so any uncertainty 
resulting from NEE measurements, filtering, gap-filling, and partitioning 
would be inherently tied to our T, E, and T/ET estimates. 

For one, the storage correction for CO2 and energy fluxes was applied 
using only the one-point profile CO2 storage estimate provided by 
Eddypro software. This could lead to an incorrect temporal attribution of 
fluxes and affect their partitioning (especially in the case of GPP). An 
underestimation of GPP may lead to an overestimation of T (through 
lower WUE). However, the lack of storage correction would also lead to 
an underestimation of LE fluxes, which could offset the lower GPP values 
and therefore partly compensate the effect on WUE and T estimation. 

Moreover, we used a different partitioning method at the Amazon 
pasture site (daytime partitioning, Lasslop et al., 2010) because there 
was an insufficient relationship between ecosystem respiration and 
temperature that is necessary for the nighttime partitioning method 
(Reichstein et al., 2005). However, Nelson et al. (2020) found that the 
uncertainty introduced by the NEE partitioning method was small 
compared to the uncertainty introduced by the model used to partition 
ET, and the same was observed in this study (TTEA NT = 0.18 + 0.91TTEA 

DT, R2 = 0.87) (Fig. S8). That T did not vary significantly by NEE par
titioning method can be attributed to GPP not being used directly by the 
uWUE or TEA methods (it cancels out in the final step to estimate T, as T 
= GPP/(GPP/T)). Additionally, in the case of uWUE, some parameters 
are averaged or estimated using moving windows (Nelson et al., 2020), 
which could smooth some of the differences in GPP between both 
methods. 

Another limitation comes from the energy balance closure problem 
when using the eddy covariance technique. Although eddy covariance is 
one of the best established methods to estimate ET and other trace gas 
fluxes at high temporal resolution (Baldocchi, 2014; Buysse et al., 2017; 
Pastorello et al., 2020; Wilson et al., 2001), the sum of sensible and 
latent heat fluxes (H + LE) measured via eddy covariance is generally 
not equal to the available energy (Rn – G), causing an ‘energy balance’ 
problem (Fisher et al., 2007; Hirschi et al., 2017; Pan et al., 2017) 
(Table S3). That is, H and LE can be underestimated by 10–30 % in EC 
studies (Wilson et al., 2001), with greater differences observed at sites 
with heterogeneous landscapes or during nighttime periods when there 
is generally low turbulence (Scott, 2010; Twine et al., 2000; Wilson 
et al., 2001). Although lower LE values would lead to an underestima
tion of all water fluxes (i.e., ET, T, and E), T/ET would likely remain 
consistent. 

A final source of uncertainty is related to the ET partitioning method. 
Although the main seasonal patterns are consistent between partitioning 
methods (Scott et al., 2021), Nelson et al. (2020) showed that T/ET 
estimates from the uWUE method (mean site T/ET ~ 0.42) are lower 
than the current consensus that T/ET reflects the dominance of T as a 
terrestrial water flux (e.g., T/ET > 0.50). This was attributed to the use 
of the 75th and 95th percentiles to estimate the WUE (in the case of TEA 
and uWUE, respectively). Using a higher percentile may overestimate 
the WUE, and therefore underestimate T. Moreover, Nelson et al. (2020) 
stated that when using higher percentiles for TEA, the T values were 
similar in magnitude to the values from uWUE. In this study, we also 
observed that TTEA/ET was generally higher than TuWUE/ET (TTEA/ET =
0.32 + 0.71TuWUE, R2 = 0.39, p < 0.001, Fig. S9). This could imply that 
the model needs to be adjusted to consider other parameters besides the 
optimization of carbon gain to water loss (De Kauwe et al., 2019; Nelson 
et al., 2020). 

Overall, it has been reported that T/ET estimated using uWUE agrees 
more with sap-flow measurements, and that T/ET obtained via TEA is 
more consistent with the results obtained by Wei et al. (2017), although 

estimation of T remains unconstrained (Nelson et al., 2020). 
As we focused on differences in patterns in ET, T and E across biomes 

and land-uses rather than the absolute magnitude of the fluxes, and 
because we treated all sites similarly, our results for the managed sites 
reflect the directions of hydrological changes resulting from land-use 
change. In the case of T/ET, we acknowledge that the estimate re
mains unconstrained for the region. Nevertheless, this study provides 
the first estimate of T/ET for several understudied sites, including 
seasonally dry Amazon forests, natural Cerrado savanna, and Pantanal 
ecosystems, as well as different land-uses within those biomes. This 
study also contributes information about the spatial and temporal 
variability of T/ET from these ecosystems following a consistent meth
odology across sites. 

5. Conclusions 

Overall, our study suggests that LULCC has a significant impact on 
ET, T, E, and T/ET in the region, by decreasing the magnitude and 
modifying the seasonality of these fluxes. In all studied biomes, managed 
sites showed a steeper decrease in ET and T during the dry season that 
was mostly driven by water stress, as crops and pasture were not able 
sustain higher transpiration rates compared to more deeply rooted 
natural sites that can access deeper water reserves. In addition, we found 
that in both Cerrado and Pantanal ecosystems there is a stronger sto
matal control on water fluxes compared to natural Amazonian sites, 
particularly during the dry season. This study also provides information 
on T/ET for the understudied Pantanal and Cerrado biomes, and pre
sents information on Amazon forests located in Southern Amazonia 
which could help better constraint T/ET at the global scale and help 
understand the surface-atmosphere exchanges of water and energy. 

The results of this study are key for understanding how LULCC has 
affected the hydrology of the region. These findings can also be used to 
guide policies for better site management, as well as to inform climate 
models and obtain better predictions of what further changes in land-use 
and climate could mean for this region. 
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Mammarella, I., Siebicke, L., Andrew Black, T., Knohl, A., Hörtnagl, L., Magliulo, V., 
Besnard, S., Weber, U., Carvalhais, N., Migliavacca, M., Reichstein, M., Jung, M, 
2020. Ecosystem transpiration and evaporation: insights from three water flux 
partitioning methods across FLUXNET sites. Glob. Chang. Biol. 26 (12), 6916–6930. 
https://doi.org/10.1111/gcb.15314. 

Nepstad, D.C., de Carvalho, C.R., Davidson, E.A., Jipp, P.H., Lefebvre, P.A., Negreiros, G. 
H., da Silva, E.D., Stone, T.A., Trumbore, S.E., Vieira, S., 1994. The role of deep roots 

in the hydrological and carbon cycles of Amazonian forests and pastures. Nature 372 
(6507), 666–669. 
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